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Dear Reader,

The current monograph presents the result of an interdisciplinary study that uses remote sensing, in situ
and modeling techniques. As it explores the interaction between physical oceanography and marine
biology and is to be presented in the Physics Department of the University of Bremen, the relevant

concepts and notions of marine biology are described in detail for the benefit of the reader.
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Abstract

It has been estimated that phytoplankton contribute to about a half of the world's primary production
and to over 90% of marine primary production. Phytoplankton are, therefore, responsible for releasing
half of the world's oxygen and for removing large amounts of carbon dioxide from the surface waters.
Without phytoplankton, atmospheric carbon dioxide concentration would increase by more than 200
ppm. In addition to this role, phytoplankton support essentially all life in the oceans despite their low
biomass (1% of the Earth biomass). To evaluate how marine phytoplankton influence the carbon cycle,
oxygen concentrations and affect the ocean food web, an accurate knowledge of marine primary
production, seasonal cycle of phytoplankton and their inter-annual changes is required. Currently, the
world marine primary production estimates range by a factor of two between different models. When
only the Arctic Ocean is taken into account, this factor rises to fifty, because the optical properties of
the water constituents as well as the vertical distribution of phytoplankton differ from those of the
global ocean. Apart from that, the presence of sea ice complicates remote sensing in this region.
Nowadays, Arctic phytoplankton deserve special attention as they are already living in waters with the
most prominent climate change effect. The Arctic waters are beginning to show a shift towards a
fresher surface layer, thinner sea ice, more open water area and are very likely to experience ice-free
summers in the near future. These changes in turn alter solar irradiation, nutrient transport and plankton
seasonality. Whether such an impact will result in an increase or a decrease of phytoplankton remains
questionable. Since the polar regions are difficult to access with research vessels, there is a scarcity in
field data and hence, remote sensing data, from optical satellites, provide an alternative. However, it is
not recommended to use remote sensing data alone as the satellite ocean color algorithms used for
estimation of phytoplankton stock are known to perform poorly at polar latitudes even if developed
explicitly for the Arctic waters. Gaps in satellite data which occur at these latitudes because of the
presence of sea ice, clouds and low sun elevation angles, are also a source of error.

The current thesis combines remote sensing, simulated and field data for the years 1998-2012, to
investigate the seasonal cycle, variability and productivity of phytoplankton in the Greenland Sea,
which is one of the most productive regions of the Arctic Ocean, as well as the most sampled region in

terms of field data. Specific objectives for this case study in the Greenland Sea were: 1) to study the
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interaction between phytoplankton and physical factors, such as sea ice concentration and thickness,
water temperature and salinity; 2) to investigate temporal trends, seasonal cycle and spatial variability
of phytoplankton; and 3) to obtain more accurate estimates of primary production.

First, we focused only on the northern part of the Greenland Sea (Fram Strait). The western, sea ice-
dominated, part of the Fram Strait, proved to have short, late (mid-May) and time varying
phytoplankton blooms. At the marginal sea ice zone of the western Fram Strait, a stratification induced
by sea-ice melt was shown to have promoted phytoplankton growth, which resulted in the enhanced
biomass observed in May. The eastern part, dominated by warm and salty Atlantic waters, experienced
earlier (end of April) and longer blooms. Moreover, in the eastern Fram Strait, stratification due to solar
warming proved to act as a guiding factor for the open ocean phytoplankton blooms, while the
declining coastal ice was seen to promote the phytoplankton blooms along the coast of Svalbard. We
have not observed a direct effect of the Arctic sea ice decrease in the time series of the Greenland Sea
phytoplankton. However, we have observed that the enhanced stabilization of the water column, which
was very likely caused by sea ice melt, promoted phytoplankton blooms. In the summer months,
generally, the phytoplankton are concentrated in the upper ocean layer and are not limited by the light
availability. The concentration of nutrients in this layer will, hence, determine the threshold up to which
the primary production at these polar latitudes can increase in the future, provided the environmental
changes continue.

Over the twelve years (1998-2009), a significant increase in phytoplankton bloom concentration was
observed in the south-eastern part of the Fram Strait (which is mainly influenced by the Atlantic
waters), where, for the same period, an increase in water temperatures and decline of coastal Svalbard
ice was seen. We thus conclude that the observed increase in chlorophyll in the southern Fram Strait is
most likely to have resulted from an increase in sea surface temperatures and from better availability of
light for phytoplankton.

We have also studied the whole Greenland Sea to investigate and prove that the Greenland Sea
chlorophyll vertical profiles largely deviate from the generalized schemes proposed earlier for global
waters, which are usually used in primary production models. We developed a Greenland Sea specific
algorithm which allowed accurate (only 4% underestimation when compared to in-situ data) estimation
of the chlorophyll vertical profile based on the surface value. The global primary production model
(Antoine and Morel, 1996) was then adapted to the Greenland Sea environment using this developed

algorithm.
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Our Greenland Sea-adapted version of the Antoine and Morel (1996) primary production model
reproduced field data with higher accuracy and less bias (overestimation of in-situ data by 190
mgC/m*/day on average) as compared to the global version of the same model and the, more commonly
used, satellite primary production model by Behrenfeld and Falkowski (1997a).

According to our Greenland Sea-adapted version of the Antoine and Morel (1996) model, annual
Greenland Sea primary production was estimated between 161 and 194 TgC/yr (slightly higher than
previously reported estimates which range between 148 and 162 TgC/yr). Time series of the primary
production showed an increasing trend in the north-eastern open ocean area of the Greenland Sea (or
south-eastern Fram Strait), rising to about 120 mgC/m? per day for the thirteen years of observations.

These newly derived Greenland Sea primary production estimates can be used in the future for
validation of primary production obtained from biogeochemical models, which are based e.g. on the
climatology of nutrients. On a local scale, it would be interesting for marine biologists to thoroughly
compare our estimates with the benthic data, to study the part of the carbon cycle which links the
increasing primary production of the Greenland Sea to the carbon stored in the sediments.

To my current knowledge, this thesis in the Greenland Sea, has for the first time: 1) studied the
influence of the physical environment on phytoplankton using coupled sea ice-ocean-circulation model,
microwave satellite and optical satellite data; 2) investigated the onset and duration of phytoplankton
bloom based on satellite data; 3) developed a region-specific primary production model and, based on
it, derived basin primary production estimates; and 4) modeled in-situ primary production from

available in-situ irradiance, biomass, absorption and temperature profiles data.
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Chapter 1

Introduction

1.1 Motivation and the goals of the study

Marine phytoplankton are responsible for about half of the global primary production, which is the
rate of conversion of inorganic carbon into organic carbon through the process of photosynthesis. They,
therefore, are responsible for releasing half of the world's oxygen and are annually making about 50
billion metric tons of carbon available to the heterotrophs in the world ocean, an amount equivalent to
the terrestrial production (Chavez et al., 2011). Despite the relatively equal productivities of land and
ocean primary producers, the world ocean accounts for only 1% of the photosynthetic Earth biomass
(Bidle and Falkowski, 2004). Although the biomass of marine phytoplankton is low, they profoundly
affect global biogeochemical cycles and climate, and hence, essentially support all life in the world
ocean.

One of the essential processes performed by phytoplankton is the 'biological pump', in which carbon
dioxide is removed from the surface water by photosynthesis and transferred to the deep ocean where it
is out of contact with the atmosphere, dead organisms, skeletal and fecal material. Without the
contemporary biological pump, atmospheric carbon dioxide concentration would increase by more than
200 ppm (Gruber and Sarmiento, 2002; Maier-Reimer et al., 1996).

Phytoplankton represent the primary trophic level in marine pelagic ecosystems, through which
most of the biological material produced by photosynthesis is channeled further through the foodweb
via grazing by zooplankton. Because zooplankton act as a link between phytoplankton and higher
trophic levels, the timing, intensity and the rate of phytoplankton growth were demonstrated to be
important factors for fish recruitment and growth (Platt et al., 2003).

To parameterize how marine phytoplankton regulate atmospheric carbon dioxide and oxygen
concentrations and affect the oceanic food webs, an accurate knowledge on the marine primary
production estimates, seasonal cycle and inter-annual changes is required.

Current estimates of global marine primary production range over a factor of two (Carr et al, 2006).

At high latitudes, the uncertainty in primary production estimates is even larger than globally, because
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here, phytoplankton show special characteristics in response to the low-light adaptation, and in-situ
data and ocean color observations are scarce.

Besides the difficulties in estimating the absolute values, knowledge on the variability of primary
production is also limited. Despite more than 25 years of active research, our understanding of
temporal and spatial variability in primary production is still incomplete (Robinson et al., 2009). In the
polar regions this statement is clearly illustrated by a disagreement in the pattern of phytoplankton
seasonal cycle postulated by different oceanographers (Figure 1.1). According to Chamberlin and
Dickey (2008), at high latitudes, phytoplankton experience a single intense bloom in summer triggered
by the increase in light intensities (Figure 1.1, top). A similar concept was described by Wassmann
(2011). Recent work by Ardyna et al. (2013), however, states that two phytoplankton blooms (a
massive spring bloom followed by a smaller autumn bloom) are generally observed in the Arctic Ocean
(Figure 1.1, bottom).

The study of seasonal changes of populations of primary producers with respect to changes in
environmental factors is a basis for our understanding of the ocean food webs. The marine environment
influences the phytoplankton stock and their growth rate in a complex way which leads to challenges in
interpretation, especially for the polar regions. An example is the interaction between sea ice and
phytoplankton. Firstly, sea ice reduces light penetration into the water column, which has a negative
effect on the underlying algae (Rysgaard et al., 1999; Smetacek and Nicol, 2005). Secondly, melting of
sea ice increases the upper ocean stability since freshwater is released into the upper ocean layer. This
can either promote blooms by keeping the phytoplankton closer to the surface where light levels are
favorable for growth (Doney, 2006; Lancelot et al., 1993) or suppress them by increasing grazing
pressure (Banse, 1992; Behrenfeld, 2010). Stratification can also suppress nutrient supply from deeper
layers and thus limit further phytoplankton development. Finally, during the ice melt, phytoplankton
and trace elements which were incorporated in the ice during formation, or accumulated as dust in the
snow cover, are released into the upper ocean layer. This process could accelerate the spring bloom
(Schandelmeier and Alexander, 1981; Smetacek and Nicol, 2005). The recent decrease in the minimum
Arctic sea ice extent (Comiso et al., 2008; NSIDC, 2012), accelerated sea ice thinning (Giles et al.,
2008), and freshening of the surface-layer waters of the Arctic Ocean (Proshutinsky et al., 2010) are
likely to impact primary productivity and carbon export of the Arctic Ocean by altering solar
irradiation, nutrient transport and plankton seasonality (Arrigo et al. 2012; Boetius et al. 2013; Vaquer-

Sunyer et al. 2013; Wassmann 2011). Whether such an impact will result in an increase or a decrease of
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phytoplankton remains questionable.
In order to make an effort towards solving the problems described above, the current case study for
the Greenland Sea has three main objectives. These are:
I. to study the interaction between phytoplankton and physical factors, such as sea ice
concentration and thickness, water temperature and salinity
II. to investigate temporal trends, seasonal cycle and spatial variability of phytoplankton

I11. to obtain more accurate estimates of primary production.

We focus on the Greenland Sea region of the Arctic for several reasons. Firstly, the Greenland Sea is
known to be one of the most productive regions of the Arctic (Arrigo and Van Dyiken, 2011; Reigstad,
2011; Sakshaug, 2004). Secondly, it is one of the few areas in the world where deep convective mixing
occurs, possibly transferring significant amounts of carbon dioxide to great depths (Rey et al., 2000).
Finally, it is one of the regions in the Arctic where the most in-situ chlorophyll-a (CHL) data are
available (Arrigo et al., 2011). The Greenland Sea, was and is, in the focus of the hydrographic studies
of the Alfred-Wegener-Institute (AWI), and transects across the Fram Strait have been run repeatedly
for many years (e.g. Budeus and Ronski, 2009; Schauer et al., 2008). In this study, in-situ CHL data
from R/Vs Polarstern and Maria S Merian 1991-2011 cruises are used together with the historic
ARCSS-PP database (Arctic primary production in situ database).

In this study, in-situ measurements of CHL, but not of primary production, have been used. The
standard field estimations of primary production involve incubations (24 or 12 hours) and require the
use of radioactive isotopes (see section 2.5). Such field measurements of primary production are
tedious and time-consuming. Hence, the measurements of phytoplankton biomass (given as CHL) are
more common and are thus used in this study along with measurements of light field and particulate
absorption to estimate the primary production.

Clearly, an ideal representation of primary production is at an ocean basin level (Robinson et al.,
2009), especially when evaluating the significance of marine primary producers to the global carbon
cycle and human-induced climate change. It is however slow to obtain basin-wide primary production
estimates from the in situ data, owing to the enormous scales of time and space over which
measurements must be taken. Technical difficulties and interpretation of results from different
methodologies also challenge oceanographers attempting to provide accurate data on basin-wide

primary production.
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Satellite-based estimates of primary production have the potential to solve this problem, as the ocean
color data, which gives information on phytoplankton biomass, is obtained on an about weekly scale
with a 4.6 km spatial resolution (ACRI-STLOV et al., 2006) in most of the parts of the world ocean.
Owing to the advances in ocean color remote sensing, by the mid-1990s, oceanographers concluded
that oceanic production was twice that it was previously estimated (Chamberlin and Dickey, 2008).
This is followed by a bigger influence of oceans on the global carbon cycle. Remote sensing methods
are especially significant for estimating primary production in the remote polar regions which are
difficult to access with the research vessels. However, it is inaccurate to use the remote sensing data
alone, as the satellite ocean color algorithms are known to perform poorly at high latitudes even if
developed explicitly for the Arctic waters (Cota et al., 2004; Matsuoka et al., 2007; Mitchell and Holm-
Hansen, 1991; Sathyendranath et al., 2001) and due to the gaps in satellite data which occur due to the
presence of sea ice, clouds and low sun elevation angles. In addition to that, in the absence of the
explicit knowledge of the vertical distribution of biomass, remotely sensed CHL estimates in the Arctic
Ocean are limited to the first optical depth which represents only the upper third of the euphotic zone
phytoplankton biomass (Hill and Zimmerman, 2010). It is also a common knowledge that inaccuracy in
estimating true ocean primary production is a problem for models based on remotely sensed CHL. The
greatest degree of uncertainty comes from the accuracy of input variables, particularly CHL, rather than
model simplicity (Saba et al., 2011). Hence, in the current study, we compiled the data retrieved from
principally different sources: optical and microwave data from satellites, ship-borne optical and
pigment measurements, and coupled sea-ice-ocean model data. This results in a more accurate

estimation of phytoplankton biomass, primary production and their link to physical processes.
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Figure 1.1 Top panel: phytoplankton seasonal cycle at high latitudes according to Chamberlin and
Dickey (2008) as adopted from Segar (2007). Bottom panel: phytoplankton seasonal cycle in the Arctic
Ocean according to Ardyna et al. (2013). First and second temporal delimitation are defined by the

highest value of surface CHL and a threshold of 9 h of daylight, respectively.
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1.2 Thesis Outline

The broad structure of the thesis is as follows. Chapters 2 to 3 provide the background information
necessary for the four main thesis investigations that are presented in Chapters 4 to 7. Chapter 8
summarizes the main observations and results of the thesis and gives an outlook for possible future
research.

In Chapter 2 an introduction to phytoplankton and marine primary production is presented. The
factors controlling primary production are described and the methods used to estimate primary
production are presented. Chapter 3 describes the oceanographic conditions of the Greenland Sea
region and their potential effect on phytoplankton variability. A short review of studies dealing with
phytoplankton in the Greenland Sea is also given here. Chapter 4 is the first of four major
investigations. It describes the phytoplankton variability with respect to the changing polar marine
environment in the Greenland Sea. This chapter provides an assessment of the impacts of various
physical factors on the variability and trends of phytoplankton biomass. This chapter is based on
Cherkasheva et al. (2013b), which was published in the Journal of Marine Systems. In Chapter 5 the
duration and the intensity of phytoplankton blooms were closer analyzed in the temporarily ice-
covered and open ocean areas of the Greenland Sea. This chapter is based on the contribution made in
Nothig et al. (in review), which is in review in the Arctic in Rapid Transition (ART) Special Issue. In
Chapter 6, a parametrization and a description of the characteristic Greenland Sea CHL profiles are
given based on CHL in-situ data from 1957-2010. CHL is a standard proxy for phytoplankton biomass.
The parametrization was required in order to estimate the phytoplankton biomass in the water column
from the satellite CHL value which originates from the surface ocean layer. This chapter is based on
Cherkasheva et al. (2013a), which has been published in Ocean Science. Chapter 7 presents the output
of a Greenland Sea-specific algorithm which transfers from the stock value, phytoplankton biomass, to
the rate, primary production. Here, the relationship derived in Chapter 6 is used to obtain the local
Greenland Sea algorithm for calculating primary production from satellite observations. The resultant
satellite primary production is then validated with primary production values modeled using in-situ

input data. Finally, Chapter 8 presents the conclusions and outlook of the thesis.
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Chapter 2

Scientific backgrounds

2.1 Phytoplankton: main primary producers of the world ocean

Phytoplankton are not unique primary producers in the world ocean, and at a regional scale, other
kinds of primary producers can substantially contribute to photosynthesis. For example, in shallow
coastal waters and estuaries, seaweeds or macroalgae may be prevalent. Marine plants with roots and
leaves include seagrass, salt marsh plants, and others. Coral reefs are mainly inhabited by
zooxanthellae of corals. However, though many of mentioned organisms could have high
photosynthetic rates locally and provide food and shelter to a wide variety of marine organisms, their
contribution to the global primary production is much less than that of the marine phytoplankton. In the
current study, the focus is on dominant primary producers in the world ocean, phytoplankton (Table

2.1).

Table 2.1 Primary Producers in the World Ocean. Adopted from Field et al., 1998.

Biogeographic region and its primary producers World Ocean Net Primary Production
(units x 10" grams carbon per year)

Oligotrophic regions (phytoplankton) 11.0

Mesotrophic regions (phytoplankton) 27.4

Eutrophic regions (phytoplankton) 9.1

Coastal ocean and estuaries (kelps and seaweed) 1.0
Total 48.5
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2.1.1 Classification of phytoplankton

Phytoplankton include both single-celled plants (eukaryotes) and bacteria (prokaryotes) and are
defined as microscopic algae (or microalgae). Algae are the photosynthetic autotrophs lacking roots and
leaves, and include, besides phytoplankton, seaweeds, or macroalgae. In other words, organisms are
assigned to phytoplankton according to their microscopic size and their ability to convert inorganic
carbon into organic compounds using dissolved substances and the radiant solar energy. These
organisms, however, may be very different in terms of their shape (Figure 2.1), Deoxyribonucleic acid

(DNA), pigment composition etc.
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Figure 2.1 Example of the diversity in phytoplankton shapes: diatoms in approximately 20x
magnification. From Segar (2007).
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Since phytoplankton are easily separated using filters of different pore sizes, they (and other
plankton) are often classified according to their size. Phytoplankton represent a continuum of sizes
from ~0.6pum to chain forming species generating aggregates greater than 200 pm. Three size classes
are usually being specified: pico- (0.2 - 2 pm), nano- (2 - 20 pm) and microphytoplankton (20 pm)
(Sieburth et al., 1978). These broad classes occupy different physical and chemical niches based on
their nutrient-uptake ability, light-harvesting efficiency, and sinking rate through the euphotic zone.

Besides size, phytoplankton are often classified according to their functional type. In this concept,
each phytoplankton functional type represents an aggregation of organisms according to some well-
defined property that sets a role or “function” for them in a system. Some important phytoplankton
functional types include nitrogen fixers (which are able to utilize nitrogen gas dissolved in seawater),
calcifiers (which produce calcium carbonate shells) and silicifiers (which have silica frustules that
surround and protect the cells, and also tend to sink more rapidly than other phytoplankton).

From an optical point of view, colour of phytoplankton differs depending on the pigments that they
have. Light-absorbing pigment chlorophyll-a, which exists in all phytoplankton, absorbs light in the
wavelength range between 400 nm and 700 nm and most in the wavelength that penetrates deepest in
the ocean, around 440 nm (Cannizzaro and Carder, 2005; Figure 2.2). Its concentration in seawater is
easily determined by the instruments that detect fluorescence. This is the pigment we focus on as it is
present in all phytoplankton and its concentration is used as a proxy for phytoplankton biomass. In
addition to chlorophyll-a some phytoplankton groups also manufacture chlorophyll-b, chlorophyll-c,
phycobilins (e.g. phycoerythrin and phycocyanin) and carotenoids (e.g. betacarotene). These accessory
pigments have different wavelengths of maximum absorption, and give phytoplankton different colours
such as green, brown or red. Thus depending on the phytoplankton group, they can absorb almost the
full range of light and survive in the environment even when blue light is unavailable, such as under a
phytoplankton bloom. For our study, it is important that phytoplankton pigments composition is
affecting the phytoplankton absorption spectrum. Mind that a wavelegth-resolved satellite primary
production model which we use (see sections 2.6.5, 7.2.2), assumes a certain standard absorption
spectrum of phytoplankton, which may change if groups with a non-typical (e.g. regional) pigment

composition are present.
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Figure 2.2 Specific light absorption spectra: modeled main groups of phytoplankton pigments, their
sum (dashed line) and total spectrum determined on the bases of the measured data sets (solid lines).
PPC stands for photosynthetic and PSC stands for photo-protecting carotenoids. Adopted from
Wozniak et al. (1998).

2.1.2 Deriving phytoplankton biomass from satellite

Most phytoplankton absorb light much more strongly in the blue than in the green (Figure 2.2),
which is the basis for the algorithms that retrieve phytoplankton concentrations from satellites. As the
phytoplankton concentration increases, the water-leaving radiance (light backscattered from the ocean
at the sea surface) in the blue spectrum is absorbed and decreases. Because phytoplankton also scatter
light, as do all kinds of particles by which they are accompanied, an increase of phytoplankton
increases the amount of light backscattered in the green spectrum. Therefore, by determining the ratio
of water-leaving radiance in the blue (~440 nm) to the green (~550 nm) wavelengths range, a
quantitative estimate of pigment concentration is derived (e.g. O'Reilly et al., 1998).

Since the ocean color satellite sensor is located above the atmosphere at a few hundred kilometers,
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the water-leaving radiances measured by the satellite sensor contributes to less than 5% of the total
light measured by the satellite (Brown, 2008). The total radiance received by the sensor above the
atmosphere, Lt, can be broken down as follows (omitting spectral and angular dependencies (Martin,

2004)):

LT:LR+LA+LRA+tLG+tDLF+tDLW [2 1]

Table 2.2 Symbols used for the definition of radiances (W m? sr' pum™) and transmittances

(dimensionless) in equation above

Symbol Definition

Lr Total radiance at the top of the atmosphere

Lr Radiance due to Rayleigh scattering

La Radiance due to aerosol scattering

Lra Radiance due to aerosol-molecule interactions
L¢ Radiance due to sun glint

Lk Radiance due to presence of foam at sea surface
Lw Water-leaving radiance

tp Diffuse transmittance

t Beam transmittance

The necessary operations to obtain the value of water-leaving radiance, also called 'marine radiance'
(Lw), are the atmospheric corrections which are generally based on signal decomposition (equation
[2.1]). These consist of eliminating the part of radiation that was backscattered by the molecules (L)
and aerosols in the atmosphere (La and Lra), and possibly also reflected at the ocean surface by sun
glint (L) and foam (L), but have never penetrated the ocean surface.

Attenuation of light in the atmosphere happens due to scattering and absorption on various
atmospheric constituents (molecules, particles and gases) - e.g. molecular scattering (Rayleigh
scattering), scattering and absorption on aerosols, clouds and atmospheric gases. The spectral
radiometers (as are MODIS, MERIS, etc) mostly work within the transparency windows of the

atmosphere, i.e. the spectral intervals of very high gaseous absorption are avoided. For such sensors,
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most atmospheric corrections would therefore address scattering mechanisms (Antoine, 2006). For
some of the constituents, their distribution in the atmospheric column and their scattering properties are
well known or can be assumed with high accuracy, so that the corresponding effect can be corrected for
(as is for Rayleigh scattering and some of the atmospheric gases, e.g. water vapor). For others, either
the distribution, scattering properties (as e.g. for aerosols) or the height of the atmospheric column are
in general case not known (as for e.g. oxygen absorption bands in case of cloudy skies), so their effect
on the top of atmosphere radiance measured by satellite varies. This variance and the sensitivity of the
top of atmosphere radiance to it are used to retrieve the corresponding quantity (e.g. aerosol optical
thickness or cloud properties retrievals) and knowing that, to determine atmospheric transmittance.

The above mentioned mechanisms altogether determine atmospheric transmittance and are
responsible for the radiance reaching the surface. The effects of polarization and modification of the
way in which illumination is reflected at the air-to-sea interface can also be taken into account (Gordon
et al., 1988; Gordon and Wang, 1992 a, b). Most currently used techniques for atmospheric correction
rely on the observation in at least two channels of the near infrared, for which the oceanic signal is zero
(this is only true in open ocean waters). This is due to the very strong absorption of water itself, and to
the low scattering of the various materials present in the water (except perhaps air bubbles). After
correction for molecular scattering, the remaining signal at these wavelengths is entirely due to
aerosols. From the intensity of this signal and its spectral dependence at the two wavelengths, the
aerosol contribution can be extrapolated through visible wavelengths (for example, Andre and Morel,
1991; Antoine and Morel ,1998, 1999; Bricaud and Morel 1987; Gordon 1978; Gordon, 1997; Gordon
and Wang, 1994; Fraser et al., 1997).

