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ABSTRACT

Recent field observations suggest that the radiative forcing of aerosol and clouds in
the Arctic may be seasonally regulated by the oceanic emissions of the climatically-
important biogenic trace gas dimethylsulfide (DMS). However, the validity of the
proposed argument is challenged by the limited spatio-temporal coverage of these
earlier studies in this difficult-to-access region. In particular, little is known about
the pan-Arctic distribution of the oceanic DMS emissions, its temporal variability,
and the impacts of sea-ice biogeochemistry on these emissions. In this dissertation,
I investigated these unexplored subjects through numerical modelling. Using a one-
dimensional (1-D) column modelling framework, I developed a coupled sea ice-ocean
biogeochemical model and assessed the impacts of bottom-ice algae ecosystems on
the underlying pelagic ecosystems and the associated production and emissions of
DMS. The model was calibrated by time-series measurements of snow and melt-pond
depth, ice thickness, bottom-ice and under-ice concentrations of chlorophyll-a and
dimethylsulfoniopropionate (DMSP), and under-ice irradiance obtained on the first-
year landfast sea ice in Resolute Passage during May-June of 2010. Many of the
model parameters for the DMSP and DMS production and removal processes were
derived from recent field measurements in the Arctic, which is advantageous over the
previous Arctic-focused DMS model studies as their model parameters were based
on the measurements in extra-polar regions. The impacts of sea-ice biogeochemistry
on the DMS production in the underlying water column and its potential emissions
into the overlying atmosphere were quantified through sensitivity experiments. To
extend the study domain to the pan-Arctic, I implemented the sea-ice ecosystem and
the coupled sea ice-pelagic DMS cycling components of the 1-D column model into a
three-dimensional (3-D) regional modelling framework. A multi-decadal model sim-
ulation was performed over the period 1969-2015 using realistic atmospheric forcing
and lateral boundary conditions. The results of the simulation were evaluated by
direct comparisons with available data products and reported values based on field
and satellite measurements and other model simulations. The decline of Arctic sea
ice was successfully simulated by the model. The magnitude of the pan-Arctic sea-
ice and pelagic annual primary production and their general spatial patterns were
comparable to other model studies. The mean seasonal cycle and the spatial distri-
bution of the model-based surface seawater DMS climatology within the pan-Arctic

showed some similarities with in situ measurement- and satellite-based climatologies.
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However, at the same time, the comparison of the DMS climatologies was challenged
by the bias in the measurement-based climatology, emphasizing the need to update
this data product, which was created almost a decade ago, by incorporating data
acquired during the recent field campaigns. The analysis of the modelled fluxes of
DMS at the ice-sea and sea-air interfaces revealed different responses to the acceler-
ated decline of sea ice over the recent decades (1996-2015). There was no trend in the
pan-Arctic ice-to-sea DMS flux due to the counteracting effect of vertical thinning
and horizontal shrinking of sea ice that drove ice algal production. In contrast, the
pan-Arctic sea-to-air DMS flux showed a consistent increase (about 40 % over the
last two decades) driven by the reduction of sea ice cover that promoted outgassing
and biological productivity. This finding suggests that the climate warming in the
Arctic causes an increase in DMS emissions, and encourages further exploration of

the biological climate regulation in the Arctic.
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Chapter 1

Introduction

1.1 Background

The Arctic Ocean is the smallest and shallowest of the world’s five oceans; it covers
approximately 4 % of the surface area of the world ocean with an average depth of
about 1200 m (Jakobsson, [2002)). About half of the total area of the Arctic Ocean is
comprised of deep basins centred around the North Pole, while the other half consists
of continental shelves of North America and Eurasia (Jakobsson, 2002). Between
these continents, there are straits that connect the Arctic Ocean to the Pacific and
the Atlantic Oceans.

Perhaps the most prominent feature of the Arctic Ocean is the presence of sea
ice that regulates the exchange of heat, moisture, and gases between the ocean and
the atmosphere, thereby playing an important role in the global climate system and
biogeochemical cycles (Vancoppenolle et all 2013). Sea ice is also an important
habitat for microbial communities that constitute the base of polar marine food webs.
These sea ice habitats include melt ponds, surface ice, interior ice, bottom ice, platelet
ice, and strand communities (Arrigol |2014). Among these habitats, the bottom ice is
typically the most biologically productive area where the ice temperature is relatively
warm and rich in nutrients due to its proximity to the underlying seawater (Arrigo,
2014).

Microalgae that colonize the bottom few centimetres of sea ice are referred to as
ice algae. The seasonal bloom of ice algae precedes that of phytoplankton residing
in the underlying water column, as ice algae are acclimated to low ambient light

conditions (Lavoie et al., [2005). Consequently, ice algae can temporarily dominate



the total (sea ice and pelagic) primary production over phytoplankton in some ice-
covered regions (Gosselin et al., [1997). Furthermore, the earlier onset of the ice algal
bloom affects pelagic and benthic ecosystems (Leu et al.l 2015|) in a variety of ways
including: 1) providing food for pelagic and benthic grazers (Arrigo, 2014)); 2) seeding
pelagic blooms (Michel et al., [1993); 3) reducing the light penetration into the water
column; and 4) drawing down nutrients in the upper water column. Quantifying these
effects through observations, however, is often difficult in practice.

One of the by-products of marine primary production is dimethylsulfoniopropi-
onate (DMSP), which is a soluble sulfur compound stored within cells for maintaining
cell volume. In addition, DMSP is believed to act as a cryoprotectant, reducing the
freezing point of ice algae (Kirst et al., [1991]). DMSP is released from algal cells when
exposed to stress related to large changes in ambient salinity, such as brine rejection
associated with sea ice formation.

Algal production of DMSP has implications for both the global sulfur cycle and
the climate system because the cleavage product of DMSP, dimethylsulfide (DMS),
is the dominant oceanic source of sulfur emitted into the atmosphere (Lovelock et al.,
1972) and consequentially influences the planetary albedo (Shaw), |1983), respectively.
The latter process is possible because the oxidation of DMS in the atmosphere can
lead to the formation of sulfate and sulfuric acid, that can scatter shortwave radiation,
modify the radiative properties of clouds, and, in the case of sulfuric acid, form new
cloud condensation nuclei (von Glasow and Crutzen) |2004)).

The climatic role of DMS received much attention when |Charlson et al. (1987)
hypothesized that increased oceanic DMS emission (as a result of increased produc-
tivity under warmer climate) could counteract climate warming due to increased
planetary albedo (through the chain of processes explained above). This negative
feedback mechanism between marine algae and climate, known as the CLAW hy-
pothesis (named after the initials of the four authors of (Charlson et al., [1987), has
stimulated the scientific community to investigate the possibility of biological regu-
lation of global climate. While the mechanism proposed by the CLAW hypothesis
now appears to be relatively unimportant at global scale (Quinn and Bates, [2011)),
biological regulation of climate is possible in regions where oceanic DMS emission
is sufficiently high and the background concentration of aerosol is sufficiently low
to promote DMS-derived new particle formation (e.g. [Tesdal et al., 2016b). Recent
field observations (Ghahremaninezhad et al., 2016; Willis et al., 2016 Sharma et al.,
2012; Chang et al., 2011a; Rempillo et al., 2011} |Park et al., 2017) indicate that these



conditions can be met in the Arctic. However, the limited spatio-temporal extent of
these observations reduces confidence in generalizing the argument to a pan-Arctic
context.

The spatio-temporal gaps in field measurements can be complemented by nu-
merical modelling. In particular, numerical models can be used to construct a new
climatology of surface seawater DMS concentrations that is free of spatio-temporal
limitations, which is advantageous over the existing measurement-based climatolo-
gies (Kettle et all [1999; Kettle and Andreae, 2000; |[Lana et al. 2011)). Although
climatologies based on numerical models exist (Tesdal et al., [2016a), much focus is
given to their representativeness at global scale. More specifically, these climatologies
are based on numerical models that lack representation of sea ice habitat that can
substantially influence DMS dynamics in the Arctic (Levasseur, 2013; Mungall et al.|
2016)).

Prior to this dissertation, Elliott et al.| (2012) was the only study that incorporated
DMS production within sea ice habitat into a process-based numerical model; their
study showed potential importance of DMS produced in the bottom ice to the pan-
Arctic distribution of surface seawater DMS concentration. However, in their study,
no attempt was made to provide the model-based DMS climatology or assess the
relative contribution of the DMS production within the bottom ice and the upper
water column to the oceanic emissions. Clearly, more research is needed to assess the
implications of sea-ice algal DMS production for oceanic DMS emissions within the
Arctic.

As a result of global warming, the Arctic Ocean has undergone substantial envi-
ronmental changes in recent decades. One of the most striking changes is the decline
of sea ice that has been happening at least since the late 1970s, but even more rapidly
since around the late 1990s (Stroeve et al., 2012b). A straightforward consequence of
the sea ice receding is an enhancement of the oceanic DMS emissions as it removes the
barrier (i.e. sea ice) to air-sea gas exchange (Levasseur, 2013). The magnitude of this
enhancement in the emissions, however, is highly uncertain owing to the complexity
of the DMS dynamics in the Arctic Ocean.

1.2 Objectives

In this dissertation, I investigate the sea-ice and oceanic production and emissions

of DMS, the dominant oceanic and biogenic source of atmospheric sulfur-containing



aerosols, in the Arctic. The specific objectives of the dissertation are as follows:

1. Develop a new process-based numerical model for Arctic sea-ice and pelagic
ecosystems and associated DMS dynamics using a one-dimensional (1-D) mod-

elling framework.

2. Identify key processes and parameters for ice algal production and its impacts

on the underlying pelagic ecosystems.
3. Identify key processes and parameters for modelled DMS dynamics.
4. Assess the impacts of sea-ice biogeochemistry on modelled DMS dynamics.

5. Incorporate the sea-ice biogeochemical model developed within the 1-D frame-

work into a three-dimensional (3-D) regional model.

6. Evaluate the model performance in simulating the decline of Arctic sea ice and
broad spatial patterns of sea-ice and pelagic annual primary production in recent

decades.

7. Compare and contrast the model-based DMS climatology with the observationally-

based climatologies.

8. Examine the impacts of the recent decline of Arctic sea ice on the modelled

DMS fluxes at the ice-sea and sea-air interfaces.

1.3 Outline

This dissertation is primarily composed of four research articles, each of which makes
up an individual chapter. Chapter 2 addresses Objectives 1 and 2, and it has been
published as the peer-reviewed research article Mortenson et al.| (2017). Chapter 3
addresses Objectives 1, 3, and 4, and it has been published as the peer-reviewed
research article [Hayashida et al. (2017)). Chapter 4 addresses Objectives 5 and 6, and
it has been submitted to a peer-reviewed journal for publication. Chapter 5 addresses
Objectives 6, 7, and 8, and it is planned to be submitted to a peer-reviewed journal

for publication. Chapter 6 offers the conclusions of the dissertation.
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Chapter 2

A model-based analysis of physical
and biological controls on ice algal
and pelagic primary production in

Resolute Passage

The following chapter is a manuscript published as:

Mortenson, E., Hayashida, H., Steiner, N., Monahan, A., Blais, M., Gale, M., Galindo,
V., Gosselin, M., Hu, X., Lavoie, D., and Mundy, C-J. (2017): A model-based analy-
sis of physical and biological controls on ice algal and pelagic primary production in
Resolute Passage, Elementa, https://doi.org/10.1525/elementa.229

The manuscript is repeated here with some adjustments to fit the format of the

dissertation.

2.1 Abstract

A coupled 1-D sea ice-ocean physical-biogeochemical model was developed to inves-
tigate the processes governing ice algal and phytoplankton blooms in the seasonally
ice-covered Arctic Ocean. The 1-D column is representative of one grid cell in 3-D
model applications and provides a tool for parameterization development. The model

was applied to Resolute Passage in the Canadian Arctic Archipelago and assessed with



observations from a field campaign during spring of 2010. The factors considered to
limit the growth of simulated ice algae and phytoplankton were light, nutrients, and
in the case of ice algae, ice melt. In addition to the standard simulation, several
model experiments were conducted to determine the sensitivity of the simulated ice
algal bloom to parameterizations of light, mortality, and pre-bloom biomass. Model
results indicated that: (1) ice algae limit subsequent pelagic productivity in the up-
per 10 m by depleting nutrients to limiting levels; (2) light availability and pre-bloom
biomass determine the onset timing of the ice algal bloom; (3) the maximum biomass
is relatively insensitive to the pre-bloom biomass, but is limited by nutrient availabil-
ity; (4) a combination of linear and quadratic parameterizations of mortality rate is
required to adequately simulate the evolution of the ice algal bloom; and (5) a sinking
rate for large detritus greater than a threshold of ~ 10 m d~! effectively strips the
surface waters of the limiting nutrient (silicate) after the ice algal bloom, supporting

the development of a deep chlorophyll maximum.

2.2 Introduction

Satellite records indicate that the minimum annual sea ice extent in the Arctic has
been decreasing by more than 10% per decade since the late 1970s (Vaughan et al.,
2013)), which results in a longer and more widespread open-water season (Barber et al.|
2015). In addition to the loss of sea ice, there has been a general shift in ice type, from
thicker multiyear ice to younger and thinner first-year ice (Lindsay and Schweiger,
2015)). These trends in ice type, cover, and timing have significant consequences for
marine and sea-ice ecosystems and air-sea exchange, as well as broader implications
for global climate. To reproduce recent changes and project future changes of sea ice
related primary production in models, we need to be able to understand the driving
processes and develop adequate model parameterisations. 1-D models are excellent
tools to develop such parameterisations and test the system sensitivity to parameter
variations.

In the Arctic, ice algae live in a relatively sheltered environment concentrated
within the bottom few centimeters of the sea ice (Smith et al. 1990; Galindo et al.|
2014; Brown et al., 2015a)). Ice algal blooms occur at high latitudes where snow
and ice-cover substantially reduce incident light to the bottom of the ice column.
This environment, and the timing of ice algal blooms, suggest that they are shade-
acclimated to low-light conditions (Kirst and Wiencke, |1995). The algae within the



ice can reach very high biomass (exceeding 1000 mg Chl ¢ m~3) that is up to two
orders of magnitude greater than the underlying phytoplankton biomass (Galindo
et al., 2014} |Leu et al., 2015)). Previous observational studies indicate that primary
production by ice algae can make a substantial contribution to the total (sea ice
and pelagic) primary production at various locations in the Arctic Ocean (Legendre
et al., [1992; Gosselin et al., [1997). Ice algae are dependent on the ice as a habitat
and also affect the ice through light absorption and its subsequent conversion to heat,
and through production of extracellular polymeric substances (Riedel et al., [2006;
Krembs et al., 2011)). In addition, the termination of the ice algal bloom translates to
nutrient release to, and possible seeding of, the phytoplankton bloom (Galindo et al.|
2014) in the surface ocean.

One challenge for model studies of Arctic sea ice is that observations from the
field are sparse due to the remote location and harsh environment. As a result, many
parameters required to simulate biogeochemical processes in ice-covered regions are
poorly constrained. In this modeling study, we have been able to take advantage of
observations of ice algal blooms and environmental variables from several recent field
campaigns at one location in order to better understand the processes constraining
the simulation. To address the impact of remaining uncertainties, the modelled ice al-
gal growth can be tested against variations in relevant parameters, with ranges based
on measured or inferred uncertainty. Sensitivity analyses are a common way to assess
the impact of specific processes or parameters on the whole system and evaluate the
variables to which the system is most sensitive. Testing the model’s sensitivity over a
certain parameter range, based on observations, allows for an estimate of the impor-
tance of a given process, compared to others, and identification of parameters that
need to receive focused observational attention to reduce the overall uncertainty of the
system (Steiner et al., [2016). Several 1-D sea ice algal models have been developed
in order to reproduce observations at particular locations (Lavoie et al., 2005; Pogson
et all 2011). Some sensitivity studies (e.g., |Arrigo and Sullivan, [1994)) show that
lowering the ice algal nutrient supply (via a nutrient transport coefficient) can cause
the ice algal ecosystem to become nutrient-limited, and identify a high sensitivity to
the ice algal growth rate. [Jin et al.|(2006) identified a strong correlation between net
primary production of ice algae and the initial nutrient concentration in the water
column. |Steiner et al. (2016 highlighted several components and parameters that
lack either full understanding or observational constraints. Based on these previous

studies, the following parameters were selected for testing in this study: the amount



of algae in the ice during the winter (pre-bloom biomass), photosynthetic efficiency
of the ice algae in low light conditions, the strength of nutrient flushing during the
ice algal bloom period, and the magnitude and form of mortality of the ice algae.
While model studies suggest that ice algal seeding of an ice-associated pelagic bloom
mainly affects the timing rather than the magnitude of the pelagic bloom (Jin et al.
2007; |Tedesco et al., [2012) the link between ice algal and pelagic production remains
an area of uncertainty and that we also address here.

Another challenge for both 1-D and 3-D modelling of sea ice ecosystems is the
treatment of heterogeneous snow cover and how subgrid-scale heterogeneity affects
light penetration to the bottom of the ice. In order to represent a grid cell average,
this heterogeneity needs to be taken into account. Abraham et al|(2015) compared
light penetration through a Rayleigh-distributed snow cover to a uniformly distributed
snow cover, identifying substantial improvement to the grid-cell mean light transmis-
sion compared to observations. Light transmission to the bottom of the sea ice has
been identified as a major problem in simulating ice algal growth, particularly during
the period of snow decline (Arrigo and Sullivan, [1994; Lavoie et al., 2005; Pogson
et al. 2011). In the present study, we test the impact of the newly-developed param-
eterization for light transmission through sea ice (Abraham et al., [2015) on ice algal
growth.

With the broader objective of establishing a set of parameterizations that can be
incorporated into a 3-D regional Arctic model (coupling sea-ice and the ocean along
with associated ecosystems), this study uses a 1-D coupled sea ice-ocean physical-
biogeochemical model to analyze the physical and biological controls on simulated ice
algae and phytoplankton blooms. The analysis contains three distinct components:
1) Investigation of the impacts of subgrid-scale non-uniform snow depth distributions
on the growth of ice algae by applying a new parameterization for light transmission
through sea ice (Abraham et al. [2015]); 2) assessment of the influences of ice algae
on the simulated phytoplankton bloom by coupling and decoupling the sympagic and
pelagic ecosystems; and 3) evaluating the sensitivity of the simulated ice algal bloom
to a set of selected parameters and parameterizations following recommendations by
Steiner et al.[ (2016). The test location for our model study is set in Resolute Passage
in the Canadian Arctic Archipelago, based on the availability of a comparatively rich

observational dataset at this location.
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2.3 Methods

2.3.1 Model description
Physical model

The sea ice component of the coupled sea ice-ocean physical model is the 1-D thermo-
dynamic model of Flato and Brown| (1996) with recent updates from Abraham et al.
(2015). These updates include new parameterizations for the light fields and heat
fluxes through sea ice by accounting for a subgrid-scale snow depth distribution, melt
ponds, and temperature-dependent extinction and transmissivity coefficients (see Ap-
pendix for a synopsis of these updates). These new parameterizations improved the
evolution of the simulated light fields under the landfast ice in Resolute Passage dur-
ing the melt period of 2002 (Abraham et al [2015)). In the present study, some of the
optical parameters of the sea ice model were modified to improve the fit of the simu-
lated results to observations at Resolute Passage. A set of retuned optical parameters
is provided in Table[2.1} Although seasonal changes to the properties of snowfall have
not been included in the present study, the snowfall rate has been varied with time
based on specified precipitation data, by contrast to a prescribed constant rate as in
earlier studies (Flato and Brown|, [1996; |Abraham et al., [2015)).

The physical processes in the water column are simulated by the General Ocean
Turbulence Model (GOTM) of Burchard et al.| (2006). GOTM provides the physical
quantities required for computation of biogeochemical variables in the water column,
such as horizontal velocity fields, turbulent transport, photosynthetically active radia-
tion (PAR), and temperature. Details of model parameterizations for these quantities
are provided on the GOTM website (http://www.gotm.net).

Biogeochemical model

A biogeochemical model representing the lower-trophic level of sea ice and pelagic
ecosystems in the Arctic was developed within the Framework for Aquatic Biogeo-
chemical Models (Bruggeman and Bolding, 2014)) to facilitate the coupling with the
physical model described above. The schematic diagram of the biogeochemical model
is shown in Figure[2.1] The sea ice component of the biogeochemical model simulates
the temporal evolution of four state variables (ice algae, nitrate, ammonium, and
silicate) in the sea ice skeletal layer. The ice algae module is based on [Lavoie et al.

(2005)). It was updated in this study to account for potential algal growth reduction
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Table 2.1: Extinction and transmissivity coefficients, as well as surface albedos used
in this study

Symbol | Quantity Value Reference
Ks,f Extinction coefficient for freezing 14 m~1 Grenfell and Maykut| (1977
snow
Ks,m Extinction coefficient for melting 7.5m™1! Grenfell and Maykut| (1977
snow
K, f Extinction coefficient for freezing sea 1.2 m™! Smith| (1988
ice
Ki,m Extinction coefficient for melting sea 0.8 m~! Light et al.| (2008
ice
Km Extinction coefficient for melt ponds 0.5m~! Abraham et al.| (2015
Kia Extinction coefficient for ice algae 0.017 (mmol N m~3)~! m~1 | [McDonald et al. (2015
Kpd Extinction coefficient for phytoplank- 0.03 (mmol N)~3)~1 m~! Lavoie et al.| (2009
ton and detritus
i0,s,f Transmissivity coefficient for freezing 0.15 Vancoppenolle et al.| (2010
snow
10,s,m Transmissivity coefficient for melting 0.15 Vancoppenolle et al.| (2010
snow
i0,i,f Transmissivity coefficient for freezing 0.5 Lavoie et al.| (2005
sea ice
10,i,m Transmissivity coefficient for melting 0.5 Lavoie et al.| (2005
sea ice
10,m Transmissivity coefficient for melt 0.5 Abraham et al.| (2015
ponds
o, f Surface albedo of freezing snow 0.8 Vancoppenolle et al.| 2010D
Qs,m Surface albedo of melting snow 0.7 Lavoie et al.| (2005
;¢ Surface albedo of freezing sea ice 0.6 Within the range between
lVancoppenolle et al.| (2010
and |Perovich et al.| (2002
Qim Surface albedo of melting sea ice 0.5 Vancoppenolle et al.| (12010])
Qm, Surface albedo of melt ponds 0.3 Light et al.[ (2008)
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due to nitrogen limitation, and separating the dissolved nitrogen pool into nitrate and
ammonium to represent the range of biogeochemical processes within sea ice more
realistically. At any given time, the growth of simulated ice algae is limited by one
of four limiting factors: light, ice melt, silicate, or nitrogen. A limitation index for
each factor is determined as a non-dimensional index that varies between 0 and 1 as
in Lavoie et al| (2005). The ice algal growth rate is then determined by the min-
imum of the four indices multiplied by the temperature-dependent specific growth
rate (Appendix A.1.2).

To study the sympagic-pelagic ecological interactions at the lower trophic levels,
the sea ice biogeochemical model was coupled to a ten-compartment (small and large
phytoplankton, microzooplankton, mesozooplankton, small and large detritus, bio-
genic silica, nitrate, ammonium, and silicate) pelagic biogeochemical model based on
Steiner et al. (2006). This module was updated by including mesozooplankton as a
prognostic variable and by partitioning detritus into small and large size classes. At
the ice-water interface dissolved nutrients are exchanged by molecular diffusion. Ice
algae released into the water column are treated similarly as in the coupled model of
Lavoie et al.| (2009)): sloughed ice algae enter either the large phytoplankton pool in
which they continue to grow or the large detritus pool in which they sink rapidly as
aggregates. The equations and parameters for the coupled biogeochemical model are

provided in Appendix A.1.2.

Experimental design

The 1-D model was applied to simulate ice algae and pelagic primary production
within and under the landfast first-year sea ice in Resolute Passage, at a location
with a water depth of 141 m. Resolute Passage was chosen for the study site be-
cause extensive field research has been conducted in the area (Cota et al. [1987;
Lavoie et al., [2005; Papakyriakou and Miller}, 2011}, |Galindo et al., 2014} Brown et al.,
2015a; (Geilfus et al., 2015)). Specifically, model simulations were conducted for a loca-
tion representative of the Arctic Ice Covered Ecosystem (Arctic-ICE) field campaign
(74.71°N, 95.25°W). This field campaign took place during the spring of 2010 in order
to study the physical and biological processes controlling the timing of ice algae and
under-ice phytoplankton blooms (Mundy et al. [2014)). The model was divided into
10 uniformly-spaced layers for sea ice and 100 layers for the upper 100 m of the water

column. With the ultimate goal of implementing the parameterizations considered
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Figure 2.1: Schematic diagram of the coupled sea ice-ocean biogeochemical model.
Circles represent the model state variables: nitrate (NO3), ammonium (NHy), silicate
(Si), ice algae (IA), small phytoplankton (P1), large phytoplankton (P2), microzoo-
plankton (Z1), mesozooplankton (Z2), small detritus (D1), large detritus (D2), and
biogenic silica (BSi). Sinking variables are bounded by yellow circles. Black and
red arrows represent paths of nitrogen and silicon transfers between the variables,
respectively: photosynthesis (PH), nitrification (NI), diffusive mixing (DI), flushing
(FL), seeding (SE), linear mortality (LM), quadratic mortatlity (QM), remineraliza-
tion (RE), grazing (GR), ingestion (IN), sloppy feeding (SL, for inefficient grazing
that leaves unconsumed but dead prey), and excretion (EX).
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into regional or global ocean circulation models, we do not attempt to resolve small-
scale under-ice processes finer than 1 m. In order to limit the ultimate computational
burden, we compared the 10-layer model to 5- and 2-layer simulations, deciding that
the minor differences (1-2%) in output did not justify curtailing the effort at this
stage.

The model was integrated for 8 months (1 February — 30 September, 2010) with a
timestep of 10 minutes, and forced with Environment Canada’s hourly weather data
(including surface air temperature, zonal and meridional wind speed at 10 m above
the sea surface, surface air pressure, relative humidity, cloud cover, and precipitation)
collected at the Resolute airport, located within 10 km of the study site. Ocean
temperature, salinity, and horizontal velocity fields of the ocean were restored over
the entire water column with restoring timescale of 1 day (temperature and salinity)
and 10 minutes (horizontal velocity) to the output of a 3-D regional model simulation
(NEMO-LIM2) used in Dukhovskoy et al. (2016). We chose to restore the model
in order to tightly constrain the physical water column properties and thus focus
on comparing biogeochemical components of the model. The initial snow and melt
pond depths and ice thickness were set to 5, 0, and 55 cm, respectively. The initial
concentration of ice algae was set to 1.0 mmol N m™ (ca. 3.5 mg Chl a m™3; the
observed range of C:N:Chl a ratios is described in Appendix A.1.2). The initial
concentration of nitrate (silicate) was set to a constant value of 7.2 mmol N m~
(14.7 mmol Si m~?) throughout the bottom ice and the water column, based on
measurements of these nutrients during the Arctic-ICE 2010 field campaign (Mundy
et al., 2014; |Galindo et al., [2014). The initial concentrations of ammonium both in
the sea ice and the water column were assumed to be small (e.g., [Harrison et al.,
1990)), and hence, set to 0.01 mmol N m~3. Similarly, the initial concentrations of all
other pelagic biogeochemical state variables were set to 0.01 mmol N m~3 (mmol Si

m 3 for biogenic silica) throughout the water column.

2.3.2 Observations

Observational data used to evaluate the model results include snow and melt pond
depths, ice thickness, under-ice PAR, and chlorophyll a (Chl a). Measurements of
these variables were conducted during May and June of 2010 as part of the Arctic-
ICE field campaign. Observed snow and melt pond depths, ice thickness, and Chl a

in the bottom 3 cm of sea ice were sampled at various sites of high, medium, and low
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snow covers. The mean value of Chl a is therefore an estimate of the site average, as
presented in|Galindo et al.|(2014), and is comparable to a grid cell average in a regional
or global model. Concentrations of Chl a in the water column were determined by
collecting samples at five depths (2, 5, 10, 25, and 50 m below the sea surface) using 5
L Niskin bottles and following the procedures outlined in |Galindo et al.| (2014). In situ
time series data for daily-mean under-ice (2 m below sea surface) PAR were collected
using two independent tethers moored to the sea ice below high (> 40 cm prior to
snowmelt onset) and low (< 20 cm prior to snowmelt onset) snow cover sites (within 4
— 6 m of the CTD casts). Technical details of these PAR measurements are provided in
Mundy et al.|(2014). In addition to the tether measurements, instantaneous under-ice
PAR was estimated by extrapolating the 20 m depth CTD-based PAR measurement
to the surface following |Frey et al. (2011). Casts of CTD and a biospherical 4 pi
sensor were obtained daily through the main sampling hole within a heated tent on
the sea ice. Details of the CTD-based under-ice PAR estimates are described in [Gale
(2014]).

2.4 Results

Results are divided into three parts based on the types of model simulations con-
ducted. The first subsection evaluates the performance of the standard run. The
second subsection compares the result of the standard run with a simulation that
excludes ice algae. The third subsection provides the results of parameter sensitivity

experiments. Specific setups of these runs are described in each of these subsections.

2.4.1 Model evaluation

The standard run was conducted with the setup outlined in the previous section (Ex-
perimental Design) and by applying the Rayleigh distribution for representing the
subgrid-scale snow depth variability (see Appendix A.1.1). |Abraham et al.| (2015)) in-
dicated a better fit for the Rayleigh distribution than gamma probability distribution
based on observations from the Arctic-ICE 2010 study.

Snow and melt pond depths and ice thickness

In many previous 1-D model studies, the temporal evolution of snow depth was either

prescribed to observed snow depth data (e.g., |Lavoie et al., 2005; |Pogson et al., 2011;
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Palmer et al., 2014) or simulated by prescribing a constant snowfall rate (Flato and
Brownl, (1996} [Abraham et al., 2015). In this study, snow depth was simulated by pre-
scribing a variable snowfall rate based on observed precipitation data. The simulated
and observed time series of snow and melt pond depths are shown in Figure [2.2h.
The simulated snow depth increased occasionally as a result of snowfall events until
the maximum depth (ca. 20 c¢cm) was reached by mid-May. In the standard run,
the simulated snow started melting toward the end of May and completely vanished
within 3 weeks. Snowmelt resulted in the formation of melt ponds which reached
a maximum depth of 5 cm shortly after the snow disappeared. Compared with the
field measurements presented in Figure [2.2h, the timing of melt events was simulated
reasonably with the distributed snow case.

Figure shows the simulated and observed time series of ice thickness. In the
standard run, simulated ice grew gradually to a maximum thickness of about 150 cm
by early June and then started melting following the initial snowmelt. In the stan-
dard case, the distributed snow parameterization allows for snow-free areas, which
allows the ice to start melting before all the snow has disappeared. The simulated
ice vanished completely in early July after which the sea surface remained ice-free
until late September. The simulated ice thickness agreed well with the observations
throughout the sampling period (Figure[2.2b), whereas the ice break up in the simu-
lation occurred a week earlier than in the observations (Galindo et al., 2014). This
difference may be due to dynamic processes (e.g., wind-driven ridging and rafting)

which are not accounted for in our 1-D model.