In addition to the atmospheric corrections made, some pixels are screened out due to the presence of
sun glint and foam. For the sun glint masking in SeaWiFS and MODIS images, the combination of the
wave facet model by Cox and Munk (1954) with vector wind speeds derived from NOAA numerical
weather prediction models is used. An additional check on sun glint is provided by examination of
near-infrared radiances, where if these radiances exceed a preset threshold, sun glint is assumed and the
pixel is masked. There is an important difference between the spatial and angular distribution of the
reflected radiances due to foam and sun glint, with foam pixels being more difficult to screen out. The
sun glint radiances are distributed around a certain solar angle, so that depending on wind velocity
these radiances may affect only a fraction of the image, which can be masked. The foam coverage also

depends on wind speed, but because foam reflectance is more diffuse, it has a much weaker
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dependence on solar angle, so that L can be nearly uniform across an image. In the processing, L is
estimated, then either subtracted from Ly or if Lris too large, the image is discarded. Estimation of L
follows the model of Frouin et al. (1996) and Moore et al. (2000). In almost all cases, the correction for
foam is small, perhaps because small winds are often accompanied by clouds (Martin, 2004).

After the corrections described above are made, the water-leaving radiances (L.) obtained can be

expressed through the following equation:

L,[1.6,,6'49|=E,[0",A]Geom|'|RIAVQ(A0,,0"40] 1,5

where A is wavelength, 8 is solar zenith angle, 0' is satellite viewing angle and A® is the relative
azimuth difference angle. E4(0") is downwelling irradiance just above the sea surface, and R(A) is
diffuse reflectance of the upper ocean. Geom (0'") is the geometrical factor, accounting for all refraction
and reflection effects at the air-sea interface (Morel and Gentili, 1996) , and Q (A, 6 6, A®) is the
factor which describes the anisotropy in the marine radiance field. For the values of Q factor see Morel
et al. (1995), Morel and Gentili (1991, 1993, 1996).

When retrieving the CHL values, rather than using observed radiances which are influenced by the
geometry of the observation, we inverse the equation above and use the ratio of reflectances R, which

are dependent on the wavelength alone:

RIN=L,[16,,6"40|Q(A6,.8"Ag|/E, 0", A|Geoml6'| |, o

An illustration of the ability for retrieving CHL concentration from two slightly different reflectance
ratios is given in Figure 2.3.

Though the estimation of CHL in the open ocean (Case 1 waters) is well established using the
reflectance ratios, it is not the case in coastal waters (Case 2 waters). This is mainly due to the presence
of dissolved and particulate materials from rivers, land runoff, and resuspension of seafloor sediments
which interferes with the reflectance measurement of phytoplankton. In these waters, the determination
of CHL is more complicated, since it is not correlated to the amount of non-algae particles and CDOM

(Coloured Dissolved Organic Matter).
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Figure 2.3. Illustrations of the relation of two different reflectance ratios (i.e., R(445)/R(555) (lower
panel) and R(490)/R(555) (upper panel)) to the CHL concentration. The various symbols correspond to
data collected in various parts of the world ocean, and the dashed lines correspond to the bio-optical
model proposed by Morel (1988), whereas the solid curves correspond to the bio-optical model

proposed by Morel and Maritorena (2001 ).
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2.2 From biomass to primary production: a generalized scheme of

photosynthesis

The knowledge of phytoplankton biomass is important to answer the questions about the
phytoplankton seasonal cycle and the magnitude of phytoplankton blooms. However, if the research
question is to quantify the amount of carbon which was fixed by phytoplankton and made available to
heterotrophs or stored in the sediments, then the flux of biomass, i.e. primary production, should be
estimated or derived.

The fixation of dissolved carbon dioxide by phytoplankton is made via photosynthesis.
Photosynthesis produces the chemical energy that drives the cycling of organic matter in nearly all of
Earth’s ecosystems. The description by Kirk (1994) emphasizes the energetic aspects of photosynthesis
in two fundamental sets of reactions: 1) the light reaction, or the set of chemical reactions that are
driven by sunlight, where photons are absorbed, and electrons are transferred into chemical energy.
Here the electron from the water molecule is taken up by the CHL-photosystem and oxygen is
generated as a byproduct; and 2) carbon-fixation reaction, or the set of chemical reactions that use the
chemical energy produced by the light reaction (converted into ATP (adenosine triphosphate) and
NADPH (nicotinamide adenine dinucleotide phosphate) to manufacture sugars and other energy-
yielding products. Overall, the light reaction and carbon fixation reaction are combined into a general

equation for photosynthesis

CO,+H ,0+light C H,,0,+0, [2.3]

If the major limiting nutrients are included and the Redfield ratios (Redfield et al., 1963) for
phytoplankton are applied (106 C : 16 N : 1 P), the equation reads:

106 CO,+ 122 H,0+16 HNO,+H PO, (CH 0|, +|NH ;| +H PO+ 1380,

106

[2.4]

Even when written this way, it is a simplification of the photosynthesis equation. However, it
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symbolizes the important aspects of photosynthesis, namely, that inorganic carbon dioxide and water
are transformed using light energy into organic carbon compounds, yielding oxygen as a by-product. It
also emphasizes the role of biologically important nutrients, which are the dissolved substances
required for the growth of phytoplankton (see details below in section 2.4.2). In the oceanic

environment, the availability of both, light and nutrients, governs rates of photosynthesis.

2.3 Terms 'primary production' and '‘primary productivity'

There is a confusion between the terms 'primary production' and 'primary productivity', because term
'primary productivity' is often used in the scientific literature to denote both the process of
photosynthesis itself and the rate at which it occurs. Therefore various authors (Davis, 1963; Flynn,
1988; Steeman Nielsen, 1965) have come to the conclusion that owing to casual use or misuse, one or
other of the terms should be abandoned. On the other hand, the dictionary definitions (e.g., Little et al.,
1983) make it clear that whereas production (like product) is a concrete term, productivity is qualitative
and more abstract. In this study, the separation between the two terms which was proposed by Williams
(1993), and is close to that based on dictionary definitions, is used: production (or the rate of
production) is the defined property ('...the annual production was..."), whereas productivity (as fertility)

qualitatively describes the level of production ('...a period of high productivity...").

2.4 Types of primary production

Commonly three types of primary production (PP) are defined based on how the respiration by
organisms was accounted for in the measurement or in the model. The PP values obtained using the
different definitions can differ up to an order of a magnitude. It is thus necessary to define the type of
PP of interest prior to the measurement or modeling.

Gross Primary Production (GPP) is defined as the rate of conversion of inorganic carbon into
organic carbon (i.e., photosynthesis). It yields the largest value. Net Primary Production (NPP) is the
organic carbon remaining after the metabolic needs of phytoplankton have been met (or the

Autotrophic Respiration (AR) has been accounted for).
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NPP=GPP-AR [2.5]

Since NPP represents the organic carbon available to other trophic levels, that is, the heterotrophs,
and is the relevant quantity when discussing the fate of carbon removed from the atmosphere
(Chamberlin and Dickey, 2008), it is usually the preferred quantity to be obtained. The third type of PP
is the Net Community Production (NCP), which describes the amount of organic carbon available for
export after the needs of all trophic levels have been met. This distinction becomes important in field
measurements because it is difficult to measure separate rates of autotrophic and heterotrophic

respiration. The relation of NCP to NPP is the following:

NCP=NPP-HR [2.6]

, where HR represents the respiratory losses from heterotrophs.

In-situ measurements allow to distinguish between the different types of PP, for example by varying
the incubation time (**C assimilation method), which will be the shortest for GPP and longest for NCP.
Some of the in-situ methods are able to measure only a single type of PP (such as O./Ar ratio, which
measures NCP). A more detailed description of these methods is presented below in section 2.6.

The satellite models, such as the one used in this study, obtain either GPP or NPP simply by
changing the value of some of the parameters in the model, which in our case is the quantum yield of
carbon fixation (Antoine, 2006). Increasing the complexity of the model might allow one to determine
NCP. Determining this quantity, however, in principle requires some knowledge of the food-web
structure, which is generally not accessible when using satellite information. Like the majority of
satellite models estimating PP (Chavez et al., 2011), the Antoine and Morel (1996) model yields the
NPP values. Another classification of the PP is made depending on whether the new or recycled
nutrients were used for growth. New production is defined (Dugdale and Goering, 1967; Eppley and
Peterson, 1979) as the production realized from “new nutrients,” which are brought into the surface
layers by physical mechanisms such as upwelling or eddy diffusion, as opposed to the regenerated
production which uses nutrients that are derived from local recycling of organic matter. The motivation
for distinguishing between new production and regenerated production is to track the fate of carbon in
ocean food webs and to identify the carbon available for export to the deep sea. In the current study, we

do not separate new and regenerated production, since the measurements of nutrients are not achievable
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using the satellite sensors data.

2.5 Controls of primary production

There are a number of physical and biological factors that limit or alter the growth rates of
phytoplankton. Those factors which have the highest impact in the region of study, along with their

potential effect on PP, are discussed below.

2.5.1 Photosynthetic Light Limitation

In the water column, light intensity decreases with depth following approximately the Beer-Lambert

Law:
E,(z) :Ed(o)*EXP_KdZ [2.7]

where Eq4(z) is downwelling irradiance at a depth z, E4(0) is light intensity at the surface, and Kj is the
diffuse attenuation coefficient of light.

In addition to that, water, suspended particles, and dissolved substances selectively absorb and
scatter different wavelengths of light so that not only the intensity, but also the spectrum of light
changes with depth. The wavelengths of light that are available for photosynthesis at a particular depth
are referred to as Photosynthetically Available Radiation (PAR). PAR values are obtained by
integrating spectrally resolved downwelling irradiance measurements for the wavelengths of the visible
light (400-700 nm). The decrease in PAR with increasing depth has important impact on the growth of
phytoplankton. Where PAR diminishes rapidly, phytoplankton growth may be confined to the near-
surface waters. Where PAR penetrates more deeply, phytoplankton growth may occur at greater depths.
The parameter which is commonly used to define the depth until which net photosynthesis occurs is
called the euphotic depth (Z.,), which corresponds to the depth where the PAR value falls to 1% of its
value at the surface (Morel and Berthon, 1989). Z, rarely reaches more than 100 m (Segar, 2007).

With increasing PAR, the increase in PP will not be infinite. At a certain threshold, the intensity of

light exceeds the photosynthetic capacity and additional increases in light will lead to the same level of
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photosynthesis or even a decrease, a phenomenon known as photoinhibition. The various
parametrizations of PP dependency on the light intensity were derived by e.g. Platt (1986), Steele
(1962), Webb et al. (1974) and the examples are shown in Figure 2.4.
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Figure 2.4 Two typical photosynthesis vs irradiance curves according to (a) Webb et al. (1974) and (b)
Platt et al. (1980), where a* is the slope of the curve of the origin, P*, is the maximum photosynthetic
rate, and Ey is the irradiance at the onset of light saturation. In Chapter 7: P*, is referred to as P,
and as irradiance is expressed in terms of Photosynthetically Usable Radiation (PUR) instead of PAR,

irradiance at the onset of light saturation is KPUR instead of E\. Figure adopted from Bracher (1999).

The spatial distribution of PAR is obviously primarily driven by the inclination of the Earth’s axis,
with its maxima moving across the equator according to the seasons. The cloud distribution is
superimposed on this annual pattern, which generates a patchy distribution that would be even patchier

when considered on a daily scale. At high latitudes such as the Greenland Sea, the phytoplankton
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remain in darkness during a significant portion of the year. In addition to that, the sea ice present here
can decrease or even block the light penetration in the water column, suppressing the phytoplankton

growth until the ice is partly or fully melted (Rysgaard et al., 1999; Smetacek and Nicol, 2005).

2.5.2 Dissolved Inorganic Nutrients

Dissolved Inorganic Nutrients (DIN) are the substances essential for phytoplankton growth, which
are dissolved in the seawater (Figure 2.5). Phytoplankton absorbs them through their cell wall. The
nutrients that are required in highest concentrations, or the macronutrients, include carbon, hydrogen,
oxygen, nitrogen, phosphorus, silica, magnesium, potassium, and calcium. It is important to note, that
some elements, such as silica and calcium, will be in greater demand by certain species, namely
diatoms and coccolithophorids, respectively. Regional distribution of nutrients also plays a role. For
example, in the Antarctic waters the concentration of phytoplankton is low, though the macronutrients
are available. Here, the lack of iron, which is a micronutrient, is limiting phytoplankton growth.
Basically any nutrient may hinder the growth of phytoplankton if it is not supplied in a quantity that
meets their metabolic demands.

The primary processes influencing nutrient concentrations in the sea are the geophysical and
geochemical processes. These processes not only control the addition of these elements to seawater but
also their dispersion and removal. Rock weathering and the decay of organic material, together with
waste discharge, are the major sources of most forms of nutrients in the sea (Chen, 2007). In addition to
that, there are the antropogenic sources of nutrients entering oceans through rivers or precipitation,
such as sewage and detergents, which are the main sources of oceanic phosphorous, and agriculture
fertilizers, which are the sources of oceanic nitrogen.

Because rates of photosynthesis tend to be higher at the surface than at depth, nutrients tend to be
removed more quickly at the surface. A part of the nutrients used by phytoplankton is then resupplied
by a process called remineralisation. This process occurs when the dead phytoplankton are eaten by
bacteria or zooplankton which then convert their organic matter back into carbon dioxide, release the
nutrients they have used back into the water and use up oxygen. In addition to remineralisation, the
replenishment of the supply of nutrients in the surface water depends upon the action of physical
processes, namely vertical mixing and eddy diffusivity, lateral movements of deep water, diffusion out

of sediments and transport of mineral dust. Zooplankton also supply the nutrients to phytoplankton by
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excreting dissolved compounds, such as ammonium, which may be used by phytoplankton when other

forms of nitrogen are not available
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Figure 2.5 Generalized scheme of nutrient cycle in the oceans by Grobe, 2007.

2.5.3 Zooplankton Grazing

The grazing (i.e., consumption) of phytoplankton by zooplankton does not directly influence the PP.
It has an indirect effect on PP by lowering the biomass, or the number of primary producers. For
example, in cases of high concentrations of both, phytoplankton and zooplankton, high PP will be

observed, but without an increase in biomass. The degree to which zooplankton feeding controls
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phytoplankton growth rates and biomass depends on a great number of factors, including the size and
type of zooplankton, their life cycle, and temperature, among others. Thus, while zooplankton grazing
has some effect on primary productivity, the magnitude of these effects under a given set of
circumstances may be uncertain.

One of the main hypotheses describing the interaction between phytoplankton, zooplankton and the
seasonally varying physical processes is the “Dilution—Recoupling Hypothesis’ (Banse, 1992; Banse,
2002; Behrenfeld, 2010; Evans and Parslow, 1985; Marra and Barber, 2005). When simplified, the
underlying concept of the Dilution—Recoupling Hypothesis is that the complex food web of planktonic
ecosystems allows a constant tight coupling (rapid response time) between phytoplankton growth and
losses, but seasonal mixed layer deepening has the potential to slightly decouple phytoplankton and
zooplankton through dilution of both phytoplankton and grazers. Thus, the end of mixed layer

deepening (or the beginning of shallowing) should advocate a strengthening in predator—prey coupling.

2.5.4 Vertical Mixing

The intensity and seasonal cycle of the sea water vertical mixing influence both, the amount of light
to which phytoplankton are exposed and the nutrient availability at a certain depth. Vertical mixing acts
like a conveyor belt that carries phytoplankton deeper (to the nutrient-rich and less sunlit waters) or
shallower (to the nutrient-depleted and more sunlit waters) in the water column.

The oceanographic concept that is relevant for the ocean depths where the vertical mixing
significantly affects the plankton, is the mixed layer. The mixed layer is the upper ocean layer within
which salinity, temperature and density are almost vertically uniform, due to the turbulences induced by
winds, cooling/heating processes and other factors such as sea ice melt/formation and evaporation. The
bottom of the mixed layer is characterized by a gradient in the vertical variation of water properties
(temperature, salinity and density).

An example of the effect of the mixed layer depth on the phytoplankton growth is the initiation of
the spring phytoplankton bloom in the seasonal seas of the ocean, which was parameterized in the
'Critical Depth Hypothesis' (Sverdrup, 1953). The emergence of plankton-rich waters in spring and
early summer from the clear waters of winter, when light is low and storms are frequent, leads to the
conclusion that the spring bloom is a consequence of improved upper ocean growth conditions in

spring that stimulate phytoplankton growth. The fundamental principle of the critical depth concept is

36



that there exists, for any given date, a surface layer at which phytoplankton growth is precisely matched
by losses of phytoplankton biomass within this depth interval. In Sverdrup (1953) hypothesis, the
spring bloom is initiated when the surface mixed layer shoals to a depth less than the critical depth.
With the shallowing of the mixed layer, which happens due to the warming of the surface layers and
hence leads to stabilization of the water column, the overall irradiance experienced by phytoplankton
will be higher than in a deep mixed layer. Thus, rates of photosynthesis within a shallow mixed layer

will be greater than rates of photosynthesis within a deep mixed layer (Figure 2.6).

Nutrient
flux

Figure 2.6 Vertical distribution of phytoplankton when the mixed layer is shallow (left) and the mixed
layer is deep (right). On the right panel nutrients are assumed to be present in the whole water column

(light-limited environment). Modified from Doney (2006).

2.6 Methods to estimate primary production

“There exists perhaps no single method or series of
observations that is going to provide oceanographers with an
absolute measure of primary production in the ocean. All
methods, all approaches, are approximations.”

(Marra, 2002)
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Traditional in situ measurements of primary production in the ocean have concentrated on two
separate aspects of photosynthesis, namely, the uptake (or consumption) of carbon dioxide or the
evolution (or release) of oxygen. As it was shown above in section 2.2, these processes occur during the

photosynthetic reaction and they thus provide a measure of PP.

2.6.1 *C assimilation

The method to estimate the uptake of carbon dioxide introduced by Steeman-Nielsen (1951), or the
“C assimilation method, is the most commonly used, and also the most persistently criticized
(Longhurst et al., 1995). In this method, water samples are spiked with a small amount of radioactive,
inorganic carbon. Then the water samples in glass bottles are incubated in sunlight (either on deck, in
the water column, or in a laboratory), and "*C becomes fixed in the phytoplankton cells at a rate that is
proportional to their rate of photosynthesis. Finally, the “C’s uptake and its photosynthetic conversion
to reduced particulate organic carbon measured after the incubation. When these experiments are
carried out over the daylight hours, these incubations are considered NPP due to intracellular carbon
refixation (Marra, 2009). The chief uncertainty of this method is believed to be the suppression of
productivity by low concentration of toxins, often metals, introduced to incubations during sampling
and handling (Fitzwater et al., 1982). There are also difficulties in interpretation associated with the
choice of incubation time. Twenty-four-hour incubations, if begun at dawn, include nighttime losses of
C via respiration and are even sometimes considered as NCP (N.Cassar, personal communication).
Shorter, daytime-only, incubations thus produce higher uptake rates than longer, twenty-four-hour

incubations (by at least 15%; Karl et al., 1996). Thus these two estimates cannot be inter-compared.

2.6.2 Light-and-dark bottle (change in dissolved oxygen concentration)

The method relying on changes in the concentration of dissolved oxygen, the light-and-dark bottle
method, requires clear and opaque bottles to be incubated for a period of time at different depths within
the water column. The decrease in oxygen (which can be estimated using e.g. Winkler method) in the
opaque bottle equates to respiration of the phytoplankton, bacteria, and other organisms. The change in

oxygen in the clear bottle represents the net difference between rates of photosynthesis and respiration.

38



Note that this method is best suited for conditions where productivity is high and where in-situ
incubations are logistically possible. The source for uncertainty lies in the assumption that respiration
occurs at the same rate in the dark as in the daylight. In addition, both methods described above fail to
duplicate mixing within the water column, a process that could have a considerable effect on the

chemical and light environments phytoplankton experience throughout the day.

2.6.3 Depletion of dissolved inorganic nutrients

The concentration of DIN in seawater provides an indirect estimate for determining phytoplankton
growth rates. The theory behind this is that phytoplankton must decrease the concentration of particular
elements and that by measuring changes in the concentration of these elements over some period of
time (and accounting for other processes), the growth of phytoplankton could be determined. As an
early example, Cooper (1938), working in the Irish Sea, estimated primary production by comparing
the winter maximum and summer minimum of phosphate, and scaling the difference approximately to
the growth of phytoplankton for that year. Such estimates of PP are considered to be the fraction of
total production, that is available for net transport up the food chain, i.e. NPP (Jennings Jr et al., 1984).
The estimation of PP from nutrient depletion requires knowledge of nutrient assimilation and carbon
fixation by phytoplankton. The composition of marine phytoplankton is usually assumed to be
consistent with a ratio found by Redfield et al. (1963), C/N/P=106/16/1. However, according to a recent
work by Martiny et al. (2013), the ratios found are at a variety of marine locations dramatically
different from the Redfield ratio and the phytoplankton populations have been found to be more

carbon-rich than previously thought (Figure 2.7).
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Figure 2.7 The variety of Redfield ratio at different marine locations. Green is for carbon, yellow is for

nitrogen and red is for phosphorus. From Martiny et al. (2013).

An additional error is introduced by the fact that particulate nitrogen and phosphorus are
remineralized more rapidly in the water column than silica, and they are more likely to be recycled
within the euphotic zone. One aspect of this recycling is that some nitrogen is returned to the euphotic
zone as ammonium by zooplankton excretion and microbial regeneration (Jennings Jr et al., 1984;
Gilbert et al., 1982; Olson, 1980). This ammonium is utilized preferentially by phytoplankton, therefore

the nutrient-based estimate of PP is an underestimate.

2.6.4 Fluorescence-based

During photosynthesis a photon of light hitting a CHL molecule puts the molecule into an excited
energy state. Energy of an excited CHL molecule may be: 1) transferred to another CHL molecule 2)
transferred to an electron transfer chain, and 3) got lost along the way through a fluorescence process.
As a CHL molecule fluoresces, it loses energy at a less energetic wavelength, namely red light. Thus,
CHL molecules fluoresce red when stimulated by blue light (stimulated fluorescence).

When the CHL molecule is not stimulated, but is just exposed to natural sunlight, it still shows
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fluorescence (natural fluorescence), which is less than the fluorescence under stimulated blue light. The
relationship between PP and natural fluorescence was first shown by Chamberlin et al. (1990).

The ratio of natural fluorescence (related to PP) to stimulated fluorescence (proxy of CHL) is now
commonly measured by an instrument FRRF (Fast Repetition Rate Fluorometer) to estimate the GPP

(Robinson et al., 2009; Sugget et al., 2003).

2.6.5 Satellite-based

The time- and labor-consuming field PP measurements produce the most accurate information on
oceanic photosynthesis, especially the physiology of phytoplankton. These, however, have a number of
limitations. When the in-situ PP measurement methods described above are performed simultaneously
in the field, they differ by up to an order of magnitude (Robinson et al., 2009). Such a large variation in
PP values is explained by the uncertainties in the measurements, as well as by the different measured
quantities from which the final PP value is derived. Note that these measured quantities (parameterizing
the relationship between fluorescence, carbon fixed, and oxygen released during photosynthesis)
change depending on phytoplankton species and photoacclimation characteristics. It is also difficult to
define a measurement method which can be used as a 'standard’, as none of the currently available
methods of determining PP provide a definitive measurement (Robinson et al., 2009). Another
limitation is that by using such a small sampling, periods of unusually high or low productivity may be
missed or may not be averaged into the results. An alternative or a supplement to field methods are the
satellite-based models capable of providing basin-wide estimates of PP, which is an ideal
representation of PP for addressing such problems as human-induced climate change.

In the last three decades, a great deal of effort has been expended to derive algorithms that estimate
PP from satellite ocean color estimates of near-surface CHL. Such estimates also suffer from important
inaccuracies, particularly near the shore, where suspended, nonliving colored materials influence the
estimates. Satellite algorithms are typically applied to weekly or monthly composite data, reducing the
effect of clouds and other errors, and are therefore less variable than PP data obtained by in-situ
measurements. Regular satellite-based global time-series of CHL became available in 1997 with the
launch of the Sea-viewing Wide Field-of-view Sensor (SeaWiFS). Earlier, the Coastal Zone Color
Scanner (CZCS) operated with poor spatial coverage over 1978-1986.

With the launch of the CZCS, simple statistical relationships were proposed for calculating PP from
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the surface CHL alone (e.g., Eppley et al., 1985; Smith and Baker, 1978). Such empirically derived
algorithms are still considered useful when applied to annually averaged data (Iverson et al., 2000), but
they are not sufficiently accurate to estimate PP at seasonal or more detailed timescales. The surface
CHL explains only 30% of the variance in PP at the scale of a single station (Balch et al., 1992;
Campbell and O’Reilly, 1988). Over the past three decades, scientists have improved the PP algorithms
with the use of CHL integrated for the water column by assuming a vertical profile of CHL. Then a
time dependent variable was needed, to transfer a biomass, which is a stock, into PP, which is a rate.
Solar radiation is an obvious choice, and simple mechanistic models (see below) compute PP from
biomass, PAR, and a transfer or yield function which incorporates the physiological response of the
measured CHL to light, nutrients, temperature, and other environmental variables. As a variable
accessible by remote sensing, sea surface temperature (SST) is often used to parameterize the
photosynthetic potential, which cannot be directly measured from space. The empirical relationships of
SST to the photosynthetic potential are used in several PP models (Antoine and Morel, 1996; Balch et
al., 1989; Behrenfeld and Falkowski, 1997a; Howard, 1995; Morel, 1991; Ondrusek et al., 2001; Platt
and Sathyendranath, 1993).

Several dozens numerical models have been described to estimate PP in marine waters, all differing
to some extent according to their resolution in depth and irradiance, as well as parameters that they
account for. The most commonly used classification of these models (see Carr et al., 2006; Friedrichs et
al., 2009; Saba et al., 2011) was proposed by Behrenfeld and Falkowski (1997b) and is based upon the
levels of model integration. The details are given in Table 2.3 and below, with the three categories
ordered according to model complexity starting from complex to simple models:

I). Wavelength-Resolved-Depth-Resolved models (WRDR): The daily water column PP is
calculated by integrating photosynthetic rates over wavelength, depth, and time. These models use
absorbed radiation (Photosynthetically Usable Radiation, PUR) instead of PAR. The WRDR models
convert PUR into net photosynthesis using specific empirical models which are based on
photosynthesis-irradiance variables (Antoine and Morel, 1996; Morel, 1991; Sathyendranath et al.,
1989; Sathyendranath and Platt, 1989), or variables characterizing the photosystems (Dubinsky, 1992;
Sakshaug et al., 1989).

IT). Wavelength-Integrated-Depth-Resolved models (WIDR): The daily water column PP is
calculated by integrating photosynthesis rates over depth and time. This model category results from

removing the wavelength-dependence such that net photosynthesis is described as a function of PAR
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rather than PUR (Armstrong, 2006; Asanuma et al., 2003; Marra et al., 2003).

IIT). Wavelength-Integrated-Depth-Integrated models (WIDI): The daily water column PP is related
to environmental variables measurable at the sea surface through vertically integrated functions. The
simplest WIDI model calculates PP as a function of CHL alone (Eppley et al., 1985; Smith and Baker,
1978), or as the product of depth-integrated CHL and daily integrated surface PAR (Falkowski, 1981;
Platt, 1986). More complex WIDI models incorporate estimates of the euphotic layer depth, depth-
integrated CHL, and daylength along with the irradiance-dependant functions of photoadaptive
parameters (Behrenfeld and Falkowski, 1997a; Platt and Sathyendranath, 1993; Wright, 1959)

The category TI (Time-Integrated models), is not separated here, as such models did not participate

in the intercomparison activities of PP models.

Table 2.3 Classification scheme for daily PP models based upon levels of integration, with the
generalized equations. Each category includes a photoadaptive variable (®, ¢, P®,,) corresponding to
the resolution of the described light field. ® and ¢ are CHL-specific quantum yields for absorbed
(PUR) and available photosynthetically active radiation (PAR), respectively. a* is the phytoplankton-
specific absorption which e.g. transforms PAR into PUR. In case of WIDI irradiance-dependent
function (f(PAR(0))) and photoadaptive yield term (P’,,) are required to convert estimated biomass into
the photosynthetic rate. CHL(z) and CHL(0) are depth-resolved and surface CHL concentration,
respectively. DL is the daylength, Z.,is the depth of the euphotic zone.

I. Wavelength-Resolved-Depth-Resolved models (WRDR)

Zeu  sunset 700
pp=[ [ [ &(nt,2)PAR(A,¢,2)a (A, z)CHL(z)d ) dtdz

z=0 t=sunrise .=400

II. Wavelength-Integrated-Depth-Resolved models (WIDR)

Zeu  sunset

pp=[ [ ¢(t,2)PAR(t,z)CHL(z)dtdz

z=0 t=sunrise

I11. Wavelength-Integrated-Depth-Integrated models (WIDI)
pPP=P,, f[PAR(0)] DL CHL(0) Z,,
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The performance of satellite-based PP models were analyzed in a series of round-robin experiments
aiming at an extensive comparative assessment of these models (Carr et al., 2006), and their validation
against in situ measurements (Friedrichs et al., 2009; Saba et al., 2011). The mean RMSD (Root Mean
Square Difference) of 21 ocean color models was 0.29 relative to in situ PP values collected in the
tropical Pacific. In the latest round-Robin comparison, it was found that the model's success varies
substantially from region to region (Saba et al., 2011), with RMSD ranging from 0.09 for the Southern
Ocean to 0.53 for the Black Sea. In general, the performance is still limited by the accuracy of the input
variables, particularly the uncertainties in satellite-based CHL values. The WRDR Antoine and Morel
(1996) model used in this study performed the best in terms of RMSD in eight out of ten regions that
were studied in Saba et al. (2011) and was recommended by the authors to be used for open ocean
waters. For comparison purposes, we also use the WIDI Behrenfeld and Falkowski (1997a) model,
which had higher RMSD when validated by in-situ data than Antoine and Morel (1996) model (0.08

difference in average RMSD across all regions between these two models, Saba et al., 2011).
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Chapter 3

The physical environment of the Greenland Sea and its relation

to phytoplankton variability: state of the art

The Greenland Sea is a highly dynamic area in terms of water mass exchange. Here, warmer surface
waters of relatively high salinity, which are advected to the area from the North Atlantic, meet fresher
and colder waters of Arctic origin (Rudels and Quadfasel, 1991). It is also the area where most of the
Arctic drifting sea ice is advected. Two main ocean currents influence the exchange of water masses in
the Greenland Sea (Forest et al., 2010). The current flowing in the western Greenland Sea, along the
Greenland coast is the East Greenland Current (EGC), which carries southward the cold and low
salinity waters originated in the central Arctic Ocean (Bourke et al., 1987). In the eastern Greenland
Sea, the West Spitsbergen Current (WSC) transports relatively warm and salty Atlantic waters
northward. In the northeastern Greenland Sea, a complex bathymetry leads to a split of the WSC into
three branches: the first enters the Arctic Ocean north of Svalbard, the second continues north and
further eastward around the rim of the Yermak Plateau, and the third recirculates to the west as the
Return Atlantic Current (Gascard et al., 1995; Schauer et al., 2008). With the WSC and the EGC as the
major current systems, the Greenland Sea is an important transition zone between the North Atlantic
and the Arctic Ocean, were a voluminous exchange of oceanic water masses occurs (Quadfasel et al.,
1987; Schauer et al., 2008) (Figure 3.1). Between the WSC and the EGC, mixed water masses are
formed (Piechura, 2004). In addition, local oceanographic processes such as freshwater run-off,
variable patterns of surface currents and wind driven circulation modify the hydrography and sea-ice
distribution in these waters (e.g., Soltwedel et al., 2005). With regard to climate change, the core of the
WSC displays a progressive warming of 0.06 °C per year since the beginning of continuous
measurements by an oceanographic moored array at 78°50° N in 1997 (Beszczynska-Moller et al.,
2012; Schauer et al., 2008).

As is the case for most Arctic waters, the ice-affected western part of the Greenland Sea has
pronounced water column stratification by salinity. The stratification here is influenced by the melting

sea ice moving through the Fram Strait as it is a major gateway for the sea ice to leave the Arctic
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Ocean. The amount of drifting sea ice varies throughout the year, and it in turn intensifies the strength
of the stratification. Nutrient supply to the ocean surface layer (critical for phytoplankton growth)
depends on the stratification and therefore also varies with season. At the same time a contrasting
oceanographic regime with dominant thermal stratification characterizes the central basin of the
Greenland Sea away from the seasonal ice zone and East Greenland Current. Clearly, the Greenland
Sea has strong North to South and East to West gradients in oceanographic properties (Rudels and
Quadfasel, 1991), as well as it is an area of substantial mixing by eddies (Johannessen et al., 1987). The
effects on phytoplankton via nutrient and light availability are hence also likely to differ significantly
on the scale of a few tens to hundreds of kilometers within the Greenland Sea, rendering the
detectability of interannual to decadal trends.

Previous satellite-based phytoplankton studies showed that the variability in ice cover affects
phytoplankton density in most geographical sectors of the Arctic Ocean except for the Greenland and
Baffin Seas (Arrigo and Van Dijken, 2011; Pabi et al., 2008). Time series studies showed that in some
regions phytoplankton blooms occur earlier because of the Arctic-wide seasonal sea-ice decrease
(Wassmann and Reigstad, 2011), whereas at the Fram Strait, only a minor change or a slight delay in
phytoplankton bloom timing was recorded (Harrison et al., 2013; Kahru et al., 2011). It has been
demostrated, however, that empirical algorithms for estimating CHL from satellite information may not
perform well in this environment even if they were developed explicitly for the Arctic waters (Cota et
al., 2004; Matsuoka et al., 2007). This happens because the bio-optical properties of polar waters may
differ significantly from those of the waters at lower latitudes (e.g. Matsuoka et al., 2007; Mitchell and
Holm-Hansen, 1991; Sathyendranath et al., 2001).

Ecosystem models provide another important tool to test hypotheses related to the key factors that
determine phytoplankton growth on interannual to decadal scales. For the Greenland Sea and Fram
Strait, these factors include ice cover, stratification, wind, surface water transport and the activity of
grazers (Skogen et al., 2007; Slagstad et al., 2011). Generally, such models agree that the interannual
variability in the Greenland Sea can be linked to the transport of Arctic water through the Fram Strait,
and the presence of sea-ice in spring (Skogen et al., 2007). An effect of atmospheric warming on phyto-
and zooplankton growth was detected in the physically-biologically coupled model, suggesting that
phytoplankton productivity in the Greenland Sea and western Fram Strait may increase in the future
(Slagstad et al., 2011).

The Fram Strait located in the northern Greenland Sea, with a mean water depth of ~2500 m, is the
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only deep water connection between the Arctic Ocean the North Atlantic Ocean, and is the focus for
Chapters 4 and 5 of this thesis. Elevated concentrations of phytoplankton and higher trophic levels at
the Fram Strait marginal ice zone were documented by, e.g., Smith et al. (1985) and Smith and Nelson
(1985). One of the reasons behind this is that ice-melt induced stratification could support substantial
phytoplankton blooms (Wu et al., 2007). The abundant ice flora and fauna, as well as sediments are
drifting with the sea-ice from the central Arctic into the Fram Strait (Hop et al., 2006) and are adding to
the physical factors supporting the growth of phytoplankton at the Fram Strait by seeding nutrients and
phytoplankton cells. In addition, in some years the Arctic water outflow may add to the high CHL by
transport of Pacific water with high nutrient concentrations (Slagstad et al., 2011). Previous field
studies report that in the northeastern Fram Strait (78-81°N, June-July 1984) phytoplankton density is
higher in the marginal ice zone, where physical processes such as enhanced water-column stability and
upwelling result in favorable conditions for phytoplankton growth (Gradinger and Baumann, 1991;
Smith et al., 1987). In the southern Fram Strait (75°N transect, May of 1993 and 1995), phytoplankton
biomass is shown to follow hydrographical patterns, with elevated phytoplankton in the areas of low

salinities and, hence, higher stratification (Rey et al., 2000).
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Figure 3.1 Schematic current system in the European Arctic. EGC - East Greenland Current; WSC -
West Spitsbergen Current; NWAC - Norwegian Atlantic Current; RAC - Return Atlantic Current. From
Kraft (2013).
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Chapter 4

Influence of the physical environment on phytoplankton blooms

in the northern Greenland Sea

4.1 Motivation

The Fram Strait is the main gateway for water, heat and sea-ice exchanges between the Arctic
Ocean and the North Atlantic. This complex physical environment results in a highly variable PP in
space and time. Previous regional studies have defined key bottom-up (ice cover and stratification from
melt water for the light availability, and wind mixing and water transport for the supply of nutrients)
and top-down processes (heterotrophic grazing for the control of biomass) (Gradinger and Baumann,
1991; Rey et al., 2000; Skogen et al., 2007; Slagstad et al., 2011; Smith et al., 1987; see also Chapter
3). The spatial, seasonal and interannual variations in these biophysical factors in the Greenland Sea
suggest that a considerable spatial resolution (which can be provided by satellite measurements and/or
coupled physical-biological models) is needed to decipher the interaction between key environmental
factors governing PP, in order to better understand the future of productivity (Cavalieri and Parkinson,
2012; Rabe et al., 2013; Sakshaug et al., 2004; Wassmann and Reigstad, 2011). In this chapter, field
data, remote sensing and modeling techniques were combined to investigate in detail the influence of
melting sea-ice and ocean properties on the development of phytoplankton blooms in the Fram Strait
region for the years 1998-2009. Satellite-retrieved CHL concentrations from temporarily ice-free
zones were validated with contextual field data. These were then integrated per month on a grid size of
20 x 20 km, resulting in 10 grids/fields. Factors tested for their influence on spatial and temporal
variation of chlorophyll-a were: sea-ice concentration from satellite and sea-ice thickness, ocean
stratification, water temperature and salinity time-series simulated by the sea ice-ocean model
NAOSIM. The latter simulated data sets were used because they provide time series information
throughout the water column and parameters which have not been measured by satellite. The multi-

parameter time series analysis enabled to test the following hypotheses: 1) processes associated with



the presence of drifting sea-ice promote phytoplankton growth within the Fram Strait; 2) effects of

physical processes on phytoplankton variability are spatially inconsistent in this region.

4.2 Methods and Data
4.2.1 Data Acquisition

4.2.1.1 Chlorophyll-a in-situ measurements

In situ CHL data from R/Vs “Polarstern” and “Maria S Merian” 1998-2009 cruises were combined
with the ARCSS-PP database covering years 1998-2003. The samples of RV “Polarstern” and “Maria S
Merian” cruises were collected for 6 depths (0-100 m) in Niskin bottles, mostly between June-July. 0.5-
2.0 L of water were filtered through Whatman GF/F glasfibre filters, and stored at -18°C. Afterwards, in
AWTI laboratory, these filters were analysed with a spectrophotometer for higher values and with a
Turner-Design fluorometer for lower values according to the methods described in Edler (1979) and
Evans and O’Reily (1984). First the filters were transferred to plastic centrifuge tubes, then 8-11 ml
90% acetone was added. The filters were sonicated with an ultrasound device in an ice-bath for less
than a minute, and then further extracted in the refrigerator for 2 hours. After refrigerated centrifugation
for another ten minutes the CHL/acetone extract was measured in a dark laboratory room. The values
from the fluorometer were calibrated using the values obtained from the spectrophotometer. In
addition, calibration of the fluorometer was carried out with Sigma CHL. Refer to Matrai et al. (2013)
and Hill et al. (2013) for details on the ARCSS-PP database (http://www.nodc.noaa.gov/cgi-
bin/OAS/prd/accession/details/63065).

4.2.1.2 Satellite-borne chlorophyll-a measurements

Satellite CHL level-3 data were taken from the GlobColour archive (http://hermes.acri.fr). The
GlobColour data sets are based on the merging of level-2 water leaving radiance data from three ocean
color sensors over the whole globe. These sensors are MERIS, MODIS and SeaWiFS, which measure
visible and infrared light, mainly sunlight scattered and reflected by the Earth's surface and clouds.

Such remotely sensed information about open ocean water is complicated by the atmospheric
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absorption and scattering processes, and is only available in the presence of sunlight and the absence of
clouds and sea-ice. The satellite-retrieved CHL data set with 4.6 km spatial resolution was generated
using GSM model (Maritorena et al., 2002) and algorithm, developed by Maritorena and Siegel (2005),
which was applied to the merged level-2 water-leaving radiance data. The data product for open ocean
(case 1 waters) was used. The daily data sets were used for validation purposes and the monthly data

sets for the cross-correlation analysis.

4.2.1.3 Estimation of sea-ice and ocean properties

Daily Sea-Ice Concentration (SIC) maps were provided by the PHAROS Group of the University of
Bremen. SIC data were retrieved from the Advanced Microwave Scanning Radiometer - Earth
Observing System (AMSR-E) data with a spatial resolution of 6.25 km. AMSR-E measures microwave
radiation that is emitted by the Earth's surface and by the atmosphere. This radiometer is independent
of sunlight and clouds and thus provides daily maps with fine coverage for high latitudes. SIC is the
percentage of a 6.25 by 6.25 km cell that is covered by sea-ice. The uncertainty of the data is 25% for
0% SIC and 5,7% for 100% SIC (Spreen at al., 2008)

Monthly sea-ice thickness as well as water temperature and salinity profiles down to 200 m depth
were calculated with the North Atlantic/Arctic Ocean sea-ice Model (NAOSIM). NAOSIM is a coupled
ocean-sea-ice model with 50 vertical layers driven by daily reanalysis data from the National Centers
for Environmental Prediction (NCEP), developed at the Alfred-Wegener Institute for Polar and Marine
Research (Koberle and Gerdes, 2003). It is derived from the Geophysical Fluid Dynamics Laboratory
modular ocean model MOM-2 (Pacanowski, 1995) and a dynamic-thermodynamic sea-ice model with
a viscous-plastic rheology (Hibler, 1979). NAOSIM has been used in a number of studies on the
dynamics of northern high latitude oceans and was successfully validated by field observations (e.g.,
Gerdes et al., 2003; Karcher et al., 2003, 2005, 2012; Kauker et al., 2003; Koberle, and Gerdes, 2007).
Specifically, the structure and development of water temperatures of 50-500 m in Fram Strait (and in
the whole boundary current of the Arctic Ocean) for 1979-1999 were generally in good agreement with
available observations. The interior Eurasian Basin of the Arctic Ocean, however, was colder than the
observations (Karcher et al., 2003). The salinity sections, compared at East Greenland Shelf in
September 2003 showed that the model mimicked the stratification on the shelf very well (De Steur et

al., 2009). The simulated freshwater content, which is derived from salinity data, when compared to the
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field observations for the period of 1992-2008 (Rabe et al., 2011) showed strong similarities in the
large-scale pattern and amplitude. Regional differences were however apparent, in particular in the
Beaufort Sea and the southern Canada Basin. Sea-ice concentration data were compared with satellite
observations for the period 1978-2001 (Kauker et al., 2003), which demonstrated the capability of the
model in reproducing the long-term mean state and the inter-seasonal variability in the Arctic and the
North Atlantic. The observed and modeled sea-ice concentration variability were similar to a high
degree, capturing even the small-scale features in the Greenland Sea. A detailed model description can
be found in Fieg et al. (2010). Here we used the monthly data of the high resolution version of
NAOSIM with 9 km grid spacing.

4.2.2 Satellite chlorophyll-a data quality, availability and time series
analysis

4.2.2.1 Validation

To obtain a sufficient number of collocations we validated the satellite data for the whole Greenland
Sea sector of the Arctic: north of the Arctic circle at 66°33'39"N and between 45°W and 15°E as in
Arrigo et al. (2011). The rest of the time series analyses were performed for the Fram Strait area only,
76°N-84°N, 25°W-15°E.

In situ and satellite data were required to have been collected on the same day in order to be
considered a valid match-up. Satellite values for match-ups were taken by averaging the valid pixels of
a 3x3 pixel box centered on the location of the in situ data. More than half of the pixels in the box were
required to be valid (i.e. not screened out due to clouds or sea-ice cover). Most of the validation
methodology was adopted from GlobColour Full Validation Report (ACRI-STLOV et al., 2007). We
validated the satellite data by the surface in situ CHL (<10 m) and alternatively by the in-situ CHL
averaged over the penetration depth (5-28 m). According to Gordon and McCluney (1975) 90% of
optical remote sensing information in the homogeneous ocean originates from the upper layer, defined
by the parameter penetration depth. The penetration depth can be estimated as depth at which
downwelling in-water irradiance falls to 1/e (e ~ 2.72) of its value at the surface (Gordon and
McCluney, 1975). In our study the penetration depth was computed for every profile as the euphotic
depth (Z.) divided by 4.6 (Morel and Berthon, 1989). Z., is defined as the depth where the
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downwelling PAR irradiance is reduced to 1% of its value at the surface. We calculated Z., using the

method described by Morel and Berthon (1989, Eq. 1a, 1b).

4.2.2.2 Temporal variability

The availability of the satellite GlobColour CHL data in Fram Strait was assessed as following.
Firstly, in each pixel we calculated the number of days per certain month (April-August) with data per
certain year (1998-2009). Only the months April-August were considered for further analysis since they
had a sufficient number of valid data points (more than 1/3 of the area covered with data). We spatially
averaged the obtained number of days with valid data over all the pixels in the Fram Strait area, and
summed up the monthly numbers for each of the years.

In the analysis of satellite CHL monthly time series, the trend and its significance were assessed.
Since the time series we examined were temporally and spatially averaged (hence experience no
discontinuities and have a low probability of outlying observations) and presumably contain a seasonal
cycle, we assumed that representing the data as a classical decomposition model is appropriate

(Brockwell and Davis, 2002; Milke and Heygster, 2009):

X,=m+s,+Y,, t=12,.,n [4.1]

, where X, is the value of time series at a time point t, m, is a slowly changing function known as a
trend component, s, is a function with known period referred to as seasonal component, and Y. is a
random noise component, or anomaly.

Our aim was then to estimate the component m, which was done using three following methods.

1. The linear regression model was fitted to the original time series (using least squares estimation)

2. The seasonal component (s;) was subtracted from the data to obtain the time series which contain
only the anomaly and trend components. The seasonal component is the climatological monthly value
for the period studied. Then the deseasonalized time series were further on referred to as anomalies of
data and the trend was estimated by fitting a linear regression model as in the previous method. This
approach was used by e.g. Milke and Heygster (2009).

3.The simple moving average filter of n surrounding elements was applied to eliminate the seasonal

component and to dampen the noise, where n is the width of the smoothing window. The window was
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set to five months (yearly cycle of current dataset), since we were interested in long term trend (Box
and Jenkins, 1976; Velleman and Hoaglin, 1981). The first element of the moving average was obtained
by taking the average of the initial five points of the number series. Then the subset was modified by
"shifting forward", i.e., excluding the first number of the series and including the next number
following the original subset in the series. This created a new subset of numbers, which was averaged.
This process was repeated over the entire data series. Then the trend was estimated by fitting a linear
regression model as in the previous methods. The estimation of a time series trend using a moving
average was used by e.g. Carroll et al. (2011a) and Carroll et al. (2011b).

The alternative methods to estimate trend in the long-term data (used for example, when time series
have jumps or gaps) include fitting of the higher order polynomial or stepwise trend fitting (Brockwell
and Davis, 2002).

For all the three methods applied, the magnitude of the trend was assigned as the difference between
the first and last y-values in a trend line. The significance of the trends was evaluated using t-tests. The
time series smoothed with a moving average were used for the standard analysis of the trend, see
results in Table 4.2.

To assess the spatial variability of CHL, the standard deviation was calculated as:

N
OchL= \/L Z (CHL,'_ mjz
N [4.2]

where for a current month of the current year N is the number of valid data pixels, CHL is the spatially

averaged CHL value and CHL; is the CHL of each data point i.
4.2.3 Calculation of simulated density and stratification

The Thermodynamic Equation Of Seawater - 2010 (TEOS-10) was used to calculate potential
density profiles from potential temperature and salinity simulated by NAOSIM (Feistel, 2010). Upper
ocean stratification was then determined by calculating the depth where the potential density was 0.125
kg m™ higher than at the surface (Levitus, 1982) and alternatively by the maximum density gradient

method (Method 5 in Zawada et al., 2005). The Fram Strait is a region of sea ice melt, where the

54



shallow meltwater layer of low density appears locally. In this case, the stratification value obtained
using the criteria we used, does not correspond to the conventional mixed layer, which is situated
deeper. To avoid the confusion of stating that the shallow freshwater layer is the mixed layer, we use

the term 'stratification' instead.

4.2.4 Statistical analysis of relationship between chlorophyll-a and
environmental factors

Monthly satellite-retrieved sea ice concentrations (SIC) were spatially averaged for the part of the
Fram Strait that was not constantly ice-covered, and for the period of April-August 1998-2009. Of all
months, July 2009 (see basemap in Figure 4.6) showed the lowest SIC (20%). Only the area not
covered with sea-ice in July 2009 was used for further analysis. In this area, ten sites were chosen in
such a way that they covered 1) the marginal ice zone (sites A, C, G, see Figure 4.6 for locations); 2)
open ocean (sites D, E, H, I); 3) the coast of Svalbard (sites B, F, J). Their centers were equally spaced
in latitude and longitude (1° latitude step, 4° longitude step) so that they did not intersect. For the
parameters of interest all pixels within a 20 km radius around the individual sites were averaged into
one value. Then a cross-correlation analysis of the data was performed. The data included monthly
resolution time-series of satellite CHL and SIC, and simulated sea-ice thickness, surface water
temperature and salinity as well as stratification for April-August 1998-2009. In addition, the
connection between the timing of the bloom onset and the sea-ice was roughly estimated. For this
purpose, satellite CHL and satellite SIC time series were used to calculate for each site and each year if
the large increase in CHL between April and May (CHL>0.5 mgCHL/m?) coincided with the presence
of ice in April (SIC>5%).

All the analyses were restricted to the period April through August due to limitations of satellite-
retrieved CHL data by light availability, cloud and ice cover at other times of the year. The analysis
considers data from April 1998 onwards, when SeaWiFS provided ocean color data. The time series

analysis was restricted to the years until 2009 because no simulated data sets were available afterwards.
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4.3 Results

4.3.1. Satellite chlorophyll-a data quality and availability

We validated the satellite CHL: 1) by the surface in-situ CHL and alternatively 2) by the in-situ CHL
averaged for the penetration depth (see Section 4.2.2.1). The surface CHL data included the underway
ship measurements, and the profiles data used here were not required to reach the euphotic layer depth
as opposed to the second method used. This resulted in a high number of in-situ data points collocated
to the satellite data after applying the match-up criteria (N=108). The correlation was significant
(p<0.001) with R=0.58 (R - correlation coefficient), and RMSD=0.58 (RMSD - Root Mean Square
Difference). In-situ data were underestimated by satellite data by a factor of 3 (slope=0.33). A better
agreement with satellite data was reached when the in-situ CHL was averaged for the penetration
depth, for which 54 out of 526 available in situ data points were used after applying the match-up
criteria. For these points penetration depth spanned from 5 m to 28 m. The correlation coefficient (R)
equaled 0.64, and RMSD equaled 0.35. The correlation was significant (p<0.001). In-situ CHL data
were underestimated by satellite data by a factor of 1.4 (slope=0.69, Figure 4.1).
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Figure 4.1 Satellite GlobColour CHL versus in situ data of RV 'Polarstern’, RV 'Maria S. Merian'
cruises and ARCSS-PP database for the period 1998-2010. Black line: one-to-one line, red line: linear
regression line calculated in this study. In-situ data have been averaged over the penetration depth
defined according to Gordon and McCluney (1975). Correlation statistics: N=54, R=0.64 (R*=0.41),
RMSD=0.35, OFFSET=0.1, SLOPE=0.69.