Surface area fractions and under-ice PAR

Simulation of the light penetration through snow and sea ice is crucial for simulating
a reasonable ice algal bloom, as the initial phase of the bloom is typically limited
by light (Gosselin et all [1990; |[Lavoie et al., 2005; Leu et al. 2015). During the
melt period, surface area fractions of simulated snow, melt ponds, and bare ice un-
dergo changes that affect the amount of light reaching the ice base as indicated in
Figure 2.3l In the standard simulation, the surface of the simulated ice was fully
snow-covered prior to the snowmelt onset. Consequently, the simulated daily-mean
under-ice PAR during this period was less than 1 pmol photons m~2 s~!. This is
lower than either of the tether measurements, but in good agreement with most of

the CTD-based estimates. In the model, about 10% of the snow surface was replaced
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Figure 2.2: Simulated and observed snow depth, melt-pond depth, and ice thickness.
Time series of (a) simulated daily-mean snow (solid line) and melt pond (dashed line)
depths, observed snow /melt pond depth (circles), and (b) simulated daily-mean (line)
and observed (circles) ice thickness. Circles represent the site-average values with one
standard deviations indicated by vertical bars.
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with melt ponds due to snowmelt during the first week of June, resulting in an in-
crease of the daily-mean under-ice PAR to more than 1 gmol photons m~2 s~!. This
is comparable to the tether measurements at the high snow cover station, as well
as to the CTD-based estimates. By June 9, the surface area coverage of simulated
melt ponds increased to 30% (the maximum value prescribed by the model). Further
loss of simulated snow resulted in emergence of bare ice, which covered 70% of the
ice surface following the snow disappearance. The pulsed effect in melt pond area
in mid-June (Figure ) reflects daily signals associated with daytime melting and
overnight freezing (producing bare ice). The simulated under-ice PAR during this pe-
riod exceeded 10 gmol photons m~2 s~ (Figure ), which is comparable to both the
tether and the CTD-based observations. As expected, the simulated gridbox-mean
under-ice PAR was quantitatively closer to the CTD-based (site-average) estimates
than the tether (point) measurements. Furthermore, the standard simulation suc-
cessfully reproduced the smooth seasonal transition of under-ice PAR that is evident

in the tether measurements during the melt period.

Sea ice ecosystem

Figure shows the simulated time series of sea ice ecosystem variables. The stan-
dard run simulated an ice algal bloom that is comparable to the observations in terms
of both the magnitude and timing of the bloom (Figure ) In the following, we
discuss the dynamics of simulated sea ice ecosystem by partitioning the bloom into
growth and decline phases.

The growth phase of simulated ice algal bloom lasted from late March to mid-
May, while the bloom decline phase is from mid-May to late June. During the growth
phase of the ice algal bloom, the simulated ice algal biomass in the standard run
increased to 1050 mg Chl ¢ m™ (Figure ) This is within the range of observed
values during peak ice algal biomass (800 — 1300 mg Chl ¢ m~ |Galindo et al.
2014). Note that this wide range in the observed peak is due to sampling over
different snow depth conditions, and that the modelled value falls near the center of
the observed range. Until the end of April, simulated concentrations of nitrate and
silicate in the ice decreased rapidly due to uptake by ice algae, while the simulated
ammonium concentration increased as a result of remineralization of dead ice algal
cells (Figure 2.4p). During this time, the ice algal growth rate declined slightly

even though nutrients are not yet limiting, likely due to the quadratic term in the
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Figure 2.3: Simulated snow, melt-pond depth, and bare ice area, and simulated and
observed PAR. Time series of (a) surface area fraction of simulated snow (red), melt
ponds (green), and bare ice (blue) and (b) simulated daily-mean (line) and observed
(circles) under-ice PAR during the Arctic-ICE 2010 study period. In (b), the units
for the simulated PAR values were converted from W m~2 to pumol photons m=2 s}
by a conversion factor of 4.56 following Lavoie et al. (2005)). Vertical bars associated
with the solid line represent the diurnal range of simulated under-ice PAR. Red and
blue circles represent the daily-mean values measured using tethers deployed over
high (HSC) and low (LSC) snow cover sites, respectively. Yellow circles are the

instantaneous values based on CTD casts (CTD).
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parameterization of mortality. Consequently, both nitrate and silicate concentrations
recovered slightly until they were drawn down further by ice algae during the bloom
peak in mid-May. The ice algal growth was generally light-limited during the growth
phase (Figure ), except for a day in the beginning of May when the nitrate
concentration reached about 0.5 mmol m~? (Figure 2.4b).

At the peak of the ice algal bloom, simulated nutrient concentrations became ex-
tremely low, nearly 0 mmol m~2 for nitrate and ammonium and 1 mmol m~3 for
silicate (Figure ) Consequently, the ice algal growth became nitrogen-limited
following the peak (Figure 2.4c), and remained so until the end of the bloom in late
June (Figure ) The simulated range of nitrate concentration (0 — 8 mmol m~3;
Figure [2.4b) matches the observed range reported in [Galindo et al| (2014). By con-
trast, the simulated range of ammonium concentration (0 —0.05 mmol N m~3) is much
smaller than the range typically observed in the bottom ice (e.g., Vancoppenolle et al.|
2013). This discrepancy is most likely due to the fact that much of the ammonium
found in the bottom ice is trapped in the ice matrix and therefore not accessible to
ice algae residing in the brine phase of the ice (Vancoppenolle et al.. 2013). The
model simulates the remaining fraction of ammonium available for ice algae which
is low in abundance due to rapid turnover of ammonium by production and removal
processes. Figure presents the time series of depth-integrated production rates
by simulated ice algae and phytoplankton (i.e., sum of P1 and P2). The production
rate of simulated ice algae was around 0.1 ¢ C m~2 d~! during the bloom peak in
mid-May. The time-integrated production by ice algae and phytoplankton over the

simulation period was about 4 and 60 g C m~2

, respectively. Hence, the primary
production by simulated ice algae accounted for 6% of the entire sea ice and water
column primary production. This fraction is within the range of the observational
and model estimates for first-year Arctic sea ice (2 — 33%; [Legendre et al., [1992;

Gosselin et al., |1997; Lavoie et al., |2009).

Pelagic ecosystem

Figure [2.5| shows the comparison of simulated and observed time series of chlorophyll
a concentrations in the upper 80 m of the water column. In mid-June, the model
simulated an under-ice phytoplankton bloom in the upper 10 m of the water column
(Figure [2.5p). This bloom was dominated by large phytoplankton (Figure [2.1p),

and reached a peak concentration of 13 mg Chl ¢ m™3 in late June. The timing,
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Figure 2.4: Simulated and observed ice algal biomass, nutrients, growth limitations,
and simulated sympagic and pelagic production. Time series of (a) simulated (line)
and observed (circles) Chl a concentrations in the bottom 3 cm of the sea ice, (b)
simulated nitrate (solid black), ammonium (dashed black) and silicate (red) concen-
trations in the bottom 3 cm of sea ice, (c¢) simulated daily-mean growth limitation
index for light (yellow), nitrogen (black), silicate (red), and ice melting (green), and
(d) primary production rates of simulated ice algae (solid line) and phytoplankton
(dashed line). In (a), circles represent the site-average values with one standard
deviations indicated by vertical bars.
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magnitude, and vertical extent of the simulated under-ice phytoplankton bloom are
consistent with the observed bloom (Figure ), which was also dominated by large
cells (Mundy et al., [2014)). The simulated bloom migrated downward and formed
a subsurface chlorophyll maximum of 18 mg Chl ¢ m™ at 15 — 40 m between late
June and early July. During the ice-free period, increased light penetration allowed
the deepening of the simulated subsurface chlorophyll maximum to a depth of 75 m
where it maintained fairly high concentrations (>6 mg Chl ¢ m™3) until the end of
August. The formation and subsequent deepening of a deep chlorophyll-maximum is a
typical feature in the Arctic where surface nutrient concentrations are low in summer
(the chlorophyll maximum typically follows the nitricline). No direct observations are
available for this particular time period near Resolute to evaluate the deepening of
the subsurface chlorophyll maximum simulated by the model. However, observations
taken during the last decade in the Beaufort Sea and Canadian Archipelago show
the subsurface chlorophyll maxima with depths ranging from 35 and close to 100 m
depending on time and location measured (Tremblay et al., 2008} Carmack et al.|
2010; McLaughlin and Carmack], [2010; Carmack and McLaughlin, 2011]) which is also
represented in model results (Steiner et al., [2015). The chlorophyll maximum in the
Chukchi Sea tends to be much shallower (Brown et al., 2015b), while the deepest
maxima have been observed in the Beaufort Sea. A maximum depth of 75 m for the
deep chlorophyll maximum in the Canadian Arctic Archipelago is within the range of
observations. Daily production rates corresponding to the under-ice phytoplankton
bloom (1.2 g C m~2 d~') and the subsurface chlorophyll maximum (up to 1.6 g C m~2
d™') simulated by the model (Figure ) are comparable to the observed rates in
Resolute Passage (1.1 g C m™2 d~!; Mundy et al., 2014) and in the Beaufort Sea (1.4
g C m~2 d~!; Mundy et al., [2009), respectively.

Figure [2.6p-c illustrates the temporal evolution of simulated dissolved nutrients
in the upper 80 m of the water column. Prior to the development of the under-
ice phytoplankton bloom in mid-June (Figure [2.5h), the concentrations of simulated
nitrate (Figure [2.6h) and silicate in the upper 15 m (Figure [2.6¢) were reduced as a
result of uptake by ice algae. In contrast to nitrate and silicate, simulated ammonium
concentrations increased slightly below the nitracline due to the remineralization of
dead ice algal cells released into the water column (Figure 2.6b). In late June, these
nutrients were drawn down by large phytoplankton, and decreased to < 1 mmol
m~? (nitrate; Figure 2.6R), < 0.04 mmol m~3 (ammonium; Figure 2.6b), and < 4
mmol m~3 (silicate; Figure ) in the upper 10 m of the water column. These
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simulated nitrate and silicate concentrations are close to the values (0.2 mmol m™>
for nitrate+nitrite and 2.8 mmol m~3 for silicate) reported at the end of the sampling
period (21 June) in Resolute Passage (Mundy et al.; 2014). The simulated nutrient
concentrations remained below these levels until the end of the simulation period
(Figure —c) because large detritus, which consists of dead cells of ice algae and
large phytoplankton and fecal pellets, sinks quickly (50 m d~!, following Lavoie et al.,
2009) into the deeper water column before they could be remineralized in the upper
water column. The rapid sinking of large detritus resulted in the accumulation of
ammonium at depth below the nitracline from late June onwards (Figure 2.6b).

To demonstrate that the ice algal uptake and the nutrient removal in the water
column are balanced in the model, the time series of depth-integrated (3 cm) cumu-
lative nitrate uptake by ice algae is displayed with the depth-integrated cumulative
nitrate drawdown and total uptake by phytoplankton in the upper 80 m of the water
column (Figure ) Clearly, the total amount of nitrate consumed by ice algae
is equivalent to the amount removed from the water column until the onset of the
pelagic bloom in mid-June. The result demonstrates an important role of ice algae
in reducing nutrient availability in the upper water column. This important aspect
of sympagic-pelagic ecological coupling will be examined further in a later section.
The decreasing trend of simulated nitrate in the water column during May and June
(Figure [2.6p) is generally in good agreement with the observed nitrogen time series

in the ice and underlying water column as reported in (Galindo et al.| (2014).

2.4.2 Sympagic-pelagic ecosystem coupling

In order to assess the impact of the simulated ice algal bloom on the underlying pelagic
ecosystem, we conducted an additional simulation that turned off the ice algal bloom
(referred to as the exclusion run). This scenario was established by setting the initial
biomass of ice algae to zero, while all other aspects are identical to the standard
run. Hence, the difference in the results between the standard and the exclusion runs
represents the impact of ice algae on the pelagic ecosystem.

Figure[2.7|displays the comparison of the two runs in terms of Chl a concentrations
in the upper 50 m of the water column. The differences between the two runs are
most evident in late June, which correspond to the under-ice bloom in the upper 10
m of the water column (Figure [2.7c). Both the timing and magnitude of the bloom

were affected by the presence/absence of ice algae. When ice algae were excluded
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Figure 2.5: Simulated and observed Chl a concentration. Time series of (a) simulated
and (b) observed Chl a concentrations in the upper 80 m of the water column.
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Figure 2.6: Simulated water column concentrations of nutrients and biological uptake
and drawdown of nitrate. Simulated time series of (a) nitrate, (b) ammonium, and (c)
silicate concentrations in the upper 80 m of the water column (depth of entire water
column is 141 m). (d) Simulated time series of cumulative depth-integrated nitrate
uptake and drawdown. In (d), areas filled in red represent the cumulative uptake
by ice algae integrated over the bottom 3 cm of the ice skeletal layer, areas filled in
blue represent the cumulative uptake by phytoplankton (P1 and P2) integrated over
the upper 80 m of the water column, and the black line represents the cumulative
amount of nitrate drawn down from the upper 80 m of the water column. Note that
the sum of the two uptake terms (red+blue) does not balance with the drawdown
during the ice-free period; the mismatch represents the uptake of nitrate entrained
from the layer below 80 m.
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from the simulation (Figure ), the onset of the under-ice bloom was delayed by a
few days. This delay in the bloom onset is due to the lack of seeding by ice algae in
the exclusion run (Chapter 3). Despite the delay in the development of the under-ice
bloom, the exclusion run simulated a higher peak Chl a concentration (a difference of
about 7 mg Chl @ m™®) than the standard run. The enhanced peak in the exclusion
run is due to the absence of nutrient drawdown by ice algae (Figure [2.8), which
implies a concentration difference of about 3 mmol N m~2 in the upper 10 m of the
water column at the onset of the under-ice bloom. (It is not due to the absence of
light-shading by the ice algae, as the pelagic bloom does not begin in the standard
run until after the ice algal bloom has ended.). The effects of ice algae in the pelagic
ecosystem appear to be relatively small below the upper 10 m of the water column,
as there is no substantial difference in either Chl a or nitrate concentrations between

the standard and the exclusion runs.

Sinking rate of large detritus

In the model, large detritus (D2) represents the non-living particulate matter orig-
inating mainly from ice algal and large phytoplankton cells. The simulated large
detritus is assumed to sink at a constant rate (wgo; Appendix A.1.2) which is faster
than the sinking rate of small detritus. In the standard run, a sinking rate of 50 m
d~! was prescribed for large detritus following Lavoie et al.| (2009). However, observa-
tions of this rate span a range of values. (Onodera et al.| (2015|) observed sinking rates
from 37 to more than 85 m d~! for diatoms in the western Arctic Ocean. Higher and
lower rates have also been measured, with sinking rates well over 100 m d~! among
Antarctic ice algal aggregates (Sibert et al., 2010) and near 20 m d~! in lab tests with
the common Arctic ice algae diatom Nitzschia frigida (Aumack and Juhl, 2015).

In this sensitivity analysis, we assessed the simulated phytoplankton response
to a change in the D2 sinking rate. Runs with a slower sinking rate do not show
much difference in the pelagic ecosystem until the sinking rate is lowered below a
threshold of approximately 10 m d~!'. Above this threshold, large detritus is effec-
tively removed from the euphotic layer and transported to depth before it can be
remineralized (Figure and b). Below that threshold, e.g., at wgo = 5 m d7 !, a
secondary sub-surface bloom, comprised of small phytoplankton (P1), forms after the
first bloom (Figure ) This secondary bloom results from an increased supply of

nitrogen. The dissolution rate from biogenic silica is an order of magnitude slower
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Figure 2.9: Phytoplankton in the water column with fast-sinking detritus. Simulated
phytoplankton in the upper 50 m of the water column, with detritus (D2) sinking rate
set at 50 m d~! (a), 15 m d=! (b), and 5 m d~! (c¢). The first bloom is dominated by
large phytoplankton (P2, diatoms) and the later bloom in (c) is dominated by small
phytoplankton (P1, flagellates).

than remineralization of D2 (0.01 d~!, and 0.3 d™ !, respectively, Table S2), and hence

the second bloom does not allow for silicate-dependent large phytoplankton.

2.4.3 Sensitivity analyses for ice algae

Given the influence of simulated ice algae on the underlying pelagic ecosystem, it is
of great interest to investigate the physical and biological controls on the simulated
ice algal bloom (and subsequently on the underlying ecosystem). These controls are
set via parameter values which are often not measured directly, but inferred from ob-

served concentrations that are also not well constrained. Sensitivity analyses focus on
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parameters that represent key uncertainties in the observational record. By varying
each parameter over the range of observed (or estimated if not constrained by obser-
vations) uncertainty and determining which parameters have the strongest impact on
properties of the simulated ice algal bloom, we can identify which observations would
be most beneficial to improve our understanding of the system.

The growth of the ice algal bloom is dependent on both physical and biogeochem-
ical processes. In the simulated ice algal bloom, several key parameters determine the
strength of these influences. In the standard simulation, parameters controlling the
onset, growth, maximum biomass, and bloom termination of the modelled ice algae
have been adjusted to produce good agreement with observations. In this section, key
parameters associated with over-wintering (pre-bloom) ice algal biomass, mortality,
photosynthetic sensitivity, and nutrient limitation, are varied independently in order
to determine the sensitivity of the simulated bloom.

The experiments testing photosynthetic efficiency (not shown) demonstrated that
increasing photosynthetic efficiency does not increase the maximum biomass substan-
tially, because of nutrient limitation. The experiments varying the ratio of intracel-
lular silicate to nitrogen (also not shown) indicated that increasing the intracellular
ratio Si/N ratio by ~ 20% was enough for the ice algal growth to become silicate-

limited instead of nitrogen-limited.

Pre-bloom algal biomass in the ice

In previous modelling, pre-bloom ice algal biomass has been estimated based on
water column measurements during ice formation (Steiner et al., |2016|), or from early
bloom measurements (Lavoie et al. 2005; |Pogson et al., 2011). It is possible that
processes involved in ice formation can preferentially pick up marine particles, such
as algal cells, and ice algal biomass concentrations up to 2 orders of magnitude higher
than the underlying water column have been observed in sea ice in fall and winter
(Rozanska et all 2008; Niemi et al., 2011)).

The year-to-year variability in the amount of ice algae before the bloom may
have a strong effect on the timing of the bloom onset. The timing of the onset of
the simulated ice algal bloom (defined as when biomass exceeds 100 mg Chl @ m™3)
depends on the pre-bloom, or over-wintering, concentration (Figure [2.10p). The pre-
bloom concentration is implemented in the model as a minimum ice algal biomass.

In the standard run, the pre-bloom concentration was set at 1 mmol N m~3 (or 3.533
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mg Chl @ m~3) to match the observed bloom onset. This value is approximately 20%
of the value used in Lavoie et al. (2009)) of 0.5 mg Chl @ m~2 (16.7 mg Chl ¢ m~3,
assuming a 3 cm ice algal layer). This value was set for the more productive Beaufort
Sea, but is an order of magnitude larger than that observed by Niemi et al. (2011)) (0.1
mg Chl @ m~3 for first-year ice in the Beaufort Sea). Because of the large difference
between these estimates of the pre-bloom concentration, the simulation was run with
pre-bloom concentrations at 200%, 150%, 50%, and 10% of the standard value in
order to test the importance of this value for the onset and maximum concentration
of the ice algal bloom. With pre-bloom concentrations of 50% (200%) of the standard
value, the subsequent ice algal blooms are slightly later (earlier), with the biomass
reaching 100 mg Chl ¢ m™3 approximately 4 days later (earlier). It is evident that
a multiplicative change in the pre-bloom biomass results in an additive offset in the
time needed to reach a specified biomass (consistent with exponential growth through
the earlier parts of the bloom).

Modelled ice algal blooms for runs with the pre-bloom ice algal biomass values
an order of magnitude larger or smaller than the standard value (Figure [2.10b) indi-
cate that, at higher pre-bloom biomass, the bloom occurs earlier, but the maximum
biomass is not much greater than in the standard run because the growth is termi-
nated by nutrient limitation. When the pre-bloom ice algal biomass is one-tenth of
that in the standard run, the timing of the bloom onset is delayed and the bloom
levels off (at the time of the maximum biomass in the standard run). This is because
the NOj3 limitation in that time period is approximately 0.2 day™" (not shown). In an
idealized 12 hour day, and no other limitation, the daily averaged minimum limitation
would be half of that (0.1 day™'), which is roughly equal to the grazing rate.

These results are in agreement with those of [Jin et al.| (2006)), who found that
doubling the initial ice algal biomass does not affect the maximum biomass of the
bloom, and results in an onset 3 — 5 days earlier. In addition, |Pogson et al.| (2011))
found that using the observed low initial biomass under high snow cover caused

underestimation of the simulated maximum biomass compared to observations.

Mortality

Mortality rate of marine algae is commonly parameterized as some combination of
linear and quadratic terms. To our knowledge mortality rates have not been directly

measured for ice algae and the contribution of linear and quadratic contributions
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needs to be tested. Here, the mortality rate for ice algae (M; Appendix A.1.2) is

defined as a function of biomass:
M = Miia exp(bm [T]w) + Myia []A] (21)

where b;q, [T)ia, and [I A] represent the temperature sensitivity coefficient, tempera-
ture in the ice skeletal layer, and ice algal biomass, respectively (see the Appendix
for details). my;, represents the rate constant for the temperature-dependent linear
mortality and m;, is the rate constant for the quadratic mortality. The linear term
represents ice algal biomass-independent processes, in which a specified fraction of
the population is lost per unit time. |Lavoie et al.| (2005) defined this term as the
grazing rate on ice algae, and prescribed it at 10% of the growth rate. The quadratic
term represents crowding effects, in that the fraction of biomass lost per unit time
increases with higher biomass. (Although the quadratic formulation is a commonly
used approach to representing the crowding effect of large phytoplankton cells (i.e.,
diatoms) in marine ecosystem models (e.g., [Steiner et al., 2006; |Aumont et al., [2015)),
we do not implement it in the case of small phytoplankton because they do not reach
high enough densities.) Based on model tuning to match observations, my;, and my,
are respectively set to 0.03 d~! and 0.00015 (mmol C m~3)~* d~! in the standard run.
As the simulated bloom grows, the population will have a quasi-exponential growth if
the linear contribution to mortality varies slowly with time, and the biomass is small
enough that the quadratic contribution to mortality is small.

Figure [2.11p presents the standard run along with multiple runs in which the
linear and quadratic mortality parameters have been increased or decreased. As
expected, when both parameters are increased (decreased), the simulated ice algae
has a lower (higher) maximum biomass than the standard run. When the two are
changed in opposite directions, the magnitude of the maximum biomass does not vary
substantially, but the onset timing is earlier or later. In Figure 2.1k, the red box
from Figure [2.11b is enlarged in order to show when the simulated ice algal bloom
crosses the 100 mg Chl @ m™ threshold. With a 25% decrease (increase) to this
parameter, the bloom reaches the 100 mg Chl @ m~ threshold 2 days earlier (later).

Dashed lines correspond to simulations in which the linear and quadratic mortality
parameters have been changed in the same way. These different runs cross the 100 mg
Chl a m~3 threshold at almost the same time, indicating that the bloom onset (when

ice algal biomass is small) is relatively insensitive to the quadratic mortality term.
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Therefore, these two mortality parameters can be adjusted to best fit observations

for the timing of the bloom onset and magnitude of maximum biomass.

2.5 Discussion

The recent model study by |Abraham et al.| (2015) showed that grid-cell mean simu-
lations of light and heat fluxes through sea ice could be improved by parameterizing
the subgrid-scale snow depth variability, relative to simulations with spatially uniform
snow depth distribution. These authors pointed out the need to examine biological
responses to this new parameterization. In the first part of the present study, we
investigated the impact of the new parameterization on simulated ice algae. The
results indicate an improvement in simulating the ice algal bloom especially during
the melt period, owing to an improvement in simulating the gradual increase in light
availability to the ice algae. However, in this study, we are unable to further assess
the impact of the new light parameterization on earlier stages of the bloom because
the observed time series of ice algal biomass are confined mostly to the decline phase
of the bloom. Measurements focusing on ice algal biomass during the onset and early
growth of blooms are needed for assessing this impact.

As discussed in |Arrigo (2014), the presence of ice algae affects several important
processes in the underlying water column ecosystem. However, it is logistically dif-
ficult to isolate the contribution of ice algae from that of phytoplankton in terms
of observed nutrient drawdown and biomass production. It is similarly difficult to
observationally assess the seeding of the phytoplankton bloom by ice algae. Hence,
process models become important tools to address questions like: What if ice algae
were excluded from a given environment? In particular, the absence of advective pro-
cesses in 1-D models allows focus on the in situ sympagic-pelagic ecosystem coupling.
The present analysis demonstrated some of the influences of ice algae on the pelagic
ecosystem. The results indicate that both the timing and magnitude of the simulated
under-ice phytoplankton bloom are affected by the presence of ice algae. The timing
of the bloom is affected due to seeding as a result of ice algal flushing, whereas the
magnitude is affected due to the nutrient drawdown by the earlier ice algal bloom.
These impacts of ice algae further influence other important biogeochemical processes,
such as the production of dimethylsulfide (Chapter 3). Previous model studies also
indicated the timing and magnitude of the ice-associated pelagic bloom as an impor-

tant response to ice algal seeding Jin et al. (2007); Tedesco et al. (2012). However
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Jin et al| (2007) highlighted the importance of stratification, suggesting that sudden
mixing events following ice melt would disrupt the ice-associated pelagic bloom. More
quantitative estimates of the effects of ice algae on the underlying ecosystem can be
achieved by conducting simulations (including the exclusion run) in a full 3-D model
using the parameterizations considered in this study. Deal et al. (2011) and |Jin et al.
(2012) 3-D model applications highlight both high regional variability as well as the
seasonal importance of ice algal primary production.

The model applies several simplified assumptions due to lack of observations in
no3

Equation [A.25)) is constant throughout the simulation. However, Harrison et al.

(1990) observed that nitrogen utilization by ice algal communities in Barrow Strait

the ice. For instance, the simulated ice algal nitrogen uptake preference (p'®. in

shifted from a nitrate- to an ammonium-dominated metabolism. In addition, the
nitrification (NH, oxidation to NOj) rate in sea ice is set to a constant rate, but
actually varies with environmental conditions (Fripiat et al., 2014)).

In both the modelled ice and water column, nutrient depletion due to phytoplank-
ton uptake leads to near-zero concentrations of the limiting nutrient. Observations of
post-bloom nutrient concentrations in an area with little horizontal transport could
allow assessment of this result. The influence of horizontal advection on the nutrient
drawdown below the ice could be assessed in 3-D model simulations.

The model results indicate that a combination of linear and quadratic mortality
terms is required to adequately represent the development and decline of the ice algal
bloom. The application of a quadratic mortality term implies a larger specific mor-
tality at higher ice algal concentrations, representing lysis due to viral infection and
other overcrowding processes that occur at higher ice algal concentrations. Additional
field observations during the height of the bloom could help to constrain this term.

In the standard simulation, the growth of ice algae was initially limited by light,
and then by nutrients (nitrate) during the peak and the decline of the bloom, which
is consistent with the findings of previous studies (Mundy et al., 2014). The simu-
lated under-ice bloom was similar to the observed bloom in terms of the magnitude,
timing, and the species composition (dominated by diatoms, Galindo et al. (2014)).
During the ice-free period, the simulated under-ice bloom was succeeded by the for-
mation of a subsurface chlorophyll maximum. While this is a common feature in
low-nutrient Arctic waters, observations are lacking for this particular time and loca-
tion. It is possible that high tidal mixing could prevent a deep chlorophyll maximum

from developing in particular regions.
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The parameters were adjusted to this specific dataset (particular year, particular
place). Applications for different years and locations, and subsequent implementation
in a 3-D model, will indicate if some retuning may be necessary. A need for retuning
would hint at processes that are incompletely understood and indicate whether further

measurements to constrain the process are required.

2.6 Conclusions

This 1-D study is intended as a step in the development of a 3-D model, one of a
growing number that incorporate biogeochemical processes in order to represent the
sympagic ecosystem and its coupling to the underlying pelagic ecosystem.

In order to establish a set of parameterizations which can be transferred into a
3-D regional Arctic model which couples sea-ice, ocean and associated ecosystems,
this 1-D model study investigates the physical and biological controls on sympagic
and pelagic primary production using observations from Resolute Passage. Results
of the standard simulation, including a snow distribution function allowing for a slow
evolution towards bare ice and melt ponds, were generally in good agreement with
the variability of snow/melt pond depths, ice thickness, under-ice PAR, and bottom-
ice and seawater Chl a observed during the melt season in 2010. The simulated ice
algal and under-ice phytoplankton blooms in the standard run were in reasonable
agreement with the observations in terms of timing and magnitude.

Several findings can be taken from the sensitivity analyses. (1) Ice algal growth
limits subsequent pelagic biomass in the upper water column by removing nutrients
and limiting their availability to the phytoplankton, with a decrease of ~ 50% of the
maximum phytoplankton concentration in the upper 10 m in the standard run relative
to the run without ice algae. (2) Photosynthetic sensitivity and pre-bloom biomass
determine the onset timing of the ice algal bloom. (3) The maximum biomass is
relatively insensitive to the pre-bloom ice algal biomass. (4) A combination of linear
and quadratic parameterizations of mortality rate is required to adequately simulate
the evolution of the ice algal bloom, indicating that processes associated with each
of these functional forms are occurring within the ice algal bloom phase. And (5),
a large detrital (D2) sinking rate greater than a threshold of ~ 10 m d=! effectively
strips the upper water column of the potential to regenerate the limiting nutrient after
the bloom by transporting it to depth. For this scenario a deep chlorophyll maximum

develops, as is characteristic for low nutrient Arctic waters. A D2 sinking rate slower
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than this threshold allows for a subsequent subsurface P1 bloom due to availability of
ammonium (from detrital remineralization) after the initial (P2 dominated) pelagic
bloom.

Measurements needed to better constrain the simulated ice algal bloom include
ice algal concentration in winter, in situ mortality rate, and sinking rates for ice
algal aggregates. This 1-D study is part of two subsequent 1-D studies, implementing
sulfur (dimethyl sulfide, or DMS) and inorganic carbon cycles. The work in all three
of these studies will be used as a basis for the implementation of ice algae, DMS,
and carbon cycles into a 3-D coupled ice-ocean biogeochemical regional model of the

Arctic Ocean.
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Chapter 3

Implications of sea-ice
biogeochemistry for oceanic
production and emissions of
dimethylsulfide in the Arctic

The following chapter is a manuscript published as:

Hayashida, H., Steiner, N., Monahan, A., Galindo, V., Lizotte, M., and Levasseur, M.
(2017): Implications of sea-ice biogeochemistry for oceanic production and emissions

of dimethyl sulfide in the Arctic, Biogeosciences, 14, 3129-3155, https://doi.org/10.5194 /bg-
14-3129-2017

The manuscript is repeated here with some adjustments to fit the format of the

dissertation.

3.1 Abstract

Sea ice represents an additional oceanic source of the climatically active gas dimethyl-
sulfide (DMS) to the Arctic atmosphere. To what extent this source contributes to
the dynamics of summertime Arctic clouds is not known due to scarcity of field
measurements. In this study, we developed a coupled sea ice-ocean ecosystem-sulfur

cycle model to investigate the potential impact of bottom-ice DMS and its precursor
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dimethylsulfoniopropionate (DMSP) on the oceanic production and emissions of DMS
in the Arctic. The results of the 1-D model simulation were compared with field data
collected during May and June of 2010 in Resolute Passage. Our results reproduced
the accumulation of DMS and DMSP in the bottom ice during the development of
an ice algal bloom. The release of these sulfur species took place predominantly dur-
ing the earlier phase of the melt period, resulting in an increase in DMS and DMSP
concentration in the underlying water column prior to the onset of an under-ice phyto-
plankton bloom. Production and removal rates by processes considered in the model
are analyzed to identify the processes dominating the budgets of DMS and DMSP
both in the bottom ice and the underlying water column. When openings in the ice
were taken into account, the simulated sea-air DMS flux during the melt period was
dominated by episodic spikes of up to 8.1 ymol m~2 d~!. Further model simulations
were conducted to assess the effects of the incorporation of sea-ice biogeochemistry
on DMS production and emissions, as well as the sensitivity of our results to changes
of uncertain model parameters of the sea-ice sulfur cycle. The results highlight the
importance of taking into account both the sea-ice sulfur cycle and ecosystem in the
estimates of DMS flux near ice margins and identify key uncertainties in processes

and rates that should be better constrained by new observations.