The satellite data availability test (Figure 4.2), showed that the number of days with data available

within a specific year sharply increases from 11 to 22 days after 2001. This is due to the launch of the
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two new sensors in 2002 (MEdium Resolution Imaging Spectrometer (MERIS) on 1 March and
MODerate resolution Imaging Spectroradiometer on Aqua satellite (MODIS/Aqua) on 4 May) while
the GlobColour data before 2002 are based on SeaWiFS measurements only. The years 2003-2005 have
the most data, reaching a maximum of 25 days in 2004. The months with largest number of days with
data in 1998-2001 are June and July, while after 2002 predominant months are hard to define.
Noteworthy, the monthly mean we used for the further analysis was composed from on average 2 days

for the years 1998-2001 and 5 days for the years 2002-2009.
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Figure 4.2 Availability of satellite GlobColour CHL data in the Fram Strait area (76°N-84°N, 25°W-

15°E). Each bar represents mean number of pixels with data for the Fram Strait per year.

4.3.2 Time series analysis: basic statistics and temporal trends

The climatology of 1998-2009 CHL for the whole study area (76°N - 84°N, 25°W — 15°E) (Figure
4.3) shows the timing of the bloom varying for the different parts of the Fram Strait. Overall, the spatial
variation of our data was high, and ranged for the whole area between 0.15 mgCHL/m* and 1.4

mgCHL/m?, with values below 0.8 mgCHL/m?seen only in 2009. If one defines the start of the bloom

58



as the time when the CHL concentration increases to the threshold of 1.0 mg/m? (as, e.g., in Wu et al.,
2007), then the start of the bloom in the eastern Fram Strait area generally occurred in May (except for
the coast of Svalbard where the bloom were observed already in April). In the western part of the Fram

Strait the bloom started even later than that, in July.

amm T n)
0.0 0.5 1.0
Chlorophyll a (mgCHL/m?3)

Figure 4.3 1998-2009 climatology of satellite GlobColour CHL, which is the MERIS-MODIS-SeaWiF'S
merged data with 4.6 km resolution within the Fram Strait, area: 76°N-84°N, 25°W-15°E.

The time-series of April-August CHL was first averaged over the whole area of Figure 4.3 and is
shown in Figure 4.4a. A clear seasonal signal can be observed in the mean CHL concentrations with
lowest concentrations in April and highest concentrations in May to July in the investigated period. The
interannual variation can be summarized as follows: the years before 2002 were characterized by an
earlier CHL maximum. After 2002, almost all maxima were observed in July, with the exception of the
year 2007 when the maximum occurred in June. Comparing average CHL across all months, we notice

an increasing trend in overall CHL from 1998 to 2009 (Figure 4.4a) with a maximum monthly value
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observed in 2008.

This trend shows an increase of 0.18 mgCHL/m? over the twelve years analyzed (p=0.14, see Table
4.1). In the anomalies a weaker trend is present (Figure 4.4b) with an increase of 0.13 mgCHL/m?
(p=0.05) over the same period. Applying the moving average of five months to the data also resulted in
an increase of 0.22 mgCHL/m? (significant with p<0.01). The trend for the interannual variation based
on single months (Table 4.1) showed the largest (+0.41 mgCHL/m?) significant (p<0.01) trend for July

(Figure 4.4c). All following trend analyses were calculated by applying the moving average of five

months to the data.

Table 4.1 Trend analysis of remotely sensed CHL time-series (N=60) averaged for the Fram Strait area
(76°N-84°N, 25°W-15°E). Monthly averaged data were used. Significant trends (p<0.01) are marked in
bold. The time series for individual months were taken from the original time series. Original stands
for original monthly mean time series, anomalies for the original time series with the seasonal cycle
subtracted, and moving average stands for the original time series smoothed with a moving average of

five months (section 4.2.2.2)

- Overall (April 1998 — August 2009) Individual months, 1998-2009
Trend characteristics — . . :
original anomalies  moving average  April May June July August
magnitude 0.18 0.13 0.22 -0.03 -0.22 0.15 0.41 0.28
p-value 0.14 0.05 <0.01 0.67 0.25 0.31 <0.01 0.02
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Figure 4.4 Time-series of the monthly satellite-retrieved GlobColour CHL averaged for the Fram Strait
area 76°N-84°N, 25°W-15°E for April-August of 1998-2009 (a), its anomalies (b), and July values only

(©)

The standard deviation characterizing the spatial variability of the CHL data showed a decreasing
trend of -0.2 mgCHL/m? (or -41%, p<0.01, not shown). In the standard deviation time series of the
other parameters, a decreasing trend was identified for the stratification only (-6 m according to Levitus
(1982) method and -5 m according to maximum density gradient method, both p<0.01). The
stratification patterns have thus spatially become more uniform and so did the phytoplankton patterns.

When the area was divided in subsections (Figure 4.5), significant increasing trends in mean CHL
over the twelve years were observed mainly in the southern part (Table 4.2, sites D, G, H, I). They

coincided with the significant increase in sea surface temperature (observed everywhere, 1.6°C on
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average) and significant decrease in shelf Svalbard ice concentration (sites B, F, J, -13% on average).
The sea surface salinity and water stratification either decreased or increased, depending on the site, not
showing significant trends for the entire region.

Apart from the temporal trends, Table 4.2 explores the spatial patterns in the CHL data and in the
physical parameters. The highest annual mean, standard deviation and maxima of CHL at the given
latitude were observed at the marginal ice zone (sites A, C, G). Sea-ice was concentrated both around
the marginal ice zone and at the coast of Svalbard (site B, F, J), with the thickest ice situated at the
coast of Svalbard (68 cm at site B). The warmest and saltiest waters were associated with the ice-free
ites (D, E, H, I). Stratification - regardless of its definition (see section 4.2.3) - showed a mean surface
layer depth of 20-30 m in the entire region. However, both the sign and the absolute value of the
difference resulting from the two methods for calculating stratification were spatially varying. Random
(April 1998) examples of the temperature, salinity and density vertical profiles centered at the marginal
ice zone site (G), open ocean site (I), and coastal site (J) at 75°N were plotted with the estimated depth

of the surface layer (Figure 4.6).
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Table 4.2 Statistical characteristics of the remotely sensed CHL time-series (mgCHL/m?, N=60) and
the environmental parameters, which were assumed to influence CHL variability, for ten sites of the
Fram Strait region. Monthly averaged data were used and the trend analysis was based on the time
series smoothed with the moving average filter. The locations of the sites A-J are indicated in Table 4.3
and Figure 4.5. Significant trends (p<0.01) are marked in bold. SIC — remotely sensed Sea Ice
Concentration (%). Simulated parameters: SIT — Sea Ice Thickness (cm), SSS - Surface Salinity (%o),
SST - Sea Surface Temperature (°C), Stratification (Aowe) — stratification estimated using maximum
density gradient (m), Stratification (Levitus) - stratification estimated using Levitus (1982) 0.125 kg/m’

difference in density from the surface value method (m)

Parameter Statistics Site
A B C D E = G H | J
mean 0.79 0.73 0.78 0.76 0.68 0.76 0.75 0.56 0.57 0.64
stdev 0.41 0.31 0.49 050 0.34 0.35 0.60 041 0.35 0.26
max 1.65 1.31 2.44 2.22 2.09 2.14 2.81 2.54 1.41 1.38
CHL min 0.16 0.19 0.11 0.10 0.17 0.25 0.11 0.07 0.10 0.19
trend 0.03 -0.04 0.13 0.33 0.05 -0.04 0.43 0.46 0.16 0.05
p 0.60 0.45 0.06 0.00 0.27 0.41 0.00 0.00 0.00 0.22
mean 9.71 1.47 3.48 0.03 0.19 13.16 2.40 0.00 0.01 3.62
stdev 12.49 1.78 4.77 0.09 0.53 8.96 8.50 0.00 0.05 555
max 50.73 7.27 17.90 0.46 2.82 42.97 62.14 0.02 0.34 33.12
Ssic min 0.00 0.00 0.00 0.00 0.00 2.19 0.00 0.00 0.00 0.00
trend 5.70 -4.14 1.72 -0.03 -0.83 -23.75 -1.34 0.00 -0.06 -10.70
p 0.11 0.00 0.21 0.04 0.00 0.00 0.55 0.01 0.00 0.00
mean 0.02 0.06 0.01 0.00 0.01 0.05 0.00 0.00 0.01 0.07
stdev 0.06 0.12 0.05 0.01 0.05 0.11 0.01 0.01 0.02 0.15
max 0.37 0.68 0.42 0.05 0.34 0.56 0.07 0.05 0.12 0.66
SIT min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
trend 0.00 -0.04 0.00 0.00 -0.04 -0.04 0.00 0.00 -0.01 -0.07
p 0.76 0.08 0.69 0.07 0.00 0.27 0.81 0.81 0.01 0.09
mean 34.53 33.92 34.38 34.78 34.71 34.43 34.78 3498 34.96 34.49
stdev 0.48 0.85 0.80 0.34 0.39 0.39 041 0.16 0.25 0.42
max 35.13 35.07 35.11 35.16 35.12 35.02 35.11 35.22 35.22 35.08
SSS min 32.96 31.82 31.59 33.75 33.58 33.22 33.05 34.46 33.96 33.25
trend -0.38 -0.75 0.00 -0.11 0.07 0.25 -0.02 -0.08 0.10 0.46
p 0.02 0.00 0.99 0.32 0.49 0.04 0.89 0.05 0.06 0.00
mean 5.83 4.67 6.18 6.88 6.79 3.92 6.39 7.08 7.66 5.83
stdev 2.80 2.42 2.92 2.83 2.82 2.05 3.25 3.40 3.18 2.89
max 10.82 9.23 10.70 10.96 10.90 7.02 11.25 11.54 12.12 9.89
SST min 0.29 0.65 -0.01 1.34 1.45 -0.27 0.60 1.03 1.44 0.10
trend 1.96 1.58 1.86 1.59 1.91 1.53 1.43 1.55 1.91 2.07
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
mean 21.06 24.24 22.67 22.33 26.25 28.29 19.48 21.28 21.48 28.99
stdev 9.26 11.67 12.97 10.98 15.13 12.23 7.76 10.49 11.66 13.09
Stratification max 53.87 51.84 47.64 4487 65.65 4491 4855 51.67 58.59 54.52
(&o ) min 5.00 500 5.00 5.00 5.52 6.52 5.00 5.00 5.00 6.21
trend -4.76 -5.28 -6.56 0.07 3.17 -5.35 -0.87 3.39 3.37 -2.92
o] 0.01 0.02 0.00 0.97 0.12 0.02 0.43 0.03 0.06 0.22
mean 22.50 19.96 22.95 23.96 22.92 20.92 21.51 21.12 23.16 19.52
stdev 10.66 853 12.84 12.01 11.45 895 11.15 9.77 10.41 8.53
Stratification | max 55.00 48.64 59.88 50.85 54.27 52.88 52.45 53.58 57.02 5161
(Levitus) min 5.00 500 5.00 5.00 5.00 5,00 5.00 5.00 5.00 5.00
trend -4.01 -1.77 -8.08 -3.63 2.64 -4.08 -2.67 -2.46 -0.52 3.79
P 0.08 0.20 0.00 0.11 0.11 0.01 0.13 0.15 0.77 0.02
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Figure 4.5 Circles on the map show location of the ten sites where the statistical analysis was applied.

Colour of the circles indicates correlation coefficients between 1998-2009 time-series of satellite-

retrieved GlobColour CHL and simulated water stratification. The exact number of the correlation

coefficient is given in the table on the left. Left and right maps differ in the method of calculating the

stratification. Base map is the satellite-retrieved sea-ice concentration for July 20009.
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Figure 4.6 Examples of water density, salinity and temperature vertical profiles for the marginal ice

zone (site G), open ocean (site I), and coast of Svalbard (site J). The circles indicate stratification

computed using: 1) maximum density gradient (red circle), and 2) Levitus (1982) 0.125 kg/m?

difference in density from the surface value (green circle). At site J both criteria match the same point.

Data of NAOSIM for April 1998.
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The coastal sites show no difference between the two criteria, while the sites at the marginal ice
zone and in the open ocean show that the Levitus (1982) definition gives a deeper surface layer. The
stratification is influenced from both vertical salinity and temperature gradients at the marginal ice zone
site, from the temperature gradient at the open ocean site (salinity profile is close to uniformity) and

from the salinity gradient at the coastal site (temperature increases with depth).

4.3.3 Statistical analysis of relationship between chlorophyll-a and
environmental factors

The correlation coefficients between CHL and several physical parameters, and the spatial locations
of the studied sites are presented in Table 4.3. The results of a cross-correlation analysis show that
ocean stratification estimated according to Levitus (1982) is the parameter, which showed highest
correlation to CHL explaining up to 36% of the observed variance (with the highest average correlation
coefficient (r) of -0.6 for open ocean sites; Fig. 4.5). For the open ocean and marginal ice zone sites
significant negative correlations (shallow mixed layers, more CHL) were observed, while for the
coastal sites r was closer to zero (sites B and J), or even positive (site F) and not significant. Besides
the observed relationship with ocean stratification, the CHL time-series also correlated relatively
strongly (significant for 7 out of 10 sites) to the sea surface temperature variability (increasing SST,
more CHL). Significant positive correlation was observed for all open ocean sites and all but one
marginal ice zone sites, but significant negative correlation was observed for one coastal site. For
observed sea-ice concentration, simulated sea-ice thickness and sea surface salinity no significant
correlations with CHL variability were identified for the region with temporary sea-ice cover included

in the analyses.
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Table 4.3 Correlation coefficients for the parameters analysed with respect to remotely sensed CHL
time series covering the months April to August 1998-2009 (N=60) for the ten sites of the Fram Strait
region, with the geographic locations of their centers. Significant correlations (p<0.01) are marked in
bold. SIC — remotely sensed Sea-Ice Concentration. Simulated parameters: SIT, SSS, SST, Stratification
(Aone) — stratification estimated using maximum density gradient, Stratification (Levitus) -
stratification estimated using Levitus (1982) 0.125 kg m? difference in density from the surface value

method. Monthly averaged data were used. Areas A-J are indicated on the map in Figure 4.5.

Site Lat Long Correlation coefficient (r) of chlorophyll a time-series with
Stratification ~ Stratification
sIC SIT 5SS SST (a,,) (Levitus)

A 79°N 4°FE 0.1 -0.1 -0.2 0.1 -0.6 -0.5
B 79°N 8°E 0.1 -0.1 -0.2 -0.3 0 -0.1
C 78°N 0° -0.2 -0.2 -0.2 0.4 -0.5 -0.5
D 78°N 4°FE 0.1 -0.1 -0.2 0.5 -0.5 -0.6
E 78°N 8°E -0.1 0 -0.3 0.4 -0.5 -0.6
F 78°N 12°E 0.1 0.2 0.2 -0.5 0.3 0.3
G 77°N 0° 0.1 -0.1 -0.2 0.4 -0.4 -0.5
H 77°N 4°E -0.1 -0.1 0.1 0.5 -0.3 -0.5
| 77°N 8°E -0.1 0 0.3 0.6 -0.4 -0.6
J 77°N 12°E -0.1 0 -0.1 0 -0.1 -0.2

When only the months of April and May and not the summer months were studied, a link between
the SIC and the timing of CHL bloom onset was observed (Table 4.4). The presence of sea-ice in April
(sea-ice event) was usually followed by a large increase in CHL from April to May (CHL increase) at
the sites located closest to the ice edge (or marginal ice zone sites, namely A, C and G). At site A, 88%
(seven out of eight) of the years with the ice edge present were followed by an early CHL increase, at
site C the same was observed for 50% (three out of six) of the years, and at the site G for 60% (three
out of five) of the years. At all other sites, a lower percentage of years with the ice edge close by were
followed by a CHL increase in April (17% or less). At the open ocean sites not directly situated at the
ice edge (D, E, H, I), the sea-ice concentration was never higher than 5%, therefore no match was
observed. At the coastal sites (B, F, J) the presence of coastal ice was observed often in April (in four

years on average), but did not result in an increase in CHL in most cases.
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Table 4.4 Years when sea-ice concentration in April was >5% (I) or/and years when the increase in
CHL from April to May was >0.5 mgCHL/m? (C) at the ten sites used for the cross-correlation analysis
(for site locations see Table 4.3 and Figure 4.5). The percentage of the years with the sea-ice
concentration in April >5% followed by the increase in CHL from April to May >0.5 mgCHL/m? (% of
yrs 1&C) was calculated by normalizing the number of the years with both I and C by the number of

years with I. Remotely sensed sea-ice concentration and CHL data with monthly averaging were used

. Year
St 958 99 00 01 02 03 04 05 06 07 08 o9 YS! #yrsC %ofyrsi&C
A IC C C I.C I,C I.C ILC I,C I.C | 8 9 88
B | cC c c c 1 4 0
c c LC I I,C LC 1 6 4 50
D c 0 1 0
E c c 0 2 0
F I 1 ¢ ¢c 1 1 ¢c ¢ 1 1 ¢ 6 5 0
G I C cC 1 1cC | I, C c 5 5 60
H 0 1 0
I 0 0 0
J I C 1 1,C Cc cC | 6 4 17

4.4 Discussion

The sections below first discuss the phytoplankton variability in the Fram Strait and then address its

relationship to the environmental factors.

4.4.1 Quality of satellite chlorophyll-a data

Globally only about 15% of field data can be used for the validation of satellite-born CHL
measurements, because many satellite data are screened out because of cloud cover, sun glint, time
difference or other rejection criteria (Brown, 2008). At polar latitudes, where the poor spatial coverage
by satellite optical sensors remains a problem for remote sensing-based CHL measurements, obtaining
54 points out of 526 observations (=10%) for satellite CHL validation allowed to detect a significant

correlation (R=0.64, N=54, p<0.001) between in situ and satellite-borne data. Our results for the Fram
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Strait/Greenland Sea sector show that satellite CHL underestimates the concentration in the field by a
factor of 1.4 when using in-situ CHL data averaged over the penetration depth, which showed better
agreement with satellite CHL than the surface in-situ CHL data. Compared to other parts of the Arctic,
this uncertainty is the same magnitude as observed for global as well as Arctic-adapted algorithms for
the Labrador Sea (factor of 1.5, Cota et al., 2003), and better than for the Beaufort Sea (factor 3-5, Ben
Mustapha et al., 2012). Compared to the GlobColour data validation (slope=0.87; ACRI-STLOV et al.
2006), the underestimation is somewhat stronger (slope=0.69) in Fram Strait. This may be explained by
the presence of blooming phytoplankton species, which have a specific absorption spectrum differing
from the spectrum used as the basis of global empirical satellite CHL algorithms. For example,
Phaeocystis pouchetii and Phaeocystis globosa are forming colonies which bloom in major nutrient-
enriched areas such as Greenland Sea (Schoemann et al., 2005), and show low specific absorption as
compared to other phytoplankton species (Astoreca et al., 2006; Bracher and Tilzer, 2001; Lubac et al.,
2008).

An average of data over two to five days per pixel per month is a low number considering the revisit
time of the sensors merged for GlobColour data. At the latitudes of interest the revisit time for MERIS,
MODIS and SeaWiFS is less than one day. Therefore by merging the data of three sensors, daily
coverage can be obtained, and the revisit time cannot be the reason for the small number of days with
data. The reason for data loss is likely sea-ice cover, clouds, sun glint or low illumination. However,
even with monthly data composed from 2-5 days, phytoplankton blooms should be detected as the sub-
arctic blooms are reported to last more than one month, for example, 70-90 days in the Irminger Sea
(Waniek and Holliday, 2006), and more than 50 days on the Newfoundland and Labrador Shelves (Wu
et al., 2007).

4.4.2 Environmental controls of the variability in the phytoplankton
abundance in the Fram Strait

The importance of the marginal ice zone for the productivity of polar regions is well established.
Fram Strait marginal zone is associated with abundant ice flora and fauna, as well as sediments, drifting
with the sea-ice from the central Arctic into the Fram Strait (Hop et al., 2006), where a positive trend in
sea-ice export was observed in recent years by Smedsrud et al. (2011). Elevated concentrations of

phytoplankton and higher trophic levels at the marginal ice zone were documented by, e.g., Hunt et al.
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(2002, 2008), Smith et al. (1985) and Smith and Nelson (1985). Ice-melt induced stratification — as
observed in this study- can support substantial phytoplankton blooms (Wu et al., 2007). In addition, in
some years the Arctic water outflow may add to the high CHL by transport of Pacific water with high
nutrient concentrations (Slagstad et al., 2011). Combination of these processes resulted in the highest
mean CHL at the ice edge (Table 4.2, sites A, C, G) as compared to that observed at other sites at the
same latitude. For the Fram Strait marginal ice zone, we could not confirm the finding by Wu et al.,
(2007) for the Labrador Sea, that an “early ice retreat will result in an early and prolonged spring
bloom”. Our results rather match the conclusions by Hunt et al. (2002, 2008) for the Bering Sea,
indicating that late ice retreat leads to an ice-associated bloom (Table 4.4). However, in Fram Strait the
ice distribution reflects more the ice transport from the Central Arctic, and less seasonal melting.
Further, the ice-associated blooms observed in this study occurred later (in May) than those observed
by Hunt et al. (2002, 2008) in the Bering Sea (late March). In the observed area in Fram Strait, the
April CHL value at the marginal ice zone reached 0.5 mgCHL/m? only in two years out of twelve at
site A, and never at sites C and G. We conclude that the reason for this late ice-associated bloom is the
light limitation of phytoplankton in Fram Strait at 76-84°N (MIZEX'87 Group, 1989), while in the
Bering Sea light at latitudes of 55-58°N is available much earlier. Accordingly, the cross-correlation
analysis of environmental factors potentially influencing phytoplankton accumulation at the marginal
ice zone sites showed that stratification was significantly correlated to CHL (Table 4.4), with the
shallowest surface layer corresponding to the highest CHL.

Interestingly, the CHL variability at the open ocean sites distant to the ice edge was also
significantly correlated to stratification, as it was the case for the marginal ice zone sites. Looking at the
example of the density profile for the open ocean site I (Figure 4.6), the gradual increase in density
with no changes in salinity suggests that stratification is a consequence of the warming of the ocean
surface due to solar radiation, rather than by the sea-ice melt. In the Arctic Seas such solar-induced
stratification was previously observed by Wassmann et al. (2006) in the southern and central parts of
the Barents Sea, influenced by Atlantic waters. Since for the majority of the open ocean area (sites C,
D, E, G, H, I) the surface water salinity time-series was not correlated to CHL, but temperature and
stratification were significantly related (Table 4.3), we suggest that here surface temperature is the key
parameter that influences stratification most strongly. This agrees with the results of Karstensen (2011)
for the Irminger Sea, which showed that 90% of the density changes in the upper 100 m layer of

subpolar Atlantic waters are due to changes in temperature. Hence, seawater temperature may also be a

70



good indicator for onset of the phytoplankton bloom in open ocean zones in Fram Strait.

For the coastal sites (B, F, J) no significant relationship between stratification (any of the methods
used) and CHL variability was found. In contrast to the link observed at the marginal ice zone, CHL
concentrations at the coastal sites were higher when sea-ice was absent in April (Table 4.4), indicating a
stronger nutrient than light limitation. This landfast ice, as opposed to the drifting sea-ice, is probably
not enriched with nutrients and seed organisms. Coastal ice is also the thickest ice observed in the area
and thus may rather delay the phytoplankton bloom. However, poor quality of the GlobColour CHL
product in the coastal area is another possibility for our different results at the shelf of Svalbard. No
validation data were available at the coast to investigate the latter in detail. The other, more general
uncertainties that have to be kept in mind include the limitations of the cross-correlation analysis, and
choice of the parameters studied. In the current analysis we restricted the physical variables analysis to
the ocean and sea-ice properties. The atmospheric properties, such as Arctic Oscillation Index (AO),
North Atlantic Oscillation Index (NAO), Arctic Climate Regime Index (ACRI), air temperature and
wind speed, though, have previously been found to have an impact on marine organisms productivity
(Carroll et al., 2011a; Pabi et al., 2008; Slagstad et al., 2011).

Our finding of increased stratification in the non-coastal ocean corresponding to enhanced CHL is
consistent with Sverdrup's Critical Depth Hypothesis on the development of phytoplankton blooms
(Platt et al., 1991; Sverdrup, 1953). The Critical Depth Hypothesis was recently disputed by Behrenfeld
(2010). Behrenfeld's study was carried out in the North Atlantic, south of our study area (40-65°N).

However, at the latitude of Fram Strait the phytoplankton blooms are likely most limited by light
availability and thus cannot start when the depth of the stratified layer is at its maximum (in winter).
Accordingly, the Fram Strait blooms happen after May except for the coast of Svalbard (Figure 4.4).
According to Behrenfeld (2010), grazing pressure plays a central role in the North Atlantic
phytoplankton population dynamics and will intensify with the shallowing of the mixed layer as the
mobile predators concentrate into the shrinking volume. Indeed, in the late summer months in Fram
Strait, an intense grazing pressure by mainly small copepods and protozooplankton is limiting CHL
concentrations (Moeller et al., 2005). An important question remains the control of the phytoplankton
by nutrient supply, which probably is also limited by strong stratification in summer, especially in the

absence of ice.
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4.5 Conclusions

The time series analysis for the ten ice-free fields at Fram Strait showed a regional separation
according to different physical processes affecting phytoplankton distribution. At the marginal ice zone
the melting sea-ice was promoting phytoplankton growth by stratifying the water column and
potentially seeding phytoplankton communities. In this zone, the highest mean CHL concentration
averaged for the productive season (April-August) of 0.8 mgCHL/m® was observed. In the open ocean
the phytoplankton variability was correlated highest to stratification formed by solar heating of the
upper ocean layers. Coastal zone around Svalbard showed processes associated with the presence of
coastal ice were rather suppressing than promoting the phytoplankton growth. During the twelve years
of observations, CHL concentrations significantly increased in the southern part of the Fram Strait,

associated with an increase in sea surface temperature and a decrease in Svalbard coastal ice.
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Chapter 5

Comparative analysis of the phytoplankton bloom development

between the eastern and western parts of the Fram Strait

5.1 Motivation

The current chapter further explores the regional differences of the phytoplankton bloom variability
in the Fram Strait. The time-series, onset and duration of the phytoplankton bloom are comparatively
studied in a region roughly corresponding to that studied in Chapter 4, and an equally-sized region
westward to that.

Phytoplankton blooms are recognized as rapid and temporary increase in the amount of cells of
marine algae (mono-species or multi-species) in certain areas (Smayda, 1997). Phytoplankton blooms
are common events: periodic spring blooms occur in most parts of the world ocean when increased
sunlight causes the thermocline layer to be formed. Fall blooms are also abundant, though weaker than
spring blooms, and are triggered by the nutrient-rich waters brought to the surface layer because of the
cooling of the ocean surface. Sub-arctic blooms are reported to last more than one month, for example,
70-90 days in the Irminger Sea (Waniek and Holliday, 2006), and more than 50 days on the
Newfoundland and Labrador Shelves (Wu et al., 2007).

An analysis of the phytoplankton bloom duration and timing was performed at the Fram Strait area
in the northern Greenland Sea: 76°N-84°N, 15°W-15°E. The Fram Strait was divided into two
neighboring regions equal in size (Figure 5.1): 1) the Western Fram Strait with high sea ice
concentrations and with cold, low salinity EGC (15°W-0°, 76°N-84°N) further referred to as region #1,
and 2) and the Eastern Fram Strait with the warm, saline WSC (0°-15°E, 76°N-84°N), further on
referred to as region #2. Region #2 roughly corresponds to the area studied in Chapter 4. Because of the
ice melt, region #1 is characterized by a freshwater layer in the surface waters and has a lower surface

density than region #2 (Beszczynska-Moller et al., 2011). The mixing (or density profile) is seasonally
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less uniform in region #1, as compared to region #2, as the amount of sea ice changes throughout the
year. This is also the reason why the amount of light phytoplankton are exposed to is less uniform in
region #1. It is important to remember that the satellite optical CHL data used here cannot give
information on phytoplankton in the ice covered area. Thus, the data coverage of the region is not
equal: data are concentrated in the non-sea-ice-covered southern part of region #1 and are located over
the whole region #2. Still, some parts in region #1 which are covered by sea ice concentrations that are
less than 100% (see example in Figure 5.1) and are ice free for several days in a month, are then seen

by the satellite sensor and contribute as well to the monthly composites of satellite CHL.
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Figure 5.1 Location of region #1 (15°W-0°, 76°N-84°N) and region #2 (0°-15°E, 76°N-84°N), where
the analysis of phytoplankton bloom duration and onset was performed. Base map is the SIC map of

August 2011 produced by the PHAROS group of the University of Bremen.
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5.2 Data and Methods

For the estimation of the timing of phytoplankton blooms, fine temporal resolution of satellite data
is required. Consistent with Chapter 4 analysis, we have used GlobColour GSM (Garver-Siegel-
Maritorena model) level-3 data with 4.6 km spatial resolution. For the detailed description of satellite
CHL data refer to section 4.2.1.2. We used 8-day averages of GlobColour CHL data. 8-day maps have
more data gaps than the monthly maps, but still enough information for generating every 8-day file
from the beginning of April to the end of August 1998-2012.

The threshold for the onset of the bloom was set to 1 mgCHL/m? as in Wu et al. (2007). The
examples shown in Figures 5.2 and 5.3 help in the explanation of the method used. For each year, the
earliest 8-day map of the data in spring in which more than 5% of the pixels reached the threshold, was
assumed to be the onset of the bloom (day 137 of the year 2005 in Figure 5.2). Similar to that, for the
ending of the bloom in summer, first the latest 8-day map which had more than 5% of the pixels with
data reaching the threshold was calculated (day 233 of the year 2005 in Figure 5.2). The ending of the
bloom was then assumed to happen in the next 8-day period (day 241 of the year 2005 in Figure 5.2).
In case that the latest 8-day map, which had more than 5% of the pixels with data reaching the
threshold occured in the last week of August (which is the latest 8-day file with data), this last week
was assumed to be the ending of the bloom (day 241 of the year 2003 in Figure 5.3).

The date assigned to the onset/ending of the bloom was chosen to be the fourth date of the 8-day
file. Note that by using the described method, two-maxima blooms are regarded as a single-maximum
bloom (Figure 5.2) and that the 8-day files with little data in the middle of the bloom are ignored (see
day 169 of the year 2003 in Figure 5.3). Having the information about the onset and the ending of the
bloom, the bloom duration was estimated as the difference between these two. Note that the precision
of our bloom timing estimate depends also on availability of satellite data in the 8-day periods. The
cases where the whole region was covered by pixels with high CHL, or when only several pixels of
high CHL were available, produced the same results (presence of phytoplankton bloom) by our
method. See the gray bars in Figures 5.2 and 5.3, which show for the years 2005 and 2003,
respectively, satellite CHL data availability of the region#2 subset (76°-80°N, 0°-8°E).

In addition to that, the averaged monthly CHL time-series for each region were studied to assess the

intensity of the bloom, variability and trends. The trend and its significance was assessed using the
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same methodology as in section 4.2.2.2. The temporal trends for: 1) original time series, 2) anomalies

of the time series, and 3) time series smoothed with a simple moving average were calculated.

Example Figure
Percentage of CHL>1mgCHL/m?3 for 2003.
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Figure 5.2 Example for the choice of the onset and the ending of the phytoplankton bloom dates for the
subset of region #2. Green bars are the percentage of the pixels with data, which have the value higher
than 1 mgCHL/m’. Gray bars are the percentage of the pixels with data from the whole area (proxy for
the reliability of the estimate). Analysis is based on the 8-day GlobColour CHL data. Data of 2003,
76°N-80°N, 0°E-8°E.
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Example Figure
Percentage of CHL>1mgCHL/m3 for 2005
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Figure 5.3 As for Figure 5.2, but data of 2005 are shown
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5.3 Results and Discussion

The core differences observed between the two regions are the following. Consistent to what was
earlier observed in Chapter 4 (Figure 4.3) in the western part of Fram Strait (region #1) phytoplankton
bloom is delayed, compared to the eastern part (region #2). In region #2 the phytoplankton bloom starts
earlier (Figure 5.4), on average, in the second half of April. It also lasts longer here, in nearly all the
years reaching four months (120 days) or more (Figure 5.5). In the region #1, bloom starts on average
in the middle of May. Here, in only two years did bloom reached four months (120 days), and once
longer than that in 1998. The later start of blooms and shorter duration of bloom in region #1 may be
caused by the varying exposure to sunlight of the phytoplankton in this sea-ice dominated part of the
Greenland Sea. The bloom duration is more variable in region #1 (with about two months difference
between shortest and longest bloom) than in region #2 (with about one month difference between
shortest and longest bloom), which is likely to be associated with the more variable mixing and light
exposure pattern in region #1.

The monthly mean time series of CHL (Figure 5.6) for both of the regions show that the maxima of
CHL were larger in 2008-2012 than in all the previous years. However, a linear fit to the data shows
only a significant increasing trend for region #2 (+0.56 mgCHL/m?, p<0.01, see Table 5.1) as here the
maxima in 1998-2003 are quite low as compared to region #1. Besides, the higher maxima in 1998-
2003, region #1 are remarkable in having the peak of the bloom in 2008-2012 in June only, while in the
previous years the month of peak of bloom was variable and ranging from May to July. The trend of
increasing values towards 2012 is also clearly seen in the anomalies (Figure 5.7). It is of significance
for region #2 alone as well (+0.54 mgCHL/m?, p<0.01). Region #2 increasing trend is as expected and
indicated by the results of Chapter 4, which used the same dataset, but did not cover the years 2010-
2012. When the moving average of five months was applied to calculate trends, both of the regions
showed significant increases in CHL for the period of the analysis (region #1: +0.21 mgCHL/m?,
p<0.01, region #2: +0.56 mgCHL/m?, p<0.01). However consistent with mean and anomaly time series
the increase in region #2 is larger and occurred mainly due to intensive blooms in 2009-2012 (Figure

5.8).
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- West (region#1) East (region #2)
Trend characteristics —— . . — - -
original anomalies moving average |original anomalies moving average
magnitude 0.2 0.19 0.21 0.56 0.54 0.56
p-value 0.21 0.14 <0.01 <0.01 <0.01 <0.01

Table 5.1 Trends calculated for the April 1998 - August 2012 time series of satellite GlobColour GSM
CHL monthly data (N=75). West stands for western Fram Strait (15°W-0°, 76°N-84°N), region #1, and
east stands for eastern Fram Strait (0°-15°E, 76°N-84°N), region #2. Significant trends (p<0.01) are
marked in bold. Original stands for original monthly mean time series, anomalies for the original time
series with the seasonal cycle subtracted, and moving average stands for the original time series

smoothed with a moving average of five months (section 4.2.2.2)

In both regions the years 2009-2012 have positive anomalies, showing that values higher than the
mean were prevalent in these years (Figure 5.7). In region #2 in all the other years, positive anomalies
are occurring in April mostly, and the majority (73%) of the anomalies throughout the year are
negative. On the other hand, in region #1 about the same number of positive and negative anomalies
are present. The most abnormal bloom of all studied was observed in 2006 in region #2. It started
earliest in the region (day 97 of the year) and had the longest duration in our series of observations (144
days). It is the only year in the region when the average CHL in April is higher than the average CHL in
May. Such an early and intense bloom can be associated with the thermal stratification, which stabilizes
the water column and concentrates the phytoplankton in the surface sunlit portion of the water column.
Indeed, the highest observed values of temperature in the core of the Atlantic Water were measured in
2006 (Walczowski et al., 2012; Walczowski and Piechura, 2007). The long and intense bloom
apparently was associated with increased export of organic material to the deep waters, as in 2006
where the benthic data showed a major deviation (Kraft et al. (2013); personal communication A.
Boetius). In region #1, which does not experience an impact of Atlantic waters, 2006 was rather an
average year.

In a broader context, consistent with previous studies (Kahru et al., 2011; Harrison et al., 2013) we
have noted only a minor change in phytoplankton bloom timing for the last fifteen years. Besides, this
analysis confirmed that the regional separation we have chosen based on oceanographic conditions of

Fram Strait is present as well not only generally in the in the phytoplankton variability (as was
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previously seen in Chapter 4), but also in the timing and duration of the phytoplankton bloom.
Specifically, we have observed late (middle of May) and time varying phytoplankton blooms in the
western part and earlier (end of April) and longer blooms in the eastern part. The increasing trend for
1998-2012 in the eastern Fram Strait and the absence of such trend in the western Fram Strait was also
observed in the in-situ CHL data. Increase of CHL in the eastern region can partly be linked to the
warm anomaly in WSC in the last decade (Chapter 4; Néthig E.-M. et al., in review).

If the daily coverage of optical data for this region is provided by satellites (which is not yet the case
as much data are excluded in the quality control procedures, due to contamination by clouds, sun glint,
and sea ice) then the more precise estimation of bloom timing will be possible (+/- a day instead of

current +/- a week).
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Figure 5.4 Date of phytoplankton bloom onset for years 1998-2012 calculated using as a threshold for

the bloom onset 5% of the available pixels with values higher than 1 mgCHL/m?>. This analysis is based
on satellite GlobColour GSM CHL 8-day data. Top: western Fram Strait (15°W-0°, 76°N-84°N),
region #1. Bottom: eastern Fram Strait (0°-15°E, 76°N-84°N), region #2.
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Bloom duration (based on GlobColour CHL data): 15°W-0°, 76°N-84°N
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Figure 5.5 Duration of the phytoplankton bloom for years 1998-2012 calculated using as a threshold
for the bloom onset 5% of the available pixels with values higher than 1 mgCHL/m>. This analysis is
based on satellite GlobColour GSM CHL 8-day data. Top: western Fram Strait (15°W-0°, 76°N-84°N),
region #1. Bottom: eastern Fram Strait (0°-15°E, 76°N-84°N), region #2.
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Figure 5.6. Time series of satellite GlobColour GSM CHL monthly mean data for years 1998-2012.
Top: spatially averaged for the western Fram Strait (15°W-0°, 76°N-84°N), region #1. Bottom:
spatially averaged for the eastern Fram Strait (0°-15°E, 76°N-84°N), region #2.
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Figure 5.7 Time series of satellite GlobColour GSM CHL monthly anomalies for years 1998-2012.
Top: for the western Fram Strait (15°W-0°, 76°N-84°N), region #1. Bottom: for the eastern Fram Strait
(0°-15°E, 76°N-84°N), region #2.
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Figure 5.8 Time series of satellite GlobColour GSM CHL smoothed with a moving average filter of five
months for years 1998-2012. Top: for western Fram Strait (15°W-0°, 76°N-84°N), region #1. Bottom:
for eastern Fram Strait (0°-15°E, 76°N-84°N), region #2.
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Chapter 6

Parameterization and analysis of chlorophyll-a vertical profiles

6.1 Motivation

The current uncertainty in the global marine PP estimates is high, with values ranging over a factor
of two (Carr et al., 2006). The most challenging regions for PP modeling are poleward of 40° in all
basins (Carr et al., 2006), where the range of PP estimates is even higher. In the Arctic Ocean the
uncertainties are mainly caused by the unique optical properties of the Arctic waters and the presence
of a Subsurface CHL. Maximum (SCM) (Arrigo et al., 2011; Matsuoka et al., 2007, 2011; Weston et al.,
2005). The SCM is often not correctly seen by the satellite as it lies below the surface layer visible to
the satellite sensor. To include the information on the SCM into PP models accurately, one needs to find
the appropriate relationship between CHL in the surface layer and its vertical profile. There have been a
number of methods developed to handle this. The PP model by Behrenfeld and Falkowski (1997)
considers the CHL profile to be uniform throughout the water column. The model by Antoine and
Morel (1996) and Antoine et al. (1996) goes further by assuming that the CHL profile changes its shape
according to the concentration of the surface layer. On the contrary, the recent Arctic PP model by
Arrigo et al. (2011) adopts a fixed shape of CHL profile for a specific month and region.

The current study uses CHL data from R/Vs Polarstern and Maria S Merian 1991-2010 cruises
together with the data from the ARCSS-PP database (Hill et al., 2013; Matrai et al., 2013). We combine
the methods of Morel and Berthon (1989) and Arrigo et al. (2011), by looking for the relationships that
describe 1) the change of the CHL profile depending on its surface concentration, and 2) the seasonal
cycle of the CHL profile. Finally, we are also interested in identifying the differences between the

Greenland Sea relationship of this study and the global one of Morel and Berthon (1989).
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6.2 Methods

6.2.1 Data description

The borders for the Greenland Sea sector of the Arctic were chosen close to Arrigo et al. (2011):
north of the Arctic circle at 66°33'39"N and between 45°W and 20°E. We combined the CHL data from
R/Vs Polarstern and Maria S Merian 1991-2010 cruises with the ARCSS-PP database (1957-2003).
The data covered the months from April till October.

The samples of R/V Polarstern and Maria S Merian cruises were collected for 6 depths in Niskin
bottles, 0.5-2.0 L of water were filtered through Whatman GF/F glasfibre filter, stored at -18°C and
afterwards analysed in AWI laboratory. The filters were extracted in 90% acetone and analysed with a
spectrophotometer for higher values and with a Turner-Design fluorimeter for lower values according
to the methods described in Edler (1979) and Evans and O'Reily (1984). The values from the
fluorimeter were calibrated with the values obtained from the spectrophotometer. In addition,
calibration of the fluorimeter was carried out with Sigma CHL standard. The samples were taken while
the ship was underway (surface sampling) and while stationary (vertical profile sampling, henceforth
“stations”). In this study we considered only the samples from stations as we are interested in
information on the vertical profile. Refer to Matrai et al. (2013) and Hill et al. (2013) for details on the
ARCSS-PP database.

The irradiance profiles were measured with the hyperspectral radiometer (RAMSES, TriOS GmbH,
Germany). The instrument had a cosine collector fixed in front of it and covered a wavelength range of
350 nm to 950 nm with an optical resolution of 3.3 nm and a spectral accuracy of 0.3 nm. All the
measurements were obtained with an automated integration time of the respective sensor between 4 ms
and 8 s. A reference irradiance device was placed above the water surface to monitor the downwelling
incident sunlight and allow the normalization of the in-water measurements according to Stramski et al.
(2008). The irradiance profiles were collected simultaneously with the CTD (Conductivity Temperature

Depth) profiles.
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6.2.2 Data quality control and preprocessing

The data quality control procedure for the CHL data consisted of filtering out all profiles which
either had less than three depths or belonged to the month of October since the number of data points in
October was fewer than 20. In cases where several profiles were measured at one location and in one
day we took only the profile with the most sampled depths. If either the location or the day changed we
considered it to be a new profile. Profiles that did not reach the surface were extrapolated to the surface
as described below. To avoid negative values we put 0.01 mgCHL/m> as the lowest value for the
surface. Finally, we gridded the extrapolated profiles to 1 m increments for further statistical analysis.

By linearly extrapolating the profiles that have a steep change between the two shallowest
measurements additional errors could be introduced. Therefore, we additionally investigated three other
ways of handling the difficulty of the majority of profiles that did not reach the surface. These
included: 1) taking the value of the shallowest depth as the surface CHL; 2) extrapolating only those
profiles which changed with a rate less than 0.1 mgCHL/m between the 2 shallowest measurements and
treating other profiles as described in point 1; 3) as in point 2, but with a stricter rate threshold of 0.05
mgCHL/m. Comparing the results of these three different extrapolation methods showed that there was
hardly any influence on the shape of the final median profiles. We therefore decided to apply the simple

linear extrapolation to the profiles by using the change between the two shallowest measurements.

6.2.3 Calculation of the main profiles parameters

Firstly, Z.. (euphotic layer depth) and CHL integrated for Z., (C«) were calculated. Except for the
nine light profiles we selected from those 23 profiles we measured in 2010 during RV 'Polarstern’
ARK-25 cruise, no other database with co-located light and CHL profiles were available. Thus the
euphotic depth was inferred from the CHL profile, using a bio-optical model for light propagation.
Following Morel and Berthon (1989), the model of Morel (1988) was used (Eqgs. [6.1a] and [6.1b]) for

the estimation of both Ze, and C.
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Z,,=568.2 C;7% [6.1a]
when Z.,<102m
Cio=39.0C .0

Z,,=200.0 Co;** [6.1b]

when Z..>102m

To determine the C value a given profile was progressively integrated with respect to increasing
depth (z). The successive integrated CHL values were introduced in Eq (1a), thus providing successive
'Ze,' values that were progressively decreasing. Once the last 'Z.,' value, as obtained, became lower than
the depth z used when integrating the profile, these C., and Z., values from the last integration were
taken. Profiles which didn't reach Z., were excluded.

The Morel (1988) model for the Z., estimation has later been revised by Morel and Maritorena
(2001), yielding to only minor changes in Z., (slightly increased Z., values in oligotrophic waters, with
mean CHL in Z.,<0.3 mg/m?). As the revised version does not differ appreciably from Morel (1988) for
the more productive waters such as Greenland Sea, we used the latter one to be consistent with Morel
and Berthon (1989) analysis.

The Z., values obtained from nine co-located light and CHL profile measurements from 2010 were

CHL
used to verify the Z., values obtained by the method of Morel and Berthon (1989), ZeiIn order to

PAR
calculate Z, from the light measurements (here called 2 ), the following method was applied. PAR

profiles were obtained by integrating spectrally resolved downwelling irradiance measurements for
400-700 nm. Downwelling irradiance measurements were corrected for incident sunlight following
Smith and Baker (1984). To calculate Z., from those PAR profiles which didn't reach 1% of the surface

PAR value an exponential function was fitted. The individual profiles are given in the Figure 6.1. The

CHL
relative error (8) of Za was computed using the following equation:

S =

ZGHL — ZPAR| | 7 PAR (6.2]

The average value of §, which equaled 23%, gives us confidence in our determination of the
euphotic depth derived from CHL profiles, since it is better than what has been determined in other

studies: Milutinovic (2011) estimated § values of 24%-36% by comparing global collocated datasets of
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ZPAR ZCHL
e and “ev | with the latter inferred by combining the methods of Morel and Berthon (1989) and

ZCHL ZPAR
Morel and Maritorena (2001). Lee et al. (2007) validated “e» measurements by the e« | using the

Morel and Maritorena (2001) model, obtained from data of Monterey Bay, Gulf of Mexico, and the
Arabian Sea, resulting in an average error of 33%. Our lower average error than that estimated by

Milutinovic (2011) and Lee et al. (2007) is likely to be explained by the low number of light

CHL PAR
. . . Z
measurements in our database. Generally, some discrepancies between ¢ and “e are to be

CHL PAR
expected: “ev is determined from a few measurements in the profile, while “e« is determined from

CHL
. .. Z . . .
continuous measurements. In addition, “e# is based on assuming Casel waters, and should differ

PAR CHL
from Ze in regions with high CDOM concentrations. Henceforth, Za s referred as Zev,
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Figure 6.1 Vertical profiles of PAR and CHL simultaneously taken in Greenland Sea in July 2010.
Euphotic layer depths inferred from CHL profiles following Morel (1988) and calculated from PAR
profile are marked as red circles on the corresponding profiles. The average error for Morel (1988)

euphotic layer depth is 23% (section 6.2.3). Data of R/V Polarastern cruise.

We calculated the penetration depth (Z,q), where 90% of the optical remote sensing information
comes from, as was defined in section 4.2.2.1. Using Z,4, we calculated the CHL value to be seen by
the satellite sensor — the mean CHL concentration for the penetration depth layer (C,q). Mean CHL for
Zeilayer (C,ey) was computed as well.

The dimensionless profiles (obtained to compare our results to those of Morel and Berthon (1989))
were computed as follows: the dimensionless depth as the actual depth value divided by Z., and the

dimensionless CHL as the actual CHL values divided by C,... Thus the shape of the vertical profiles

91



(for different stations) could be compared regardless of their absolute magnitude (Morel and Berthon,

1989).

6.2.4 Selection of the representative surface layer chlorophyll-a categories
and statistics

According to the method of Morel and Berthon (1989) and based on a histogram analysis of C,4, we
divided all data into six categories containing an equal number of profiles. Thereafter, we organized the
data within each category into monthly bins and calculated the median profiles inside each bin. The
median profiles were used in the further analysis as the representative profiles for the certain C,q in a
certain month, because as opposed to the mean profiles, the median gives less weight to outliers. To
have an idea on the spread of the initial data, we plotted half of the interquartile range together with the
median.

We additionally calculated the mean, standard deviation, depth of the CHL maximum and its value
for each category as they provided a more detailed view on the variation of the data within each
category. The Cy and the ratio of CHL maximum value to C,q were included to Table 6.1 to have a
further insight to the amount of CHL that is not detected by a satellite sensor. The variability of C vs
Cpa was explored using the White (1980) heteroscedasticity test. With a subset of the data (R/Vs
Polarstern and Maria S Merian 2000-2009 data only) we also investigated the different ways to
categorize the profiles (e.g. by latitude, longitude, temperature or salinity of the surface layer).
However, the selection of categories based on the CHL in the surface layer and month showed the least
variability within a category.

Keeping in mind that we planned to use the results of this study as representative CHL profiles of
the Greenland Sea for a certain month and surface concentration which involved the least
computational effort, we were interested in having equations to describe the profiles. Thus, we took the
processed median profiles and fitted a Gaussian to each of the median profiles in the least squares sense
(see equation (5)). Median profiles were linearly interpolated for surface CHL values from 0 to 5
mgCHL/m? with 0.1 mgCHL/m® steps. The Gaussian shape was chosen for fitting as the vertical
profiles of bio-optical profiles such as the CHL maximum layer are shown to be well defined using this

shape (Arnone et al., 2007).

92



6.2.5 Analysis of the seasonal variability and reference to uncertainties in
primary production estimates

Monthly CHL profiles of separate C,q categories can occur in different regions of the Greenland Sea
with different nutrient or physical conditions and thus not always correspond to the seasonal cycle of
CHL. In order to account for the contribution of the monthly profiles from the different areas of the
Greenland Sea, we firstly averaged all the profiles that were available in our data base for each month.
Besides, we calculated the monthly profiles for a smaller region to minimize the inhomogeneity of
physical conditions. A monthly profile was considered to be valid if it was an average of more than 20
profiles. As a smaller (case study) region, based on a latitude-longitude density analysis of all samples,
the area within 77°N to 82°N and 5°W and 10°E was chosen. This is the “Hausgarten” area, the long-
term underwater observatory of AWI (Soltwedel et al., 2005).