3.2 Introduction

Dimethylsulfide (DMS) is a volatile biogenic compound that is produced primarily
through ecological interactions in marine microbial food webs (Simd| 2001). Oceanic
emissions of DMS are the largest natural source of sulfur in the atmosphere (Bates
et al, [1992)), thereby playing a crucial role in global sulfur cycling. Oceanic DMS
emissions can play an important role in climate because oxidation products of DMS
produce atmospheric aerosols and cloud condensation nuclei (CCN), therefore con-
tributing to radiative forcing (Shawl, |1983). In 1987, |Charlson et al.| hypothesized that
enhanced oceanic DMS emissions due to global warming could produce a negative
feedback via increased scattering of incoming shortwave radiation by DMS-derived
aerosols and CCN. Although this climate regulation by oceanic DMS emissions has
been suggested to be of minor importance at global scale (Quinn and Bates, 2011),
oceanic DMS emissions could still exert a significant influence on local climate in
certain regions, such as the Arctic (Chang et al., 2011b; Levasseur] 2013).

During the mid-spring and summer (May-August), the Arctic atmosphere becomes
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relatively free of anthropogenic aerosols due to increased wet deposition and decreased
transport from lower latitudes (Croft et al., 2016). At the same time, concentrations
of methanesulfonic acid (MSA), an oxidation product of DMS, have been observed
to increase and peak at various locations north of 70° N (Sharma et al., [2012; Willis
et al., [2016). The cleansing of the summertime Arctic atmosphere and the emergence
of relatively high concentrations of MSA point towards oceanic DMS as the driver for
the formation and growth of new particles (Sharma et al., 2012; |Leaitch et al., 2013),
along with other important biogenic sources of CCN, such as microgels (Orellana
et al., [2011; Tjernstrom et al., 2014). Simultaneous measurements of sea surface
and atmospheric DMS concentrations provide further evidence linking new particle
formation events to oceanic DMS emissions (Chang et al., 2011b; Rempillo et al.|
2011)).

In addition to DMS produced within the water column, the presence of sea ice
provides an additional source of oceanic DMS in the Arctic that can make a transient
but potentially important contribution to the formation of sulfur-containing aerosols
and clouds during the melt period (Levasseur et al., (1994} [Levasseur}, 2013; Mungall
et al., [2016). Especially during spring (April-June), DMS and its precursor dimethyl-
sulfoniopropionate (DMSP) can reach very high concentrations in the bottom layer
of Arctic sea ice throughout the development of the ice algal bloom (Levasseur et al.|
1994). Measurements of DMS and DMSP reveal concentrations in the bottom ice
that are often 1 to 3 orders of magnitude larger than in the water column (Levasseur
et al., [1994; |Uzukaj, 2003; Levasseur, [2013; |Galindo et al., 2014, 2015). How much
of this ice-related DMS eventually reaches the atmosphere is not known, but mech-
anisms have been suggested by which the DMS produced in the bottom ice supplies
pulses of DMS into the pristine Arctic atmosphere during spring and therefore con-
tributes significantly to the formation of new clouds in the Arctic (Levasseur et al.,
1994). However, it is difficult in practice to measure the sea-air flux of DMS origi-
nating from the bottom ice alone and therefore to quantify the contribution of that
flux relative to DMS produced within the water column. Process models can aid the
understanding of the relevance of specific processes to the Arctic marine sulfur cycle
as well as their likely spatio-temporal variability. To the best of our knowledge, only
one previous study has incorporated the sea-ice sulfur cycle in model simulations (El-
liott et al., 2012)). This earlier study demonstrated that the DMS production in the
bottom ice can supply a significant amount of DMS (exceeding 10 nmol L™') to the

upper mixed layer at many locations in the Arctic Ocean. However, the importance
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of the bottom-ice source relative to the production in the underlying water column
was not assessed in this previous study, nor was an attempt made to provide the
potential emissions to the atmosphere.

In the present study, we test the hypothesis that DMS and DMSP produced in the
bottom ice can make a substantial contribution to marine production and emissions
of DMS in the Arctic by developing a sulfur cycle module for the bottom ice and
underlying water column. This module was embedded into a coupled sea ice-ocean
ecosystem model to conduct various simulations which were compared to observations

within landfast first-year ice in Resolute Passage during 2010.

3.3 Model description and experimental design

A sulfur cycle module for the bottom ice and the water column was developed and
embedded into an existing coupled sea ice-ocean ecosystem model. The resulting
coupled model was applied in a one-dimensional (1-D) configuration to conduct sim-
ulations of DMS and DMSP dynamics within and under the bottom layer of landfast
first-year ice in Resolute Passage during 2010.

3.3.1 Ecosystem model

The coupled sea ice-ocean ecosystem model is described and evaluated in Chapter
2. In this earlier study, the model was used to study the physical and biological
controls on the ice algal and under-ice phytoplankton blooms observed in Resolute
Passage during the spring of 2010. The sea-ice component of the model is based on
Lavoie et al. (2005) and consists of four prognostic variables including nitrate, am-
monium, silicate, and ice algae. The model simulates the growth and decline of ice
algae in the bottom layer of the sea ice, as well as the release of ice algae into the
water column during the melt period. The oceanic component of the model is a ten-
compartment (nitrate, ammonium, silicate, small and large phytoplankton, small and
large zooplankton, small and large detritus, and particulate silica) lower-trophic level
ecosystem model derived from |Steiner et al. (2006). In the uppermost layer of the
water column, the ocean ecosystem model is coupled to the sea-ice ecosystem model
to represent the diffusive exchange of nutrients at the ice-water interface, as well as
the release of living and dead ice algae into the water column as large phytoplankton

and large detritus, respectively. The ecosystem dynamics are driven by physical pro-
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cesses which are computed by a coupled sea ice-ocean physical model. The oceanic
component of this model is the General Ocean Turbulence Model (GOTM), a public
domain 1-D water column model (Burchard et al., 1999, 2006). Horizontal velocity
fields, turbulent transports, photosynthetically active radiation (PAR), temperature,
and salinity in the water column are simulated by GOTM and are provided for simu-
lation of pelagic ecosystem and sulfur cycle dynamics. The sea-ice component is based
on the 1-D thermodynamic model developed by [Flato and Brown! (1996)), which con-
sists of a single layer of snow and multi-layers of ice. In the present version, the model
considers non-uniform snow thickness distributions and melt ponds, which improved
the simulation of light fields under snow and sea ice (Abraham et al.) 2015). Ice
growth /melting rate, melt-pond areal fraction, and basal ice temperature are simu-
lated by the sea ice model and are provided for simulation of bottom-ice ecosystem

and sulfur cycle dynamics.

3.3.2 Sulfur cycle module

The ocean can be seen as an infinite reservoir of sulfur for the atmosphere, although
its contribution to the atmospheric sulfur budget depends on how much of this reser-
voir can be converted into the volatile compound DMS. The structural design of the
coupled sea ice-ocean sulfur cycle module developed in the present study was inspired
mainly by two previous marine sulfur cycle models (Archer et al., |2004; Steiner and
Denman) 2008). It should be emphasized that the sulfur cycle represented in this
and earlier studies considers the cycling between DMSP and DMS only, and does not
conserve total sulfur. However, total sulfur conservation is not a requirement because
sulfur is not a limiting nutrient for primary producers and sea-air fluxes only depend
on the concentration of DMS. Figure|3.1|shows the variables and processes represented
in the model that are deemed most relevant for the production and removal of DMSP
and DMS in the bottom ice and water column. DMSP in particulate (DMSPp) and
dissolved (DMSPd) phases are simulated separately as they have distinct physical
properties and ecological roles in sulfur cycling. For example, DMSPp released from
the bottom ice is expected to sink quickly through the water column, whereas DM-
SPd likely remains in the under-ice meltwater lens upon its release from the bottom
ice (Elliott et al.l 2012; Galindo et al., 2014} [2015). Furthermore, only DMSPd can
be assimilated by bacteria to produce DMS (Stefels et al., 2007). In the model, DM-
SPp is simulated diagnostically by assuming a fixed intracellular DMSP:Chlorophyll
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a (Chl a) ratio for each of the simulated algal groups, while DMSPd and DMS are
simulated prognostically. DMSPd is produced by cell lysis and exudation, and in the
water column, by sloppy feeding, while it is removed by bacterial consumption and
free DMSP-lyase. DMS is produced by bacterial DMSPd-to-DMS conversion and free
DMSP-lyase, while it is removed by bacterial consumption, photolysis, and in open
water conditions, by sea-to-air flux. Due to the absence of rate measurements within
sea ice, most of the parameters prescribed for these simulated processes are taken
from limited water column measurements (see Appendix A.2.1 for details). In the
water column, all sulfur species are mixed between model layers with eddy diffusiv-
ities computed by the ocean physical model. At the ice-water interface, the sulfur
species are coupled one way through the release of DMSP-containing ice algae, DM-
SPd, and DMS from the bottom ice into the uppermost layer of the water column.
The concentrations of simulated sulfur species are computed at each model layer by
a system of differential equations representing the budgets of these species, with pa-
rameterized expressions for the processes discussed above. A detailed description of
the sulfur cycle module is presented in Appendix A.2.1. A detailed discussion of ne-
glected physical and biogeochemical processes that may potentially be important to
the sulfur cycle is presented in Section [3.4.3]

3.3.3 Study site

The focus of this study is landfast first-year ice in Resolute Passage, Nunavut, Canada.
This site was chosen because of the availability of extensive datasets from previous
field studies on ice-associated ecosystems and biogeochemistry (e.g.|Smith) [1988; Lev-
asseur et all (1994; Lavoie et al. [2005; Michel et al. [2006; Mundy et al., 2014), in-
cluding time series of sea-ice DMSP measurements (Galindo et al., 2014} see below).
Furthermore, situated in the central Canadian Arctic Archipelago, Resolute Passage
is representative of Arctic continental shelves which constitute more than 50 % of the
total area of the Arctic Ocean (Jakobsson et al., 2003)) and represent more than 80 %
of the total primary production of the Arctic Ocean (Sakshaug, 2004). The landfast
first-year ice found in Resolute Passage can reach a thickness of more than 2 m (e.g.
Flato and Brownl, (1996)) and typically remains in the region until July (e.g. |Galindo
et al., 2014).

During May and June of 2010, measurements of DMSPp and DMSPd within and

under the sea ice in Resolute Passage were carried out as part of a time-series ice
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Figure 3.1: Schematic of the sea-ice and water column components of the sulfur cycle
module. Variables in blue (yellow) are simulated prognostically (diagnostically), while
the variables in red are not simulated but the relevant processes are parameterized.
Variables in green are simulated prognostically by the ecosystem model. Arrows
represent the physical and biogeochemical fluxes parameterized in the module.
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study called the Arctic Ice-Covered-Ecosystem (Arctic-ICE) project (Galindo et al.)
2014). As the sampling was done at a single location, it was deemed ideal to test
our 1-D model for this Arctic-ICE 2010 study. Data from this field campaign were
used to calibrate the parameters of the sulfur cycle module and evaluate the results

of model simulations.

3.3.4 Model setup

The model developed in this study was applied to the study site of the Arctic-ICE 2010
field campaign (74°42.6’ N and 95°15” W;|Galindo et al., 2014]). The vertical domain of
the model was divided into 10 uniformly spaced layers for the sea ice and 100 uniformly
spaced layers for the upper 100 m of the water column (the actual depth of the water
column of the study site was 141 m; Galindo et al., 2014)). The model was integrated
with a time step of 10 minutes from 1 February to 6 July, 2010. At the surface,
the model was forced with Environment Canada’s hourly weather data (including
surface 2-m air temperature, zonal and meridional wind speed at 10 m above the
sea surface, surface air pressure, relative humidity, cloud cover, and precipitation;
http://climate.weather.gc.ca/) collected at Resolute airport, which is located within 7
km of the study site. A meteorological station deployed at the study site only provided
limited coverage (May and June) and a limited set of variables (air temperature and
irradiance), however, 2 m air temperature measured at the airport (Fig. S1) compares
well with the time series collected at the meteorological station (Fig. 2a of Mundy
et al. 2014)). Simulated temperature, salinity, and horizontal velocity fields were
restored over the entire water column to the output of a simulation from a coupled
3-D regional sea ice-ocean circulation model (NEMO-LIM2; |Dukhovskoy et al., 2016,
and references therein) with restoring timescales of 1 day for temperature and salinity,
and 10 minutes for horizontal velocity fields. Initial snow and melt pond depths and
ice thickness set respectively to 5, 0, and 55 cm, result in simulations of these variables
in good agreement with the measurements from the Arctic-ICE 2010 field campaign.
Similarly, to simulate an ice algae bloom comparable to that in the the Arctic-ICE
2010 study, the initial biomass of ice algae was set to 3.5 ug Chl a L=!. Although this
value may seem high, previous studies report a wide range of Chl a concentrations in
young sea ice (0.3-26.8 ug Chl a L) that is often much higher than concentrations
in the water column (e.g. Garrison et al., [1983). The thickness of the bottom-ice

skeletal layer (in which the ecosystem and sulfur processes take place) was set to
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3 cm and matches the vertical sampling resolution of |Galindo et al. (2014). The
initial concentrations of nitrate and silicate in the bottom ice and water column were
respectively set to 7.2 umol N L~ and 14.7 pmol Si L, based on measurements
at the beginning of the Arctic-ICE 2010 field campaign (Mundy et al. [2014). The
initial concentrations of ammonium in the bottom ice and water column, as well as
the remaining ocean ecosystem model variables were set to 0.01 pymol N L' (umol
Si L ™! for particulate silica). The initial concentrations of DMSPd and DMS were
assumed to be small, and were set to 0.1 nmol S L™! in the bottom ice and water

column.

3.3.5 Model experiments

Two types of model simulations were conducted in this study: standard and sen-
sitivity runs. The standard run was designed to simulate the observed variability
of physical and biogeochemical variables during the Arctic-ICE 2010 field campaign.
Specifically, the performance of the standard run was evaluated by directly comparing
the simulated results with the observed time series of snow and melt pond depths, ice
thickness, Chl a, DMSPp and DMSPd in the bottom ice and upper water column.
The default values of the sulfur cycle model parameters (Table were calibrated
to match the observations, starting from initial guesses based on both previous model
studies and available field measurements in Arctic waters (see Appendix A.2.1).
Three types of sensitivity runs were designed to assess the impact of sea-ice biogeo-
chemistry on the production and emissions of DMS under the ice. The first experiment
evaluated the changes in the simulated under-ice DMSPd and DMS concentrations
due to the presence or absence of sea-ice biogeochemistry. The second experiment
explored the model uncertainty resulting from uncertainties in the parameters of the
sea-ice sulfur cycle. The third experiment quantified the potential sea-air fluxes of
DMS through openings in the ice during the melt period and the relative contributions
of the sea-ice sulfur cycle and ecosystem to those fluxes. Details of the sensitivity

runs are described in Section 3.4.2]



48

3.4 Results and discussions

3.4.1 Standard run
Snow, melt ponds, and sea ice

Figure |3.2a shows the simulated and observed time series of snow and melt pond
depths and ice thickness. It is important to note that our model allows for subgrid-
scale snow depth variability (Abraham et al.. 2015), hence the simulated results are
intended to represent an areal average over the study site (as would be the case
for an individual grid cell in a global or regional model). Because the observations
were taken at multiple locations with different snow depths on most days, the mean
of these observations can be directly compared with the simulated results. During
the winter and spring, the simulated snow depth increased as a result of occasional
snowfall events until it reached about 20 ¢cm in mid-May (black solid line; Fig. [3.2h).
Simulated snow started melting at the end of May, and had disappeared completely
by mid-June. The simulated snow depth is close to the observed site-average snow
depth (black dots; Fig. [3.2h). The resulting melt water from the simulated snow
contributed to the formation of simulated melt ponds that reached a mean depth of
about 2 cm in late June (black dashed line; Fig. [3.2h). The timing of simulated melt
pond formation is reasonable as melt ponds with similar depths were observed during
the last two days of sampling, as indicated by the negative values in the observed snow
depth range. The simulated ice thickness increased gradually until it reached about
145 c¢m in early June (red line; Fig. [3.2h). Simulated ice melt started shortly after
the initiation of snowmelt and was complete by early July. The observed range of ice
thickness was small indicating its homogeneity over the study site (red vertical bars;
Fig. ), and is comparable to the simulated values. Furthermore, the timing of the
simulated ice disappearance is close to the timing of the ice breakup observed in the
field (mid-July; (Galindo et al., [2014)). This indicates a dominance of thermodynamic

processes which is expected for the region (Flato and Brownl, [1996).

Ice algae and phytoplankton

Figure shows the simulated and observed time series of ice algal biomass in the
bottom 3 cm of the sea ice and phytoplankton biomass averaged over the upper 10 m
of the water column. The simulated ice algal biomass increased gradually from late
March and reached about 1100 ug Chl @ L~! by mid-May (black line; Fig.[3.2b). The
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Figure 3.2: Simulated (lines) and observed (dots and bars) time series of (a) snow
(black solid) and melt pond (black dashed) depths [cm] and ice thickness [cm] (red),
and (b) ice algal biomass [ug Chl a 17!] in the bottom 3 cm ice (black) and phyto-
plankton biomass [ug Chl a 17! averaged over the upper of the 10 m water column
(red) in Resolute Passage during 2010. In (a), the negative values represent the depth
of melt ponds. Also in (a), the observed values show the average (dots) and 1 stan-
dard deviation (vertical bars) of samples collected at three sites of high (>20 cm),
medium (10-20 c¢m), and low (<10 cm) snow cover. In (b), the observed ice algal
biomass shows the average (black dots) and 1 standard deviation (vertical bars) of
samples collected in ice cores under high, medium, and low snow cover sites, while
the observed phytoplankton biomass shows the average (red dots) with 4+ 1 standard
deviation (vertical bars) of samples collected in seawater at 1.5, 2, 5, and 10 m depth.
Note that the biomass for both ice algae and phytoplankton is expressed in terms of
volumetric concentration. Hence, despite high concentrations in the sea ice, they are
confined to a very small vertical range (3 cm) compared to those concentrations in
the upper 10 m of the water column.



50

simulated ice algal biomass did not increase further due to nitrogen limitation and
decreased rapidly due to release into the underlying water column associated with
both flushing and basal melting during the melt period in June (Chapter 2). The
simulated ice algal bloom terminated in late June, about two weeks prior to the sim-
ulated ice breakup (red line; Fig. [3.2h). Both the magnitude and temporal variations
in the simulated ice algal bloom are generally comparable to the observations at the
study site (black dots; Fig. [3.2h).

In the upper 10 m of the water column, the simulated phytoplankton biomass
started increasing in early June and quickly reached a peak of about 11 ug Chl a
L~! in mid-June (red line; Fig. ) This simulated under-ice phytoplankton bloom
was dominated by large cells and terminated due to nitrogen limitation (Chapter
2). These findings are consistent with observations that the bloom was numerically
dominated by centric diatoms and led to the complete use of nitrate and nitrite
(down to about 0.1 gmol L) in the upper 10 m of the water column (Mundy et al.,
2014)). The timing and magnitude of the simulated under-ice phytoplankton bloom are
generally comparable with the observations, except for those increases in the observed
phytoplankton biomass during the first few sampling days in early May and during
four sampling days in early June (red dots; Fig. [3.2b). Based on the bulk salinity
measurements, Galindo et al| (2014)) concluded that brine drainage was occurring
prior to the snowmelt period, although the underlying mechanism for such an early
occurrence is unknown. We speculate that the brine drainage was triggered by surface
warming as seen by the presence of above-freezing air temperature between 15 and
18 May (Galindo et al., 2014). Nevertheless, the first model-observation mismatch
in May was likely due to the release of ice algae by brine drainage, which was not
simulated by our model. By contrast, the second mismatch in early June can not be
explained by brine drainage, as the observed bulk salinity was fairly constant during
this period (Galindo et al., 2014). Since this mismatch occurred during the snowmelt
period, we hypothesize that the model might have underestimated the release due to

flushing.

DMSPp, DMSPd, and DMS concentrations

Figure shows the simulated and observed time series of the bottom-ice (3 c¢m)
DMSPp concentration and the seawater DMSPp concentration averaged over the up-

per 10 m of the water column. The simulated DMSPp concentrations were determined
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Figure 3.3: Simulated (lines) and observed (dots and bars) time series of (a) DMSPp,
(b) DMSPd, and (c) DMS concentrations [nmol L™!] in the bottom 3 cm ice (black)
and averaged over the upper 10 m of the water column (red) in Resolute Passage
during 2010. The observed bottom-ice values show the average (black dots) and
1 standard deviation (vertical bars) of samples collected in ice cores under high,
medium, and low snow cover sites. The observed upper 10 m water column values
show the average (red dots) with + 1 standard deviation (vertical bars) of samples
collected in seawater at 1.5, 2, 5, and 10 m depth.
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by assuming fixed DMSPp-to-Chl a ratios, as the observations in Resolute Passage
showed a strong linear relationship between DMSPp and Chl a concentrations both
in the bottom ice and in the underlying water column (r? = 0.9; Galindo et al., 2014).
In the standard run, these ratios were set to 9.5 nmol S:mg Chl a for ice algae and
large phytoplankton, while the ratio of 100 nmol S:mg Chl a was prescribed for small
phytoplankton (see Appendix A.2.1). Therefore, the temporal variability in simu-
lated DMSPp in the bottom ice was identical to that of simulated ice algal biomass
(black line; Fig.[3.2b). Similarly, in the absence of small phytoplankton, the temporal
pattern of simulated DMSPp in the underlying water column follows closely that of
simulated phytoplankton biomass dominated by large cells (red line; Fig. [3.2b). The
simulated bottom-ice DMSPp concentration reached about 10* nmol L' at the peak
of the simulated ice algal bloom in mid-May (black line; Fig. [3.3n). The observed
bottom-ice DMSPp concentrations were highly variable during this period both spa-
tially (vertical bars associated with black dots on each sampling day; Fig. [3.3p) and
temporally (the range of black dots; Fig. [3.3a). The spatial variability likely reflects
the patchiness of ice algae collected over sites of varying snow cover, while the tem-
poral variability can be related to various stages of the ice algal bloom combined
with the effect of brine drainage as discussed in the previous section. The simulated
bottom-ice DMSPp concentrations were close to the site-average value observed on
day 2, near the lower end of the observed range on day 3, and close to the upper
end of the observed range on days 4, 6, and 7 of the sampling during May (black
dots and associated vertical lines; Fig. 3.3p). During the melt period in June, the
temporal variations in simulated bottom-ice DMSPp concentration closely followed
the observed site-average values sampled on the last four days (black dots; Fig.|3.3n).

In the upper 10 m of the water column, the simulated seawater DMSPp concen-
tration started increasing in June and peaked at about 100 nmol L~! in mid-June
(red line; Fig. |3.3h), coinciding with the simulated under-ice phytoplankton bloom
(red line; Fig.[3.2b). The simulated values were close to the observed values through-
out the sampling period except for days 2-3 and 9-12 (red dots; Fig. [3.3n). These
mismatches are consistent with those found in the under-ice phytoplankton biomass
time series, suggesting that they could be attributed to the lack of brine drainage ef-
fect (days 2-3) and a potentially underestimated effect of flushing in the model (days
9-12).

Figure shows the simulated and observed time series of the bottom-ice DM-

SPd concentration and the seawater DMSPd concentration averaged over the upper
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10 m of the water column. The simulated bottom-ice DMSPd concentrations grad-
ually increased from early April to late May with a peak of about 1800 nmol L™}
(black line; Fig. [3.3p). During the melt period, the simulated bottom-ice DMSPd
concentration decreased gradually and was near zero by late June. The simulated
bottom-ice DMSPd closely followed the observed site-average values except for high
values (about 5000 nmol L.™!) measured during the first three sampling days (black
dots; Fig.[3.3p). Considering that brine drainage had occurred during these sampling
days, it may have promoted the production of DMSPp and its conversion to DMSPd
(and DMS) due to stress, which is not represented adequately in the model.

In the upper 10 m of the water column, the simulated DMSPd concentrations were
near zero until the onset of the simulated under-ice bloom in June (red line; Fig.[3.2b).
By contrast, the observed site-average DMSPd concentrations were above 1 nmol L~}
for four consecutive sampling days (from day 3 to 6) in May (red dots; Fig.[3.3p). This
observed DMSPd increase prior to the melt period is consistent with the observed
increases in under-ice Chl a and DMSPp, suggesting the influence of brine drainage
(red dots on days 2 and 3; Fig. ) These increases in observed Chl a, DMSPp,
and DMSPd in the upper 10 m of the water column gradually ceased and approached
zero by the following sampling days (day 4 for DMSPp, day 5 for Chl a, and day 7 for
DMSPd), which might be explained by a combination of the following two processes.
First, some of ice algal cells and DMSPp released through brine drainage sank quickly
into the water column. This argument is supported by a slight increase in observed
Chl a and DMSPp at depths below 10 m on the following sampling days, and more
prominently, by a larger increase in DMSPd at 50 m depth (ca. 1 nmol L™!), which
might suggest a degradation of DMSPp-containing ice algal cells (Figures 8 of|Galindo
et al., |2014)). The other process contributing to the decreases in Chl a, DMSPp, and
DMSPd in the upper 10 m of the water column could be the degradation of ice algal
cells in the upper layer, which could explain the delay in the decrease in observed
DMSPd relative to the decreases in Chl a and DMSPp.

In late June, the simulated DMSPd concentrations in the upper 10 m of the water
column increased to about 6 nmol L=! near the peak of simulated under-ice bloom
(red line; Fig.[3.2p). This peak in simulated DMSPd was lower than the observed site-
average value (about 11 nmol L) from the second last sampling day. However, this
observed site-average DMSPd value had a large standard deviation because a single
high value (ca. 30 nmol L™!) was measured at 1.5 m depth, while values measured

deeper in the water column were much lower (< 3 nmol L™!). Given this observed
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range, the simulated DMSPd peak is reasonable.

Figure [3.3kc shows the simulated time series of the bottom-ice and the upper 10 m
average of the water column DMS concentrations. The simulated bottom-ice DMS
concentration increased gradually from April and reached about 1600 nmol L~! in late
May (black line; Fig. [3.3¢). The timing of the simulated DMS peak lagged behind
the simulated peaks of DMSPp and DMSPd by about one week. While no DMS
observations were available to directly compare with the simulated DMS for this time
period, the simulated DMS peak is close to the DMS concentration of 2000 nmol L1
measured in the bottom ice in Resolute Passage at the end of the ice algal bloom
in 2012 (Levasseur, |2013). The simulated bottom-ice DMS concentration remained
close to its peak value until the beginning of June, then quickly decreased to near
zero by late June.

In the upper 10 m of the water column, the simulated DMS concentrations in-
creased gradually during early June and sharply during mid-June (red line; Fig. )
A few days after the simulated peaks of DMSPp and DMSPd in the upper water col-
umn, the simulated DMS reached its maximum value of about 9 nmol L~! in late
June. This peak value is within the range of surface seawater DMS concentration
measured in the eastern Canadian Archipelago and Baffin Bay during July and Au-
gust of 2014 (Mungall et al., 2016).

Production and removal rates of DMSPd and DMS

The variability of the simulated DMSPd and DMS concentrations is driven by a range
of physical and biogeochemical processes that are generally not well constrained by
observations. Reporting rates of processes simulated by the model will help interpret
the observed features. Figure shows the individual terms in the production and
removal rates of simulated bottom-ice DMSPd. Prior to mid-May, simulated produc-
tion rates by cell lysis and exudation increased to about 600 nmol L=! d~!, associated
with the simulated ice algal bloom. However, the two rates differed twofold during
the peak of simulated ice algal bloom. The production rate by cell lysis exceeded 1300
nmol L=! d~! as a result of increased ice algal biomass as well as nutrient stress in the
bottom ice. On the other hand, the production rate by exudation remained around
600 nmol L=! d=! because its potential enhancement due to nutrient stress was offset
by reduced primary production. The removal of simulated bottom-ice DMSPd was

dominated by bacterial consumption, while the contributions of free DMSP-lyase and



5}

release from bottom ice were minor. As parameterized in the model, the removal
rate by bacterial consumption varied with the bottom-ice DMSPd concentration, and
peaked at 1800 nmol L' d~! in late May. Simulated removal rates by free DMSP-
lyase were generally low, reaching up to 50 nmol L™ d™!) in late May. This value falls
within the range observed in Antarctic sea ice brine samples (21-62 nmol L= d~!;
Asher et al.,[2011)). Simulated removal rates by release from bottom ice reached about
200 nmol L~! d~! during the melt period. We note that the simulated removal rates
by bacterial consumption and free DMSP-lyase both have the same functional form
(Appendix A.2.1), and therefore the differences in these rates were a straightforward
consequence of choices of parameter values.

Figure shows the production and removal rates of simulated DMSPd in the
uppermost layer (0.5 m below the ice) of the water column. In early June, simu-
lated production rates by release from bottom ice reached about 6 nmol L= d~! and
dominated the under-ice DMSPd budget, as other terms were relatively small due to
low biological activity under the ice. During the simulated under-ice phytoplankton
bloom in mid-June, both cell lysis and exudation made similar contributions (27-28
nmol L~ d™!) to the DMSPd production in the uppermost layer of the water column,
with the peak in cell lysis lagging a few days behind the peak in exudation. Finally,
the simulated DMSPd production rates by sloppy feeding were negligible (< 0.1 nmol
L~! d7') due to low zooplankton biomass during the melt period. No measurements
of zooplankton biomass are available to observationally assess our simulated zoo-
plankton biomass, although a previous study suggests high interannual variability in
zooplankton biomass in Resolute Passage (Michel et al., 2006). The removal of simu-
lated DMSPd in the uppermost layer of the water column was governed by bacterial
consumption, which increased up to 35 nmol L= d~! during the under-ice bloom.
Simulated DMSPd removal rates by bacterial consumption were comparable to the
rates measured under the ice in Resolute Passage during the melt period in 2012 (3
to 44 nmol L' d~!; |Galindo et al., [2015). Simulated DMSPd removal rates by free
DMSP-lyase were negligible (below 1 nmol L™' d=!) in the uppermost layer of the
water column throughout the simulation.

Figure 3.4 shows the production and removal rates of simulated bottom-ice DMS.
The production of simulated bottom-ice DMS was dominated by bacterial DMSPd-
to-DMS conversion, while the production by free DMSP-lyase was considerably less.
The simulated DMS production rates by bacterial conversion were highest (about 350
nmol L~! d7!) during the peak of the ice algal bloom. Simulated DMS production
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rates by free DMSP-lyase increased gradually with the accumulation of DMSPd in the
bottom ice (black line; Fig. [3.3p), but remained below 50 nmol L~! d~! throughout
the simulation. The removal of simulated DMS in the bottom ice was dominated
by bacterial consumption, while photolysis and release from bottom ice became of
comparable importance during the melt period. The simulated DMS removal rate
by bacterial consumption reached about 325 nmol L' d~! during the peak of ice
algal bloom, balancing the DMS production by bacterial conversion. During the melt
period, simulated DMS removal rates by bacterial consumption were reduced due to a
decrease in DMSPd (black line; Fig. [3.3p), while the removal rates by photolysis and
release from bottom ice briefly exceeded 50 nmol L= d~!. The increase in simulated
DMS removal rate by photolysis at the beginning of the melt period was caused by
the increased light penetration through the ice. Despite the continuous melting of
simulated snow and ice and the enhancement in light penetration, the removal rate
by photolysis decreased sharply after its peak in early June due to the decrease in
the bottom-ice DMS concentration (black line; Fig. [3.3¢). In mid-June, the simulated
DMS removal rate by release from bottom ice reached its peak. This peak value was
comparable to the rates by other simulated processes at that time. Asher et al.| (2011])
measured gross DMS consumption rates in brine samples, which includes both rates
of bacterial consumption and photolysis. Their reported values (57-250 nmol L~*
d™1!) are generally comparable to our simulated values, although the peak values are
beyond their reported range.

Figure shows the production and removal rates of simulated DMS in the
uppermost layer of the water column. Similar to the simulated under-ice DMSPd
budget, release from bottom ice dominated (>5 nmol L' d~!) the under-ice DMS
budget prior to the under-ice bloom (early June). During the same time period,
the simulated DMS production rates by bacterial conversion were relatively low (0-1
nmol L~ d~'), which is consistent with the rates of 0-1.1 nmol L™ d~! measured
in Resolute Passage during the initiation of the under-ice bloom in 2012 (Galindo
et al., 2015). With the development of the under-ice boom, the simulated DMS
production rates by bacterial conversion increased quickly and reached a peak of
about 7 nmol L™ d~! in mid-June. Simulated DMS production by free DMSP-lyase
had a negligible contribution (<0.2 nmol L= d~!) throughout the simulation period,
which is consistent with measurements in seawater samples collected under Antarctic
sea ice (Asher et al., 2011). Removal of DMS in the uppermost layer of the water

column was dominated by bacterial consumption which increased up to about 6 nmol
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L~! d~! during the under-ice bloom. DMS removal by photolysis also increased during
the same time period, but was relatively low (about 1 nmol L=! d~!). The combined
removal rates by bacterial consumption and photolysis are comparable to the rate
measured in seawater under Antarctic sea ice (Fig. 3 of |Asher et al., |2011)). Finally,
it is important to note that, in the standard run, the loss of DMS by sea-to-air flux
was prevented by the presence of ice, under the assumption that the surface was fully
ice-covered throughout the simulation period. In Section [3.4.2] we will examine the
effects of interstices in the ice on the simulated sea-to-air flux.

Due to the scarcity of rate measurements in ice-covered regions, it is challenging to
evaluate the rates simulated by our model. Direct comparisons with rates that have
been measured in sea ice brines and under-ice seawater samples (DMS conversion,
bacterial DMSPd/DMS consumption, free DMSP-lyase) indicate that our simulated
rates are in good agreement with the observed rates (Asher et al., 2011; Galindo
et al, 2015)). Certainly, further rate measurements in ice-covered regions will help
build confidence in model-based estimates for production and removal rates of DMSPd
and DMS within and under the sea ice. For simulated processes whose observed rates
are not available, we find that the simulated rates in under-ice seawater (Figures
and d) are of the same order of magnitude as the observed rates in open-water en-
vironment (e.g. |Gall and Simd, 2015), while the simulated rates in the bottom ice
(Figures and c) are a few orders of magnitude higher than those observed rates.
Such results are expected for rates that are dependent on either DMSPd or DMS
concentrations. For example, bacterial consumption rates and photolysis rates are
generally known to follow Michaelis-Menten kinetics (Gali and Simd, 2015|, and refer-
ences therein), whose rates can be represented as a product of some rate constant and
the DMSPd (DMS) concentration. Since all of these rate constants prescribed in our
model are based on field measurements in open water environments (see Appendix
A.2.1), the difference between the simulated rates in the bottom-ice/under-ice envi-
ronment and the observed rates in the open-water environment reflects the difference

in concentration, which differs by orders of magnitude.

3.4.2 Sensitivity runs
Incorporation of sea-ice biogeochemistry

In the standard run, we showed that the release of DMSPd and DMS from bottom
ice dominated the DMSPd and DMS budgets in the underlying water column prior
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Figure 3.4: Simulated time series of daily mean production (red) and removal (blue)
rates [nmol L™ d7'] of (a and b) DMSPd and (¢ and d) DMS (a and c¢) in the
bottom 3 cm of ice and (b and d) in the uppermost layer (0.5 m below the ice) of the
water column. In (a) and (b), the sources for DMSPd are cell lysis (Lysis; solid red),
exudation (Exudation; dashed red), and sloppy feeding (Sloppy; dash-dot red in (b)
only) while its sinks are bacterial DMSPd consumption (Consumption; solid blue)
and free DMSP-lyase (Free; dashed blue). In (c¢) and (d), the sources for DMS are
bacterial DMSPd-to-DMS conversion (Conversion; solid red) and free DMSP-lyase
(Free; dashed red), while its sinks are bacterial DMS consumption (Consumption;
solid blue) and photolysis (Photolysis; dashed blue). Release from the bottom ice
(Release; dotted) is a sink for the bottom-ice DMSPd (a) and DMS (c), while it is a
source for the under-ice DMSPd (b) and DMS (d).
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to the onset of the under-ice phytoplankton bloom (Figs. and ) To evaluate
the changes in the simulated under-ice DMSPd and DMS concentrations due to this
release, we conducted an additional simulation that excluded the sea-ice sulfur cycle
module (NolceSul; Fig. S2b). In other words, DMSPd and DMS in the bottom ice
are not simulated in the NolceSul run, and therefore there is no release of these sulfur
compounds from the bottom ice during the melt period. It should be emphasized,
however, that the sea-ice ecosystem module was still retained in this sensitivity run,
hence the simulated ecosystem dynamics remained unchanged with respect to the
standard run. The difference between the results of the standard and NolceSul runs
(i.e. Standard - NolceSul; Fig. and Table thus represents the effect of the
sea-ice sulfur cycle. As expected, the exclusion of the sea-ice sulfur cycle module
resulted in a decrease in the under-ice DMSPd and DMS concentrations during most
of the melt period (Fig. [3.5). The differences in these concentrations between the
two runs were most evident from 1 June to 25 June, with peak differences of 0.5
(DMSPd) and 2.4 nmol L™ (DMS) during the third week of June. Following 25
June, the concentration differences between the two runs became negligible, as the
release from bottom ice declined toward the end of the melt period (Fig. . Over
the simulation period, the incorporation of the sea-ice sulfur cycle resulted in 6 and
18 % increases in the respective under-ice DMSPd and DMS pools (Table [3.2). The
increase in DMS was much greater than that of DMSPd because the rates of increase
in the under-ice DMS due to the release from bottom ice were relatively high among
the under-ice DMS budget terms. Rates of increase in under-ice DMSPd due to the
release from bottom ice were smaller than the other under-ice DMSPd budget terms.

Besides the sea-ice sulfur cycle, it is possible that the incorporation of the sea-ice
ecosystem itself can have an impact on the under-ice DMSPd and DMS concentrations
(e.g. via changes in the nutrient availability in the surface ocean). To examine this
possibility, we conducted an additional simulation that excluded the entire sea-ice
biogeochemistry module (NolceBge; Fig. S2c¢), in which no release or uptake of any
biogeochemical tracer from sea ice occurs. It is clear from Fig. that the under-ice
DMSPd and DMS concentrations simulated in the NolceBge run are much different
from the results of the NolceSul run, which implies a substantial contribution from the
sea-ice ecosystem. In particular, the under-ice DMSPd and DMS concentrations in the
NolceBgc run were higher than the NolceSul run from late June onward. The higher
peaks in the under-ice DMSPd and DMS concentrations in the NolceBge run were

associated with an under-ice phytoplankton bloom that was greater in magnitude
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than the bloom in the standard or the NolceSul run (Fig. [3.6a). In the standard
run, the presence of ice algae resulted in reduced under-ice nitrate concentrations
due to uptake by the sea-ice ecosystem (Fig. [3.6b). Consequently, the production
rates of DMSPd and DMS associated with the under-ice phytoplankton bloom were
higher, thereby yielding higher DMSPd and DMS concentrations under the ice in the
NolceBgc run.

On the other hand, prior to the under-ice bloom, the under-ice DMSPd and DMS
concentrations were lower in the NolceBgc run than in the standard run, because re-
lease of ice algal cells (Fig. [3.6c) that seed the under-ice bloom was absent (Fig.[3.6a).
Our results therefore suggest that the incorporation of the sea-ice ecosystem promotes
the under-ice DMSPd and DMS production by seeding the under-ice phytoplankton
bloom, while it reduces the overall production by drawing down the available nutri-
ents prior to the bloom. Over the simulation period, the incorporation of the sea-ice
ecosystem resulted in a 16 % decrease in the under-ice DMS concentrations relative
to the NolceBge run (Table . Note that although the shading effect of ice algae
likely contributed to a delay in the under-ice bloom, an earlier onset of the bloom
in the NolceBgc run relative to the standard run (Fig. [3.60) suggests that shading
had less effec on the bloom than seeding. Furthermore, the effect of brine convection
on nutrient dynamics (e.g. [Vancoppenolle et al.| 2010) was not taken into account in
our model, which could further increase the difference between the standard and the
NolceBgc runs.

The results presented here suggest that the incorporation of sea-ice biogeochem-
istry (referring to both sea-ice sulfur cycle and ecosystem) has both direct and indirect
effects on the under-ice DMSPd and DMS production. The direct effect is due to the
incorporation of the sea-ice sulfur cycle, which increases under-ice DMSPd and DMS
concentrations through the release of these sulfur species from the bottom ice. The
indirect effect is due to the incorporation of sea-ice ecosystem which, depending on
the phase of the under-ice phytoplankton bloom, increases or decreases the under-ice
DMSPd and DMS concentrations. Over the simulation period, the incorporation of
the sea-ice biogeochemistry resulted in a slight change (-1 %) in the under-ice DMS
concentrations, as the direct and indirect effects nearly counteracted each other (Ta-
ble . However, the transient increases prior to the under-ice bloom peak (up to
5.6 nmol L™1) could still be a significant source of episodic sea-air flux of DMS. We

will examine the effects of these increases in the under-ice DMS production on the

flux in Section 3.4.2]
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Figure 3.5: Simulated time series of (a) DMSPd and (b) DMS concentration [nmol
L~1] in the uppermost layer (0.5 m below the ice) of the water column during the melt
period in 2010 for the standard run (Standard) and the sensitivity runs that exluded
the sea-ice sulfur cycle (NolceSul) and both the sea-ice sulfur cycle and ecosystem
(NolceBgc). Dashed lines represent the concentration difference between the two runs
of interest. Positive differences represent enhancement in the concentration due to the
incorporation of sea-ice sulfur cycle (Standard - NolceSul), sea-ice ecosystem (Nolce-
Bgc - NolceSul), and both sea-ice sulfur cycle and ecosystem (Standard - NolceBge),
respectively, while negative values represent reduction.
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Figure 3.6: Simulated time series of (a) phytoplankton biomass [ug Chl a L™!] and
(b) nitrate concentration [ymol L™'] in the uppermost layer (0.5 m below the ice)
of the water column during the melt period in 2010 for the standard run (Standard)
and the sensitivity run that exluded both the sea-ice sulfur cycle and ecosystem
(NolceBge). (c) Ice algal flux [mg Chl @ m™2 d~!] entering the large phytoplankton
pool in the uppermost layer of the water column. In (a) and (b), red lines represent the
differences in phytoplankton biomass and nitrate concentration between the standard
and sensitivity runs.
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Parameter uncertainty

The results of the standard run are influenced by the choice of uncertain model pa-
rameters. The model parameters of the sea-ice sulfur cycle are especially poorly
constrained due to the scarcity of rate measurements within sea ice (Stefels et al.|
2012)). Therefore, it is important to report the sensitivity of our model results to
plausible changes in these parameters. We conducted five additional simulations to
examine the respective changes in the simulated DMS concentrations in the bottom
ice and underlying water column due to a doubling of the following five key parame-
ters: intracellular DMSP:Chl a ratio (Case 1), DMS yield (Case 2), and rate constants
for bacterial DMSPd consumption (Case 3), bacterial DMS consumption (Case 4),
and photolysis (Case 5). Note that these parameter changes were applied only to the
sea-ice sulfur cycle and not to the ocean sulfur cycle. We selected these five param-
eters considering that previous model sensitivity studies indicated their importance
to marine sulfur cycle dynamics (Archer et al.; [2004; Steiner and Denman) 2008)).
The intracellular DMSP:Chl a ratio is defined here as the ratio of particulate
DMSP (DMSPp) to Chl a. For sea-ice samples, there are only three studies that
report values of this ratio (Levasseur et all [1994; Bouillon et al., 2002, Galindo
et al., 2014)), while several other studies provide the ratio of total DMSP (DMSPt =
DMSPp + DMSPd) to Chl a (Table B.3)). Our baseline value of 9.5 nmol:ug is taken
directly from the Arctic-ICE study conducted in 2010. This value does not differ
much from that obtained in the following year (9.4 nmol:ug; |Galindo et al., [2014).
By contrast, an earlier study in the same region gives a much lower value (2.7 nmol:ug;
Levasseur et al.;[1994)), which is close to the mean ratio for pelagic diatoms (4 nmol: ug;
Stefels et al., [2007). Reported DMSPt:Chl a ratios for ice diatoms range from 8.4
nmol:ug to 49 nmol:ug (Table , which suggests that DMSPp:Chl a ratios could
vary over a similar range. Note that most of these reported values are potentially
underestimated due to anticipated DMSP loss associated with cell rupture during
the melting process used in making these measurements (Stefels et al., [2012)). Given
this wide range among various studies and potential bias in measurements due to
the methodological challenges mentioned above, the doubled ratio of 19 nmol:ug in
Case 1 was deemed reasonable in the natural environment. In Case 2, the DMS yield
fraction was increased to 40 %, which was the upper limit of the measured range for
the bottom section of Antarctic ice core samples (Stefels et al., |2012)). The doubled
DMS consumption rate constant of 0.4 d=! in Case 4 is within the range of 0.1-0.5 d !
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observed in the bottom ice of Antarctic sea ice (J. Stefels, University of Groningen,
personal communication). To the best of our knowledge, there has been only one
study measuring the bottom-ice parameter values tested in Cases 2 and 4, and no
studies have measured the rate constants in the bottom ice considered in Cases 3 and
5. Doubling the values of these parameters is justified by the fact that the observed
water column values of these parameters in the Arctic often differ by an order of
magnitude (e.g., |[Luce et al., 2011} |Galindo et al. 2015).

Figure |3.7| shows the simulated time series of bottom-ice and under-ice DMS con-
centrations in the standard and sensitivity runs. The results generally indicate that
the parameter variations affected the magnitudes of the simulated DMS pools. The
temporal patterns of DMS concentrations are more or less invariant, as they are con-
trolled by the ecosystem dynamics. The parameter variations generally had greater
impacts on the bottom-ice DMS concentrations than on those in the underlying wa-
ter column (Table . For example, doubling the intracellular DMSP:Chl a ratio
(Case 1) and the DMS yield fraction (Case 2) resulted in doubling (100 % increase)
and near-doubling (91 % increase) of the bottom-ice DMS concentration, while the
increases were lower (17 % and 12 %) in the uppermost layer of the water column.
Nevertheless, doubling these parameters resulted in the largest change in the cumula-
tive under-ice DMS concentration among the five sensitivity runs. A previous model
study by |[Lefevre et al| (2002)) also found these two parameters to be the most in-
fluential, and several other studies support the strong influence of variations in the
intracellular DMSP:Chl a ratio (Gabric et all 1993; |Archer et al., 2004 Steiner and
Denman, [2008). Doubling the remaining parameters (Cases 3-5) had relatively small
effects (<10 %) on the cumulative under-ice DMS. This result indicates that field
measurements targeting the two most sensitive parameters (i.e. DMSPp:Chl a ratio
and DMS yield) will have the largest influence on constraining model-based estimates
of sea-ice sulfur cycle processes.

To a certain extent, these sensitivities (e.g. sign and/or relative magnitude of the
change in DMS) could have been deduced from inspection of the model equations,
in which it is evident that doubling a single parameter results in doubling the DMS
production or removal rate of a certain process either directly (Cases 2, 4, and 5)
or indirectly (by doubling the production rate of precursor DMSPp; Case 1). The
only exception is Case 3, in which doubling the bacterial DMSPd consumption rate
constant affects both the production of DMS by bacterial conversion and the removal

of DMSPd by bacterial consumption. Because the two processes have the opposite
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Figure 3.7: Simulated time series of bottom-ice (BI) and under-ice (UI; 0.5 m below
the ice) DMS concentrations [nmol L' during 2010 for: the standard run; Case
1: doubling the intracellular DMSP:Chl a ratio; Case 2: doubling the DMS yield
fraction; Case 3: doubling the bacterial DMSPd consumption rate constant; Case 4:
doubling the bacterial DMS consumption rate constant; and Case 5: doubling the
photolysis rate constant.

effect on the rate of change in DMS, it is challenging to predict even the sign (increase
or decrease) of the change in DMS. The result of the sensitivity run indicates that the
impact of doubling this parameter is a slight decrease (2 %) in both the bottom- and
under-ice DMS pools, and therefore the increases in the rates of the two processes
are almost balanced. Although we cannot explain the magnitude of the percentage
change in the DMS pools, we are confident that the net effect of doubling the bacterial
DMSPd consumption rate constant on the DMS pools is a decrease because the model
considers that only a fraction (i.e. the DMS yield fraction; set to 0.2 in this run) of
DMSPd consumed by bacteria is converted to DMS, while the remaining fraction
is lost to the sulfur pool. It is of particular importance to investigate the model
sensitivity to variations in a parameter that has influence on multiple processes of
the sulfur cycle, such as the bacterial DMSPd consumption rate constant. Although
this is beyond the scope of the present study, it is worthwhile to mention that two
parameters of ecological processes, namely active exudation fraction and cell lysis
rate constant, have influence on both ecological and sulfur processes, and therefore

deserve attention in future sensitivity studies.
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Sea-air DMS flux during the melt period

In the uppermost layer of the water column, sea-air flux of DMS (umol m~2 s71) was
calculated as a function of areal fraction of open water (f,,), gas transfer velocity
(Kams), and the concentration of seawater DMS (DM Sy.):

Flur = foukgms DM S, (3.1)

This formulation assumes that the atmospheric DMS concentration is sufficiently low
that it can be neglected. This assumption is common in both measurement- and
model-based estimates of DMS flux (e.g. Rempillo et al., 2011} Tesdal et al., 2016a)).
The gas transfer velocity is parameterized following Nightingale et al.| (2000). Note
that this parameterization is based on measurements in open water, and therefore
may not be suitable for ice-covered waters. However, we used the [Nightingale et al.
(2000) parameterization in order to better compare with previous flux estimates in
the ice-covered Arctic that are all based on similar parameterizations. Future studies
should take into account the effects of ice-associated processes on gas transfer velocity
parameterizations (e.g. Loose et al., 2014). Also note that we do not take into account
additional fluxes from other surface types, such as snow, bare ice, and melt ponds,
which may provide an additional source of atmospheric DMS (Zemmelink et al., 2008;
Nomura et al., 2012; Levasseur, [2013; Mungall et al., 2016)).

In the standard run, it was assumed that when sea ice was present, the surface
was fully ice-covered and f,, was set to zero. Although this assumption is reasonable
when conducting simulations at a single point in space, it is less reasonable over an
entire grid cell due to subgrid-scale heterogeneity. In fact, as suggested by |Levasseur
et al.| (1994), sea-air DMS flux can take place through openings in the ice (such as
leads and cracks) and at the ice margin. Furthermore, laboratory, field, and model
studies have suggested that flux of CO, through small scale areas of open water result
in non-negligible fluxes in ice-covered regions (Loose et al.| |2011; Else et al., [2012;
Steiner et al. 2013). In order to quantify potential emissions of DMS through the
open water in a partially ice-covered area, we conducted four additional standard
runs with non-zero f,,, values (Table . In the first and second runs, values of 0.02
and 0.1 were selected to represent small and large leads within the ice (Lindsay and
Rothrock] [1995; Steiner et al., 2013). In the third run, a value of 0.5 was prescribed
to represent either an extensive opening in the ice or emissions near the ice margin

(such that only a half of under-ice DMS can be advected to the ice margin and make
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its way into the atmosphere). Finally, in the fourth run, a value of 1 was assigned
to represent emissions right at the ice margin. Note that while these sensitivity
runs are highly idealized (assuming partial or no ice cover for estimates of sea-air
flux, but full ice cover in the biogeochemical model), they provide an indication on
the impacts of open-water on the temporal variability of the DMS flux. Also, f,.
is included only in the DMS-flux parameterization, and has no influence on other
physical or biogeochemical processes (such as surface heat flux). In order to evaluate
the contribution of sea-ice biogeochemistry to the simulated flux, these four runs with
non-zero f,, values were also conducted for the NolceSul and NolceBgc cases.

During the melt period, observed winds were generally low to moderate, with
daily means ranging from 1 to <10 m s~ (Fig. . However, occasional strong
winds were also measured as indicated by daily maximum wind speeds exceeding 20
m s~ . The sea-air DMS flux simulated by the standard run using four different values
of f,u (Fig. ) was generally high in late June, with some maxima coincident with
stronger winds as well as with peaks in under-ice DMS concentration (Fig. [3.6b). In
particular, the simulated fluxes were notably high on 16, 21, and 26 June. In the case
of emissions through partially open-water (f,, = 0.02, 0.1, and 0.5), the simulated
maximum flux (up to 0.3, 1.2, and 4.9 pumol m~2 d~!, respectively; Table were
higher than the highest observational flux estimates over regions with similar open-
water fractions during July and August of 1994 (0.1 gmol m~2 d~! for f,,, = 0.03-0.06
and 1.2 ymol m~2 d~* for f,, = 0.25-0.3; Sharma et al.,|1999), probably because the
simulated maxima resulted partly from DMS associated with the under-ice bloom. In
the cases of emissions near and at ice margins ( f,, = 0.5 and 1), the simulated maxima
(of up to 4.9 and 8.1 pumol m~2 d~!, respectively; Table were comparable to the
emissions under ice-free conditions estimated from previous oceanographic cruises
in the Arctic (Leck and Persson, |1996; [Sharma et al. 1999; [Mungall et al., [2016).
Furthermore, these simulated maxima exceeded the nucleation threshold of 2.5 pmol
m~2 d~!, above which the DMS flux has been suggested to be sufficiently high to
promote new particle formation in pristine marine conditions (Pandis et al., [1994;
Russell et al., [1994).

As expected, simulated sea-air fluxes were smaller in the NolceSul run than in the
standard run for each of the four f,, values (Fig.[3.9b). The incorporation of sea-
ice sulfur cycle affected the simulated fluxes most prominently during the first three
weeks of June (Fig. [3.91d). The increase in the flux in the standard run relative to the

NolceSul run during this time period was due to the increase in the under-ice DMS
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concentration due to the release of bottom-ice DMS, as discussed in Section [3.4.2]
The relative flux enhancement was particularly important during the first two weeks
of June, during which the simulated flux would otherwise remain close to zero as
shown in Fig. [3.9b. During the third week of June, the first and second spikes in
the flux time series increased by as much as 1.7 ymol m~2 s~! in the case of f,, =
1 (Table . Overall, the incorporation of sea-ice sulfur cycle resulted in a 20-26 %
enhancement of DMS flux.

When both the sea-ice sulfur cycle and ecosystem modules were excluded from the
model (NolceBgc), the time course of the simulated flux was quite different from the
NolceSul runs (Fig. [3.9¢), implying an active contribution from the sea-ice ecosystem
to the flux. The difference between the two runs indicates that the incorporation of the
sea-ice ecosystem results in an enhancement of flux between 13 and 19 June, followed
by a reduction from 19 June onward (Fig. [3.9¢). The three spikes in the flux time
series of both the standard and NolceSul runs were all affected by the incorporation
of the sea-ice ecosystem: the first was enhanced by as much as 3.5 ymol m=2 s7! (in
the case of f,, = 1), while the second and third spikes were reduced by the similar
amount. These changes in fluxes were primarily driven by the changes in under-
ice DMS concentrations (Fig. [3.5b). Overall, the incorporation of sea-ice ecosystem
resulted in a 9-14 % reduction in the simulated flux relative to the NolceBge run
(Table 3.5).

Lastly, the overall effect of incorporating sea-ice biogeochemistry on simulated
DMS flux was examined by calculating the flux difference between the standard and
NolceBgc runs (Fig. [3.9f). The largest difference, occurring in the third week of June,
was due to the incorporation of both sea-ice sulfur cycle and ecosystem (Figs. [3.9¢
and e). This difference resulted in an enhancement of the peak flux by as much as
5 pumol m~2 s7! in the case of f,, = 1. The largest negative difference coincided
with the third spike, with a reduction in this spike by nearly 4 pmol m=2 s7! in
the case of f,, = 1. Over the simulation period, the incorporation of the sea-ice
biogeochemistry resulted in a 3-15 % flux enhancement (Table . Considering that
the overall change in the under-ice DMS concentration due to the incorporation of
sea-ice biogeochemistry was only -1 % (Section , this result demonstrates the

potential importance of episodic fluxes to the cumulative DMS flux.
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Figure 3.8: Time series of daily mean 10 m wind speed [m s™'] observed at the
Resolute airport (located within 7 km of the study site) during the melt period in 2010.
The upper and lower vertical bars associated with the daily mean values represent
the daily maximum and minimum values, respectively.
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Figure 3.9: Simulated time series of sea-air DMS flux [ymol m™2 d~!| for (a) the
standard run and the sensitivity runs that excluded (b) the sea-ice sulfur cycle (Nolc-
eSul) and (c) both the sea-ice sulfur cycle and ecosystem (NolceBgc). Lower panels
show the difference between (d) the standard and NolceSul runs, (e) the NolceSul
and NolceBgc runs, and (f) the standard and NolceBgce runs, during the melt period
in 2010. In (d), (e), and (f), positive values represent enhancement of the simulated
sea-air flux due to the incorporation of the additional processes.
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3.4.3 Limitations of the present study

The model used in the present study incorporated many of the important physical
and biogeochemical processes within and under the sea ice (Fig. . However, there
are additional processes that may potentially be important to the sea-ice sulfur cycle
but are neglected in the present study. These processes are shown schematically in
Fig. We will discuss some of the challenges in implementing these processes in
order to help guide further advances in sea-ice sulfur cycle studies.

First, the effects of brine drainage on the release of DMS and other biogeochem-
ical tracers in the bottom ice were neglected in the model, which may have led to
mismatches between simulated and observed phytoplankton biomass, DMSPp, and
DMSPd under the ice prior to the snowmelt period in early May (Section . Ex-
isting parameterizations for brine drainage typically require representation of brine
dynamics (e.g. [Vancoppenolle et al., 2007, [2010). While a simplified brine drainage
term was included in our model salinity calculation (following [Vancoppenolle et al.,
2009), implementing such parameterizations into our biogeochemical model was not
desirable, as the goal of the present modelling excercise was to develop parameteriza-
tions that can be easily implemented into regional or global scale sea ice models, many
of which do not explicitly simulate brine dynamics. In addition, the implementation of
brine drainage effects on biogeochemical tracers will require modifications compared
to the salinity formulations. Although our test run showed that adding these effects
resulted in an improvement in the temporal evolution of ice algal biomass and DMSP
(not shown), we excluded these parameterizations from the current configuration as
the parameters are at this point poorly constrained (e.g. vertically averaged sea ice
equilibrium tracer concentrations during brine drainage; see Eq. 19 of Vancoppenolle
et al., 2009).

The production of DMSPd by sloppy feeding was neglected in the present study, as
zooplankton grazing on ice algae was not considered in the ecosystem model (Chapter
2). Although previous field measurements provide evidence for zooplankton grazing
on ice algae (Michel et all |1996, and references therein), the importance of this
process during the Arctic-ICE 2010 study is unknown due to the absence of zoo-
plankton measurements. The previous sea-ice sulfur cycle model study by [Elliott
et al| (2012) suggests sloppy feeding as an important process for the DMSPd (and
the subsequent DMS) production during the early stages of ice algal blooms. This
argument is supported by a recent Antarctic ice study that found the DMSP content
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in krill specimens (Damm et al., [2016). However, note that the DMSPd production
by sloppy feeding in [Elliott et al.| (2012) and that of exudation in our study are pa-
rameterized similarly (both parameterizations have a linear dependence on simulated
ice algal growth rate) and DMSPd production by exudation was neglected in [Elliott
et al|(2012). This indicates that model parameterizations might account for different
processes in a similar way. Future observational studies are required to assess the
relative importance of these two processes as well as the details of how they can be
parameterized.

The production of DMS by dimethylsulfoxide (DMSO) reduction is not considered
due to the lack of observational constraints on this process. This process has been
suggested as a major pathway of DMS production in Antarctic sea ice (Asher et al.
2011). Asher et al. (2011)) is the only study that has measured the rate constants of
DMSO reduction in sea-ice brines.

A possible direct release of DMS by intracellular or extracellular DMSP-lyase
activity of algae (Niki et al., 2000; Stefels, 2000; Alcolombri et all 2015)) is also
disregarded. To the best of our knowledge, no studies have yet shown that diatoms,
the dominant group of the bottom-ice algal community, possess DMSP-lyases. Thus,
neglecting these processes seems plausible at least for bottom-ice sulfur cycle studies.

Recent studies on Arctic sea ice have shown that gas bubble formation and rise
plays a dominant role in the dynamics of an inert gas (argon) within sea-ice brines
when sea ice becomes permeable (Zhou et all [2013; |Moreau et al. [2014). As DMS
can be present in the gas phase, this process may be a relevant sink for DMS present
within brine channels. The present study neglected this process as no observations
are available to constrain a parameterization for DMS.

Besides the sulfur cycle module, our model can be improved by further develop-
ment of parameterizations for physical and ecological processes. For example, nu-
trient dynamics near the ice-water interface can be represented more realistically by
explicitly resolving the role of brine convection (Vancoppenolle et al., 2010). Explicit
representation of zooplankton grazing on ice algae would further advance the sea-ice
ecosystem module. The refreezing of snow and the subsequent formation of super-
imposed ice were not simulated, although they were observed toward the end of the
ArcticICE 2010 campaign. These processes have impacts on sea ice thermodynamics
and light transmission through sea ice that indirectly affect the sea-ice sulfur cycle.

Lastly, we acknowledge the limitations of the assessment of model simulations in

the present study. The model results were evaluated against observations coming from
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Figure 3.10: Same as Fig. but with additional physical and biogeochemical fluxes
suggested for future model development (red arrows).

a single time-series study. Therefore, an assessment of model’s 'portability’ (ability

to simulate observed time series from a different year and/or region with the same

parameters [Friedrichs et al., [2007) is lacking. The scarcity of field measurements of

dimethylated sulfur compounds within sea ice makes this task extremely challeng-

ing. Clearly, more field measurements, and particularly, high-resolution time-series of

dimethylated sulfur compounds within sea ice (e.g. Tison et al.,|2010; Galindo et al.,
2014} 2015; Carnat et al., 2016)) are needed to assess the portability of 1-D sea-ice sul-

fur cycle models and further constrain the model parameters and parameterizations.