In order to roughly assess the effect of the SCM (Subsurface CHL Maximum) on PP estimates and
the errors associated with that in PP models based on remote sensing data, we determined monthly PP
in the Greenland Sea according to Eppley et al. (1985), where PP is assumed to be proportional to the
square root of CHL. We firstly calculated PP based on the C values from in-situ profiles and used
these as a reference. These reference calculations were compared to those obtained from: 1) Gaussians
fitted to monthly in-situ profiles with 0.1 mgCHL/m? step of C,q (this study); 2) uniform profiles by
keeping the surface value constant; 3) profiles of Morel and Berthon (1989). Morel and Berthon (1989)
profiles were used for C,>0.05 mgCHL/m® only to exclude the negative values which occured for
C,¢<0.05 mgCHL/m? For calculations of Z., we used the Morel and Berthon (1989) method described
in the beginning of section 6.2.3. The errors of single profiles were calculated first and then the

monthly medians of the errors were calculated.

6.3 Results

6.3.1 Data quality control and preprocessing

Our initial CHL database for the Greenland Sea consisted of 1676 profiles, with 548 profiles
derived from the data of R/V Polarstern and R/V Maria S Merian cruises and the rest from the

ARCSS-PP database. After applying quality control procedures (section 6.2.2), 1472 profiles were left.
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In addition, nearly 300 profiles did not reach the euphotic depth and thus were excluded. After such
preprocessing our database consisted of 1199 profiles.

Figure 6.2 shows a clear relationship between C,q (mean CHL within the penetration depth) and C.
(total CHL in the water column) for the Greenland Sea from our database (left) and for the global

database from Morel and Berthon (1989), which is based on the analysis of 3497 profiles (right).

(mg m~2)
h

<C> tot

Figure 6.2 Total CHL content within the euphotic layer (C.) versus mean CHL within the surface layer
(Cya). Left: for the Greenland Sea, this study, R=0.84, N=1199, significant correlation (p<0.0001). The

red line is the linear regression line, green lines are the 95% confidence intervals. Right: from the
global study by Morel and Berthon (1989)

Equations [6.3] and [6.4] correspond to the fitted regression lines of our dataset and that of Morel
and Berthon (1989), respectively.
C=39.0C);"  [6.3]
Cpo=40.6 C0.°  [6.4]

The slopes of the regression lines in the double-logarithmic plots are close: 0.48 for the Greenland
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Sea and 0.46 for the global dataset. Scatter plots show nearly no difference in the high C,s values
related to C,. The differences between the two datasets occur at low C,q values which for the
Greenland Sea correspond to a wider range of C, as compared to the global relationship. We attribute
this difference to the various magnitudes of SCM in our data. Specifically, very low values of C: (in
the range of 1-5 mgCHL/m?) are present in our dataset only. We've further explored the change in C
with respect to C,q variability using the heteroscedasticity test (White, 1980). The only parameter
showed to be causing the change in C,, with respect to Cy variability was the month (with p=0.05),
supporting the choice of the categorization method by season. The other predictors tested were latitude,
longitude, year, euphotic layer depth and penetration depth. For all of them the null hypothesis of
heteroscedasticity was accepted at the confidence level of 0.05. To sum up, the clear relationship
between C,q and Cy for the Greenland Sea proved that a mathematical dependency between these two

parameters is to be expected, though it has to be regarded carefully for the low C,q values.

6.3.2 Selection of the representative surface layer chlorophyll-a categories
and fitting of Gaussians

Based on the histogram of Cq (Figure 6.3) we defined six ranges of C,q with roughly 200 profiles
per range. The histogram showed that most of the profiles have low values in the upper ocean layer (Cq
lower than 1 mgCHL/m?). The obtained C,q (mgCHL/m?) ranges were: 1) <0.3; 2) 0.3-0.45; 3) 0.45-
0.7; 4) 0.7-1; 5) 1-1.5; 6) >1.5. The median of the profiles for each range (see sections 2.3-2.4) showed
that the shape of the profiles for the ranges 4 to 6 are nearly identical. Therefore we combined those

into one range (> 0.7mgCHL/m?) that covers about 600 profiles.
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Figure 6.3 Histogram describing the distribution of the mean CHL within the surface layer (C,q) over
the 1199 CHL prdfiles.

Figure 6.4 illustrates the spatial distribution of the final four categories assigned (left), and shows
the months when the samples were taken (right). South of 74°N, in the area of the warm Atlantic
waters, the category with highest surface CHL (C,:>0.7 mgCHL/m?) was prevalent. In contrast, in the
north-west part of the basin, which is the sea ice affected area of the Greenland shelf, the category with
the lowest surface CHL (C,<0.3 mgCHL/m?) occured more often than the other ones. Both these
categories, however, appeared throughout the basin as well. The two other intermediate C,4 categories
were spatially more evenly distributed. Generally, the sampling was concentrated along the two
transects at 75°N and at 78°N-79°N. Each of the two transects included samples for all the months
analysed, with August being the least sampled month and April samples being more concentrated in the

area north of 78°N.
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Figure 6.4 Left: Locations of CHL profiles, colour of the circle indicates the C,q category assigned. In
the background is the sea surface temperature climatology map for 2002-2012 (data of Physical
Sciences  Division, Earth System Research Laboratory, NOAA, Boulder, Colorado,

http://www.esrl.noaa.gov/psd/). Right: Locations of CHL profiles, colour of the circle indicates the

month of sampling.

Figure 6.5 shows the median profiles for the four C,q ranges. For all C,q ranges the CHL maximum
shallows towards the end of the season. The SCM for the majority of the months is most pronounced in
the lowest C,q range (plot I), where it is also deeper than in other ranges. Within this range, the
magnitude of the April-May SCM is equal to or greater than in September. May to July, having no clear
SCM, represent a transitional state between the two seasons. The relative spread of the maxima is
highest in this range (Figure 6.6). In the second and third C,q ranges (plots II and III) the SCM is more
difficult to distinguish (except for the August profiles), and there is a rather gradual shift of the
maximum towards the surface from April to September. In the fourth and highest C,4 range (plot IV)
the maxima mostly occur exactly at the surface. This is the only range with most months reaching
maximum values at the surface. The fourth range shows a clear decrease of the surface CHL values

from April to September.
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Figure 6.5 Median monthly CHL profiles obtained for the four ranges of mean CHL within the surface
layer (C,s, mgCHL/m?). Ranges: 1) <0.3; II) 0.3-0.45; III) 0.45-0.7; IV) >0.7. Data of R/V Polarstern
and Maria S Merian cruises, and from ARCSS-PP database, 1957-2010.
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Figure 6.6 Interquartile ranges for the monthly CHL profiles in the four ranges of mean CHL within
the surface layer (C,i, mgCHL/m?) binned into 10 m depth intervals. Ranges: 1) <0.3; II) 0.3-0.45; III)
0.45-0.7; 1V) >0.7. Data of R/Vs Polarstern and Maria S Merian cruises, and from ARCSS-PP
database, 1957-2010.

Fitting Gaussian functions to the median profiles resulted in much smoother curves which have a
single pronounced maximum (see Figure 6.7). Some of the original median profiles (Figure 6.5) that
are quite different from each other, appear nearly identical in the fitted Gaussians (such as April-May of
the lowest C,q range). However, the main features of the median profiles (such as the propagation of the

maximum towards the surface as the season goes by in September) are also present in the fitted curves.
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A table with the coefficients A, ¢ and p for the Eq [6.5] of the Gaussians fitted with 0.1 mgCHL/m?

surface CHL resolution was derived and is available on request.
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Figure 6.7 Gaussians fitted to the median monthly CHL profiles obtained for the four ranges of mean
CHL within the surface layer (C,s, mgCHL/m?). Ranges: 1)<0.3; II) 0.3-0.45; III) 0.45-0.7; IV)>0.7.
Data of R/V Polarstern and Maria S Merian cruises, and from ARCSS-PP database, 1957-2010.
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6.3.3 Statistical analysis

In addition to the figures presented above, Table 6.1 gives more details on the basic statistics and
CHL maximum characteristics of the dataset and enables the comparison of the features of the different
C,a ranges (vertically) and of the different months (horizontally). The median, mean, inter-quartile
range and standard deviation are averaged for the whole water column.

The profiles with low CHL concentration in the surface layer, the lower C,q ranges, always show a
SCM (see the depth of the CHL maximum for the first two ranges). Median values rise towards the
maximum C,q, pointing out that the SCM does not critically influence the median CHL in the water
column. In case of low surface concentration, however, the relative contribution of SCM to the total
CHL is important, with its magnitude exceeding the surface value by up to a factor of three (see e.g.
April for the lowest Cpq range). The latter is additionally supported by the months with highest CHL
maximum to Cq ratio being also those with highest C,, values within the range (April, May of the first
range, and April, August of the second range). Median and mean for all the C,q ranges show the bloom
weakening from April till September (see also Figure 6.5, for the highest range only). The CHL
maximum does not show the same clear trend, e.g. the third C,q range with all months except August
having about the same CHL maximum. Generally, the mean is higher than the median, signifying that
most of the outliers are higher than the median. The percentage spread of the data (interquartile range)
is usually highest in the lowest C,q range. September is the month with the least spread. The penetration
depth (Z;4) did not vary much seasonally, but showed the expected variability between the C,q ranges:
maximum Z,q was observed in April in the lowest C,q range and minimum Z,; was observed in April-
May in the highest C,q range. The relationship between Z,q and C,q (Figure 6.8) has large scatter in the

low C,q area, but overall a shows significant correlation as was also the case for C, (Fig. 6.2).
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Table 6.1 Characteristics of the CHL profiles categorized according to the mean CHL in the surface
layer (C,4), and then binned into monthly bins. Roman numbers indicate the four ranges of Cyg
(mgCHL/m?): I) <0.3; II) 0.3-0.45; III) 0.45-0.7; 1V) >0.7. C. is the total CHL content in the water
column, Z,qis the penetration depth (also known as the first optical depth). The median, mean, inter-

quartile range, and standard deviation are averaged for the whole water column.

April May June July August  September

I 0.25 0.26 0.12 0.18 0.16 0.19

Median [ 0.61 0.31 0.30 0.26 0.30 0.19
(mgCHLIm?) [ 0.52 0.44 0.34 0.30 0.35 0.24

v 1.04 0.89 0.61 0.49 0.48 0.37

I 75 81 134 62 64 56

Interquartile range 1 39 ar 31 60 >4 22
(%) [ 23 46 25 41 30 24

v 53 52 46 45 46 27

I 38 37 28 26 25 29

Depth of CHLmax | 65 27 23 28 21 8
(m) 1 1 1 25 16 17 5

v 2 2 3 11 1 1

I 0.60 0.49 0.27 0.31 0.30 053

Value of CHLmax I 0.88 0.45 0.48 0.63 1.30 041
(mgCHLIm?) [T 0.59 0.60 0.65 0.68 0.90 0.62

v 1.95 1.61 1.32 1.28 1.47 1.19

I 0.43 0.46 0.33 0.30 0.23 0.25

Mean Il 0.68 0.42 041 0.42 0.35 0.20
(mgCHLUmM?) 1] 052 0.60 0.41 0.38 0.37 0.26

v 1.18 1.17 0.78 0.66 0.60 0.40

I 102 131 145 116 92 93

Standard deviation I 4 80 87 113 58 34
(%) [ 34 79 68 70 44 33

v 66 79 72 88 65 42

I 324 270 176 157 155 292

CHL max/Cpd Il 207 118 127 169 346 109
(%) [ 108 108 117 121 157 108

v 108 92 87 91 89 108

I 22.89 224 16.45 20.98 19.18 1954

Ctot Il 27.01 25.41 24.25 26.01 30.62 17.65
(mgCHLIm?) i 25.89 29.32 2851 28.16 30.59 22.71

v 51.88 51.34 45.16 43.06 42.92 32.26

| 19 14 18 15 16 15

Zpd Il 11 12 12 12 11 15

(m) [ 11 10 10 11 10 12

v 7 7 8 8 8 10
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Figure 6.8 Penetration depth, also called first optical depth (Z,q) versus mean CHL within the surface

layer (Cpq). R=0.71, N=1199, significant correlation (p<0.0001). Red line is the regression line.

6.3.4 Analysis of the seasonal variability

Overall monthly CHL profiles of the Greenland Sea phytoplankton computed regardless of surface
concentration categorization (Fig. 6.9, left) show a pattern similar to the median profiles of the C,4 >
0.7 mgCHL/m? category (Fig. 6.5, plot IV), which contribute to more than 50% of all profiles. Surface
CHL values are highest in April, lower in May-June, and the lowest in July-August. July and August
are the months with localized and clear SCM. We do not observe here the SCM in the other months as
it had a variable depth and was smoothed out when averaging all categories of profiles. The depth,

down to which CHL stays close to or higher than the surface value, shallows as the season goes by. As
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it was also seen earlier in Figure 6.5, the significant CHL values at depth are usually a continuation of a
surface bloom in case of high surface CHL, or are a SCM in case of low surface CHL. For the smaller
highly sampled “Hausgarten” region the stepwise decrease of surface CHL from April to September is
less clear (Fig 6.9, right). The peak of surface CHL occurs in April as for the whole Greenland Sea, but
later in the season, the surface CHL values are alike for all the months. A SCM is seen in May-July. In
August too few profiles (less than 20) were available and therefore are not compared with other
months. For this small region, even though it is the most sampled region in our data set, the spread
between years in the samples of certain months is bigger than in the case of averages for the whole
Greenland Sea, making the seasonal patterns observed in the small region less reliable. Hence for the
further discussion, we assume the averages for the whole region as the Greenland Sea phytoplankton

seasonal cycle.
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Figure 6.9 Monthly CHL profiles averaged over all the C,q categories. Left: for the Greenland Sea
(north of 66°33'39"N, 45°W-20°E). Right: for the smaller highly sampled region at Fram Strait only
(77°N-82°N, 5°W-10°E). At Fram Strait in August only too few profiles (less than 20) were available
and therefore are not compared with other months. Data of R/V Polarstern and Maria S Merian

cruises, and from ARCSS-PP database, 1957-2010.
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6.3.5 Error analysis and reference to uncertainties in primary production
estimates

The error analysis, performed for the Gaussian curves retrieved here, and alternatively for the
uniform profiles and those of Morel and Berthon (1989), revealed the following patterns. Compared to
the uniform profiles or profiles calculated by Morel and Berthon (1989), the errors in C, and PP, (PP
integrated for the water column) are smallest or comparable for most months at all C,q ranges when it is
the Gaussian profile that is used (see Table 6.2). Generally Gaussian profiles tend to underestimate the
Cit by 0%-7% (with a relative error range from -17% to +6% for C,q, and -9% to +3% for PP,,). Morel
& Berthon (1989) profiles, on the contrary, always overestimate the in-situ values by 8%-21% in the
case of the averages for all the months. The monthly errors for Morel and Berthon (1989) range from
-21% to +48% for Cy, and -11 to +21% for PP, This overestimation increases with increasing surface
CHL. For Morel & Berthon (1989) profiles, months April-June are usually the months with the lowest
errors. Errors for using uniform profiles were relatively large and ranged from -37% to +27% for C,

and -21% to +13% for PPy..
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Table 6.2 Relative errors in the total PP and CHL content in the water column (PP and C
respectively). PP, and Cy inferred from in-situ CHL profiles are used as a reference, and are
compared to C,c and PPy, inferred using 1) mathematical Gaussian fits of this study; 2) uniform CHL
profiles; 3) Morel and Berthon (1989) profiles. C.. and PP,y are integrated until the euphotic depth
estimated following Morel (1988). PP is proportional to square root of CHL following Eppley et al.
(1985). Overestimations of the in-situ values are in red and underestimations are in blue. Roman

numbers indicate the four ranges of C,q (mgCHL/m?): I) <0.3; II) 0.3-0.45; III) 0.45-0.7; IV) >0.7.

Range Error (%) in CHL profile used April May June July August  September Average
Gaussian -1 5 -7 -1 1 6 -3
PP, uniform 12 21 -1 9 11 9 -10
Mé&B 1989 -3 5 7 10 11 3 4
| Gaussian 2 9 13 2 1 13 6
» uniform -22 -37 -3 -16 21 -17 -19
Mé&B 1989 -6 -10 17 20 22 7 8
Gaussian -3 3 -1 0 9 -1 -2
PP, uniform 6 -1 -3 -4 -19 9 -4
Mé&B 1989 2 8 5 5 -11 18 4
I Gaussian 5 6 2 1 17 2 3
Cy, uniform 11 1 3 7 34 20 7
Mé&B 1989 4 16 10 9 21 39 10
Gaussian 2 -1 -3 1 -1 1
PP, uniform 0 -1 0 2 -4 12 1
Mé&B 1989 8 7 9 10 3 21 10
U Gaussian 4 2 5 3 2 1 0
C.. uniform 0 -3 0 4 -8 24 3
Mé&B 1989 17 15 18 20 7 48 21
Gaussian -3 -2 -3 -2 -5 -4 -3
PP, uniform -1 -1 0 2 7 13 3
Mé&B 1989 2 1 4 5 9 15 6
v Gaussian 6 5 7 4 9 8 7
ot uniform -1 -3 1 4 14 27 7
Mé&B 1989 4 3 8 11 19 33 13

In the following we discuss C. and PPy, estimates of the C,4 category with the maximum ratio of
SCM relative to surface CHL (C<0.3 mgCHL/m?%), because these are the cases of C. being mostly
influenced by the shape of the profile. For this range with most pronounced SCM, monthly C,, values
from uniform CHL profiles underestimated on average by 19% the C values obtained from in-situ
CHL profiles. Such underestimation decreased to 6% when the Gaussian fits were used. The use of
Morel and Berthon (1989) approximation resulted in an average error of 8%, which is small as well,

but one has to keep in mind that this is because the positive (up to 22%) and negative (down to -10%)
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monthly errors cancel out each other. As expected, the errors were lower for the rough proxy of PP,
which had a monthly average underestimation of 10% when the uniform CHL profile was compared to
the in-situ CHL profile. The error was largest in May (-19%) and smallest in June (-1%). Using
Gaussian profiles reduced the average error to -3%, with a small range of monthly errors (from -7% till
1%).

Our interpretation of the differences observed is as follows. Uniform profiles are not able to
represent the vertical changes of the profile and therefore result in both average underestimations (-
19%, lowest C,q range) and overestimations (7%, highest C,qs range) of C.. The Morel and Berthon
(1989) maximum covers a larger part of the water column than that of the in-situ profiles, which results
in a higher value than the localized maximum of the in-situ profiles, thus the in-situ C is
overestimated (on average 14%). The derived Gaussian approximations have a lower magnitude of the
CHL maximum than the in-situ profiles, and do not reproduce the small scale changes of the in-situ

CHL profile, thus typically slightly underestimate C (on average 4%).

6.3.6 Summary of the results

In summary, the general patterns of the median profiles are: 1) low surface values are usually an
indication of SCM; 2) the relative contribution of SCM to the total CHL in case of low surface
concentration can be important, with maximum values exceeding surface CHL by up to a factor of
three; 3) for the low surface CHL, total CHL is the highest in cases of pronounced SCM; 4) the relative
spread of the data (interquartile range) is highest for the lowest surface concentration; 5) maxima of the
profiles gradually moved from greater depths in spring towards the surface in September; 6) median
values averaged for the whole water column show a weakening of the bloom from April to September;
the CHL maximum values do not show such a trend; 7) when all the surface CHL concentrations are
averaged for each month only, surface CHL values decrease from April to September; 8) Gaussians
fitted to the median profiles generally reproduce the magnitude and position of the CHL maximum,
resulting in 4% average underestimation of C; 9) omission of SCM in PP models (i.e., when the
uniform CHL profile is used) results in an average of about 10% underestimation for the Greenland Sea

PP, at lowest surface CHL concentrations; use of Gaussian profiles reduces the underestimation to 3%.
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6.4 Discussion

In the following, the specifics of Greenland Sea CHL profiles and C and their comparison to the
global approximation by Morel and Berthon (1989) are further discussed with respect to the specific
hydrographic conditions and other studies focusing on phytoplankton dynamics in the Arctic region

(sections 6.4.1 and 6.4.2, respectively).

6.4.1 Special features of the Greenland Sea chlorophyll-a profiles

For the surface CHL lower than 1 mgCHL/m’, total phytoplankton varies much more in the
Greenland Sea than for the global case. The prediction of Greenland Sea Ci values corresponding to
low C,q is thus more challenging than that of the lower latitudes. Such a big range of the C, values is
attributed to the variable depth and magnitude of the CHL maximum associated with the complex
hydrographic conditions.

We observed two different scenarios of phytoplankton distribution in the water column and through
the season, depending on whether the CHL of the surface layer is higher or lower than 0.7 mgCHL/m?.
At low surface concentration a SCM was always observed (its magnitude, however, for some profiles is
quite small). This case could be typical for regions of sea ice melting in the Greenland Sea
characterized by strong stratification and therefore lack of nutrients in the surface layer. We observed
indeed that samples of low C, (<0.3 mgCHL/m®) are concentrated in the sea ice affected region, the
shelf of Greenland, though they appear in other parts of the basin as well. Surface layer concentrations
higher than 0.7 mgCHL/m® have a maximum CHL in the surface layer, with a gradual decrease of this
maximum from April towards September. This category was prevalent in the area south to 74°N, which
is the warm Atlantic waters area. When all the database was categorized only by month, the seasonal
cycle showed a similar pattern with a gradual decrease of surface CHL from April onwards. The water
column layer where high CHL concentrations occur got thinner from month-to-month. Such a decrease
of the bloom could be caused by either the phytoplankton using up the nutrients or the grazing pressure

getting stronger. We do not observe a bloom limitation by light, keeping in mind that the daylight at
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these latitudes is increasing from April to June (while we observed a bloom decrease for these months).
As mentioned earlier, the Greenland Sea is an inhomogeneous region in terms of water masses
properties. It has parts with cold and fresh waters as well as warmer and salty ones, and the sea ice drift
adds to the complexity of the region. As a result, here at the same month in the top layer, both small
phytoplankton concentrations and blooms are observed.

Considering the seasonal cycle, both previous satellite (Arrigo et al., 2011) and in-situ (Rey et al.,
2000) data analyses show that blooms start with the increase of daylight in spring and peak in May-
June, with a rapid decrease afterwards. Compared to that, blooms in our analysis appear earlier, in
April. The sampling period of Rey et al. (2000) however, is quite different to that of our database. Rey
et al. (2000) sampled in the months May-July only in 1993-1995, while most of data used here were
sampled after 1995 and for all months between April and September. Satellite-based work by Arrigo et
al. (2011) also showing the May-June peak, dealt with NPP only. This can be quite different from the
CHL values, because the higher contribution of light in May as opposed to April affects PP more than
CHL. There is yet another point of view on the North Atlantic phytoplankton seasonal cycle. Recent
work by Behrenfeld (2010) shows that the bloom initiation occurs in winter when the Mixed Layer
Depth is at maximum. This is in line with what we observed in April, being the maximum of the bloom
which starts to decrease afterwards. However, note that the majority of our April profiles are
concentrated in the Fram Strait area (78°N-80°N), significantly farther north than Behrenfeld (2010)
study area (40°N-65°N).

Within our study, the SCM only contributes significantly to C,, within the lowest surface CHL range
(<0.3 mgCHL/m?). The relative spread of the data is greatest for this range, showing a highly variable
position and magnitude of SCM, which is most probably caused by differences in the nutrient
conditions. This variability, leading to significant relative errors in Ci when the modeled CHL profiles
are validated by in-situ CHL profiles (on average -19% to 8% depending on the parametrization
method, see section 6.3.5 and Table 6.2), results in small absolute errors as compared to other ranges.
Nevertheless, for the areas of the Arctic where the low C,q profiles are prevalent, such errors associated
with SCM could have a strong effect on the regional estimates of C and PP, In accordance with a
study by Tremblay et al. (2012) based on in-situ data of the Canadian Arctic, we observed that the
SCM is a long-lived (present from April till September) and wide-spread biological structure, which
needs to be monitored carefully. In the future, freshening of the Arctic waters caused by the increasing

sea ice melt due to climate change, coupled with the atmospheric circulation patterns that favour
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advection of the sea ice out of the Arctic Ocean (Liu et al., 2007; Maslanik et al., 2007; Rigor and
Wallace, 2004) should lead to stronger water stratification. Thus the cases of low surface CHL with

SCM may become even more frequent, because the nutrients will not reach the top layer.

6.4.2 Comparison of the Greenland Sea chlorophyll-a profiles with those of
the global ocean

To compare our results to the global relationship by Morel and Berthon (1989), we derived
dimensionless profiles from the data. The mean profiles for the selected low (0.15<C,4<0.3) and high
(1.5<C¢<5) ranges introduced by Morel and Berthon (1989) are presented in Figure 6.10. The
examples for these two ranges are shown as they clearly present two different trophic situations. The
other ranges are variations of the two mentioned above, for the Greenland Sea generally showing two
different patterns of the CHL profile for April-June and August-September, and the spread of both,
depth and value of CHL maxima, decreasing as the C,q range rises. July is the 'deviating' profile, in
some ranges behaving like April-June, and in others like August-September.