3.5 Conclusions

In the present study, we investigated the implications of sea-ice biogeochemistry for
production and emissions of DMS in the Arctic Ocean. Our model is able to capture
reasonably well the limited set of observational data available, and suggests that
the sea-ice sulfur cycle and ecosystem have considerable impact on DMS production
under the ice, and therefore should not be overlooked in estimates of oceanic DMS
emissions, especially near ice margins. Specifically, the sea-ice sulfur cycle increased
under-ice DMS concentration directly by release of bottom-ice DMSPd and DMS

into the underlying water column, while production in the water column was both
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enhanced and reduced by interactions with the sea-ice ecosystem, at different phases
of the under-ice phytoplankton bloom. In the case of first-year landfast ice in Resolute
Passage, incorporation of the sea-ice sulfur cycle resulted in an 18 % enhancement of
DMS concentrations under the ice and a 20-26 % enhancement of sea-air DMS flux
during the melt period. By contrast, incorporation of a sea-ice ecosystem resulted in
an overall reduction in under-ice DMS production (16 %) as well as emissions to the
atmosphere (9-14 %). The overall effect of sea-ice biogeochemistry (both sulfur cycle
and ecosystem) is negligible for under-ice DMS production (-1 %), but it increases
emissions by 8-20 %. In the vicinity of ice margins, spikes in sea-air flux of DMS
originating from the bottom ice and underlying water column were comparable to
some of the local maxima in the summertime flux estimated for ice-free waters in the
Arctic.

We acknowledge the simplified representation of the complex reality of the sea-ice
sulfur cycle dynamics considered in our model, and note that the results of model sim-
ulations are subject to uncertainties in the model parameters and parameterizations.
Furthermore, our model results are representative for a particular year, location, and
specific environmental conditions. A few suggestions for future model development
are to: 1) incorporate state dependence of bacterial parameters that are important
to the sea-ice sulfur cycle dynamics, such as the bacterial DMS yield fraction; and 2)
parameterize the effects of additional relevant processes, such as brine drainage, gas
bubble release, sloppy feeding, and DMSO reduction.

To improve model-based estimates of oceanic DMS emissions in the Arctic under
present-day and future climates, we make the following recommendations for future
studies: both the sea-ice sulfur cycle and ecosystem should be incorporated into model
simulations at a regional (pan-Arctic) scale; and more field time-series measurements
of dimethylsulated sulfur compounds and key parameters of sea-ice sulfur cycle within
sea ice (i.e. DMSPp:Chl a ratio and DMS yield fraction) should be conducted to fur-
ther assess the model performance and refine the representation of essential processes.
Ultimately, ocean circulation models incorporating both the sea-ice sulfur cycle and
ecosystem should be coupled to atmospheric chemistry transport models in order to
explore the possibility of regional climate regulation by oceanic DMS emissions within
the Arctic.
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Table 3.1: List of the coupled sea ice-ocean sulfur cycle model variables and param-

eters
Symbol Description Units Value
Variable
Amp Melt-pond area fraction -
DMSPp, DMSPp,. DMSPp concentration nmol L1
DMSPd, DMSPd,. DMSPd concentration nmol L1
DMS, DM S,,. DMS concentration nmol L1
) Grazing rate of zooplankton on d-!
phytoplankton
H; Sea ice thickness m
Ly, LPY,, P2, Nutrient limitation index -
PAR, PAR . Photosynthetically active radiation W m—2
Puwe Seawater density kg m—3
Ly fpls Hp2 Algal growth rate st
T,, Seawater temperature in the upper- °C
most layer
U1o Wind speed at 10 m m st
Parameter
Trp Melt-pond drainage rate md! 0.0175
Factives [Phiver [Poime  Active exudation fraction - 0.05, 0.05, 0.05
Foppys fjl%ppy Sloppy feeding fraction - 0.3, 0.3
Tyields fyicia Bacterial yield - 0.2,0.2
hpi Thickness of the biologically-active m 0.03
bottom ice layer
hphotolysis, Pphototysis ~ Fhotolysis half-saturation constant W m—2 1,1
Rz Thickness of the uppermost layer of m 1
the water column
Kams, k3 Bacterial DMS consumption rate d—! 0.2,0.5
constant
kdmspds kg, spd Bacterial DMSPd consumption rate d-! 1,5
constant
Efrees kfree free DMSP-lyase rate constant d-! 0.02, 0.02
Kiysiss klpylsis, k:f;sis Cell lysis rate constant d-t 0.03, 0.03, 0.03
Kphototysiss Kphototysis ~ Photolysis rate constant d-! 0.1, 0.1
4 91, 9p2 Intracellular DMSP-to-Chl a ratio  nmol S:ug Chl a 9.5, 100, 9.5
Di Sea ice density kg m—3 913
Pme Sea ice density in equivalent melt- kg m—3 1000

water
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Table 3.2: Sensitivity of simulated under-ice DMS concentration to the incorporation
of the sea-ice sulfur cycle and ecosystem. Overall change was calculated as the dif-
ference in the time-integrated under-ice DMS concentrations between the two runs of
interest and dividing it by the time-integrated under-ice DMS concentration in the

run being subtracted.

Runs to be compared Maximum Overall change
concentration
difference

(Implications of the comparioson) [nmol L™ [%]

Standard - NolceSul (Impact of sea-ice sulfur cycle) 24 18

NolceSul - NolceBge (Impact of sea-ice ecosystem) 4.1 -16

Standard - NolceBge (Impact of sea-ice biogeochemistry) 5.6 -1

Table 3.3: Reported mean DMSPp:Chl a and DMSPt:Chl a ratios (mmol:g) for

diatom-dominated sea-ice samples.

Ratio Location (Arc./Ant.)® Season® Method® Reference

DMSPp:Chl a (Particulate DMSP-to-chlorophyll a ratio)

2.7 Resolute Passage  Spring 1992 Melting Table 1 of [Levasseur
(Arc.) et al.| (1994

1.9 Baffin Bay (Arc.) Spring 1998 Melting Bouillon et al.| (2002)

9.5 Resolute Passage Spring 2010 Melting Fig. 10a of |Galindo
(Arc.) et al.| (2014))

9.4 Resolute Passage Spring 2011 Melting Fig. 10a of |Galindo
(Arc.) et al.| (2014))

DMSPt:Chl a (Total DMSP-to-chlorophyll a ratio)

8.4¢ Weddell Sea (Ant.) Spring 1988 Melting Table 1 of Kirst et al.

(1991)

22¢ Southern Ocean  Winter-Spring 1997 Melting Trevena et al.| (2000)
(Ant.)

37¢ Prydz Bay (Ant.) Spring 1997-1998 Melting Trevena et al.| (2003)

20 Barrow (Arc.) Winter-Spring 2002 Melting Uzuka| (2003)

49 Weddell Sea (Ant.) Spring 2004 Dry-crushing Fig. 6a of |Tison et al.

(2010)

@Arc.: Arctic; Ant.: Antarctica

"Winter: Jan.-Mar. (Jul.-Sep.) for Northern (Southern) Hemisphere
bSpring: Apr.-June. (Oct.-Dec.) for Northern (Southern) Hemisphere
¢Either melting or dry-crushing as described by (Stefels et al.| (2012]).
4 Average of brown ice and ice core samples.

¢Calculated based on mean DMSPt and Chl a values given in Table 6 of |Trevena et al| (2003)).
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Table 3.4: Sensitivity of simulated bottom-ice and under-ice DMS concentration to
doubling of model parameters. Changes in the bottom-ice and under-ice DMS were
calculated by subtracting the time-integrated DMS in the sensitivity run from the
time-integrated DMS in the standard run and dividing the difference by the time-
integrated DMS in the standard run.

Run  Description Change in Change in
the bottom-ice DMS the under-ice DMS

Case 1 Doubling the intracellular 100 % 17 %
DMSP:Chl a ratio

Case 2 Doubling the DMS yield frac- 91 % 12 %
tion

Case 3 Doubling the bacterial DM- 2% -2 %
SPd consumption rate con-
stant

Case 4 Doubling the bacterial DMS -44 % -5 %
consumption rate constant

Case 5 Doubling the photolysis rate -8 % 2%

constant

Table 3.5: Sensitivity of simulated sea-air DMS fluxes to the open-water fraction and
to the incorporation of sea-ice biogeochemistry. Overall changes were calculated by
taking the difference between the two runs of interest and dividing it by the cumulative
flux in the subtracted run.

Open-water fraction [-] 0.02
(Small lead) (Large lead) (Near ice margin)

0.1

0.5

1
(At ice margin)

Maximum flux [pmol m—2 d—1]

(Standard) 0.3 1.2 4.9
Maximum flux difference [pmol m=2 d—1]
(Standard - NolceSul) 0.1 0.2 1.1
(NolceSul - NolceBgc) 0.1 0.5 2.1
(Standard - NolceBgc) 0.1 0.7 3.0
Overall change [%]
(Standard - NolceSul) 20 24 26
(NolceSul - NolceBgc) -14 -13 -11
(Standard - NolceBgc) 3 8 12

8.1

1.7
3.5
5.0

26
-9
15
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Chapter 4

CSIB v1: a sea-ice biogeochemical
model for the NEMO community

ocean modelling framework

The following chapter is a manuscript under review for Geoscientific Model Develop-

ment as:

Hayashida, H., Christian, J.R., Holdsworth, A.M., Hu, X., Monahan, A.H., Morten-
son, E., Myers, P.G., Riche, G.J.R., Sou, T., and Steiner, N.S.: CSIB v1: a sea-ice
biogeochemical model for the NEMO community ocean modelling framework, Geo-
scientific Model Development Discussions, https://doi.org/10.5194/gmd-2018-191

The manuscript is repeated here with some adjustments to fit the format of the

dissertation.

4.1 Abstract

Numerical models are a useful tool for studying marine ecosystems and associated
biogeochemical processes in ice-covered regions where observations are scarce. To
this end, CSIB vl (Canadian Sea-ice Biogeochemistry version 1), a new sea-ice bio-
geochemical model has been developed and embedded into the Nucleus for Euro-
pean Modelling of the Ocean (NEMO) modelling system. This model consists of a

three-compartment (ice algae, nitrate, and ammonium) sea-ice ecosystem and a two-
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compartment (dimethylsulfoniopropionate and dimethylsulfide) sea-ice sulfur cycle
which are coupled to pelagic ecosystem and sulfur-cycle models at the sea ice-ocean
interface. In addition to biological and chemical sources and sinks, the model simu-
lates the horizontal transport of biogeochemical state variables within sea ice through
a one-way coupling to a dynamic-thermodynamic sea-ice model (LIM2). The model
results for 1979 (after a decadal spin-up) are compared to observations and previous
model studies for a brief discussion on the model performance. Furthermore, this pa-
per provides discussion on technical aspects of implementing the sea-ice biogeochem-
istry and assesses the model sensitivity to 1) the temporal resolution of the snowfall
forcing data, 2) the representation of light penetration through snow, 3) advective
and eddy-diffusive horizontal transport of sea-ice biogeochemical state variables, and
4) light attenuation by ice algae. The sea-ice biogeochemical model has been de-
veloped within the generic framework of NEMO to facilitate its use within different
configurations and domains, and can be adapted for use with other NEMO-based
submodels such as LIM3 and PISCES. The model experiment beyond 1979 is under-
way to perform a more comprehensive model evaluation and examine the interannual

and interdecadal variability over the recent decades.

4.2 Introduction

Biogeochemical processes at the sea ice-ocean interface play an active role in polar
marine ecosystems and global cycling of important chemical elements and compounds.
For example, microalgae that colonize the base of sea ice in spring can have a strong
influence on primary production of phytoplankton through light attenuation, nutri-
ent drawdown, and seeding as well as on secondary production by providing a food
source for grazers (Arrigo, 2014)). Furthermore, these ecological processes regulate the
production and removal of greenhouse gases (e.g. carbon dioxide and nitrous oxide)
and other climatically-important gases (e.g. dimethylsulfide) in ice-covered regions,
and the exchange of these gases with the overlying atmosphere (Vancoppenolle et al.|
2013).

However, our current understanding of many of these processes remains limited
due to both logistical and technical challenges for field observations (Miller et al.
2015). Mechanistic models representing sea-ice biogeochemistry can both fill gaps
between sparse measurements and aid in the interpretation of these measurements.

Furthermore, these models can be used in systematic intercomparisons that can build
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confidence in our understanding of polar marine science such as has been done for
pelagic ecosystem models (e.g. [Popova et al., 2012; |Jin et al., 2015).

Although considerable effort has been invested in developing mechanistic mod-
els for sea-ice bigeochemistry over the last three decades following the pioneering
work of |Arrigo et al| (1991]), most of these models were applied in one-dimensional
(1D) frameworks, and the results are therefore limited to particular locations (see
Vancoppenolle and Tedesco, [2016). Only a few of these models have been applied
in three-dimensional (3D) framework coupled to either a regional or global sea ice-
ocean general circulation model (see Table for a list of 3D model configurations
developed for pan-Arctic studies). More efforts toward developing such 3D sea-ice
biogeochemical models are needed to better understand the large-scale variability
in biogeochemical processes within sea ice and their role in underlying pelagic and
benthic ecosystems.

In this study, we present CSIB vl (Canadian Sea-Ice Biogeochemistry version
1), a new sea-ice biogeochemical model implemented into the Nucleus for European
Modelling of the Ocean (NEMO), a state-of-the-art modelling framework for oceano-
graphic research (www.nemo-ocean.eu). To the best of our knowledge, [Tedesco et al.
(2017)) is the only previous study in which a sea-ice biogeochemical module has been
coupled to NEMO. However, the coupling was done in an offline configuration in that
study. An important advance of the present study is that the module is written within
the NEMO code to allow in-line coupling (i.e. physical dynamics are computed si-
multaneously with biogeochemistry) and the computation of the horizontal transport
of sea-ice biogeochemical state variables. These implementations allow more realis-
tic simulation of sea-ice biogeochemistry. The main objectives of the present study
are to: describe the development of the coupled model in a pan-Arctic configuration
(Section ; evaluate the results of a multi-year reference simulation (Section ;
and assess the model sensitivity to modifications of parameters and parameterizations

(Section [4.5)). Key findings of the present study are summarized in Section [4.6]

4.3 Model description and setup

The fundamental constituents of NEMO are the following three submodels: ocean
physics, sea-ice physics, and ocean biogeochemistry. In the present study, we adopted
version 3.4 of NEMO (NEMO v3.4; Maded, 2008) and developed within it an addi-

tional submodel, sea-ice biogeochemistry. Technical details on the code structure of


www.nemo-ocean.eu
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Table 4.1: Comparison of pan-Arctic 3D sea-ice biogeochemical model configurations
developed in various framework. dx: the horizontal resolution; dzo: the vertical
resolution of the uppermost water column; dzi: the thickness of ice algal skeletal
layer; i¢: the fraction of incoming shortwave radiation that penetrates through the
snow surface; Shading: attenuation of light by ice algae; Runoff: river discharge of

nitrate.
Reference Framework dx dzo dzi 10,snow ohading Runoff
" [Dupont| (2012) MOM ~ 50 km 345m 5cm 0 no yes
Jin et al| (2012) POP ~ 40-50 km 10 m 3ecm 0 noEI no®
Watanabe et al| (2015) COCO ~ 5 km 2m 2cm 1° no no*
Castellani et al.| (2017) MITgem ~ 28 km 10 m S5cm 0.3 yes no
This study NEMO 10-14.5km 1 m 3cm 0.15 yes no

?Confirmed through personal communication with the lead author.
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the model developed in this study are provided in Appendix for those who are

interested in using the newly-added sea-ice biogeochemical module.

4.3.1 Ocean and sea ice physics (OPA-LIM2)

The physical ocean submodel is the Océan PArallélisé (OPA), which is a free-surface,
hydrostatic, primitive-equation model developed for regional and global oean circu-
lation studies (Madec, |2008). OPA is coupled to the submodel for sea-ice physics,
namely the Louvain-la-Neuve sea Ice Model (LIM). The present study uses version 2
of LIM (LIM2; Fichefet and Maqueda, [1997; Bouillon et al., 2009) , consisting of a
three-layer (one for snow and two for ice) dynamic-thermodynamic model.

To model ambient light available for ice algae and under-ice phytoplankton prop-
erly, we modified the module that computes the shortwave radiative transfer through
snow and sea ice as shown schematically in Figure[4.1] In this module, the unreflected
fraction (1-a) of the incoming shortwave radiation (Fj,) is parameterized as either
being absorbed within a thin layer of surface snow and/or ice (defined as having
thickness of 10 cm in NEMO v3.4) or penetrating through the snow and/or ice inte-
rior underneath this layer. This penetrating fraction is determined by a coefficient,
19, which is set to zero in the presence of snow in the default configuration of LIM2
following Maykut and Untersteiner| (1971). While this assumption of complete block-
age of light may be a reasonable approximation for thermodynamic processes of snow
and sea ice, this approximation is problematic for modelling sea-ice biogeochemistry.
Specifically, the assumption implies that primary producers can not photosynthesize
until snow disappears completely, which is inconsistent with the findings of many field
observations that measure high algal biomass at the base of snow-covered sea ice (e.g.
Leu et al., 2015). Furthermore, i, has been set to non-zero values in other sea-ice
models in the case of thin or melting snow (Flato and Brown|, [1996; |Abraham et al.|
2015)). For these reasons, we use a non-zero value of i and parameterize the light
transmission through the snow column below the specified surface layer following the
Beer-Lambert law. The value of ig was set to 0.15 following the 1D sea-ice biogeo-
chemical modelling work of |[Vancoppenolle et al,| (2010). The attenuation coefficient
of snow was set to 10 m™!, which falls within the observed range for melting and

freezing snow (Grenfell and Maykut|, [1977). Model sensitivity to iy is discussed in
Section [4.5.2
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Figure 4.1: Shortwave radiative transfer through snow and sea ice modified from
Figure 3.4 of [Vancoppenolle et al.| (2012). Fj, represents the incoming shortwave
radiation, a fraction of which is reflected due to the surface albedo of snow or ice (a).
The remaining radiation is either absorbed within the surface thin layer ((1 —a)(1 —
ip)Fgy) or penetrates into the snow and/or ice column below this layer ((1 —a)igFly)-
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4.3.2 Ocean biogeochemistry (CanOE)

The submodel for ocean biogeochemistry adopted in the present study is the Canadian
Ocean Ecosystem Model (CanOE), developed by the ocean modelling group at the
Canadian Centre for Climate Modelling and Analysis (Appendix [A.3.2)). This model
has been developed for the latest version of the Canadian Earth System Model (Arora
et al.,[2011)), which will be used in the next phase of the Coupled Model Intercompari-
son Project (CMIP6). CanOE simulates the lower trophic levels of marine ecosystems
(nutrients, phytoplankton, zooplankton, and detritus) and biogeochemical cycling of
key elements (carbon, oxygen, nitrogen, and iron). This model is built around the
basic code structure of the Pelagic Interactions Scheme for Carbon and Ecosystem
Studies version 2 (PISCES-v2), the default submodel for ocean biogeochemistry of
NEMO (Aumont et al., 2015). One advantage of CanOE over PISCES-v2 is that it is
computationally more efficient as a result of having fewer state variables (19 vs 24) and
fewer computationally expensive parameterizations (Appendix [A.3.2). In the present
study, we made two modifications to CanOE. The first modification is the addition
of an ocean sulfur-cycle module and the second modification is the parameterization
of the photosynthetically active radiation (PAR).

Addition of an ocean sulfur cycle

Figure 4.2 shows a schematic of CanOE including the ocean sulfur cycle and the sea-
ice biogeochemistry. The sulfur cycle module consists of two state variables: dissolved
dimethylsulfoniopropionate (DMSPd) and dimethylsulfide (DMS). The ocean sulfur
cycle is one-way coupled to CanOE as sulfur cycle processes depend on the state of
the ecosystem, but not vice versa. The ocean sulfur-cycle module is based on that
of Chapter 3 with the following two modifications. First, the cellular DMSP content
of modelled phytoplankton is derived from their carbon content as opposed to the
chlorophyll content as in Chapter 3. This change was made because there are more
observation-based estimates of the intracellular DMSP-to-carbon (DMSP:C) ratio
than the DMSP-to-chlorophyll a ratio (e.g. Stefels et al., 2007). The DMSP:C ratios
for small and large phytoplankton (respectively high and low DMSP producers) are
set to 12 and 4 mmol:mol. The ratio for small phytoplankton falls within the observed
range for non-diatom species (Stefels et al., |2007), while that of large phytoplankton
is derived by converting the DMSP:Chl ratio of 9.5 mmol:mol (Hayashida et al.| 2017)
using the intracellular C:Chl-a ratio of 28 g:g (Mortenson et al., 2017).
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Also, the parameterization of sea-to-air flux of DMS was modified to account for
the non-linear dependence of the flux on the open-water fraction (Loose et al., 2009):

F = f>%%4sDMS (4.1)

w

where F' is the DMS flux (umol m™2 s71), f,, is the open-water fraction (-), kgns is
the gas transfer velocity (m s71), and DMS (nM) is the DMS concentration in the

uppermost layer of the water column.

Correction to the fractionation of under-ice PAR

The second modification to CanOE was made to the PAR fraction of incident solar
radiation. PAR is the shortwave radiation in the 400-700 nm wavelength range, which
is available for photosynthesis. In CanOE, PAR reaching the sea surface is 43% of
the downwelling shortwave radiation, a well established estimate for PAR in open
water (e.g. [Morel, |1988). However, this assumption underestimates PAR reaching
the sea surface under sea ice. The shortwave radiation penetrating through snow and
ice is almost entirely PAR, as radiation outside of the 400-700 nm range is absorbed
by the snow and ice (e.g. Zeebe et al.; [1996)). Thus, we have set the fraction of the
downwelling shortwave radiation to unity when computing the sea-surface PAR under

sea ice.

4.3.3 Sea-ice biogeochemistry

The submodel for sea-ice biogeochemistry is a modified version of a three-compartment
(ice algae, nitrate, and ammonium) ecosystem of Chapter 2 and a two-compartment
(DMS and DMSPd) sulfur cycle of Chapter 3.

Sea-ice biogeochemical processes are assumed to take place in a layer of fixed
thickness at the ice base. The governing equation for any sea-ice biogeochemical

state variable is:

0X

=V (ﬁx) + DV2X + SMS (X) (4.2)
where X denotes the concentration of the state variable, ﬁ denotes the horizontal
velocity field of sea ice, and D denotes the horizontal eddy diffusion coefficient. The

first two terms on the right hand side of Equation represent tendencies associ-
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Figure 4.2: Schematic of the CanOE pelagic ecosystem model and associated sea-
ice biogeochemistry and pelagic sulfur-cycle modules. Black arrows indicate fluxes
of carbon (C)/nitrogen (N)/iron (Fe) between compartments; blue arrows indicate
sources of dissolved dimethylsulfoniopropionate (DMSPd); gray arrows indicate ice-
ocean fluxes of nitrate (NOj3), ammonium (NHy), ice algae (IA)/large phytoplankton
(Pr), DMSPd, and dimethylsulfide (DMS). Flows of dissolved oxygen (O3) are op-
posite to those of dissolved inorganic carbon (DIC) and are not explicitly illustrated.
Detritus (Dg and Dy) and zooplankton (Zg and Zp) are denominated in C units but
have implicit N and Fe pools according to fixed elemental ratios; phytoplankton (Pg
and Pp) have separate state variables for each currency. O and total alkalinity (TA)
are their own currencies, but are shown as white here for simplicity; their sources and
sinks follow well established stoichiometry relative to those of DIC. Sources and sinks
of TA associated with the nitrogen cycle (Wolf-Gladrow et al., [2007) are included
but not shown in the figure. The state variables dFe and CaCOg3 represent dissolved
iron and calcium carbonate, respectively. The currencies Chl and S represent the
chlorophyll a and sulfur, respectively.
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ated with horizontal motion of sea ice (Section {4.3.3). The third term represents
biological and chemical sources and sinks. Note that while LIM2 computes the im-
pact of mechanical redistribution (i.e. deformation due to ridging/rafting) on sea ice
physical properties, these processes are neglected in computations of the sea ice bio-
geochemical state variable tendencies in the present study as the model uses a simple
representation of the sea-ice biogeochemical layer as a layer of fixed thickness (3 cm)

at the ice base.

Horizontal transport

Horizontal transport of sea-ice biogeochemical state variables is computed simultane-
ously and in the same way as the sea ice physical properties of LIM2 (i.e., snow and
sea ice volume, heat content, and areal coverage). Specifically, it is done by solving
the advection-diffusion equation for sea ice. Advection refers to the transport associ-
ated with the resolved motion of sea ice, and is computed using the scheme of |Prather
(1986)). Diffusion, on the other hand, is a model artefact designed for numerical stabil-
ity, although it can be considered as random component of sea-ice motion analogous
to turbulence in fluids (Thorndike, 1986; |Rampal et al., 2009 2016). Diffusion is
computed within the ice pack by evaluating the second-order diffusive operator using
the Crank-Nicholson scheme (Crank and Nicolson, [1996), while it is set to zero at
the ice edge. The horizontal diffusion coefficient (D) is set to 5 m? s7!, as suggested
by Vancoppenolle et al. (2012). Readers are referred to Vancoppenolle et al.| (2012)
for further description of these processes. The impacts of advection and diffusion on

modelled sea-ice biogeochemical state variables are discussed in Section [4.5.3

New ice formation

Newly-formed ice is assumed to contain the same concentrations of biogeochemical
state variables as those in the underlying water column. Thus, the concentration of

any sea-ice biogeochemical state variable is updated as follows:

SIC, 4 SIC, — SIC,_,
X = X"
SIC, SIC,

X, (4.3)

where S1C;_ 1 and SIC; respectively denote the sea-ice concentrations in the previous
and current time step. X* denotes the concentration of the sea-ice biogeochemical

state variables after the computation of advection and diffusion but prior to the com-
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putation of biological and chemical sources and sinks. X,; denotes the concentration
of the biogeochemical state variable in the uppermost layer of the water column under
the ice. Equation neglects the density difference between sea ice and seawater,
and therefore violates mass conservation. However, this simplification has negligible
effect on ocean biogeochemistry given the relatively-thin sea-ice biogeochemical layer
(see Chapter 3). For ice algae only, a minimum biomass threshold is set at 10 mmol

C m~3 in order to mimic reasonable overwintering biomass (Chapter 2).

Biological and chemical sources and sinks

The biological and chemical processes represented as sources and sinks of the sea-ice
biogeochemical state variables are described in detail in Chapter 2 and Chapter 3.
For the ecosystem component, these processes include photosynthesis, mortality, and
remineralization of dead organic matter. The growth rate of ice algae is dependent
on ambient temperature, PAR, and nutrient concentrations (nitrate and ammonium).
Note that the growth rate dependence on ice melt considered in Chapter 2 has been
neglected in the present study because: 1) our preliminary results indicated that ice
algal blooms were generally insensitive to it; 2) the parameterization for ice melt
limitation was applied for a specific location and might not be appropriate for other
locations; and 3) the parameterization lacks observational evidence.

In addition to the computation of biological and chemical sources and sinks, pro-
cesses relevant to the ice-ocean fluxes are computed, including molecular diffusive
exchange of nutrients, release of all state variables into the water column due to basal
ablation, and flushing of these variables by flow of water through the ice from rainfall

and surface ablation.

4.3.4 Experiments

In this study, we consider six model experiments (Table . The first experiment is
a reference simulation (EXPO0), designed to be the most realistic model solution that
best agrees with observations. The 11-year duration of EXPO is considered sufficient
for the spin up of sea-ice and near-surface pelagic variables based on previous Arctic
biogeochemical model studies (e.g. Dupont, 2012; |Jin et al., 2012). The setup of
EXPO is described below. The rest of the experiments (EXP1-5) are designed to
assess the sensitivity of the model simulations to changes in uncertain forcing data

and parameter values.
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Table 4.2: List of model experiments
Name Description Duration
EXPO Reference simulation. 1969-1979
EXP1 Same as EXPO except that the atmospheric forcing was re- 1969-1979
placed by the CORE-II dataset.
EXP2 Same as EXPO except that the snowfall and total precipitation 1969-1979
for 1969-1978 were replaced by the original DFS dataset (i.e.
daily-mean climatology).
EXP3 Same as year 1979 of EXPO except that the light penetration 1979
through snow was impeded (i.e. ig was set to zero as in the
original LIM2).
EXP4 Same as year 1979 of EXPO0 except that the advection and dif- 1979
fusion of sea-ice biogeochemical state variables were neglected
(i.e. set to zero).
EXP5 Same as year 1979 of EXP0O except that the shading effect of 1979
ice algae was neglected (i.e. set to zero).

Domain

The model domain is based on the North Atlantic and Arctic (NAA) configuration de-
veloped by the ocean modelling group at the University of Alberta (http://knossos.
eas.ualberta.ca/xianmin/anha/model_configuration.html#naa). This config-
uration was built on the curvilinear orthogonal coordinate system of NEMO that
has been successfully applied to study the freshwater budget of the Arctic Ocean in
present (Hu and Myers, 2013) and future climates (Hu and Myers, 2014)), as well as
to investigate pelagic ecosystem processes in the Canada Basin (Steiner et al., 2015).
The NAA domain includes the Arctic Ocean, the Canadian Arctic Archipelago, the
northern Bering Sea, the northern North Atlantic Ocean, and the Nordic Seas (Fig-
ure . The horizontal resolution of the 568 x 400 grid varies from 10 km along
the North American boundary to 14.5 km along the Eurasian boundary. Vertically,
the ocean is divided into 46 layers with variable resolution, from approximately 1 m
in the uppermost layer to 255 m in the bottommost layer. This vertical resolution
is finer than that of the original NAA configuration in the upper layers (Figure [4.4).
The bathymetry is based on the 1 arc-min global relief data (ETOPO1; Amante and
Eakins, 2009) as described by Hu and Myers| (2013). For numerical stability, each
ocean grid cell is set to have at least 7 vertical levels, corresponding to a depth of

approximately 20 m.


http://knossos.eas.ualberta.ca/xianmin/anha/model_configuration.html#naa
http://knossos.eas.ualberta.ca/xianmin/anha/model_configuration.html#naa
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Figure 4.3: The domain of the North Atlantic and Arctic (NAA) configuration. The
colour map represents the horizontal resolution and the contour lines denote the
isobaths at 100 m (red), 1000 m (white), 2000 m (magenta), and 3000 m (cyan).
The thick (thin) solid black lines indicate the locations of Atlantic and Pacific open
(North American and Eurasian closed) boundaries.
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Figure 4.4: Comparison of the vertical resolution of the ocean model between the
original NAA configuration (NAAG, i.e. approximately 6 m in the uppermost layer)
and the configuration adopted in the present study (NAAL, i.e. approximately 1 m
in the uppermost layer). Note the log scale on the x axis.
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Initial and lateral boundary conditions, runoff, and atmospheric forcing

The ocean was initialized from rest with temperature and salinity fields for January
1969 derived from the Ocean Reanalysis System 4 (ORAS4; Balmaseda et al., 2013).
The initial snow depth, ice thickness, and ice concentration were respectively set to 0.1
m, 2.5 m, and 0.95 for grid cells with temperatures within 2 °C of the seawater freezing
point. Elsewhere, these values were set to zero. The initial concentrations of nitrate,
dissolved inorganic carbon, and total alkalinity were taken from the annual-mean
fields of the GLobal Ocean Data Analysis Project version 2 (GLODAP2; Lauvset
et al., 2016)). The initial concentrations of dissolved oxygen were set to the annual-
mean fields from the World Ocean Atlas 2013 Version 2 (WOA13; |Garcia et al.|
2014). The initial concentration of dissolved iron was set to 0.6 nM in the entire
domain (Aumont et al. 2015)). Because the model simulation starts at a time of low
biological production (i.e. January 1), the remaining biogeochemical state variables
in the ocean were initialized uniformly in space to arbitrarily low values. The initial
concentrations of sea-ice biogeochemical state variables were set to the same values
as their respective variables in the uppermost layer of the ocean.

Open boundary conditions were applied by a radiation-relaxation algorithm (Madec],
2008) along the Atlantic and Pacific boundaries of the model domain, while the other
two boundaries (along North America and Eurasia) were assumed to be closed (Fig-
ure . The boundary temperature, salinity, and zonal and meridional current
fields were interpolated from the interannual monthly-mean fields of ORAS4. The
open boundary conditions for ocean biogeochemical state variables were the same as
their initial conditions. The relaxation timescales were set to 1 day for inflow and 15
days for outflow. These values are identical to those used in Dupont et al.| (2015]), but
differ from the original NAA configuration (Hu and Myers| [2013). Our preliminary
experiments suggested that these changes were needed to prevent salinity drift. Be-
cause the feature to prescribe the open boundary conditions for the sea-ice prognostic
variables was not available in NEMO version 3.4, these were set to zero for the sea-ice
prognostic variables of LIM2 as well as the sea-ice biogeochemical state variables; this
feature is available in the subsequent version of NEMO (version 3.6).

River discharge of freshwater was derived from the interannual monthly-mean
product of Dai and Trenberth (2002). The river discharge of biogeochemical state
variables was neglected, and therefore, was not addressed in this study. Addi-

tional external supplies of nutrients (dust deposition and sediment mobilization)
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were neglected due to the lack of reliable data. Partial pressure of carbon diox-
ide in the atmosphere was derived from the monthly-mean Mauna Loa CO, data
(https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html).

The surface atmospheric conditions used to drive the sea-ice and ocean model
simulations were derived from the Drakkar Forcing Set 5.2 (DFS; Dussin et al.|
2016). The DFS dataset is high resolution in space (0.7°) and time (3-hourly for
zonal and meridional wind speed at 10 m height and air temperature and specific
humidity at 2 m height; and daily for incoming shortwave and longwave radiation,
total precipitation, and snowfall). It is based on a combination of ERA-40 and ERA-
interim reanalysis products (Uppala et al.; 2005; Dee et al., 2011)). The original DFS
dataset (http://servdap.legi.grenoble-inp.fr/meom/DFS5.2/ALL) has missing
data flags which cause a simulation crash in some years. As a substitute, we used a
modified version provided by Clark Pennelly at the University of Alberta (personal
communication). Furthermore, in EXPO0, the DFS snowfall and the total precipita-
tion for year 1979 were used repeatedly for the simulation over the period 1969-1978,
as opposed to the 1979-2012 daily climatology (due to the lack of adequate observa-
tions to construct the dataset for those years individually; |Dussin et al., 2016|). This

modification was necessary to simulate adequate snow depths (discussed further in

Section |4.5.1)).

Additional settings

The time step of the model integration was 20 minutes. Unlike |Hu and Myers| (2013),
no additional treatments for modelled temperature, salinity and wind-stress fields
near the open boundaries were necessary since no obvious drift was apparent in the
simulated fields. Table displays some of the model parameters that were modified
from their default values in NEMOv3.4. For a complete list of the parameters, read-
ers are referred to the source-code repository (www.gitlab.com/hakasehayashida/
canoe-dms/tree/versionl/CONFIG/cmoc08_naal/EXP00). The coefficients for hor-
izontal eddy diffusion for oceanic and sea-ice tracers (rn_aht_0, ahi0, and rn_ahtrc_0)
were reduced to keep diffusion relatively small compared to resolved dynamical pro-
cesses, as recommended by [Vancoppenolle et al.| (2012). The other two parameters
(hicerit and pstar) were adjusted to improve the modelled sea ice volume and ex-
tent. Lastly, two parameters of CanOE (Tref and chldeg) were adjusted to simulate

reasonable annual primary production in the Arctic Ocean.


https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
http://servdap.legi.grenoble-inp.fr/meom/DFS5.2/ALL
www.gitlab.com/hakasehayashida/canoe-dms/tree/version1/CONFIG/cmoc08_naa1/EXP00
www.gitlab.com/hakasehayashida/canoe-dms/tree/version1/CONFIG/cmoc08_naa1/EXP00
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Table 4.3: List of selected model parameters in the NEMO namelists

Name Description Unit Value
namelist
rn_aht_0 Horizontal eddy diffusivity for oceanic active trac- m=2s™1 5
ers
namelist_ice_lim2
ahi0 Horizontal eddy diffusivity for sea-ice properties m2s !t 5
hiccrit Thickness of newly-formed ice m 0.6
pstar Ice strength parameter Nm=2 23,000
namelist_top
rn_ahtrc_.0 Horizontal eddy diffusivity for passive tracers m2s?t 5
namelist_pisces
Tref Reference temperature for photosynthesis, grazing, °C 10
and remineralization
chldeg Chlorophyll oxidation rate d-! 0
Output

The output of the model experiments was saved as annual means for the first ten
years (1969-1978) and five-day means for the final year (1979). Ice (snow) volume
was defined as the sum of the product of grid-cell-mean ice thickness (snow depth)
and the grid-cell area. Ice extent was defined as the areal sum of all grid cells with
an ice concentration of at least 0.15. Primary productivity within sea ice was quan-
tified in terms of depth-integrated (bottom 3 c¢m) gross primary productivity (GPP),
whereas primary productivity within the water column was expressed in terms of
depth-integrated (upper 90 m) net primary productivity (NPP). GPP was used for
ice algae because the linear loss term for ice algae in our model accounts for processes
other than just respiration, and therefore NPP cannot be derived simply by subtract-
ing the linear loss term from the photosynthetic growth (i.e. GPP). In any case, the
difference between NPP and GPP may be small for ice algae, as a previous incubation
experiment suggests that NPP accounts for 60 to 100 % of GPP in the bottom layer
of Arctic sea ice (Table 4 of Gosselin et al., [1997). Any grid cell whose ice concen-
tration is 0.15 or greater was considered "under-ice” following Zhang et al.| (2010)).
To investigate the interannual variability in pan-Arctic primary productivity, the ice
algal GPP, phytoplankton NPP, and under-ice NPP were integrated annually and
horizontally to derive respective pan-Arctic annual quantities. The term pan-Arctic
is defined here as the region north of the Arctic Circle (66.5 °N). The pan-Arctic mean

refers to an area-weighted average over the region north of the Arctic Circle. This
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areal restriction allows consistent comparison to some previous studies (e.g. Legendre
et al., 1992 Jin et all 2012).

PIOMAS and SIIV3 data products

The modelled sea-ice properties were evaluated against the following observationally-
based data products: the the Pan-Arctic Ice Ocean Modeling and Assimilation System
(PIOMAS) and Sea Ice Index Version 3 (SIIV3) data products. Although these
products are considered here as the best data products presently available, note that
they have their own biases that could result in mismatches with our model results.

PIOMAS is a regional coupled sea ice-ocean circulation model that assimilates
some observational data (Zhang and Rothrock, 2003; Schweiger et al., |2011). The
daily-mean time series of PIOMAS ice volume were obtained from www.psc.apl.uw.
edu/research/projects/arctic-sea-ice-volume-anomaly/data. The monthly-
mean ice thickness and ice concentration gridded data products of PIOMAS were
also used for spatial comparison (Dirkson et al., |2016).

SIIV3 provides an estimate for ice extent based on sea-ice concentration fields
derived from passive microwave radiometers (Windnagel et al., |2017). The daily-
mean SIIV3 ice extent time series were obtained from the National Snow and Ice Data
Center website (www.nsidc.org/data/G02135/versions/3). For the year 1979, this
data product is available for 182 days (i.e. every other day on average), which is

sufficient to compare with the 5-day-mean model output.

4.4 Reference simulation (EXPO)

4.4.1 Interannual variability during spin up

The annual-mean time series of modelled snow and ice volumes, ice extent, seawater
nitrate concentration, and ice algal and phytoplankton biomass over the 11 years of
EXPO are shown in Figure [£.5] This time period can be considered as sufficiently
long to spin up some of these quantities, while others may require additional years to
spin up. However, none of these quantities reach a steady state in the current setup
as the model was driven by interannual surface and lateral boundary conditions. The
aim of the present analysis is to diagnose potential drifts by examining the temporal
variability starting from the initial year. No substantial drifts, such as monotonic

increase/decrease, are simulated in any of the quantities considered.


www.psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data
www.psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data
www.nsidc.org/data/G02135/versions/3
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The annual-mean modelled snow volume stabilized around 0.8x10% km? after an
initial drop of about 0.1x10% km?® from year 1969 to 1970 (Figure [4.5h), indicating
a spin-up period of a year or so. In contrast, the annual-mean modelled ice volume
variations showed an initial reduction during 1969-1971 followed by an overall increase
during 1973-1979. The relatively short duration of this simulation does not allow us to
distinguish between trends and slow interannual variability, so we cannot determine if
the ice volume has spun up based solely on this analysis; this is addressed in a follow
up study. A previous pan-Arctic regional model study of Watanabe (2013) showed
a spin-up period of 10 years for modelled ice volume based on a simulation using a
fixed annual cycle of atmospheric forcing and restoring of temperature and salinity.

Modelled ice extent showed a decrease in the first 6 years followed by a stabilization
in the last 5 years, suggesting that this quantity spun up at year 1975 (Figurd4.5b).
This spin-up time is similar to that found in the pan-Arctic model study of |Jin
et al|(2012), in which their modelled ice area and extent became comparable to the
observations after the first 6 years of simulation.

Annual-mean modelled seawater nitrate concentration integrated over the upper
90 m of the water column showed both increases and decreases during the 11 years
(Figurdd.5p), although the size of the fluctuation (~20 mmol N m~2) is small relative
to its mean state (~490 mmol N m~2). Similarly to ice volume, a longer simula-
tion would be needed to distinguish between trends and interannual variability in the
modelled nitrate concentration. A previous pan-Arctic model study of |Dupont| (2012)
indicated a spin-up period of at least a decade for nitrate in the upper 100 m water
column for the model domain he considered. The modelled primary producers (ice
algae and phytoplankton) appear to have spun up within a year of the model simula-

tion, as their annual primary production fluctuates around a steady mean following
the first year (Figure [4.5¢).

4.4.2 Comparison of sea-ice physical properties with PIOMAS
and SIIV3 during the year 1979

Seasonal variability

To assess the performance of the model simulation of sea ice, the seasonal variability
of modelled ice volume and extent in EXPO were compared to PIOMAS and SIIV3
(Figur and b) for the year 1979. This year corresponds to the first full year
available for these data products. The ice volume in both EXP0 and PIOMAS was
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Figure 4.5: Time series of annual-mean modelled a) snow and ice volumes, b) ice
extent and depth-integrated (90 m) seawater nitrate concentration, and c¢) depth-
integrated (3 cm) ice algal GPP and depth-integrated (90 m) phytoplankton NPP
in EXPO. The depth-integrated quantities represent averages over the entire model
domain.
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at its annual maximum in late April (April 25 vs 28) and at its annual minimum
in September (September 10 vs 21). The ice extent in EXP0 and SIVV3 was at its
annual maximum in March (March 24 vs 1) and at its annual minimum in September
(September 25 vs 21). Given the difference in the frequency of the model output
and these data products (5-day vs daily), the timings of the ice volume maximum
and the ice extent minimum are comparable. The most prominent disagreement
is in the timing of the ice extent maximum in which EXPO lags by a few weeks.
The seasonal recession of Arctic sea ice started later in EXPO partly because our
domain excludes lower-latitude regions that were ice-covered in 1979 (e.g. the Sea
of Okhotsk and the Gulf of Saint Lawrence), and the seasonal retreat of sea ice in
these areas occurred earlier (confirmed using the Sea Ice Spatial Comparison Tool:
www.nsidc.org/arcticseaicenews/sea-ice-comparison-tool).

The ice volume is slightly higher in EXP0 than PIOMAS throughout the year, with
the largest difference of about 3000 km? taking place in May-June. The ice extent, on
the other hand, is generally lower in EXPO than SITV3, and their difference is greater
than 1x10° km? during the season of greatest extent (December-May). Much of this
difference can be attributed to the fact that the model domain excludes regions that
are usually ice covered during that period, such as Hudson Bay (covering a surface
area of 1.23x10° km?) and the Sea of Okhotsk (1.58x10® km?). During the remainder
of the year, the modelled ice extent is in closer agreement with SITV3 (especially in

August-September).

Spatial variability

Figure [4.7 shows the spatial variability in modelled March- and September-mean ice
thickness fields in EXPO and PIOMAS. The extent of modelled Arctic sea ice can be
inferred from the location of the ice edge, defined here as the 0.15 contour of ice con-
centration (Figure ,b,d,e). Overall, the locations of the ice edge within our model
domain are similar between EXP0 and PIOMAS for both March and September. Be-
yond the model domain, the ice coverage in March extends to Hudson Bay and the
Sea of Okhotsk in PIOMAS (Figurd4.7p). The March-mean ice thickness distribution
in EXPO includes a band of >5-m-thick ice along the coast of the Canadian Arctic
Archipelago extending east to Greenland, and a region of relatively thick ice (~4 m)
in the Arctic Basin north of the East Siberian Sea (Figurdd.7h). The band is also
present in PIOMAS, although it is restricted to the north of Greenland (Figurd4.7p).


www.nsidc.org/arcticseaicenews/sea-ice-comparison-tool
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Figure 4.6: Time series of 5-day-mean modelled a) snow and ice volumes, b) ice
extent and pan-Arctic-mean surface seawater nitrate concentration, and c¢) pan-Arctic
ice algal GPP and phytoplankton NPP during 1979 in EXP0O. The dashed lines in
a) and b) represent the daily-mean ice volume and extent of PIOMAS and SIIV3,

respectively.
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The thick ice region in the Arctic Basin north of the East Siberian Sea, on the other
hand, is absent in PIOMAS. Besides these regions entailing the band and the thick
ice region, EXPO0 generally simulated thicker ice than PIOMAS in the Greenland Sea
and various shelf regions (Figurdd.7c). On the other hand, EXPO simulated thinner
ice than PIOMAS on the Canadian Polar Shelf, and in the Chukchi Sea, the Barents
Sea, the Kara Sea, and an area near the North Pole (Figurdd.7c).

In September, the most notable features in the ice thickness distribution are the
presence of thinner (<2 m) ice in an area near the North Pole in EXP0 (Figure [£.74),
and thick (>5 m) ice along the coast of Siberia in PIOMAS (Figure [4.7k). The latter
feature seems unrealistic considering that: it is thicker in September than in March;
and it is thicker than the multi-year ice present along the band north of the Canadian
Arctic Archipelago and Greenland. Both of these features constitute negative ice
thickness anomalies in the model relative to PIOMAS (Figure [.7f). The difference is
also negative and large (~3 m) in the Canadian Polar Shelf; this could be due to the
fact that the horizontal resolution of PIOMAS (~22 km; Zhang et al|(2010))) is too
coarse to resolve the circulation through these relatively narrow channels, resulting
in the simulation of too thick first-year ice in this region at this particular time of
the year. The ice thickness is greater in EXPO than in PIOMAS in the Arctic Basin,
part of the East Siberian Sea, and the Laptev Sea as well as along the eastern coast

of Greenland.

4.4.3 Primary productivity of ice algae and phytoplankton
Seasonal variability

Figure [4.6| shows the seasonal variability in modelled pan-Arctic-mean ice algal GPP
and phytoplankton NPP during 1979 (panel c) along with relevant environmental
factors (panels a and b). Ice algal GPP started increasing in early February, peaked
in mid May, sharply declined in late May-early June, and was near zero by late June.
The start of the decline of the ice algal GPP coincided with the decline of the ice
volume (Figure ) demonstrating that the decline was driven by the release of ice
algae as a result of ice melt. The seasonal progression of the ice algal production is
similar toJin et al.| (2012). The phytoplankton NPP started increasing in early March,
peaked in early July, and decreased to near zero by the end of October (Figure )
At the peak in phytoplankton NPP, the pan-Arctic-mean surface seawater nitrate

concentration was below 1 mmol N m~ and remained so until the end of August
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Figure 4.7: Spatial distributions of monthly-mean ice thickness in EXPO (a,d) and
the PIOMAS product (b,e) and their difference (c,f) for March and September in
1979. The red lines represent the ice edge, defined here as the 0.15 contour of ice
concentration. In c) and f), the comparison is restricted to the NAA domain.
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(Figure [4.6p).

Spatial variability

Figure[4.8/shows the spatial distribution of annual-mean snow depth, surface seawater
nitrate concentration, ice algal GPP, and phytoplankton NPP for 1979. The largest
values of ice algal annual GPP (>10 g C m™2 y~!) are present in the coastal regions of
Baffin Bay, the Canadian Polar Shelf, the Chukchi Sea, the East Siberian Sea, and the
Kara Sea (Figure [4.8c). All of these regions have relatively thin snow (less than 0.1
m; Figure ), demonstrating the control of light on ice algal growth. In contrast,
the nutrient control on ice algal production is less pronounced; although high ice
algal GPP usually concides with high surface seawater nitrate, it is also present in
a few areas where the nitrate levels are relatively low (Baffin Bay and Chukchi Sea;
Figure [4.8b). Overall, ice algal production is mostly confined to shelf regions (water
depth <100 m; Figure , consistent with previous model studies (Deal et al., 2011;
Dupont, 2012 Jin et al.| 2012, |2018). However, the values reported in |Deal et al.
(2011), [Jin et al.| (2012), and [Jin et al.| (2018) are representative of NPP, while those
of [Dupont/ (2012) and the present study represent GPP; comparisons should be made
with this difference in mind.

There are a few noteworthy similarities and differences in the spatial variability in
modelled ice algal annual production between the present study and previous model
studies. All studies show a moderate-to-high level of ice algal production in Baffin
Bay. In contrast, disagreement in the ice algal production is found along the eastern
coast of Greenland and in the Bering Sea; the values along the eastern coast of
Greenland are moderate (5-10 g C m™2 y~!) in Deal et al. (2011) and |Jin et al.
(2012), while they are low (less than 5 ~2 y~!) in Dupont| (2012), [Jin et al.| (2018),
and the present study. Similarly, although Bering Sea is identified as a region of
high ice algal production by Deal et al.| (2011)), Jin et al| (2012)), and |Jin et al.
(2018)), Dupont| (2012)) and the present study simulate low ice algal production in this
region. A possible explanation for the lower ice algal production in this region in the
latter studies is due to an insufficient nutrient supply from the Pacific boundary as
discussed in Dupont| (2012)). Lastly, the recent study by |Jin et al.| (2018)) finds the
Sea of Okhotsk to be a region of elevated ice algal annual production, which we are
unable to assess in the present study due to the limited model domain.

The modelled phytoplankton annual NPP is high (>100 ¢ C m™2 y~!) in the
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Figure 4.8: Spatial distribution of annual-mean a) snow depth and b) surface sea-
water nitrate concentration, and c) depth-integrated (bottom 3 cm) ice algal annual
GPP and d) depth-integrated (upper 90 m) phytoplankton annual NPP in 1979 in
EXPO. The solid and dashed red lines represent the 0.15 contour of monthly-mean
ice concentration in March and September, respectively.

Atlantic and the Pacific sectors with little to no ice cover, moderate (50-100 g C m™2
vy~ 1) in the shelf seas along the North American and the Eurasian continents, and low
(<50 g C m~2 y~!) in the interior of the Arctic Ocean (Figurdd.8d). These findings

are in both qualitative and quantitative agreement with the results of five different

models and satellite-based estimates (Figure 1 of Popova et al., 2012).

Interannual variability

The modelled pan-Arctic ice algal annual GPP in EXPO ranged from 10.5 to 18.2 Tg
C y~! for the period 1970-1979, excluding the initial spin-up year. While this value
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is on the lower end of the range of observation-based NPP estimates (9-73 Tg C y;
Legendre et al, [1992)), it is close to the decadal mean of the annual NPP (10.1 Tg
C y=! for 1998-2007) simulated by [Jin et al| (2012). The pan-Arctic estimates by
Legendre et al.|(1992)) are quite speculative as they are based on the integration of a
single ice algal production value over a specified ice area (discussed in detail in Deal
et al.| (2011)). The close agreement between the two model-based estimates suggests
that the lower end of the observation-based estimates is more plausible than their
upper end. Although the upper end accounts for contribution from mat and strand
communities that are not represented in our model, their contribution to the pan-
Arctic production should be small as their spatial distribution is generally localized
(e.g.,/Assmy et al.,|2013)). Direct comparisons with the results of Deal et al.| (2011)) and
Dupont| (2012) are not possible because the reported values in those studies include
contributions from below the Arctic Circle. The modelled pan-Arctic phytoplankton
annual NPP in EXPO ranged from 378 to 465 Tg C y~!, which is in line with the
observation-based estimate (>329 Tg C y~!; Total High Arctic) of [Sakshaug| (2004,
the satellite-based estimate (419 Tg C y~! for 1998-2006) of [Pabi et al| (2008), and
the model-based estimate (627 Tg C y~! for 1998-2006) of [Jin et al. (2012).

4.4.4 Vertical distribution of salinity, nitrate, chlorophyll a,

and DMS in the upper water column

The seasonal variability of pan-Arctic-mean seawater salinity, nitrate, chlorophyll a,
and DMS in the upper 15 m of the water column is shown in Figure 4.9 During the
summer, a prominent freshening of the uppermost layer occurs as a result of ice melt
(Figure[4.9n). This freshening results in formation of a thin layer of low-salinity water
known as a meltwater lens, which strengthens stratification and reduces mixing with
the underlying water column. The formation of the lens coincides with the bloom of
modelled phytoplankton, resulting in the depletion of nitrate first in the uppermost
model layer and then in the underlying layers (Figure ) Nutrient depletion in the
near surface waters then results in formation of subsurface chlorophyll @ and DMS
maxima during the latter half of July (Figure and d).

These ice-associated physical and biogeochemical processes took place within a
relatively shallow upper water column (~10 m), and would have been impossible to
simulate with a model of coarse vertical resolution. It is for this reason that the

near-surface vertical resolution of the NAA configuration considered in the present
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study is finer than that of the original configuration (6 m in the uppermost layer;
Hu and Myers, [2013)). Although modelling these small-scale processes probably has
negligible effect on bulk quantities such as depth-integrated NPP, it can have an
impact on processes at the air-sea or ice-sea interface (e.g. gas fluxes). To illustrate
this point, the time series of modelled pan-Arctic-mean seawater DMS concentration
in the uppermost layer of the water column (about 1 m) was compared with the
concentration averaged over the top four layers (about 12 m) as a proxy for values
simulated by a coarse-vertical-resolution model (Figure .

DMS concentration is higher in the uppermost layer than in the 12-m layer
throughout most of April-September, but slightly lower in August (Figure [4.10p).
The concentration difference is largest (up to about 20 %) in June-July. The highest
DMS concentrations are found in the upper 1 m until the formation of the subsurface
maximum (Figure ) Overall, annual-mean DMS concentration averaged over the
upper 12 m of the water column is 9 % lower than in the upper 1 m. Considering
that this difference is present primarily during the ice melt period, and therefore that
the sea-surface DMS is released into the atmosphere, the sea-to-air DMS flux would

be underestimated by a similar amount using the 12-m resolution time series.

4.5 Sensitivity experiments (EXP1-5)

4.5.1 Snowfall forcing frequency (EXP1 and 2)

Two sensitivity experiments (EXP1 and EXP2) were performed with the identical
setup as EXPO except for a change to the atmospheric forcing. In EXP1, all the
forcing fields were replaced by the CORE-II dataset used in the original NAA config-
uration (Hu and Myers, 2013). In EXP2, the snowfall and total precipitation fields
over the period 1969-1978 were replaced by their respective 1979-2012 daily climato-
logical values as in the original DFS dataset (Dussin et al., 2016)).

A comparison of the pan-Arctic-mean snowfall rates between the CORE-II and
DFS datasets illustrates the differences between these datasets (Figure [£.11p). The
monthly CORE-II dataset varies from approximately 1 to 2.4 mm d~!, while the range
of the DFS dataset is three times as large (from near 0 to about 4.4 mm d~! for the
year 1979) most likely due to the difference in the temporal resolution of the datasets.
The lack of high frequency variability in the DFS daily climatology is evident from the
comparison of the DFS dataset between 1969-1978 and 1979. The daily climatology
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Figure 4.9: Time series of 5-day- and pan-Arctic-mean seawater a) salinity, and con-
centrations of b) nitrate, c¢) chlorophyll a, and d) DMS in the upper 15 m of the water

column during April-September in 1979 of EXPO.
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Figure 4.10: a) Time series of 5-day- and pan-Arctic-mean seawater DMS concentra-
tion a) in the uppermost layer (~1 m; blue) and averaged over the upper four layers
(~12 m; orange) during April-September in 1979 of EXPO0. b) The percentage differ-
ence between the two time series (the 1-m average minus the 12-m average, divided
by the 1-m average).
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ranges approximately from 0.2 to 2.2 mm d~!, less than half of the range for the
individual daily averages for 1979. The annual-mean CORE-II snowfall rate is higher
than that of the DFS dataset in all of these years. The annual mean of the DFS daily
climatology is slightly greater than that of the individual daily averages for 1979.

Figure shows a comparison of the modelled pan-Arctic annual-mean snow
depth among EXP0O, EXP1, and EXP2. The snow depth was substantially lower in
EXP1 and EXP2 than in EXPO throughout the period 1969-1979, except for 1969 (in
which year the snow depth is affected by its initial value). In EXP2, the extremely-low
snow depth somewhat recovered in 1979.

Figure [L.1Tk-e shows a spatial comparison of the modelled annual-mean snow
depth over the period 1970-1978 (excluding the first and last year of simulation).
There is a clear difference in the distribution between EXPO0 and the other two exper-
iments; the ice pack was generally covered by moderate amount of snow (~0.1 m) in
EXPO, while in EXP1 and EXP2, most regions were nearly snow-free. These results
of the latter two experiments are inconsistent with the available snow depth climatol-
ogy indicating the presence of considerably thicker (>0.2 m) annual-mean snow cover
over the Arctic Basin (Warren et al., |1999). As a result of these biases, the modified
DFS dataset was used as the reference simulation, rather than the CORE-II dataset
or the original DFS dataset.

It is interesting that the modelled pan-Arctic annual-mean snow depth was higher
in EXP0O than EXP1 even though the prescribed annual-mean snowfall rate was con-
sistently higher in the latter experiment (Figure[4.11h). Furthermore, the recovery of
the modelled snow depth in 1979 of EXP2 is also interesting given that there is essen-
tially no change in the total snowfall amounts between 1978 and 1979. These results
indicate a high sensitivity of the modelled snow depth to the temporal resolution of
the snowfall dataset. This interpretation is reinforced by the fact that the modelled
snow depth is also sensitive to the parameter nn_fsbc, which defines the frequency of
the computation of surface boundary conditions and sea-ice physics relative to that
of ocean dynamics. Figure 4.12] compares the annual-mean modelled snow depths for
year 1970 of EXP2 with those of the simulations that varied nn_fsbc from the default
value of 1 (i.e. the time step for surface boundary condition and sea-ice physics is
identical to the ocean time step) to 5 and 10 (i.e. surface boundary condition and
sea-ice physics are computed at every 5 and 10 ocean time steps, respectively). We
found that setting nn_fsbc to 5 or 10 increased the modelled snow depth quite re-
markably (Figure . This high sensitivity to the choice of nn_fsbc is somewhat
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unexpected given that the tested range (1-10 time steps or 20-200 minutes) is far less
than the temporal resolution of the CORE-II dataset. Perhaps there is a non-linear
temporal dependence in the surface boundary treatment or the sea-ice dynamics. A
more detailed analysis of the model sensitivity to nn_fsbec is outside the scope of this

study.

4.5.2 Light penetration through snow column (EXP3)

Figure compares the modelled sea-ice physical and biogeochemical properties in
1979 in EXPO with those of EXP3, in which iy for snow was set to the default LIM2
value of zero. The results for modelled snow and ice volume were almost identical
between the two experiments (Figure [1.13h), indicating a low sensitivity of these
physical quantities to the change in ig. On the other hand, an appreciable difference
in the modelled bottom-ice PAR prior to the melt season in June results in a large
difference in the modelled ice algal GPP (Figure [1.13p). By construction, ice algal
GPP in EXP3 is restricted to snow-free regions, so an increase in the ice algal GPP
due to the change in ig reflects production in snow-covered regions (Figure ).
The pan-Arctic ice algal annual GPP of EXP3 is 3.5 Tg C y !, only about a quarter
of the value obtained in EXP0. This value is much lower than those obtained in
previous studies (see Section . This result emphasizes the importance of correct
representation of the light penetration through snow, and shows that the original
LIM2 provides inadequate light for ice algal growth, resulting in insufficient ice algal
GPP. Note that the default value of iy is also set to zero in LIM3 (Vancoppenolle
et al., 2012).

Previous 3D sea-ice biogeochemical models differed in their choices of values for i
(Table [4.1)). The studies of Dupont| (2012)) and [Jin et al. (2012) set this value to zero,
yet their values for simulated ice algal productivity were relatively high. However,
these models used special parametarizations for irradiance and light limitation, re-
spectively, which likely resulted in realistic ice algal primary production values despite
the lack of light penetration through snow. Dupont (2012) imposed a minimum lead
fraction of 0.01 in any grid cell, supplying enough ambient light for ice algal growth.
In |Jin et al.| (2012), the light limitation parameter (the ratio of light-limited slope
and maximal photosynthetic rate; see Table 2 of |Jin et al. [2006) was set to a very
high value, nearly double the upper limit of the observed range reported in Table 2 of

Lavoie et al.| (2005). This reduction in light limitation allows the modelled ice algae



110

a) Snowfall b) Snow depth
a0 — CORE-llannual 0-081 . EXPO
' —— DFS annual 0.07 1 . EXP1
354 - CORE-ll monthly N EXP2
DFS daily . 0.06 1
3.0 A .
. 4 005
[ 2.5 A Kl
K € 0.04
A

=
T |

oy g PR o e
J 25 ALK
l.-‘E

o
o
w

W sivivivasivaviriniti s
HIE HBIEBIBRYIBYIBE

SRR RRRRRRAE N

STV o

00 1970 1972 1974 1976 1978 19800'00_ 1970 1972 1974 1976 1978

c) EXPO d) EXP1 ) EXP2

ﬁ
0.1 .

I >
0.0 0.1 0.2 0.0 0.1 0.2
Snow depth (m) Snow depth (m) Snow depth (m)

Figure 4.11: Model sensitivity to snowfall forcing frequency. Time series of pan-
Arctic-mean a) prescribed snowfall rate of the CORE-II (blue) and DFS (red) datasets
and b) modelled annual-mean snow depth in EXPO0 (black), EXP1 (blue), and EXP2
(red). Spatial maps of modelled annual-mean snow depth for the period 1970-1978
in ¢) EXPO, d) EXP1, and ¢) EXP2. The units for the snowfall rate was converted
from kg m~2 s7! to mm d~! using a constant snow density of 330 kg m~3, which is
the value assumed in LIM2.
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Figure 4.12: Sensitivity of modelled snow depth to the parameter nn_fsbe, which
defines the frequency of the computation of surface boundary conditions and sea-
ice physics relative to that of ocean dynamics. Spatial distribution of annual-mean
modelled snow depth for 1970 when nn_fsbe is set to a) 1 (default), b) 5, and c¢) 10.
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Figure 4.13: Model sensitivity to light penetration through snow. Time series com-
parison of modelled 5-day-mean a) snow volume (blue) and ice volume (red) and b)
bottom-ice PAR (blue) and ice algal GPP (red) in 1979 between EXPO (solid) and
EXP3 (dashed). c) Spatial distribution of the difference in the ice algal annual GPP
between EXPO and EXP3.

to grow faster even under low light conditions.

Two other regional modelling studies prescribed non-zero values of iy. (Castellani
et al.| (2017) set iy to 0.3 based on the measurements over snow-free ice surface (Gren-
fell and Maykut, [1977). As such, this value should be viewed as an overestimate.
Similarly, the light penetration through snow was also overestimated in Watanabe
et al. (2015), as iy was effectively unity in their study. Using these higher i reduces
light limitation, and hence enhances ice algal primary production.