One has to keep in mind that dimensionless profiles magnify the shape of the actual profile, giving
the largest values to the steepest changes of the profile. (Therefore, the CHL maximum values on
Figure 6.10 are not comparable with those of the median profiles on Figures 6.5-6.7). In the low range,
the Greenland Sea April-June CHL maxima correspond to the global annual maximum. Later in the
season, in July-August, the SCM value almost matches that of the global relationship, but the location
is much shallower. In the high range as well, the April-June CHL maxima are like the global maximum,
while in the later months both values and the depth of the Greenland Sea CHL maxima are not
represented by the global relationship. This is in line with the results of the error analysis (section 3.5).
To sum up, although the Morel and Berthon (1989) relationships are global and exclude all the high
latitudes (thus did not account for any data of the Greenland Sea) and in addition did not account for
the seasonality, they agree well with the Greenland Sea CHL maxima early in the season, whereas the
months after June are not correctly represented. Our results show that for the correct parametrization of
CHL content in the water column at high latitudes we need both the monthly- and surface CHL-
resolved relationship. A remarkable feature of our dimensionless profiles is the intersection at one
depth of all the monthly profiles. It is especially visible around depths 0.5 in the high C,q range (Figure

6.10, bottom left), but was observed for all the ranges. As mentioned above the dimensionless profiles
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give the attention to the shape of the CHL maxima, but do not reproduce the magnitude of the CHL
maxima correctly, which made us decide for the profiles having “natural” dimensions as the output of

the current effort.
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Figure 6.10 Dimensionless CHL profiles categorized according to their CHL within the surface layer
(Cra). Two C,q ranges out of seven computed are shown. Vertical axis shows depth divided by the
euphotic layer depth (Z.,). Horizontal axis shows CHL divided by the mean CHL for Z.. Left:
Greenland Sea monthly mean profiles computed in this study. Right: from global relationship (Morel
and Berthon (1989), we are interested in the solid line marked CHLa (mean CHL profile). Top is low
Cpa range (0.15<C,4<0.30), bottom is high C,q range (1.5<C,3<5).
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Comiso (2010) found small inter-annual variability of the CHL in the Greenland Sea and Pabi et al.
(2008) observed that the Greenland Sector (geographically the same as our area of investigation) had
the lowest inter-annual variability of PP of all the Arctic Ocean. Small inter-annual variability implies
that the relationship we observed may be used for any year with a minimum risk of year-to-year

change.

6.5 Conclusions

In this chapter we derived the relationship between CHL in the surface layer and its vertical profile
for the Greenland Sea. Median profiles and the Gaussian fits to the median profiles which reduce the
computational effort were obtained. The relationship is resolved in terms of CHL content in the surface
layer as well as in terms of seasonal cycle. The mathematical fits of this study are used in Chapter 7 to
obtain the CHL profile based on the satellite CHL value (which well coincides with the Cpd value).
This CHL profile is in turn used as an input to a PP model for improving the PP estimates in the

Greenland Sea.
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Chapter 7

Greenland Sea primary production estimated using in-situ and
satellite observations

7.1 Motivation

The in-situ measurements of PP are time-consuming, and the most common in-situ method (**C)
involves the use of radioactive isotopes (see section 2.6). Therefore, in-situ measurements of PP are
conducted very rarely as compared to measurements of phytoplankton biomass. To our knowledge, no
measured PP exists in the Greenland Sea for the period over which the current thesis is focused (1998-
2012. Period for which satellite ocean color data were continuously available). Therefore a model was
used to estimate the PP from the existing in-situ data. For the in-situ PP calculations, the Morel (1991)
model was used. For the satellite PP calculations, the Antoine and Morel (1996) model, which is the
Morel (1991) model adapted to the input of satellite data, was used.

The choice of the PP model is not a straightforward task as it was shown that no best model exists
for all conditions (Saba et al., 2011). However, during the latest Primary Production Algorithm Round
Robin (PPARR), which was the test used to compare PP models, the model chosen to be used in this
study performed among the best models (in terms of lowest root mean square difference between the
in-situ and modeled data) in eight out of ten regions that were studied (Saba et al., 2011). The
conclusive recommendation of Saba et al. was that “in deeper waters, Antoine and Morel (1996) model

might be an excellent choice” and this encouraged our decision to use this particular PP model.

7.2 Model description

7.2.1 Estimation of in-situ primary production following Morel (1991)

In the classification of PP models, Morel (1991) is a wavelength-resolved-depth-resolved (WRDR)
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model. The core of the parameterization of the production-irradiance relationship is the local (depth, z)
and instantaneous (time, t) growth rate equation (Bannister, 1974; Kiefer and Mitchell, 1983) written
for a monochromatic radiation. Morel (1991) modified this core parameterization in such a way that
daily wavelength-intergrated PP for the water column could be computed. The equation accounted for
two sequential processes of photosynthesis, namely, for the absorption of radiant energy and then for
the transformation of this harvested energy into chemical energy stored in algae biomass. Such a
computation was developed to capture the current PP for the period of input data provided, and was not
a predictive model for the evolution of phytoplankton. It dealt with the increase in phytoplankton
carbon pool, regardless of its degradation and consumption (decay, sinking, grazing). Morel (1991)

base equation reads:

L D 700

PP=12d,,.¢, »o.) | | CHL(2)PUR(z,t,1)f (x(z,t))d ) dzdt [7.1]

0 0 400

During a given day, the PP within the productive column, is, a priori, proportional to the radiant
energy available in the visible range of the spectrum (here expressed as PUR, pmol quanta/m?s, see
details below) and to the phytoplankton biomass in the water column (here expressed using a proxy of
biomass, Chl(z), gCHL/m?). The interaction between radiant energy and phytoplankton biomass was
described by the terms f(X), ¢y mx (gCHL/mol usable quanta m™), and a’ma (m?gCHL), in such a way
that term f(x) parameterizes this interaction (shape of Photosynthesis versus Irradiance curve, see
section 2.5.1) with no dimensions, and @,m. and a'm. assign the actual scales to it. @ m.x iS a
physiological parameter describing the transformation of light energy into carbohydrates, while a” .y is
the optical parameter describing the maximum CHL-specific phytoplankton absorption (more
information see below).

The term CHL(z) was directly obtained from the measured CHL profiles, while the other terms
required further calculations. PUR(z,t,A) is the fraction of PAR (z,t,A) (Photosynthetically Available
Radiation) which can be potentially used by the phytoplankton. It was calculated as PAR multiplied by
the dimensionless function describing the shape of CHL-specific absorption spectrum, A(z,A) and

integrated over the whole photosynthetic spectral range (400-700 nm):
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700

PUR(z,t)= [ PUR(z,t,M)A"(z,h)d ) [7.2]

400

The shape of A"(z, A\) was calculated using Particulate ABsorption in-situ measurements (PABs),
which provide the values of CHL-specific absorption spectrum, a“(z, A). a’ma, the maximum value of
a'(M), generally occuring at A about 440 nm, was directly estimated from a“(z, A). Having the values of

a'(z, \) and a"max, A'(z, N) expressed as:
A'(h,z)=a (h,z)lap,  [7.3]

In the underwater environment, the light field is spatially rearranged by scattering processes and
internal reflection. Randomly oriented phytoplankton cells can collect radiations from all possible
directions. Therefore, according to Morel (1991), PAR must be definitely defined as scalar (or

o

spherical) irradiance, E . The measurements of the downwelling radiant energy we have collected
were the downwelling irradiance profiles (Eq). It was, therefore, necessary to transform the E4 values

o

into E wvalues in order to properly estimate the available radiation at all levels within the productive

column and to compute the energy actually absorbed by phytoplankton.

o
This was achieved by introducing a geometrical correction term g, equal to the ratio of E to Eq:

[

g(z,\)=E(z,M)IE (z,\) [7.4.1]

Morel (1991) showed that g can be approximated by calculating the ratio of diffuse attenuation

coefficient to a*:

g(z,\)=K,(z,\)la (z,n) [7.4.2]
, where K, is the diffuse attenuation coefficient, the parameter that controls the propagation of light
through water. Kqwas defined as the reciprocal of E4 with the depth interval dependent on the thickness

of the medium (Mobley, 1994).
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Though we have calculated Ks/a* from our own measurements, the results of Morel (1991) appeared
to be more plausible and were used. The Kd/a* values used are shown in Figure 7.1. Refer to the end of

the next section for the description of how the Morel (1991) method was used for obtaining Kd/a* data.
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Figure 7.1 Variations of the ratio Kd/a for selected wavelength (nm) as a function of CHL
concentration. Figure 4c in Morel (1991)
After the geometrical correction term was calculated, Eq was converted into scalar irradiance as
PAR|ztA|=E,|ztA|glzA| [7.5]

Please keep in mind that as opposed to the theoretical model of Morel (1991), the dependency of g

on the time was neglected, since we did not have a continuous hourly time series of data at a certain

point.
Once PUR(z,t) was obtained from equation [7.2], the time evolution of PUR(z,t) on the current date
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was accounted using the factor computed based on the Global Radiation (GR) measurements of the
ship meteorological station. GR.in: corresponded to the time when an Eq measurement was taken.

GRuay(t) were the GR measured during the current date.

point

L
PUR|z|=[ PURIz|GR,, [t//GR ,, dt  [7.6]
0

In the parameter f(x(z,t)), the shape of the photosynthesis versus irradiance curve, Platt et al. (1980)
type of the curve with the B constant for light inhibition at high irradiance equal to 0.01 was adopted,

allowing f(x) to be calculated through:
flxl=x"t1—ee® [7.7]
, where x(z,t) is a dimensionless descriptor of usable irradiance, defined as

x|z,t|=PUR(z,t|GR,, [t|/GR,,;,, KPUR|z| [7.8]

point

KPUR is the normalizing value of PUR, and is the saturation onset parameter defined by Talling
(1957), provided that PP is considered to be the function of PUR and not (as usual) as a function of
PAR. KPUR is one of the two equation terms which accounts for the temperature effect upon
phytoplankton growth, dependent on the temperature with a Qi (increase in growth rate per 10°C)

equal to 1.88 as suggested by Eppley (1972):
KPUR|T|=KPUR|(20°|1.065 " *"  [7.9]

The equation below provided the maximum value of the photosynthesis versus irradiance curve,
PP.ax(z), once the initial slope of the curve was fixed (through the product a’u.x(z) ©umx(z)), the
saturation onset parameter was fixed (through KPUR(z)), as well as was the shape of the curve (the f(x)
function). The factor 12 (gC/molC) of conversion to mol was introduced since @, m.x(z) was expressed
as mol C per mol of (absorbed) quanta. The [xf(x)]msx Was constant for the equation [7.7], equal to

0.945.
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Prrox=12 8 @y o [Xf (%) ] KPUR  [7.10]
At the same time, following Eppley (1972), P®,.x equaled
PE [(Tz|=PB_ [20°]1.065"" 2" [7.11]

P’ (at 20°C) equals 4.6 gC(gChl)" h' as computed from equation [7.10] using standard values of
KPUR (at 20°C) of 80 pmol quanta m™s™, a"mux(z) Quma(z)=16 gC (gChl)" (mol usable quanta m™)"
(Antoine and Morel, 1996). The last missing parameter in equation [7.1], @uma(z), is the maximum
yield for net growth, which expresses the efficiency in the transformation of the captured energy added

to, and ultimately retained within the initial carbon pool, was obtained by transforming equation [7.10]:

P53 112a,, |xf(x]]

(pp,max 4 max max

KPUR [7.12]

max

Once all the input parameters for equation [7.1] were derived, PP was computed. The depth integrals
of PP and CHL were computed for an “extended” productive layer D which corresponds to 0.1% of
PAR at the sea surface, because the somewhat arbitrary definition of Z., (1% of PAR at the surface) led
us to presume that carbon fixation does not necessarily cease below this level (Morel, 1991).

Increments for all the integrations were: AA=10 nm, At=1/30 Daylength, Az=1/75D.

7.2.2 Estimation of satellite primary production following Antoine and
Morel (1996)

The base difference in calculation of PP using satellite data from the calculation of PP using in-situ
data were that the remote sensing data has more limitations in terms of the depth until which data are
obtained, and the types of input data available.

Firstly, the remotely sensed information originates only from the surface layer of the ocean (which
is, for CHL data rarely greater than 25 m in extremely clear waters (Antoine, 2006). The photosynthesis

occurs until much deeper sunlit portions of the water column (which can reach up to 150-200 m
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(Antoine, 2006)). Secondly, some of the in-situ data types, such as the CHL-specific absorption
spectrum, E4 spectrum and daily PAR evolution cannot obtained from space (at least in the high-
latitude region of our study). They, thus, have to be either assumed constant or modeled. In the
following, the models of the vertical profiles are described first, and then the parameters to be modeled
when using satellite data are presented.

Originally, Antoine and Morel (1996) model determined CHL profile to be well-mixed or stratified
according to the ratio of MLD and Z.,, and if stratified, assigned a profile as in Morel and Berthon
(1989). Here, the mathematical equations of CHL profiles derived specifically for the Greenland Sea,
which proved to reproduce the Greenland Sea total CHL in the water column better than Morel and
Berthon (1989) profiles (Chapter 6), were used. The separation of waters into well-mixed and stratified
waters was not made as the stratification regime of Greenland Sea is very different from that of global
waters.

PAR was propagated through the water column following the bio-optical model proposed by Morel
(1988) for case 1 waters, where nothing besides phytoplankton influences the ocean properties.
According to this model, downwelling irradiance was computed from the surface as:

—K,[Aldz [713]

E;lAz, +dz,t0:)=Ed[)\,zn,t0\)e
, where the first z, value is zero. The spectral attenuation coefficient for downwelling irradiance, K,(7),
which depends on the CHL concentration (CHL), within the layer extending from z, to z,+dz, was

obtained from:
K (A|=K (Al +x(A)[CHL " [7.14]

Kw(A) stands for the influence of pure water; the factors x(A) and the exponents e(A) were obtained
through regression analysis (Morel, 1988: the tabulated values of K.(A), x(A) and e(A) are given in this
reference). At each level, the wavelength-integrated irradiance was compared to the existing value just
above the surface. Depth of the productive layer D was determined and the computations were stopped
resulting in the Eq4 profile used, once the downwelling irradiance fell to 1/1000 of the initial value.

As for the vertical temperature profiles, they were assumed to be uniform as originally thought of in

Antoine and Morel (1996). Please note that the temperature-dependent variables KPUR and P®,., have
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therefore uniform vertical profiles as well.

The parameters that could not be obtained from satellite data, i.e. the normalized CHL-specific
absorption spectrum A"(A) (Figure 7.2) and the maximum of CHL-specific absorption spectrum a’max
were adopted from Morel (1991). The a’ . value used is 0.033 m*(mgCHLa)" and occurs at A=435 nm.
It was obtained from an average CHL-specific absorption spectrum computed from measurements of

14 phytoplankton species, grown in culture, and cyanobacteria were disregarded (Morel, 1991).
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Figure 7.2 The dimensionless function A’(A), describing the shape of algal absorption spectra of

various photosynthesizing species or groups (Figure 3 in Antoine and Morel, 1996)

The maximum value of the quantum yield for growth, @, m., instead of being estimated through

other parameters, as it was in the in-situ version (equation [7.12]), was taken equal to 0.06 molC (mol
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quanta absorbed)™” according to converging analyses (Bannister and Weidemann, 1984; Berman and
Schanz, 1984; Dubinsky, Welshmeyer and Lorenzen, 1981).

The spectral distribution of PAR was computed using the diffuse and direct components of
irradiance from “5S model” (Tantre et al., 1979) together with standard atmospheric conditions of the
clear atmosphere (barometric pressure 1013 hPa, total ozone content 350 DU, precipitable water 2 cm,
maritime aerosol 23 km visibility). To account for the temporal evolution of PAR, for each particular
day the declination of the sun was computed (Spencer, 1971) and then combined with the latitude of
the selected location in order to obtain the daylength and the solar elevation as a function of time.

The geometrical correction (equation [7.5]) was performed as described in Morel (1991). Morel

(1991) took the relationship that links radiance and irradiance from Preisendorfer (1976):

aE:KdEdu—R(KU/Kd)] [7.15]

, where K4 and K, are the attenuation coefficients for the downwelling and the upwelling irradiances,
respectively, and R is the reflectance, defined as E./Eq, the ratio of upwelling to downwelling
irradiance. In general, K, does not widely differ from K4 Moreover, R is only of the order of a few

percent. Therefore:

aE~K,E, [7.16]

or

E/E,~K,/a [7.17]

In essence, Kq/a is a non-explicit function of the radiance distribution above the surface, of the depth
and of the inherent optical properties of the medium, namely its absorption and scattering coefficients,
a and b, and its volume scattering function. Kirk (1984) showed that the average value of K4 throughout

the euphotic zone can be expressed as

K, =ap,"[1+(0.425 1,~0.19)b/a|"*  [7.18]
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, where 1, is the average cosine for downwelling radiation just below the surface which is computed

along with the PAR spectral distribution using the “5S model” by Tantre et al. (1979). To obtain the K4

value, b(A\) was modeled as a function of CHL according to Gordon and Morel (1983):
b(A]=b,,|A)+(550/2]0.3(CHL"*  [7.19]

a(A) was modeled according to Prieur and Sathyendranath (1981)

alA|=|a, 21+0.06 A gy [ACHL % [[1+0.2y(A]]  [7.20]

with y(A) adopted from Bricaud, Morel and Prieur (1981)
y[A|=exp[-0.014(A—440)| [7.21]

For the discussion on variations of the Ky/a ratio and the Ksmodeling refer to Morel (1991).

7.3 Input data description

7.3.1 In-situ measurements

The in situ measurements were performed during the ARK-25 RV “Polarstern” cruises (leg 1 and 2)
in June-July 2010. The data used here covers twenty sampling stations, where simultaneous
measurements of irradiance, radiance and sea temperature were made and samples for absorption and
CHL analysis were taken. Below, the sampling and processing method of each data type is described in

detail.

7.3.1.1 Irradiance and radiance measurements

Underwater optical light fields were measured using two types of RAMSES hyperspectral
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radiometers (TriOS GmbH, Germany), which measured the profiles of radiance and irradiance in a
wavelength range from 350 nm to 950 nm with a spectral resolution of approximately 3.3 nm and a
spectral accuracy of 0.3 nm. Irradiance data were already described and used in Chapter 6. The
radiance sensor had a field of view of 7°. All of the measurements were obtained with an automated
integration time of the respective sensor between 4 ms and 8 s. A reference irradiance device was
placed above the water surface to monitor the downwelling incident sunlight and allowed the
normalization of the in-water measurements according to Stramski et al. (2008). For the selected
stations of the irradiance, integrated for the wavelength range from 400 to 700 nm (PAR), see section

6.2.3.

7.3.1.2 Water sampling for absorption and chlorophyll-a measurements

Water sampling was conducted with Niskin bottles attached to a CTD sensor (SBE 9 plus, Sea-Bird
Electronics Inc, Washington D.C., USA) mounted on a stainless frame. Samples for the absorption of
particulates were taken from four to six sampling depths, and for the CHL from six to ten sampling
depths. The sampling depths were chosen according to the fluorescence profile provided by a CTD
sensor to obtain a better resolution at the depth of the CHL maximum. From 0.25 to 3 L of seawater
were filtered onto Whatman GF/F filters of 25 mm for CHL and of 48 mm for absorption of
particulates, with a pressure of less than 120 mbar. After the filtration, the filters were folded,
immediately frozen in liquid nitrogen and stored at —80°C. The collected samples were all analyzed in
the laboratory within 8 months.

The samples for CHL were taken for the further analysis using two methods: fluorometric and High
Performance Liquid Chromatography (HPLC). On some stations, the samples for the two analyses
were taken simultaneously and on the other stations the samples for only one analysis were taken. As
for PP validation we needed the maximum number of stations where the absorption, irradiance and
CHL were measured (or sampled) simultaneously, and hence, we considered both the stations with only
HPLC CHL sampling and the stations with only fluorometric CHL sampling for the further analysis.
The fluorometric CHL values were then converted into HPLC CHL values by multiplying the
fluorometric CHL by 1.0245 (average value for the data of the cruise, personal communication
[.Peeken). Below we describe the procedures of sample processing on land in the laboratory of the

AWI.
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7.3.1.3 Absorption measurements

Measurements of the particulate absorption were carried out according to Taylor et al. (2011) on a
dual-beam UV/VIS spectrophotometer (Cary 4000, Varian Inc.) equipped with a 150 mm integrating
sphere (external DRA-900, Varian, Inc. and Labsphere Inc., made from Spectralon (TM)) using a
quantitative filterpad technique modified as follows (see e.g. Simis et al., 2005). The filters were placed
in the center of the integrating sphere using a center-mount filter holder perpendicular to the light
beam.

A wavelength scan from 300 to 850 nm with a resolution of 1 nm (slit width 2 nm, scan rate 150 nm
min™) was performed, when the reflectance ports were covered with Spectralon (TM) reflectance
standards. The baseline was recorded beforehand with a clean, dry filter, and a filter which was soaked
for more than 30 min in purified water served as a reference. The absorption coefficient was calculated
from optical density (OD) measurements using a path length amplification factor of 4.5 (f=1/4.5,
Rottgers, personal communication) as a [m™]=-In(T-A-B/V), where the transmittance T=exp(-OD), V is
the filtrated sample volume in m® and A the filter clearance area in m”. Results from the original filter
gave total particulate absorption, a,. To determine the absorption by non-algal particles (awar), the algal
pigments were bleached with NaOCI as described in Tassan and Ferrari (1995) and Ferrari and Tassan
(1999). The bleached filters were measured as described above. To obtain the parameter of interest,
particulate absorption of phytoplankton (ap(A)) which was used to model PP in the current study, awap

was subtracted from a,. The above description is from Taylor et al. (2011).

7.3.1.4 High Performance Liquid Chromatography measurements of
chlorophyll-a

The HPLC CHL data of this cruise have already been published in Tran et al. (2013). In detail, the
samples were measured using a Waters HPLC system (Waters Corporation, Milford MA, USA)
equipped with an autosampler (model 717 plus autosampler), an HPLC pump (model 600 HPLC LCD
pump), a photodiode array detector (model PDA 2996), a fluorescence detector (model 2475

fluorescence detector) and the Empower software. For analytical preparation, 50 pL of an internal

124



standard (canthaxanthin) and 2 mL of acetone were added to each filter sample and homogenized for
20 s. After centrifugation, the supernatant liquid was filtered through a 0.2 pm filter and placed in
Eppendorf cups from which aliquots (100 pL) were transferred in the autosampler vials (4°C). Just
prior to analysis, the sample was premixed with a 1 M ammonium acetate solution in a 1 : 1 (v/v) ratio
in the autosampler and injected onto the HPLC system. The pigments were analyzed using reverse-
phase HPLC with a VARIAN Microsorb MV3 C8 column (4.6 x 100 mm) and HPLC-grade solvents
(Merck KGaA, Darmstadt, Germany). Solvent A consisted of 70 % methanol and 30 % 1 M ammonium
acetate, and solvent B contained 100 % methanol. The gradient was modified following Barlow et al.
(1997). The eluting pigments were detected by absorbance (440 nm) and fluorescence (Ex: 410 nm,
Em: > 600 nm). The pigments were identified by comparing their retention times with those of pure
standards and algal extracts. Additional confirmation for each pigment was completed using on-line
diode array absorbance spectra from 390-750 nm. The pigment concentrations were quantified based
on the peak areas of external standards, which were spectrophotometrically calibrated using extinction
coefficients published by Bidigare (1991) and Jeffrey and Vesk (1997). For correction of experimental
losses and volume changes, the concentrations of the pigments were normalized to the internal standard
canthaxanthin. The taxonomic structure of the phytoplankton communities was derived from
photosynthetic pigment ratios using the CHEMTAX® program (Mackey et al., 1996). The above

description is from Tran et al. (2013).

7.3.1.5 Fluorometric measurements of chlorophyll-a

The fluorometric measurements of CHL were processed using the same method as those used in

Chapters 4 and 6.

7.3.1.6 Temperature profiles and meteorological data

Temperature profiles were determined using a temperature sensor of Seabird 911 Plus CTD.
Standard meteorological information (global radiation) was obtained from the ship’s weather station
equipped with a pyranometer measuring solar irradiance

(http://www.awi.de/de/infrastruktur/schiffe/polarstern/bordwetterwarte/continuousmeasurements/sensor
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information/). For PP computations, we used the ratio of a value of global radiation at the current

station to the values of global radiation for the current day (24 hours).

7.3.1.7 Preprocessing of the in-situ data

Most of the sampled profiles of all the data types, except temperature, did not reach either the
surface or the depth of the productive layer (interval in which the PP calculations are to be made), and
thus needed extrapolation. The first step was to extrapolate the PAR profile (see equation [7.5] above)
until the 0.001 of the surface PAR value and obtain the depth of the productive layer. PAR profiles were
first binned into 1 m depth resolution increments. Then the last two measurements which showed the
change in values were linearly extrapolated until the depth of the productive layer was reached. After
the depth of the productive layer was estimated, CHL and absorption profiles were linearly extrapolated
to it and to the surface. In case negative values appeared as the result of extrapolation, they were
substituted to zero. As all of the data except irradiance/radiance profiles were acquired for the discrete
depths, they were linearly interpolated between the sampling depths.

The conversion of the irradiance profiles from W/m?* to pmol quanta/m? s (the input units of the
model) was performed wavelength-dependent following Mobley (1994). Examples of the PAR, CHL

and absorption profiles along with their extrapolation and interpolation are given in Figure 7.3.
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Figure 7.3. CHL, PAR and a*.. measurements collected on 4, 7 and 17 July 2010 during RV
'Polarstern' ARK-25 cruise (in red) and corresponding interpolated/extrapolated profiles (in blue,
section 7.3.1.7). Dates of sampling is indicated on the left side. Locations of the measurements: 4 July
(78°8337 N, 5°9828 E), 7 July (79°0287 N, 11°0853 E), 17 July (78°834 N, 0°3935 E). PAR

measurements are converted into scalar irradiance (Eq. [7.5]).