To the best of the authors’ knowledge, no studies have ever reported an observed
value for ig. For a snow-free ice surface, Grenfell and Maykut| (1977) reported the
values ranging between 0.18 and 0.63 depending on both the ice type and whether
the incoming shortwave radiation is direct or diffuse. Observation-based estimates
of 79 would be useful in order to reduce the uncertainty of ice algal and under-ice

phytoplankton growth in models.

4.5.3 Horizontal transport of sea-ice biogeochemical state
variables (EXP4)

EXP4 was conducted with the identical model formulation as EXP0O except that the
advection and eddy diffusion of sea-ice biogeochemical state variables were neglected.
Note that the advection and diffusion of sea-ice physical state variables were retained
in EXP4, so there is no difference in the these variables between EXP0O and EXP4.

A time series comparison of the modelled pan-Arctic-mean bottom-ice nitrate and
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ice algal GPP for 1979 shows that these quantities are always higher in EXP0 than
EXP4 (Figure [£.14h). The pan-Arctic annual-mean bottom-ice nitrate and the ice
algal annual GPP are higher in EXP0O than EXP4 by 2 and 16 %, respectively.
Although the overall effect is an enhancement, the spatial distribution shows re-
gions of local increase and decrease (Figure [.14k-d). The difference in nitrate con-
centration between the two experiments is relatively high off the west coast of Baffin
Island, where the bottom-ice nitrate concentration is relatively high in EXPO (Fig-
ure [4.14p), whereas the difference is relatively small on the Canadian Polar Shelf
(Figure MC) The difference in ice algal GPP is relatively high in regions of high
ice algal GPP except for the Canadian Polar Shelf (Figure [4.14d), which is a region
of relatively slow ice motion (Figure ) A possible explanation for these spatial
differences is that the horizontal transport of sea ice takes ice algae out of regions of
high productivity into regions of low productivity, opening up space for new growth

in the productive regions.

4.5.4 Shading of ice algae (EXP5)

In EXP5, the shading effect of ice algae on light transfer through the ice was neglected
in order to assess its impact on under-ice NPP. On the pan-Arctic scale, there is almost
no effect, as shown in Figure [4.15h. The differences in the pan-Arctic- and annual-
mean under-ice PAR and the pan-Arctic under-ice annual NPP between EXP0 and
EXP5 are 2 % and 1 %, respectively.

Consistent with the patchiness of the ice algal distribution (Figure ), the shad-
ing effect is rather localized as shown in Figure [£.15pb-e. The influence on under-ice
PAR is assessed for the month of the ice algal bloom peak (May; Figure [1.6¢). By
construction, the spatial distribution of the difference in the under-ice PAR between
EXP0 and EXP5 is simply a reflection of ice algal abundance (Figure 4.15). Simi-
larly, a general decrease in the under-ice NPP is found due to shading in the regions
of high modelled ice algae. However, in some regions, shading results in a slight
increase in under-ice NPP. A possible explanation for this phenomenon is that the
reduction in nutrient drawdown under regions of large ice algal biomass enhances
nutrient advection into regions of low ice algal biomass.

The shading effect of ice algae was recently examined in the model study of |Castel-
lani et al.| (2017). Their results showed that the effect has greater influence at higher
latitudes due to low ambient light. Furthermore, they hypothesized that the onset of
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Figure 4.14: Model sensitivity to the advection and diffusion of sea-ice biogeochemical
state variables. a) Time series comparison of 5-day- and pan-Arctic-mean modelled
bottom-ice nitrate (blue) and ice algal daily GPP (red) during January-June of 1979
between EXPO (solid) and EXP4 (dashed). Spatial maps of the annual-mean bottom-
ice nitrate in b) EXPO and c) its difference between EXP0 and EXP4, d) the difference
in the ice algal annual GPP between EXP0 and EXP4, and e) the magnitude of the

ice velocity during May.
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the under-ice phytoplankton bloom north of 80°N can be delayed by up to 40 days
depending on how their modelled under-ice PAR is affected by shading.

It is difficult to directly compare the results of the present study with those of
Castellani et al.| (2017)), primarily due to the difference in the definition of the term
under-ice. As described in Section in the present study, a grid cell is considered
"under-ice” as long as the ice concentration is 0.15 or above. Because of the strong
light attenuation by snow and ice, the under-ice PAR defined in the present study is
therefore dominated by the light through the open-water fraction. Consequently, the
under-ice NPP is controlled by the light through the open-water fraction and does
not show a strong influence by the shading of ice algae.

To carry out an analysis comparable to that of Castellani et al.| (2017), we cal-
culated the onset of under-ice phytoplankton bloom as follows. A bloom onset is
defined as the day when bottom-ice PAR exceeds 0.4 W m~2 and remains above
this value at least for 30 days. This threshold for bottom-ice PAR corresponds to
the limit for under-ice algal growth considered in [Castellani et al.| (2017), assuming
an unit conversion (from pgmol photon m~2 s7! to W m~2) factor of 1/4.56 (Lavoie
et al., 2005)). Figure shows the spatial variability in the under-ice bloom onset
based on the definition above. The bloom took place mostly in seasonally ice-covered
regions, while it was absent in most of the pack ice (as indicated by white regions).
Unlike |Castellani et al.| (2017)), the under-ice bloom north of 80°N was absent even
without the shading effect. The absence of the bloom in our simulation is due to the
presence of snow in this region; despite the extremely low quantity (< 0.01 m; data
not shown), it kept the light level below the threshold for the bloom to occur. The
median value of the onset is on the 155th day (June 6) when the shading is accounted
(Figure [4.16}), while it is 10 days earlier without the shading effect (Figure [4.16)).

Figure |4.16 shows the spatial variability in the delay in the under-ice bloom onset
caused by the ice algal shading. The values range from 5 to 275 days; in some places,
the bloom is prevented completely. The present study does confirm the finding of
Castellani et al.| (2017)) that the shading effect is spatially variable and can have a
strong impact on the phytoplankton bloom under the ice of high ice algal biomass.
However, given the patchiness of ice algal distribution and the control of the light
through the open-water fraction, the impact of the shading on the estimate for the

pan-Arctic under-ice annual NPP is negligible.
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Figure 4.15: Model sensitivity to shading by ice algae. a) Time series comparison of
modelled pan-Arctic- and 5-day-mean under-ice PAR (blue) and NPP (red) between
EXPO (solid) and EXP5 (dashed) during 1979. Spatial maps of b) monthly-mean
under-ice PAR in May in EXPO and c) its difference from EXP5; d) the under-ice
annual NPP in EXPO, and e) its difference from EXP5.
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Figure 4.16: Effects of ice algal shading on the onset of under-ice phytoplankton
bloom. Spatial maps showing the bloom onset (as the day from January 1) when
the ice algal shading is a) considered and b) neglected and c) the difference between
the two cases representing the delay due to the shading in 1979 in EXPO. In ¢), "No
bloom” refers to regions in which the bloom was present in b) but not in a). See the
main text for the definition of bloom onset.
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4.6 Conclusions

In the present study, we have developed a sea-ice biogeochemistry module which is
coupled to NEMO. A number of modifications to the sea-ice physical model used in
the standard distribution of NEMO (LIM2), to the ocean biogeochemical model (Ca-
nOE), and to the existing pan-Arctic configuration (NAA) were necessary to properly
simulate the physical and biogeochemical processes in ice-covered regions. Results of
the reference simulation (EXPO) agreed well with observations and previous studies
in terms of simulated ice volume and extent and the pan-Arctic annual primary pro-
duction of ice algae and phytoplankton. Adopting a high vertical resolution in the
upper water column was found to be necessary to properly represent the effects of
a meltwater lens on surface nutrients and the formation of a subsurface chlorophyll
maximum. Furthermore, the vertical resolution was shown to have an effect on the
magnitude of the modelled surface seawater DMS concentration (~10 % annually
and up to ~20 % seasonally), which in turn influences DMS emissions. Results of
the sensitivity experiments demonstrated that: LIM2 requires high-frequency (daily)
snowfall forcing data to simulate realistic snow depth (EXP1 and 2); the assumption
of no light penetration through snow in LIM2 is unrealistic for simulating an adequate
ice algal bloom (EXP3); horizontal transport of sea ice contributes to an enhancement
of the pan-Arctic ice algal annual GPP by 16 % (EXP4); and attenuation of light
by ice algae has local influence on under-ice NPP but is negligible when estimating
larger-scale quantities (e.g. pan-Arctic under-ice annual NPP) (EXP5). The modifi-
cations to LIM2, CanOE, and NAA adopted in the present study are also applicable
to other submodels and configurations of NEMO (e.g. LIM3, PISCES, ORCA) as the
code structures are similar, and therefore, can be incorporated into future pan-Arctic
biogeochemical studies. The sea-ice biogeochemical module developed in the present
study has been embedded into NEMO in a generic way (see Appendix[A.3.1)), and can
therefore be easily coupled to the aforementioned submodels. To our knowledge, such
a development has not been done previously within NEMO. Further sensitivity exper-
iments and observational constraints are needed to refine the important parameters

(e.g. ig) for sea-ice biogeochemistry.
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Chapter 5

Spatio-temporal variability in
modelled sea-ice and oceanic
dimethylsulfide production and
fluxes in the Arctic over the period
1979-2015

5.1 Abstract

Recent field observations in various parts of the Arctic suggest that oceanic emis-
sions of dimethylsulfide (DMS) may play a dominant role in the radiative forcing
of Arctic aerosols and clouds during late spring and summer. In ice-covered seas,
DMS is produced not only in the water column, but also in various sea ice habitats.
The ongoing recession of sea ice cover is expected to enhance oceanic DMS emissions
in the Arctic, although the magnitude of this increase is highly uncertain. In the
present study, a coupled three-dimensional sea ice-ocean regional circulation model
was used to perform a multi-decadal (1969-2015) simulation of physical and biogeo-
chemical processes relevant to the production and fluxes of sea-ice and oceanic DMS
in the Arctic. The results of the latter 37 years of the simulation were compared with
available data products based on field and satellite measurements and other model
simulations to evaluate the model performance. The model reasonably simulated the

decline of Arctic sea ice, the magnitude and the general spatial patterns of the pan-
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Arctic sea-ice and pelagic annual primary production, and the mean seasonal cycle
and the spatial distribution of the pan-Arctic surface seawater DMS climatology. The
challenges in the comparison of the DMS climatologies are discussed, demonstrating
the need to update the in situ measurement-based and satellite-derived climatolo-
gies by incorporating data acquired by recent field campaigns. The analysis of the
modelled ice-to-sea and sea-to-air DMS fluxes revealed different responses to the ac-
celerated decline of Arctic sea ice over the recent decades (1996-2015). In particular,
the pan-Arctic ice-to-sea annual DMS flux showed no trend, whereas the sea-to-air
flux exhibited an increase of around 40 % over the past two decades. The driving
mechanisms for these recent trends are discussed. It is concluded that further model
developments and projections are needed to better address the climate change impacts

on oceanic DMS emissions in the rapidly-changing Arctic.

5.2 Introduction

Dimethylsulfide (DMS) is the most abundant volatile sulfur compound in the ocean (Simd,
2001)), The production of DMS results from the enzymatic cleavage of dimethylsulfo-
niopropionate (DMSP), which is an osmolyte produced by marine algae (Stefels et al.,
2007)). Oceanic emissions of DMS are the main source of biogenic aerosols, and there-
fore, play an important role in radiative forcing and atmospheric chemistry (Andreae
and Crutzen, 1997). In particular, recent observational studies suggest that oceanic
DMS emissions may exert a strong influence on regional climate in the Arctic during
late spring and summer, as they play a dominant role in aerosol composition and new
particle formation in the region (Chang et al., 2011b; Rempillo et al., 2011; Sharma
et al., 2012; Ghahremaninezhad et al., [2016; Mungall et al., 2016; Willis et al., [2016;
Park et al.| 2017). However, these studies are limited both spatially and temporally,
and the applicability of these proposed conclusions to the broader Arctic remains
unknown.

One of the main challenges in Arctic DMS research is the poor spatio-temporal
coverage of surface seawater DMS concentration measurements; direct measurements
in ice-covered regions are logistically difficult, while indirect measurements via re-
mote sensing are restricted to open water. As a result, the existing climatologies of
seawater DMS concentrations in the Arctic Ocean were primarily constructed by the
extrapolation of the measurements from lower latitudes (Kettle et al., [1999; Kettle
and Andreae, 2000; Lana et al., 2011). Given the spatial heterogeneity of DMS con-
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centration in the Arctic (Levasseur, 2013)), such an approach is not ideal to derive
the surface seawater DMS concentration fields that feed into atmospheric and Earth
System model simulations.

Another approach to acquire surface seawater DMS concentration fields is via
numerical modelling. Models apply knowledge based on limited measurements to
produce simulations over time periods and spatial domains that are beyond the ca-
pacity of field observations. Only a handful of papers in the existing literature focus
on modelling DMS production in the Arctic Ocean (Gabric et al., |1999; Jodwalis
et al., 2000; Gabric et al., 2005; Qu and Gabric, 2010; [Elliott et al.l, 2012} |Qu et al.|
2016). Among these previous studies, Elliott et al.| (2012) was the only study that:
1) incorporated sea-ice biogeochemistry; and 2) could address the spatial variability
in surface seawater DMS concentrations. However, this earlier study did not address
the temporal variability in DMS concentration nor attempt to quantify oceanic DMS
emissions.

The decline of Arctic sea ice is one of the most striking consequences of ongoing
climate change, and has implications for oceanic emissions of DMS in the Arctic.
Using a box model, Gabric et al.| (2005) projected an 86% increase in DMS emissions
from the Barents Sea between the late 20th and the 21st centuries, owing to both
significant loss of ice cover and warming of sea-surface temperature (with consequent
reduction in the gas solubility). Similarly, a global model simulation under the Rep-
resentative Concentration Pathway scenario 4.5 (Six et al., 2013) indicates that DMS
emissions will increase in polar regions north (south) of 60°N(S), while a reduction
in DMS emissions is projected for the lower latitudes. However, these earlier studies
either focused on a confined region in the Arctic (Gabric et al. 2005) or did not
provide a thorough analysis for the Arctic (Six et al} |2013)). Furthermore, the spatial
resolution of the global model used in the latter study might be inadequate to resolve
important processes for the Arctic region (Chapter 4).

In the present study, a multi-decadal simulation using the 3-D coupled sea ice-
ocean physical-biogeochemical model developed in Chapter 4 was performed to in-
vestigate the spatio-temporal variability in sea-ice and oceanic DMS production and
fluxes in the Arctic over the period 1979-2015. Specific objectives of this study are
to: 1) evaluate the model performance in simulating recent trends in sea-ice physical
properties and associated changes in primary productivity of ice algae and phyto-
plankton; 2) compare and contrast surface seawater Arctic DMS climatology prod-

ucts based on three different approaches (in situ measurements, remote sensing, and
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numerical modelling); and 3) investigate the response of modelled ice-to-sea and sea-
to-air DMS fluxes to anthropogenic warming and the recent decline of Arctic sea

ice.

5.3 Methods

5.3.1 Model simulation

A numerical model simulation was conducted for 47 years from January 1, 1969, to
December 31, 2015 using the pan-Arctic regional configuration of the NEMO mod-
elling system described in Chapter 4l The set up of the model simulation is identical
to the reference simulation (EXP0) of Chapter [i] except that: the simulation spans
additional 37 years with prescribed annually-varying surface and lateral boundary
conditions (Appendix [A.4.1)); and the following updates were made to improve the
model simulation. First, I added river runoff of nitrate, total alkalinity, and dissolved
organic and inorganic carbon by constructing their annual-mean concentration fields
based on measurements from major Arctic rivers (see Appendix for details).
Second, I removed the iron limitation on photosynthetic growth of small and large
phytoplankton to avoid spurious reduction in primary productivity that may arise
due to the lack of external supply (dust deposition and river input) of dissolved iron
in the current model set up. This change has a negligible effect on the results of
Chapter 4 given the short span of the simulations, but was deemed necessary for the
multi-decadal simulation carried out in the present study. This change is also justified
by the fact that iron is generally not the limiting factor for phytoplankton growth
for the Arctic domain (Zahariev et al. 2008; |Aumont et al., 2003, 2015)). Third, I
removed the effect of nutrient stress on the DMSP content of small phytoplankton as
Stefels et al.| (2007) suggested that the DMSP production of high DMSP-producing
algae, such as small phytoplankton in the present study, are not affected much by
nutrient limitation. Lastly, I changed the values of the following model parameters
from the values used in Chapter 4 in order to fine tune the modelled ice volume and
extent: the thickness of newly-formed ice (hiccrit; from 0.6 m to 0.5 m); and the ice
strength parameter (pstar; from 23,000 N m~2 to 30,000 N m~2). My preliminary
simulations indicate that: the modelled ice volume and extent are directly propor-
tional to hiccrit within the range 0.3-0.8 m; and the modelled ice extent is inversely

proportional to pstar, while the modelled ice volume is insensitive to the choice of
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pstar within the range 23,000-45,000 N m~2.

5.3.2 Validation data products

For the evaluation of modelled sea-ice physical properties, I obtained the Pan-Arctic
Ice Ocean Modeling and Assimilation System (PIOMAS) product and the Sea Ice In-
dex Version 3 (SIIV3). PIOMAS is a regional coupled sea ice-ocean circulation model
that assimilates observational data (Zhang and Rothrock, [2003; [Schweiger et al.|
2011). The monthly-mean time series of PIOMAS ice volume were obtained from www.
psc.apl.uw.edu/research/projects/arctic-sea-ice-volume-anomaly/data. Ad-
ditionally, the monthly-mean ice thickness and concentration gridded data products
of PIOMAS (Dirkson et al.l [2016) were used for spatial comparison. To perform a
grid-to-grid comparison, these spatial fields were interpolated onto the model grid
using a Fortran-based interpolation tool called SOSIE (SOSIE is Only a Surface In-
terpolation Environment; https://brodeau.github.io/sosie). SIIV3 provides ice
extent time series based on sea-ice concentration estimates from passive microwave
radiometers (Windnagel et al., 2017). The monthly-mean ice extent time series were
obtained from www.nsidc.org/data/G02135/versions/3.

For the evaluation of modelled surface seawater DMS concentration fields, I ob-
tained two data products that are based on in situ measurements (the L11 clima-
tology; Lana et al), 2011) and remote sensing (the G18 climatology; Marti Gali,
Laval University, personal communication). The L11 climatology is regarded as the
most-up-to-date global data product, incorporating over 47,000 seawater DMS mea-
surements collected during 1972-2009. This data product is available in 1° longi-
tude by 1° latitude grids, and comes in two forms: discrete and standard. The
discrete climatology is an un-extrapolated product, whereas the standard climatol-
ogy is an extrapolated product of the discrete climatology (see |Lana et al. (2011) for
details). Both products were downloaded from https://www.bodc.ac.uk/solas_
integration/implementation_products/groupl/dms!

The G18 climatology was constructed using a remote sensing algorithm that relies
on satellite-derived chlorophyll a, light penetration regime, and sea-surface PAR (Gali
et al., 2018)). The temporal coverage of the data used to construct the G18 climatol-
ogy is 2003-2016. In addition to the G18 climatology, I used satellite-derived fields
of absorption coefficient at 412 nm, a proxy for coloured dissolved organic matter

(CDOM) concentration, to screen out grid cells with very high CDOM concentration,
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indicative of conditions where the algorithm provides poor estimates of chlorophyll
a due to strong terrestrial influence. This error translates into DMS estimates, but
not proportionally, because of the way the algorithm handles high chlorophyll a (see
Gali et al| (2015) and (Gali et al.| (2018)) for details). Both the G18 climatology and
the corresponding CDOM climatology were provided by Marti Gali (Laval University,
personal communication) and use an equal-area sinusoidal projection with a resolu-
tion of 27.84 km.

Although other DMS climatologies based on global model simulations could be
used for comparison, I excluded these products because their evaluations tend to fo-
cus on the overall pattern around the globe without giving much attention to polar
regions. Consequently, these global models tend to underestimate the DMS con-
centration in the Arctic [Tesdal et al.| (2016a)) except for one model (e.g. [Vogt et al.,
2010)) which incorporated the cryoprotection effect on DMSP quota. However, in that
study, the DMS concentration was rather too high compared to the L11 climatology
for the Arctic domain Tesdal et al.| (2016a), while in contrast, the modelled chloro-
phyll distribution was much lower than the satellite-derived product (Vogt et al.,
2010). Therefore, the performance in simulating the fundamental biogeochemical

tracers for DMS dynamics is considered rather poor for the Arctic domain.

5.3.3 Trend analysis

Trends in modelled time series were determined using a simple least squares linear
regression. Residuals are defined as the differences between the model solution and
the regression line. Computationally, this analysis was performed using a Python
library called SciPy, or more specifically, a function called numpy.linalg.lstsq. The
associated root-mean-square difference (RMSD) was determined by taking the square
root of the average of squared residuals. In the context of the present study, RMSD is

a measure of interannual variability, although it may still include a non-linear trend.

5.4 Results

The analysis presented here focuses on the region within the Arctic Circle (66.5°N)
and the period 1979-2015, which excludes the first decade of the standard run (1969-
1978) considered as a spin-up.
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5.4.1 Sea-ice physical properties
Ice extent and volume time series

Figure[5.1] compares the time series of modelled September-mean Arctic sea-ice extent
(volume) with the SITV3 (PIOMAS) product over the period 1979-2015. In general,
both the interannual variability and trends agree well between the model and those
data products.

The model simulated higher ice extent than the SITV3 product throughout this
period (Figure[5.1p); the mean absolute difference between the model and the SITV3
product is 0.9 x 10% km?. The trend in the modelled ice extent is -0.7 x 10° km? per
decade, while that of SITV3 is -0.8 x 10° km? per decade (dashed lines in Figure[5.1h);
the difference between the two trends is about 13%. The interannual variability in
the modelled ice extent agrees well with that of the SITV3 product, as indicated by a
strong correlation between these time series (p =0.94, where p denotes the Pearson’s
correlation coefficient defined as the covariance of the two de-trended time series
divided by the product of their standard deviations).

The modelled ice volume is quantitatively similar to the PIOMAS product through-
out the period except for 1983-1997, during which the modelled ice volume is consis-
tently higher than the PIOMAS product (Figure|5.1b). The mean absolute difference
between the model and the PIOMAS product is 1.5 x 10% km? over the period 1979-
2015. The trend in the modelled ice volume is -2.5 x 10 km? per decade, while that
of the PIOMAS product is -3.2 x 10* km?® per decade (dashed lines in Figure [5.1p);
the difference between the two trends is about 25%. The Pearson’s correlation coeffi-
cient for the de-trended ice volume time series between the model and the PIOMAS
product is 0.89, indicating a strong agreement in the interannual variability between

the two results.

Ice concentration and thickness fields

Figure (F igure compares the spatial variability in the climatological September
mean ice concentration (thickness) fields and their trends and RMSDs over the period
1979-2013 between my model simulation and the PIOMAS product. For the most
part, the spatial patterns are in qualitative agreement that: the locations of ice edges
are comparable (black lines; Figure [5.2h,b); relatively thick (>2 m) ice is present
along the northern coast of the Canadian Arctic Archipelago and Greenland (Fig-
ure [5.3p,b); the trends in both fields are almost entirely negative and are generally
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Figure 5.1: Time series comparison of September-mean a) sea-ice extent between the
model (black) and the PIOMAS product (red) and b) the sea-ice volume between the

model (black) and SITV3 (red) over the period 1979-2015. Dashed lines represent the
linear trends over the entire period.
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higher in marginal ice zones than in the pack ice (Figure 7e and Figure ,e);
and the RMSDs in both fields are relatively high in regions of strong negative trends
(Figure ,h and Figure ,h).

Our model generally simulated higher ice concentration and thickness near the ice
margins and lower ice concentration and thickness in the pack ice compared to the
PIOMAS product (Figure and Figure ) The largest ice concentration and
thickness difference is apparent in the Canadian Polar Shelf; this difference may be
caused by the difference in the simulation of flow through narrow channels owing to
the spatial resolution difference between my model (~10 km in the Canadian Polar
Shelf; Figure and PIOMAS (~22 km; Zhang et al. |2010). The magnitude of the
negative trends in most of the Arctic Basin and the Canadian Polar Shelf is lower in
my model simulation than the PIOMAS product (Figure and Figure ) The
magnitude of the RMSD is higher overall in my model simulation than the PIOMAS
product (Figure and Figure ), indicating a higher interannual variability in

my modelled sea-ice physical properties.

5.4.2 Annual primary production
Ice algae

Modelled sea-ice annual gross primary production (GPP) integrated over the Arctic
Circle ranges from 6 Tg C y=! to 21 Tg C y~! with a mean and standard deviation of
1343 Tg C y ! over the period 1979-2015 (Figure ) No obvious trend is apparent
from the time series, although the interannual variability appears to be higher in the
latter half of the simulation. To compare my results with those of earlier studies,
I derived the equivalent annual net primary production (NPP) from the modelled
GPP values by assuming that NPP represents 76% of GPP. This fraction represents
the average of the ratios of the particulate production to the total (particulate plus
dissolved) production of organic carbon in the four incubation experiment carried
out in the bottom layer of Arctic sea ice (Gosselin et al., [1997). The equivalent
modelled sea-ice annual NPP ranges 4.6-16 Tg C y~! (Table , which falls within
the lower end of the in situ measurement-based estimates of [Legendre et al.| (1992);
this comparison is reasonable considering that much of the upper end of the estimates
represent contributions from strand and mat communities that are not explicitly
represented in my model. Furthermore, the modelled mean sea-ice annual NPP over
the period 1979-2015 (9.942.3 Tg C y~!) matches (within one standard deviation) the
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Figure 5.2: Spatial distributions of September-mean ice concentration fields averaged
over the period 1979-2013 (top row) and its trend (middle row) and RMSD (bottom
row) over the same period. Left column: my model. Middle column: PIOMAS. Right
column: difference between my model and PIOMAS.
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Table 5.1: Comparison of pan-Arctic sea-ice and pelagic annual net primary pro-
duction estimates. Both the range and the mean +1 standard deviation (in square
brackets) are quoted from my model simulation, and either one (whichever is avail-
able) is quoted from previous studies. Note that the definition of the term pan-Arctic
differs among studies, but is roughly the region north of the Arctic Circle.

Value Method Temporal Reference

(Tg Cy ™) coverage

Ice algae

4.6-16 [9.9£2.3[]  Model 1979-2015 This study

9-73 in situ measurements Unknown |Legendre et al.| (1992)
[10.1+£2] Model 1998-2007 |Jin et al.| (2012)
Phytoplankton

481-957 [674£129] Model 1979-2015 This study

[>893]ﬂ in situ measurements Unknown [Sakshaug| (2004)
[993+94] Satellite 1998-2007 [Hill et al.| (2013))
460-608 Satellite 1998-2012 |Arrigo and van Dijken| (2015))
456-682 Model 1988-2007 |Zhang et al.| (2010)
[627+51] Model 1998-2007 |Jin et al. (2012)
[626+20] Model 1990-2006 |Popova et al. (2012)

2The values are converted from GPP to NPP by assuming that the latter represents 76% of GPP.
See the main text in Section for explanation.

bThis value represents the sum of the values quoted from Table 3.7 of Sakshaug] (2004), excluding
the contributions from Hudson Bay, Labrador Sea, Icelandic Sea, Bering oceanic, and Okhotsk Sea
that are, for the most part, located south of the Arctic Circle.

mean value over the period 1998-2007 from the simulation of |Jin et al.| (2012). The
results of other model studies (e.g. [Deal et al., 2011; |Dupont, [2012)) are not directly
comparable because the values quoted in those studies included contributions from
regions that are beyond the spatial domain of my model configuration (e.g. Hudson
Bay).

Figure shows the spatial distribution of modelled sea-ice annual GPP av-
eraged over the period 1979-2015. In general, the values are high in shelf regions,
especially in the southern Canadian Polar Shelf. In contrast, the values are gener-
ally low in the Arctic Basin, the Greenland Sea, the Norwegian Sea, and the Barents
Sea. These spatial patterns are consistent with the findings of my previous simulation
(EXPO; Chapter 4) as well as other model studies (Deal et al [2011; Dupont, 2012;
Jin et al.| 2012} 2018).
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Figure 5.4: a) Time series of modelled bottom-3-cm sea-ice annual GPP (blue) and
upper-90-m pelagic annual NPP integrated within the Arctic Circle. Spatial distri-
butions of modelled b) sea-ice annual GPP and c¢) pelagic annual NPP averaged over
the period 1979-2015. Note the log scales in these spatial maps.
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Phytoplankton

Modelled pelagic annual NPP integrated north of the Arctic Circle ranges from 481
to 957 Tg C y~! with a mean of 674 (£129) Tg C y~! over the period 1979-2015
(Figure [p.4h). The time series shows a general increase, which is consistent with the
findings of the previous studies based on remote sensing (Arrigo and van Dijken, |2015)
and model simulation (Zhang et all |2010). Compared to the previous satellite and
model studies, my model simulated a higher range (Table , which is reasonable
given the wider temporal coverage. The modelled mean value agrees well with the
results of previous model studies (Jin et al., 2012; Popova et al., [2012), while it is sub-
stantially lower than the estimates based on in situ measurements (Sakshaug), 2004)
and a remote sensing estimate that accounts for subsurface production (Hill et al.
2013). However, the latter two estimates are uncertain primarily due to spatially
and temporally limited observations. Furthermore, some studies (Arrigo and Dijken),
2011; Ardyna et al. 2013) regard the contribution of subsurface chlorophyll maxima
to the pan-Arctic annual NPP as negligible, and so the estimate by Hill et al. (2013)
is open to debate.

Figure 5.4c shows the spatial variability in modelled pelagic annual NPP averaged
over the period 1979-2015. In general, the values are high in lower-latitude regions
that are either ice free or covered by thin ice (Figure ) By contrast, the values
are generally low in the Arctic Basin, and are extremely low (below 10 Tg C y™!)
in the Canada Basin and the northern part of the Canadian Polar Shelf and north
of Greenland that are covered by thick ice (Figure [p.3p). These spatial patterns
generally agree well with most of the model results and the satellite-derived product

presented in Popova et al.| (2012)).

5.4.3 Surface seawater DMS climatology
Caveats to the comparison

Figure [5.5| shows the spatial distributions of monthly-mean surface seawater DMS
concentration fields of my model-based climatology (Column C), the standard L11
climatology (Column B), and the G18 climatology (Column D). Comparisons with the
standard L11 climatology and the G18 climatology need to be carried out with caution
for a few reasons. First, the standard L11 climatology is an interpolated /extrapolated
gridded product that is based on essentially no data in the Arctic (Figure Column
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A). In other words, the standard L11 climatology in the Arctic relies heavily on the
extrapolation of data from lower latitudes. Nevertheless, the standard L11 climatol-
ogy deserves attention because it is the most commonly used product for prescribing
the DMS emissions in atmospheric and Earth System models. The G18 climatology
also suffers from limited number of observations in ice-covered regions where remotely
sensed estimates of chlorophyll a (and subsequent DMS) concentrations are not avail-
able. This limitation is illustrated by the lack of data in ice-covered regions in the
G18 climatology (Column D). In addition to the issue of data availability, the G18
climatology is affected by signal contamination from CDOM originating from rivers.
This bias is illustrated by the co-occurrence of high DMS concentrations (Column
D) and high CDOM concentrations (Column E) in regions of strong river influence.
Another issue is that both the L11 climatology and the G18 climatology are represen-
tative of open-water environments, which differs from my model-based climatology
that incorporates both open-water and under-ice DMS concentrations. There are also
issues with the representativeness of climatological (long-term-mean) monthly-mean
values in the L11 climatology due to limited temporal coverage of measurements in-
corporated into the climatology. Lastly, a direct comparison of the standard L11
climatology to my model-based climatology and the G18 climatology is problematic
as the former is based on point measurements, which exhibit much higher variability
than model-based and satellite-derived quantities which are representative of grid-cell

averages.