7.3.2 Satellite measurements: description and processing

The PP data calculated using Antoine and Morel (1996) with Cherkasheva et al. (2013a) CHL
profile parametrization were provided by Bernard Gentili and David Antoine from the Laboratoire

d'Océanographie de Villefranche/Mer. In addition to that, for the validation process of PP data, we
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computed the output of Behrenfeld and Falkowski (1997a) Vertically Generalized Primary production
Model (VGPM), for the points where in-situ data was available.

The input data used are monthly GlobColour CHL with 4.6 km spatial resolution, SeaWiFS PAR
and MODIS Sea Surface Temperature with 1/12° spatial resolution. For comparison with the in-situ
data, the computed satellite PP values were averaged within a 3x3 pixel box. See further section 7.6.1

for the results of the comparison.

7.4 Statistics assessing model performance

The parameter computed first was bias which is commonly used to assess the quality of any model

performance:
BIAS=NPP,_—NPP, [7.21]
, where NPP,,(i) is modeled PP and NPPq(i) represents PP modeled from in-situ data for each sample i.
Additionally, the log normalized bias and log normalized RMSD, parameters used to asses

specifically the quality of PP models in Primary Production Round Robin Activities (Carr et al., 2006;
Friedrichs et al., 2009; Saba et al., 2011), were computed as in Saba et al. (2011):

BIAS,,=|logNPP, |~ log|NPP,||/o, [7.22]

, where gy is the normalized standard deviation of in-situ data.

N \
RMSD 0= \/ %Z}(10g(NPPm(i))—log(NPPd[iJ))z [7.23]

The predictive skill of a given model is inversely related to the RMSD statistics (lower
RMSD=higher skill).

Coefficient of variation, which is commonly used instead of standard deviation to compare the data
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with widely different means, was computed to assess the performance of the model.

=2|-

N
\/ Y. |NPP_i|-NPP, i
CV=—rT—— [7.24]
NPP,

7.5 Integrated basin estimates and temporal trends

Total PP (gC month™) for the region was calculated for each month as the product of the average
daily integrated production, the number of days in the month, and the Greenland Sea open water area
adopted from the same region as in Pabi et al. (2008), 1.634*10° km”. Annual PP was then calculated
by summing up all months. The PP value for September (required for comparison purposes) was
assigned to the value of average monthly PP.

The analysis of PP temporal variability was designed in such a way that it is comparable with the
results of CHL temporal variability obtained in previous chapters. We have studied the temporal trends:
1) at the ten sites in the ice-free Fram Strait as in Chapter 4; 2) in the western and eastern Fram Strait as
in Chapter 5, and 3) at the whole Greenland Sea sector of the Arctic as in Chapter 6. There are,
however, also differences in the approaches. First, we have focused on the analysis of trends using the
anomalies of the data only. The spatial patterns of the trends obtained using the original time series or
the time series smoothed with a moving average of five months were similar to those that resulted from
anomaly data and are not shown. Second, the time intervals for which the trends were calculated differ
in all three chapters. Chapter 4 studies the time interval of 1998-2009, since the analysis was restricted
to the time when NAOSIM model data was available. In Chapter 5 the time interval is 1998-2012. The
current chapter studies the temporal trends for 1998-2010 (till the time when PAR data was provided by
SeaWiFS sensor). The final difference is that the CHL time series of Chapters 4 and 5 are complete,
while in the PP time series of the current chapter, June 2007, July 2008, and May 2009 are missing
because of the lack of SeaWiFS PAR data.
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7.6 Results and discussion

7.6.1 Validation of PP modeled from satellite data by PP modeled from in-
situ data

The validation of the of the input parameters along with the comparison between the validation
statistics for the PP calculated using the Antoine and Morel (1996) model with the Cherkasheva et al.
(2013a) parametrization (further on referred to as 'A&M 1996 & Che 2013"), Antoine and Morel (1996)
(further on referred to as 'A&M 1996 standard’), and Behrenfeld and Falkowski (1997a) (further on
referred to as 'B&F 1997') is described below.

We first studied the spatial distribution of the PP data and the input parameters. Figures 7.4 and 7.5
show the PP maps of A&M 1996 & Che 2013 (upper left), and the input data for June 2010 and July
2010, respectively. The in-situ data points are situated in the eastern Fram Strait in July and to the
south-west in the open part of the Greenland Sea in June. Satellite CHL data show that the maximum of
the phytoplankton bloom happens in June, and in July the decrease of the bloom starts (top right of
Figures 7.4, 7.5, and Figures 4.3, 4.4a). Different oceanographic and biologic conditions are therefore

considered in our limited validation dataset (N=20).

Table 7.1 Validation statistics for the satellite data used as an input for PP model. Validation data were
collected in the Greenland Sea during June-July 2010 R/V 'Polarstern’ ARK25-1/-2 cruises. Data are
for 20 points used in the PP model

CHL PAR SST
BIAS_abs 0.08 2.7 -1.49
BIAS_log 0 0.04 -0.98
RMSD_log 0.72 0.54 0.97
CV(RMSD) 0.67 0.51 0.55

130



Out of the three input data fields of the satellite PP model, CHL corresponds best to the in-situ data,
PAR is quite well-matched as well and SST has the worst agreement (Figures 7.4 and 7.5, Table 7.1).
The SST though has a rather minor effect on the output PP values as it is very slightly affecting the
saturation parameters, P, and KPUR (equations [7.9, 7.11]). Errors in SST thus will result in minor
errors in PP. The CHL and PAR are on the other hand the input profiles, which are the base of the PP
calculations, thus the errors in these parameters will have a critical effect on PP values.

When looking at PP data only (Figure 7.6), one can see that about half of the points are well-matched.
Mind that PAR is a temporarily more varying parameter than CHL and SST, and the comparison is
made between the monthly satellite data with daily values.

The statistical analysis shows that overall the CHL and PAR data are nearly not biased. The
differences at single data points are, however, large as reflected in RMSD values (Table 7.1). Thus we
may expect that for our dataset, the highest errors will be associated to the discrepancy between
satellite and in-situ PAR data as well as CHL data. In some cases though the errors in PAR and CHL

cancel each other out (see for example June 2010, points around 75°N, 3°W-0°).
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Figure 7.4 Satellite PP in June 2010 modeled following A&M 1996 & Che 2013 and the input satellite
data. Top left: satellite PP, logarithmic scale; top right: GlobColour CHL; bottom left: SeaWiFS PAR;
bottom right: MODIS SST. In-situ data used for validation were collected in the Greenland Sea during
June-July 2010 R/V 'Polarstern' ARK25-1/-2 cruises and are overlayed as colored circles. The color of
the circle corresponds to the in-situ value of the parameter at the current location. In-situ PP is

modeled following Morel (1991).
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Figure 7.5 Satellite PP in July 2010 modeled following A&M 1996 & Che 2013, and the input satellite
data. Top left: satellite PP, logarithmic scale; top right: GlobColour CHL; bottom left: SeaWiFS PAR;
bottom right: MODIS SST. In-situ data used for validation were collected in the Greenland Sea during
June-July 2010 R/V 'Polarstern' ARK25-1/-2 cruises and are overlayed as colored circles. The color of
the circle corresponds to the in-situ value of the parameter at the current location. In-situ PP is

modeled following Morel (1991)
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Figure 7.6 Satellite PP in June 2010 (top) and July 2010 (bottom) modeled following A&M 1996 &
Che 2013 (zoomed in top right plots of Figures 7.4 and 7.5). Validation in-situ data were collected in
the Greenland Sea during June-July 2010 R/V 'Polarstern' ARK25-1/-2 cruises and are overlayed as

coloured circles.
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The comparison of validation statistics between the three PP models used is presented in Table 7.2.
All the statistical characteristics studied show that A&M 1996 & Che 2013 reproduce the in-situ PP
data better than A&M 1996. The statistical characteristics are also consistent in showing that the B&F
1997 model (=VGPM) performs the worst.

Table 7.2 Comparison of validation statistics for PP modeled from satellite data using the A&M 1996
& Che 2013, A&M 1996 standard and B&F 1997. Validation data are the Greenland Sea in-situ PP
modeled following Morel (1991) for 20 data points collected during June-July 2010 R/V 'Polarstern’
ARK25-1/-2 cruises

A&M 1996 & Che 2013 A&M 1996_standard VGPM
BIAS_abs 189.72 263.91 438.47
BIAS log 0.82 0.99 1.37
RMSD log 0.70 0.75 0.89
CV(RMSD) 0.65 0.78 1.16

However, all the three models capture the range of Greenland Sea in-situ PP values quite well, on
average overestimating the in-situ PP on 190 mgC/m?®day for A&M 1996 & Che 2013, on 264
mgC/m*/day for A&M 1996 standard and on 439 mgC/m*day for B&F 1997. The normalized
logarithmic representation of bias varies from 0.82 to 1.36. These values show that these models
perform better (for both versions of Antoine and Morel (1996) model) in the Greenland Sea than those
shown by Saba et al. (2011) for the Northeast Atlantic (41°N-55°N), where (on average for six WRDR
PP models) in-situ PP was overestimated by 1.2. The higher bias observed in Saba et al. (2011) for
A&M 1996 standard is most likely to be caused by the higher concentrations of Colored Dissolved
Organic Matter in the North Sea than in the Greenland Sea.

RMSD in logarithmic representation is consistent with other statistics and is lowest for A&M 1996
& Che 2013 (0.7), higher for A&M standard (0.75), and highest for B&F 1997 (0.89). The RMSD of
0.7 is still quite high as compared to 0.3, observed by Saba et al. (2011) for A&M 1996 standard in the
Northeast Atlantic. In the whole Arctic, RMSD values around 0.5 were observed for the Wavelegth-
Integrated-Depth-Resolved PP model (Hill et al., 2013). Our high RMSD values seem to be caused by
the high RMSD of the two main input parameters, which is 0.72 for CHL and 0.54 for PAR. The same
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is true for the coefficient of variation (CV). High RMSD and CV indicate that the local variability of
the single data points is not reproduced well enough by the satellite data. Considering that due to a
small number of co-locations the comparison in this study was made between the monthly satellite PP
and daily in-situ PP, the daily variability indeed can not be reflected in satellite data correctly. The
conventional comparisons with the RMSD and bias values cited above are based on daily data. Another
point which needs to be addressed is the reliability of the in-situ PP data used here. Since no in-situ PP
measurements were made in Greenland Sea in 2010 (as well as for the whole period of current study,
since the launch of SeaWiFS in 1998), we had no possibility to compare the PP modeled from in-situ
data with the measured PP. The comparison with in-situ PP was also not made either in Morel (1991) or
in Antoine and Morel (1996). And even if the comparison would have been made for the global waters,
this would not have meant that it remains the same for the Greenland Sea, as the discrepancy if existed,
is expected to be region-dependent. This issue of the validity of the PP modeled from in-situ data could

be an additional source of error.

7.6.2 Integrated basin estimates and temporal trends

According to our satellite-based calculations, Greenland Sea PP per unit area is 98.6 gC/m?*year.
Arrigo and van Dijken (2011) previously reported a lower value (86 gC/m?*/year) for exactly the same
region. When using a more conventional method of basin estimate (multiplied by the area), our
calculations resulted in 161.1 TgC/year, which is also larger than 148 TgC/year (Arrigo and van
Dijken, 2011) and coincides with 162 TgC/year reported by Hill et al. (2011) for about the same region,
but excluding the Greenland Shelf. Mind that as opposed to Hill et al. (2011) and Arrigo and van
Dijken (2011), we did not include September PP in the annual estimate. The reason for this is that
satellite data for September covered the southern Greenland Sea only and would not have been
consistent with the satellite coverage of other months. If we assume that PP in September is the average
of April-August PP, then our annual value would rise to 194 TgC/yr™, and be larger than any of the
previously mentioned estimates. Both, Arrigo and van Dijken (2011) and Hill et al. (2011), estimates
did not account for SCM, which seems to be the reason for their lower PP values. The more temporally
resolved (i.e. monthly) comparison is given in the Table 7.3. Interestingly, the range of monthly values
is smaller for our calculations (18-42 TgC/yr™) than the range of values obtained by Hill et al. (2011)
(8-70 TgC/yr™).
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Table 7.3 Satellite PP integrated for the Greenland Sea sector of Arctic (north to the Arctic circle,
45°W-15°E), in TgC/yr. The calculations of this study are described in section 7.3.2. Hill et al. (2011)
used SeaWiFS CHL data and the PP model developed for the Chukchi Sea by Hill and Zimmerman
(2010). ND stands for no calculations made

April May June July August September annual
This study 18.23 34.74 42.12 35.81 30.20 ND 161.1
Hill et al (2011) 19.1 70 24.2 15.7 7.68 25.4 162

The temporal trends for 1998-2010 (Table 7.4) were significant only if a detailed temporal
resolution was chosen. For the whole Greenland Sea or western and eastern parts of Fram Strait, no
trends were detected. Out of the ten 20x20 km sites, which were also analysed in Chapter 4 (see Table
4.3 for locations), two open ocean sites D and H have shown a significant increase in PP for the period
studied (+117 and +122 mgC/m*day respectively). When in previous chapters we were studying the
temporal evolution in CHL, these two points also showed an increase. Generally, the increase in CHL
was more spatially consistent than in PP: four sites out of ten and the whole eastern part of the Fram
Strait. Why does PP show a more occasional increase as compared to CHL? This is most likely due to
the fact that PP is a more stable quantity than CHL. Some PP models simply calculate it as proportional
to the square root of CHL, hence a large increase in CHL corresponds to low increase in PP, which is
not detectable for some areas of the Greenland Sea. The observed increase in PP corresponds to
warming of the sea surface temperatures in the area and decrease in coastal ice of Svalbard (see
Chapter 4). Previously, in the Greenland Sea, the opposite of what we found, i.e. a significant negative
trend in PP from 1998 till 2009 was observed by Arrigo and van Dijken (2011). The results of Arrigo
and van Dijken (2011) are even more interesting as the CHL data, which is the main input parameter to
both PP models was shown in our study to have the increasing tendency for the period from 1998 till
2009 in the Greenland Sea. It is not clear to us what are the reasons for the difference between Arrigo
and van Dijken (2011) and our results. It might be that the different input CHL data (single sensor CHL
used by Arrigo and van Dijken (2011) versus merged three-sensor CHL used in our study) and the
different PP model used (WIDR model used by Arrigo and van Dijken (2011) versus WRDR model
used in this study) could have profoundly affected the results.
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Table 7.4 Mean values and trends for 1998-2010 April-August satellite PP, in mgC/m*/day (section
7.2.2). Trends are calculated based on the anomalies of the data. Significant trends (p<0.05) are
marked in bold. Letters A-J correspond to the 20x20 km sites, which were studied in Chapter 4. For the
locations see Table 4.3. WF stands for Western Fram Strait (76°N-84°N, 15°W-0°), and EF for Eastern
Fram Strait (76°N-84°N , 0°-15°E), which were studied in Chapter 4. GS_all stands for the average for
the Greenland Sea sector of the Arctic (north to the Arctic circle at 66°33'39"N, 45°W-15°E)

A B C D E F G H I J WF EF GS_all
mean 658 674 644 621 671 670 661 554 599 627 561 624 594
trend 65 20 83 117 -17 65 106 122 -5 24 -36 -24 -34

The changes in the Arctic Ocean PP need to be documented in order to understand and predict the
impact of PP on the carbon cycle. Another crucial point is the monitoring of the effect of these changes
on the food webs (e.g of the links between primary and secondary producers). In this chapter it was
demonstrated that the Antoine and Morel (1996) PP model tuned for the Greenland Sea by Cherkasheva
et al. (2013b) results in more accurate PP estimates than those obtained from the global PP models, thus
the development of regional PP models for the Arctic Ocean is recommended. As for the continuation
of current work, future efforts should be concentrated on adopting the parameterizations in the model to
the absorption properties of the Greenland Sea phytoplankton and tests of the model in the neighboring

regions such as Barents Sea.
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Chapter 8

Conclusions and outlook

In this monograph remote sensing, modeled and field data were used to investigate the seasonal
cycle, variability and productivity of phytoplankton in the Greenland Sea during the years 1998-2012.
The modeled and remote sensing data were used to study the long-term variability in phytoplankton
blooms and the causes for such variability. The field data were used for the development and validation
of a regional satellite algorithm which estimated the rate of phytoplankton growth, i.e. PP, in the
Greenland Sea. The current chapter summarizes the conclusions in Chapters 4 to 7 and presents an
outlook to where future research could be carried out.

Chapter 4 studied the differences between the biological regimes within the Fram Strait or the
northern Greenland Sea and the physical drivers responsible for these differences. In the western Fram
Strait, at the marginal sea ice zone, stratification induced by sea-ice melt is most likely to have
promoted phytoplankton growth, which resulted in enhanced biomass observed in May. In the eastern
Fram Strait, stratification due to solar warming proved to act as a guiding factor for the open ocean
phytoplankton blooms, while the declining shelf ice was seen to promote the phytoplankton blooms
along the coast of Svalbard.

A significant increase in phytoplankton biomass for the period of observation i.e 1998-2009, albeit
only in the south-eastern part of the Fram Strait, which is mostly influenced by the Atlantic waters, was
reported in this chapter. In the south-eastern Fram Strait we also observed a significant increase in sea
surface temperature and coastal ice concentration, but not in sea surface salinity. We thus concluded
that the observed increase in CHL, is most likely to have resulted from an increase in sea surface
temperatures and from a better light availability for the phytoplankton.

The maxima of phytoplankton blooms, defined as the maximum monthly average in a year, were
observed to occur later in the summer after 2002. The same was found for the subarctic waters by
Harrison et al. (2013) and for the Fram Strait area by Kahru et al. (2011). The reason for this delay is
still unknown, but may be attributed to the increasing ice transport through the Fram Strait. While
growth of phytoplankton can respond quickly to changes in light (caused by changes in ice), the higher

trophic levels are not as flexible. Therefore such delay in phytoplankton bloom could lead to a
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mismatch between primary and secondary producers and a re-organisation of the benthic food web
(Hill et al., 2011). Chapter 4 is based on Cherkasheva et al. (2013b).

Chapter 5 further explored the regional differences of the phytoplankton bloom variability in the
Fram Strait. The mean time-series of CHL, along with onset and duration of the phytoplankton bloom
were comparatively studied in: 1) a region roughly corresponding to that studied in Chapter 4, and 2)
an equally-sized region westward to that. In accordance to observations made in Chapter 4,
phytoplankton bloom showed a tendency to begin later in the westward direction in the Fram Strait.
Ice-covered part of Fram Strait along the coast of Greenland in the western Fram Strait proved to have
short, late (middle May) and time varying phytoplankton blooms. The eastern part, dominated by
warm and salty Atlantic waters, experienced earlier (end of April) and longer blooms with a
significantly increasing trend in bloom intensity for the period of study, similar to that observed earlier
in Chapter 4. In addition, the link between oceanographic conditions, phytoplankton bloom and the
export of organic material to the seafloor has been reported in this chapter. In 2006, when warm
Atlantic waters dominated the Fram Strait, we found an early and intense increase of phytoplankton
biomass, which most likely resulted in an increased carbon export and was observed in the deviation of
benthic community data. Chapter 5 is based on author's contribution made to Nothig et al. (in review).

Chapter 6 reported a first step to transform the satellite data concerning surface phytoplankton
biomass into information regarding the amount of carbon going through the phytoplankton biomass in
the water column (i.e. Net PP), by analysing the vertical distribution of the available in-situ
phytoplankton biomass data for the years 1957-2010. We tested the hypothesis that the Greenland Sea
data deviates from the standard global parametrization of vertical phytoplankton profiles (Morel and
Berthon, 1989) due to the unique optical properties of the Arctic waters and due to the presence of a
variable SCM (Arrigo et al.,, 2011; Matsuoka et. al.,, 2007, 2011; Weston et al., 2005). Once the
hypothesis was tested, we proceeded to develop a relationship for the Greenland Sea specifically. First,
consistent with the global study by Morel and Berthon (1989), we observed in principal different
patterns of the CHL profile for low and high CHL concentration in the surface layer. This showed the
need to account for the surface CHL value when calculating the shape of the profile. However, since
the Morel and Berthon (1989) relationship was seasonally averaged, it captured only the early months
of the Greenland Sea season, which suggested the need to use a monthly resolved relationship for the
region, which we then developed.

The majority of profiles used had low CHL values in the surface layer, and corresponded to a larger
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range of total CHL than globally, which means that in the oligotrophic parts of Greenland Sea, the
estimation of total CHL from surface data is less reliable. The reason for this may be due to the variable
values and position of the SCM, which is significant for the profiles with low surface CHL. An error
analysis for the profiles with low surface CHL (< 0.3 mgCHL m™) showed that the use of our
parameterization of the CHL profile using our Gaussian approximation instead of the uniform profile,
reduced the underestimation of total CHL from 19 % to 6 % on average. At the same time, errors in
rough estimates of PP were reduced, on average, from 10 % to 3 %. The simple PP model used in our
error analysis (Eppley et al., 1985) has a number of limitations, but proved to estimate consistent global
and regional average production (Carr et al., 2006).

A general conclusion of the error analysis was that for all the surface CHL concentrations, Gaussian
approximations that we derived underestimated the in situ total CHL value by 4 %, which is an
improvement as compared to the values obtained from the Morel and Berthon (1989) profiles (14 %
overestimation), or the uniform profiles (which varied from 19 % underestimation to 7 %
overestimation depending on the surface CHL value). Chapter 6 is based on Cherkasheva et al. (2013a).

In Chapter 7, the relationship between the surface CHL and its vertical profile derived in Chapter 6
was combined with the satellite model of Antoine and Morel (1996), to estimate Greenland Sea PP. The
validation of these satellite estimates showed that the range of PP values, modeled from in-situ data,
was captured well by both, our Greenland Sea (i.e. containing the functions reported in Chapter 6) as
well as the global, versions of the Antoine and Morel (1996) model. Both versions were less biased in
the Greenland Sea when compared to the Saba et al. (2011) work where the results were obtained using
a global version of Antoine and Morel (1996) in the Atlantic region ten degrees south (41°N-55°N) to
our area of analysis. Generally, as it was seen in all the statistics studied, our Greenland Sea-adapted
version of Antoine and Morel (1996) model reproduces the in-situ data with better accuracy than the
global Antoine and Morel (1996) model or the more commonly used satellite PP model, VGPM
(Behrenfeld and Falkowski, 1997a). The best performing model overestimated the in-situ PP by 190
mgC/m?/day on average. This relatively small bias could be corrected by calibrating the model
parameters. However, for such a step we would require that PP that we modeled from in-situ data first
is validated by in-situ PP measured by, for example, the *C assimilation method, which is beyond the
scope of this study as such simultaneous measurements were not performed in the Greenland Sea.
They, however, were done for the central Arctic basin in 2011 and shall be used for future validation

activities.
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The good performance we observed for Antoine and Morel (1996) with Cherkasheva et al. (2013a)
Greenland Sea parametrization is an expected outcome, because the work reported in Cherkasheva et
al. (2013a) and described in Chapter 6 is focused on the correct representation of the variability of CHL
profiles, accomplished by assigning a unique CHL profile for a certain month as well as a certain
surface CHL. The local variability expressed through root mean square difference is poorly reflected in
satellite PP data, which we considered a feature of monthly satellite and daily in-situ data co-location
rather than of the model parametrization. This is supported by the large deviation between satellite and
in-situ input data (CHL and photosynthetically active radiation have the largest impact). The capture of
local and instantaneous variability should improve if larger number of co-locations are made available,
which would then allow daily inter-comparisons. The main problem that needs to be addressed is the
availability of spectrally resolved irradiance data. The annual Greenland Sea PP was estimated as 161-
194 TgC/yr", which is slightly higher than previously reported estimates. Time series of monthly PP
showed an increase in the northern open ocean area of the Greenland Sea, on about 120 mgC/m?®/day
for the thirteen years of observations.

What are the potential lessons learned for the bigger picture?

Firstly, even though an effect of the Arctic sea ice decrease may not be directly seen in the time
series of the Greenland phytoplankton, it nevertheless appears through the stabilization of water
column. In the summer months, the phytoplankton are concentrated in the upper ocean layer and are
not limited by the light availability. The concentration of nutrients in the upper ocean layer of these
polar latitudes will determine the threshold until which PP will increase in the future, given that the
environmental changes in the Arctic Ocean will continue. A detailed picture of the nutrient estimates in
the Arctic are still fragmented, and on a large scale relies on climatologies composed of episodic data
from different years, which hinders the forecast of the future PP estimates.

Secondly, we have showed that for the Arctic region it is recommended to use a regional PP model,
with the regional model corresponding better to in-situ data than the most commonly used global
models.

Finally, the method of modeling PP from available in-situ irradiance, biomass and absorption data
proved to have a great potential. These measurements, which are often acquired for other purposes
such as validation of satellite reflectances, absorption and biomass, could increase the number of data
points for our understanding of the ocean productivity. When combined with direct measurements of

PP, a more complete and accurate estimation of basin-wide PP could be provided.
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The Greenland Sea PP estimates we derived can be used for validation of PP obtained from
biogeochemical models (such as Losch et al., 2008), which are based on the climatology of nutrients.
On a local scale, it would be interesting for marine biologists to thoroughly compare our estimates with

the benthic data to study the part of the carbon cycle which links PP and the carbon stored in sediments.
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