Mean seasonal cycle

Figure[5.6|shows the monthly-mean time series of surface seawater DMS concentration
averaged within the Arctic Circle for the model-based climatology, the standard L11
climatology and the G18 climatology. The three climatology products agree that the
pan-Arctic-mean DMS concentration is relatively high during May-August. The time
series of the model-based climatology (blue bars) are in qualitative agreement with
the time series of the standard L11 climatology (yellow bars), although the timing of
the annual peak differs by a month (June vs May). The earlier peak in the standard
L11 climatology is a consequence of the extrapolation of datasets from lower latitudes
(discussed in more detail below). The time series of the G18 climatology (red bars)
show substantially higher values than the other climatologies in June and July partly

due to the fact that the former mask out the ice-covered areas for the computation
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Figure 5.5: Spatial distributions of the surface seawater DMS climatology products
for the months of May-August within the Arctic Circle. Columns A and B are
respectively based on the in situ measurement-based discrete and standard (inter-
polated/extrapolated) L11 climatologies; Column C is the model-based climatology
(1979-2015); and Column D is the satellite-derived G18 climatology (2003-2016). Col-
umn E is the climatology of the absorption coefficient at 412 nm (a proxy for CDOM
concentration) corresponding to the G18 DMS climatology. In Columns D and E,
white regions indicate missing data due to the presence of sea ice. Note the log scales
on the DMS concentration.
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Figure 5.6: Time series of the spatial mean seasonal cycle of surface seawater DMS
concentration within the Arctic Circle for my model simulation, the standard L11
climatology, and the G18 climatology. Colour bars show the mean values and associ-
ated black errorbars represent +1 standard deviation of the spatial distribution. To
make a consistent comparison with the G18 climatology, I also show the modelled
mean concentration in open water (defined here as the region where ice concentration
is less than 15%; cyan bars). Note that blue and cyan bars are difficult to see for
November-March because the mean values are close to zero, whereas the red bars are
absent for November-December because no data are available within the Arctic Circle
in the G18 climatology for these months.

of the pan-Arctic-mean concentration. To make a consistent comparison with the
G18 climatology, I calculated the pan-Arctic-mean concentration representative of
the open-water areas for the model-based climatology (cyan bars); the resultant time
series are comparable to the G18 climatology, although the timing of the annual peak
differs (May vs June).

Spatial variability

Regional differences in the climatologies are illustrated in Figure [5.5] I focus on the
spatial variability in the timing and magnitude of the annual peak in surface seawater
DMS concentration that takes place mostly in May-July.

First, the model-based climatology shows that DMS concentration in the northern
North Atlantic has an annual peak of 10-20 gmol S m™2 in May-June, in agreement

with the standard L11 climatology. The G18 climatology shows a distinct peak in
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June rather than both in May and June. The L11 climatology for this region in
May is governed by the measurements in the Barents Sea. The L11 climatology for
June, however, is unreliable for this region because it is based on the extrapolation
of datasets from lower latitudes as indicated by the absence of local measurements
(Column A).

Second, the model-based climatology shows the annual peak in June-July for
the Chukchi Sea and the Eurasian shelves (Fast Siberian, Laptev, Kara) with peak
concentrations ranging from 5 to 10 pmol S m~3. This timing is consistent with the
G18 climatology but the peak concentrations differ by at least 10 gumol S m~2 for
most of the Eurasian shelves; I assume that part of this difference is due to the signal
contamination by CDOM in the G18 climatology. The L11 climatology shows that
the DMS concentrations in the Chukchi Sea peak in July. This result is based on
local measurements, the values of which are comparable to the peak concentrations
in the model-based climatology. The peak month for DMS in the Eurasian shelves
in the L11 climatology is May, which is a bias owing to the extrapolation of peak
concentrations in the North Pacific (Lana et al. 2011)).

Lastly, the model-based climatology indicates July as the peak month for DMS in
the Arctic Basin (except for the Beaufort Sea, which is at peak in June) with a peak
concentration of ~5 yumol S m~3. The timing of this peak does not match that of the
L11 climatology (May), but this is again likely due to the extrapolation bias. In the
model-based climatology, July is also the peak month for the Canadian Polar Shelf
(>20 pmol S m~3). The timing of this peak is in agreement with the L11 climatology,
although no local measurements are incorporated into the climatology of this region
for this month. A comparison with the G18 climatology for these ice-covered regions

is not possible due to limited spatial coverage.

Comparison with the discrete L11 climatology

Given the extrapolation bias in the standard L11 climatology, the model-based cli-
matology can be better evaluated through a direct comparison with the discrete L11
climatology at locations where observations are available (Column A; Figure .
Figure shows the scatter plot of this comparison for May-August. The dashed
line represents a slope of unity; the data which lie on this line indicate a perfect match
between the model-based climatology and the discrete L11 climatology. The correla-

tion between the modelled and observed DMS is weak. The model-based climatology
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generally overestimates the low DMS concentrations (<1 umol S m™2) of the discrete
L11 climatology in the Baffin Bay (May and June; Column A; Figure and the
Arctic Basin (July and August). On the other hand, the model-based climatology
consistently underestimates the concentrations exceeding 4 pmol S m~3 in the dis-
crete L11 climatology, which correspond to data from the Barents Sea (May), the
Chukchi Sea (July), and the Greenland Sea (July and August).

Although the discrete L11 climatology has no extrapolation bias, the direct com-
parison with the model-based climatology is still problematic owing to some of the
caveats mentioned above, particularly the fact that the L11 climatology is based on
point measurements, which display much higher variability than model quantities
which represent grid-cell averages. The discrete L11 climatology also has not yet
incorporated the data from some recent field campaigns (e.g. Mungall et al., 2016;
Jarnikova et al., [2018]).

5.4.4 Ice-to-sea and sea-to-air DMS fluxes
Seasonal variability

Figure [5.8 shows the seasonal variability in modelled ice-to-sea and sea-to-air DMS
fluxes integrated within the Arctic Circle. The ice-to-sea flux is at its annual peak in
May and moderately high in June relative to the remainder of the year. The sea-to-air
flux is relatively high throughout May-September. The sea-to-air flux at its annual
peak (June) is about 20-fold higher than the ice-to-sea flux in May, indicating that
the latter represents a negligible source of DMS to the water column at a pan-Arctic
scale. Note that my model does not have a representation for ice-to-air flux, such as
the emissions from melt ponds (Gourdal et al.| 2018), that can make an additional

contribution to the atmospheric inventory.

Spatial variability

Figure [5.9 shows the spatial variability in modelled ice-to-sea and sea-to-air annual
DMS fluxes within the Arctic Circle. In general, the spatial patterns in the ice-to-sea
(sea-to-air) flux resemble those of annual primary productivity within sea ice (water
column) previously shown in Figure . The ice-to-sea flux is relatively high (more
than 10 gmol S m~2 y~!) in Baffin Bay, Chukchi Sea, and shelf regions near the

Eurasian and the North American continents, while it is near zero in the Norwegian
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Figure 5.7: Scatter plot comparison between the model-based climatology and the
discrete L11 climatology of surface seawater DMS concentration north of the Arctic
Circle. Colours distinguish the datasets by month. To aid in the interpretation
of the plot, grey lines are drawn which represent a slope of unity (solid) and the
concentration in the discrete L11 climatology at 1 and 4 pumol S m™3 (dashed and
dotted), respectively.
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Figure 5.8: Seasonal cycle of modelled a) ice-to-sea and b) sea-to-air annual DMS
flux integrated over the Arctic Circle. Dots represent the mean values and error bars
represent +1 standard deviation of the integrated fluxes over the period 1979-2015.
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Figure 5.9: Spatial distributions of modelled a) ice-to-sea and b) sea-to-air annual
DMS flux averaged over the 1979-2015 period. Note the log scales on these maps.

and Barents Seas (Figure ) In contrast, these seas represent regions of high DMS
emissions from the ocean to the atmosphere, as the sea-to-air flux exceeds 1000 pmol
S m—2 y~! (Figure ) The sea-to-air flux is similarly high in shelf areas of the
Kara Sea, the Laptev Sea, the East Siberian Sea, the Chukchi Sea, the Beaufort Sea,
and the Canadian Polar Shelf. The sea-to-air flux is generally low (20 pmol S m™2
y ! or less) in regions that are covered by thick ice (~2 m or more; Figure )

Interannual variability and trends

Figure and Figure [5.10p show the interannual variability in modelled ice-to-sea
and sea-to-air annual DMS fluxes integrated over the Arctic Circle, respectively. The
ice-to-sea flux ranges from 1.9 to 4.6 Gg S y~! with a mean of 2.9 (£0.5) Gg S y*
over the period 1979-2015 (black lines; Figure ), while the sea-to-air flux ranges
from 0.10 to 0.15 Tg S y~! with a mean of 0.12 (+0.01) Tg S y~! over the same
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period (black lines; Figure ) There is no particularly strong trend in these time
series. To compare the modelled sea-to-air DMS flux with estimates based on the L11
climatology, I also integrated the modelled flux over the region north of 60°N. The
resulting average flux of 0.24 (+0.02) Tg S y~! over the period 1979-2015 is somewhat
lower than the estimates of |Lana et al.| (2011) and Wang et al.| (2018)), both of which
find 0.3 Tg S y ! over the same spatial domain.

To assess longer-term variability in the modelled fluxes, I calculated the 10-year
centred moving averages of these fluxes, which are shown as solid red lines in Fig-
ure [5.10 The 10-year moving average of the ice-to-sea flux is more or less constant
from the late 1990s (Figure[5.10R). In contrast, the interdecadal variability in the sea-
to-air flux shows a quasi-linear monotonic increase since about 2000 (dashed red lines;
Figure ) To assess the relationship with ice conditions, I did the same calcula-
tion for the modelled ice concentration averaged north of the Arctic Circle and over
the spring-summer season (Figure mc) The spring-summer season is defined here
as April-September, which are the months most relevant for DMS fluxes (Figure |5.8)).
The variability in the 10-year centred moving average of the ice concentration shows a
quasi-linear monotonic decrease since the decadal-moving-average period 1996-2005,
coinciding with the beginning of the quasi-linear monotonic increase in the sea-to-air
DMS flux. Furthermore, this timing coincides with the beginning of the accelerated
decline of Arctic sea ice (Stroeve et al., [2012b).

To quantify the trends in the modelled fluxes and ice concentration, I conducted
a simple linear regression on the interannual time series of these variables over the
period 1996-2015 (yellow lines; Figure |5.10). I chose to calculate the trend since
1996, as it corresponds to the start of the rapid sea ice decline. The slopes of the
regression lines are: 0.02 Gg S y~! per decade for the ice-to-sea flux (Figure );
0.02 Tg S y~! per decade for the sea-to-air flux (Figure ); and -0.06 per decade
for the ice concentration (Figure [5.10¢). Tthe ice-to-sea flux has remained more or
less constant (1 % increase) over the last 20 years (1996-2015), while the sea-to-air
flux (ice concentration) has increased (decreased) by 37 % (17 %).

The inverse relationship between the sea-to-air DMS flux and the ice concentration
over the last two decades of the simulation period suggests a strong influence of the sea
ice retreat on the DMS emissions. By construction, this relationship makes sense as
sea-to-air flux is inversely proportional to ice concentration. There is a strong negative
correlation between the two over the years of simulation (Figure . By contrast,

the ice-to-sea DMS flux is essentially constant over the same period, suggesting an
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offsetting effect of the sea ice retreat on ice algal production (and the subsequent

DMS production and release from sea ice).

5.4.5 Spatial variability in the trend over the period 1996-
2015

To investigate spatial variability in the trends in the modelled ice-to-sea and sea-to-
air DMS fluxes over the last two decades of the simulation, I computed the linear
trends in these fluxes and a set of other modelled and prescribed quantities for the
the spring-summer season (April-September averages) on every grid cell over the same
period (Figure and [5.13)).

The spatial patterns of the trends in modelled ice-to-sea DMS flux (Figure [5.12p)
resemble those of modelled sea-ice DMS concentration (Figure [5.12b) and ice algal
biomass (Figure mc), indicating that changes in the ice-to-sea DMS flux are driven
by sea-ice DMS production rather than ice melt. Regions of increasing and decreas-
ing trends are mostly confined to the marginal ice zone, while the trends are near
zero in the pack ice owing to relatively low production in this light-limited area (Fig-
ure ) The spatial patterns of trends in these variables are inversely related to
those of modelled snow depth in the Canadian Polar Shelf and the Pacific Arctic (Fig-
ure ), suggesting a strong control of snow on light-limited ice algal production
in these regions. The Pacific Arctic also experiences a strong decrease in modelled
ice concentration (Figure [5.12¢) and thickness (Figure [5.12f). While these processes
have opposite effects on ice algal production, the impact of the thinning of sea ice
and snow pack outweighs the lateral retreat of sea ice, resulting in an increase in ice
algal biomass and subsequent formation and release of DMS.

Figure shows the spatial variability in the trend in modelled sea-to-air DMS
flux, in which regions of increases predominate, especially near the Pacific and At-
lantic inflows. These spatial patterns resemble those of the trends in modelled DMS
concentration (Figure ), and generally match the spatial patterns of the trends
in modelled sea-surface phytoplankton and zooplankton biomass (Figure and
Figure , respectively). Furthermore, these spatial patterns are consistent with
those of the trends in modelled sea-surface temperature (Figure [5.13¢) and PAR
(Figure [5.13f), which suggests that the increase in the phytoplankton and zooplank-
ton biomass is due to a combination of warming and increased ambient light levels.

Furthermore, the warming of sea-surface temperature enhances the flux by reduc-
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Figure 5.10: Time series of modelled a) ice-to-sea and b) sea-to-air annual DMS flux
integrated over the Arctic Circle, and ¢) modelled spring-summer (April-September
mean) ice concentration averaged over the Arctic Circle, over the period 1979-2015.
Black lines represent the values for individual years; red lines represent 10-year centred
moving averages; yellow lines represent linear trends over the period 1996-2015; and
dashed red lines in b) and c¢) indicate the decade 1996-2005 at which the moving
averages of the sea-to-air flux and the ice concentration started to show a quasi-linear
monotonic increase and decrease, respectively.
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Figure 5.11: Scatter plot comparison of modelled annual sea-to-air DMS flux in-
tegrated within the Arctic Circle and spring-summer (April-September mean) ice

concentration averaged within the Arctic Circle over the period 1979-2015.
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ing gas solubility. All of these processes stem from the decline of sea ice, which is
generally more pronounced near the Pacific and Atlantic inflows (Figure and
Figure ) Lastly, I examined the spatial variability in the trends in modelled
sea-surface nitrate concentration (Figure ) and prescribed surface wind speed
(Figure [p.13h), and found no strong correspondence with the spatial patterns of the
trend in the phytoplankton biomass and the sea-to-air DMS flux, indicating that
these factors are generally of secondary importance to primary production and DMS
emissions within the Arctic Circle. Co-occurrence of strong increases in wind speed
and DMS emissions in a few regions (e.g. the Amundsen Gulf and the Barents Sea)
suggests a localized importance of the changes in the magnitude of the wind speed.
Similarly, changes in nitrate may have impacted the DMS emissions regionally (e.g.
north of Chukchi Sea), as indicated by the co-occurrence of increases in the surface

seawater concentrations of nitrate, phytoplankton, and DMS.

5.5 Discussion and conclusions

In this study, I analyzed a multi-decadal pan-Arctic model simulation of sea-ice and
ocean physical and biogeochemical processes relevant to the production and emission
of the climatically-important trace gas DMS. The model performance was evalu-
ated by comparing with available data from field measurements, remote sensing, and
model simulations. These comparisons have demonstrated the model’s skill in simu-
lating the decline of Arctic sea ice and the broad spatial distributions of ice algal and
phytoplankton primary production and surface seawater DMS concentration within
the Arctic Circle over recent decades. However, these comparisons are affected by
the spatial and temporal limitations of these data products, owing to logistical and
methodological challenges in in situ measurements (Miller et al., 2015) and the inabil-
ity of remote sensing algorithms to consider conditions under ice. A more thorough
comparison requires more measurements in these ice-covered regions in future studies.

The comparisons of surface seawater DMS climatology products have highlighted
the challenge in the evaluation of the model due to the scarcity of data in the in situ
measurement-based L11 climatology and the satellite-derived G18 climatology. De-
spite this difficulty, the comparisons have shown reasonable agreement among these
data sets in terms of the mean seasonal cycle within the Arctic Circle and the spatial
variability in the timing and magnitude of the annual peak in DMS concentrations. To

improve the evaluation of the model performance and the remote sensing algorithm,
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Figure 5.12: Spatial distributions of linear trends in modelled spring-summer (i.e.
April-September mean) a) ice-to-sea DMS flux, b) sea-ice DMS concentration, c¢) ice
algal biomass, d) snow depth, e) ice concentration, and f) ice thickness over the period
1996-2015. The trend here represents the slope of a regression line which is derived
by conducting a simple linear regression at each grid point.
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Figure 5.13: Same as Figure [5.12] but for a) sea-to-air DMS flux, b) sea-surface
DMS concentration, ¢) sea-surface phytoplankton biomass, d) sea-surface zooplank-
ton biomass, e) sea-surface temperature, f) sea-surface PAR, g) sea-surface nitrate
concentration, and h) prescribed surface wind speed.
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I encourage the development of an update to the almost decade-old L11 climatol-
ogy (Lana et al. |2011). Specifically, data collected from recent field campaigns of
the NETCARE (www.netcare-project.ca), GEOTRACES (www.geotraces.org),
ArCS (www.arcs-pro.jp/en), and GRENE (www.nipr.ac.jp/grene/e) projects,
can substantially improve the quality of the climatology in the Arctic Ocean, as these
projects focused on collecting data in regions lacking data in the L11 climatology,
such as the Canadian Polar Shelf in July-August.

The analysis of trends in modelled ice-to-sea and sea-to-air DMS fluxes north of
the Arctic Circle have shown different responses of these fluxes to the recent decline
of sea ice. The pan-Arctic ice-to-sea DMS flux shows no trend owing in part to the
counteracting effects of sea ice thickness and extent decline on ice algal production.
Another important factor for ice algal production (and therefore, the ice-to-sea DMS
flux) is snow depth, which has been shown to exert regional control on light-limited
ice algal production. By contrast, the pan-Arctic sea-to-air DMS flux has shown
an increasing trend essentially driven by the loss of sea ice that promotes biological
production, and consequently oceanic DMS production and emissions.

Previous studies (Levasseur et al.| [1994; Elliott et al.,|2012; Hayashida et al., 2017)
have suggested the potential importance of DMS produced within sea ice for oceanic
DMS emissions. However, two of these earlier studies were limited in space and time,
and cannot be generalized with confidence to the pan-Arctic context. The model
study by Elliott et al.| (2012)) incorporated sea-ice DMS production into a pan-Arctic
regional model, and showed that DMS produced in the bottom layer of Arctic sea
ice can supply a substantial amount of DMS (over 10 gmol S m~3) to the underlying
water column. However, on top of various assumptions and simplifications involved
in their model (e.g. retention of icemelt DMS in the uppermost water column and
diagnostic representation of oceanic DMS production; see Section , they lacked
the representation of sea-to-air DMS flux, and were unable to present direct evidence
for the importance of sea-ice DMS production to oceanic DMS emissions.

Our model simulation, which relaxes some of the assumptions involved in the
model study of [Elliott et al.| (2012), suggests that sea-ice DMS production makes a
very small contribution to oceanic DMS emissions at a pan-Arctic scale. However,
this analysis is unable to assess the relative contribution of sea-ice DMS production
to the oceanic DMS emissions. This assessment requires another set of sensitivity
simulation that excludes the sea-ice representation of DMS from the model (such as

done in Chapter 3), which will be investigated in a follow-up study. Furthermore,
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some additional sources/sinks of DMS are not incorporated into my model (discussed
in Chapter 3), such as direct release of DMS from the sea ice to the atmosphere (Lev-
asseur et al., [1994).

The representation of DMS emissions in current atmospheric and Earth System
models relies on the L11 or earlier climatologies (Kettle et al., 1999; Kettle and
Andreae, [2000), which are based on extremely limited data for the Arctic domain.
Moreover, these climatologies lack potentially substantial interannual variability and
trends, as indicated by my model simulation (approximately 40 % increase in the
DMS emissions north of the Arctic Circle over the period 1996-2015). The sensitivity
of Arctic sulfate aerosols and clouds to the interannual variability and trends in
the DMS climatology can be investigated using my model output in future regional
atmospheric model studies.

Current climate models project that Arctic sea ice will continue to decline through-
out the 21st century (Stroeve et al., 2012a). Based on this projection and my sim-
ulation, it is anticipated that the pan-Arctic sea-to-air DMS flux will continue to
increase as long as primary production (and subsequent DMS production) is not re-
duced by nutrient limitation, which can be caused by shoaling of the surface mixed
layer (Gabric et al., |2005; [Steiner et al., [2015). This process would also decrease the
ice-to-sea DMS flux by suppressing the ice-sea flux of nutrients, and therefore, its
trend may be different from that of the last two decades. Given the spatial variability
in the trends in the ice-to-sea and sea-to-air DMS fluxes in my model simulation, I
recommend that projections of these fluxes for the Arctic domain should be carried
out using a regional or global model rather than a one-dimensional box or column
model. Furthermore, my trend analysis emphasizes strong linkages among ambi-
ent environmental conditions (snow, sea ice, and seawater temperature), ecosystems
(primary/secondary production), and DMS production/fluxes. Hence, incorporating
potential changes in ecological processes driven by climate change into DMS mod-
els is an important step towards an improvement on the projection of oceanic DMS
emissions and their impacts on aerosol and clouds. For example, poleward expansion
of Emiliania huzleyi (Winter et al., 2014)) and potential increase in the abundance
of Phaeocystis pouchetii in the Fram Strait (Nothig et al., 2015; Soltwedel et al.,
2016) and the Canadian Arctic (Michel Gosselin, Institut des sciences de la mer de
Rimouski, personal communication) under ongoing climate change are processes that
deserve attention in the development of DMS models for the Arctic, because these
haptophytes are high DMSP producers (Stefels et al., 2007).
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Chapter 6
Conclusions

In the Arctic, oceanic emissions of DMS may exert a strong influence on the local
climate by modifying the strength of the radiative forcing by aerosol and clouds.
Suggestions that this is an important effect, however, are based on a few observational
studies that are spatially and temporally confined, and its relevance to the whole
Arctic remains open to question. To address this issue, I developed a numerical
model representing sea-ice and oceanic DMS production to investigate the spatial,
seasonal, and interannual variability in DMS emissions in the Arctic.

Initial development was performed within a 1-D column modelling framework,
which is an important tool for the development of 3-D regional/global models. In
this dissertation, I developed a sea-ice biogeochemical model including DMS produc-
tion within the GOTM-FABM 1-D framework, and then incorporated this model into
a pan-Arctic configuration of the NEMO 3-D framework. To my knowledge, such
a model has not previously been implemented in either of these frameworks. As
both GOTM-FABM and NEMO are open-source and community-based state-of-the-
art frameworks for ocean modelling, it is anticipated that the sea-ice biogeochemical
model developed in this dissertation will be used in future studies, and the strate-
gies for coupling the model with the pelagic component provide a technical guideline
for future model development (e.g. implementation of sympagic-pelagic-benthic cou-
pling).

Sea-ice biogeochemistry is a crucial component of ecosystems and DMS produc-
tion in polar oceans. The 1-D sensitivity simulations demonstrated the role of ice
algae in shaping the subsequent phytoplankton blooms through seeding and nutrient
drawdown. Furthermore, these simulations showed notable contribution of sea-ice bio-

geochemistry to DMS production in the underlying water column and its potential
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emissions to the overlying atmosphere. These emissions are possible due to accumula-
tion of DMS under the ice and its sudden release with opening leads. This simulated
springtime DMS flux is comparable to some of the observed maxima in the summer-
time flux in the Arctic, and is considered sufficient to trigger new particle formation.
While DMS has not been detected as a source of ice-nucleating particles (INPs), other
ice algal materials (e.g., aggregates, exudates, and extracellular polymeric substances)
have been speculated as potential sources of INPs (Irish et al., [2017). Therefore, the
springtime flux of DMS and other ice algal products can influence the properties of ice
clouds (as opposed to liquid clouds in the summer), and may have disproportionate
importance for radiative forcing from the subsequent summertime flux. Furthermore,
the springtime DMS flux can affect the summertime flux by influencing the light
availability for phytoplankton growth, thereby proposing a link between ice algae and
phytoplankton via the CLAW hypothesis at a seasonal time scale. This potential role
of DMS and other ice algal products in ice-cloud nucleation is an interesting area for
future research.

Another aspect of 1-D modelling is that it is an excellent tool to develop new
parameterizations and assess the model sensitivity to parameters that are poorly
constrained by observations. Compared to previous Arctic DMS model studies, the
model parameters were better constrained in this dissertation by reflecting the results
of the recent field measurements in the Arctic. In agreement with previous model
studies, the 1-D sensitivity simulations indicated that key controlling parameters
for DMS production are the algal cellular quota of DMSP and the bacterial DMS
yield fraction. As these parameters are dependent on environmental factors, model
representations of processes entailing these parameters can be improved by developing
new parameterizations through collaboration among modellers, experimentalists, and
observationalists.

The 1-D model simulations also emphasized the importance of light-relevant pro-
cesses and parameters to ice-covered ecosystems and DMS production. Specifically,
it was demonstrated that: resolving sub-grid-scale snow depth distribution improved
the simulation of grid-cell-mean PAR reaching the bottom layer of sea ice, and there-
fore, also improved the simulation of the ice algal bloom; the onset of the modelled ice
algal bloom was largely controlled by the parameters concerning the photosynthesis of
ice algae; and DMS production within sea ice showed high sensitivity to the bacterial
activity parameters. Furthermore, the assumption of light transmission through the

snow column in classical sea-ice models was challenged by the inadequate simulation
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of ice algal annual primary production in one of the 3-D model sensitivity simulations.
These results highlight important processes for sea-ice optics and ice algal production
that can be better represented in models.

The 3-D model simulated declines of Arctic sea ice and spatio-temporal variability
in the sea-ice and pelagic annual primary production within the Arctic Circle over
recent decades that are comparable to available data from field measurements, re-
mote sensing, and other model simulations. These findings demonstrated the model’s
skill in simulating the governing physical and biogeochemical processes for DMS pro-
duction in the Arctic Ocean as well as the applicability of the sea-ice biogeochemical
model developed in the 1-D modelling framework to the broader 3-D modelling frame-
work. In particular, the model results are in close agreement with other recent model
studies. The agreement among different models builds confidence in the estimates of
certain quantities, which helps narrow the range of old estimates (e.g. pan-Arctic ice
algal NPP; Legendre et all 1992)) that are based on spatial extrapolation of a single
ice algal production value.

The model-based DMS climatology was in broad agreement with the in situ
measurement-based and the satellite-derived climatologies in terms of the magni-
tude of the mean seasonal cycle within the Arctic Circle, but not so in terms of the
spatial variability in the timing of the annual peak in DMS concentrations. One
critical issue with the current comparison is the extrapolation bias in the in situ
measurement-based climatology owing to the scarcity of data in the Arctic Ocean.
Specifically, the in situ measurement-based climatology is dominated by the more
abundant data from the lower latitudes, resulting in an earlier onset of annual peak
in DMS concentrations in the Arctic compared to the model-based climatology. As
such, the model could augment the interpretation of the in situ measurement-based
climatology especially over the region of missing data. Another issue with the current
comparison is that these climatologies may not be directly comparable given differ-
ent underlying assumptions on the structure of the models (empirical vs prognostic)
and spatial scale of sampling (grid point vs box). These inherent differences cause
individual biases that potentially impacted the comparison. Given the increased ef-
forts to measure DMS concentrations in the Arctic Ocean over the past few years,
it is time to update the existing in situ measurement-based climatology with these
recently-acquired datasets. Such a new climatology would improve not only the qual-
ity of the comparison with the model-based and satellite-derived climatologies, but

also the quality of atmospheric and Earth System model simulations. Similarly, a
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sophisticated DMS model such as the one developed in this dissertation can be used
to create a model-based climatology for atmospheric and Earth System models. The
advantages of the modelling approach here is that it has no extrapolation bias and
that it can be applied for the future (projection).

The acceleration in the decline of Arctic sea ice over the past two decades (since
the late 1990s) is a well-established feature of anthropogenic climate change, and the
respective impacts on DMS emissions were assessed with the developed model tool.
The trend analysis over 1996-2015 indicated that the modelled pan-Arctic ice-to-sea
annual DMS flux was relatively constant over this period due to the counteracting
effects of reductions in both Arctic sea ice extent and thickness on ice algal production
and the subsequent release of DMS from the bottom ice. The results also indicated
that the ice-to-sea flux was strongly influenced by trends in snow depth that affects
light-limited ice algal production in certain regions. On a pan-Arctic scale, this flux
represents an insignificant source of annual oceanic DMS emissions. However, this
flux can dominate the oceanic DMS emissions in areas where the ice algal production
is high while the pelagic primary production is relatively low, which may be hidden
in regional and/or annual averages. Furthermore, the contribution of sea-ice DMS
production to the oceanic emissions might have been higher if the model accounted
for additional sources, such as emission from melt ponds and the direct release from
the sea ice to the atmosphere. These could be quantified in follow-up model studies.

The response of the modelled pan-Arctic sea-to-air annual DMS flux to the ac-
celeration in the Arctic sea ice decline, on the other hand, was a consistent increase
due to enhanced oceanic DMS production and emissions. In other words, the conse-
quence of climate warming is an enhancement in the DMS emissions in the Arctic.
This finding therefore supports the first step in the biological-climate linkage pro-
posed by the CLAW hypothesis. The atmosphere is fairly clean in the Arctic except
during winter due to biomass burning for heating and late summer due to (increasing
amounts of ) wildfires. If we assume that the summertime background concentration
of aerosol particles remains low during this period, the increase in the DMS flux
should be the driver for the new particle formation and the subsequent cloud for-
mation/modification in the Arctic. While this response was postulated by previous
studies, this dissertation demonstrates it by 3-D modelling for the first time. Whether
this increase will continue with Arctic sea ice decline throughout this century can be
addressed by extending the simulation into the future. Continued model development

is recommended in parallel with such projections in order to account for potential
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climate change impacts on ecological processes that control DMS production. Ulti-
mately, the strength of regional climate feedbacks due to ice algae and phytoplankton
in the Arctic can be explored by Earth System Model simulations that have prog-
nostic representation of sea-ice and oceanic production of DMS and emissions to the

atmosphere. This dissertation provides a step toward such an implementation.



155

Appendix A

Additional Information

A.1 Additional information for Chapter 2

A.1.1 Parameterizations for subgrid-scale snow depth distri-
bution and light penetration through snow, sea ice,

and melt ponds

To improve light and heat flux estimates through sea ice in regional and global mod-
els, |Abraham et al.| (2015) applied two kinds of one-parameter probability density
functions for describing subgrid-scale snow depth variability: Rayleigh and gamma
distributions. In this study, the Rayleigh distribution is used in model simulations
since |Abraham et al.| (2015) indicated a better fit with observed snow depth evolution.
The probability density function for the Rayleigh distributed snow (pdf(h)) is defined

as

mh wh?
() = e (3 ) (A1)
where h is the snow depth (m) and h represents the gridbox-mean snow depth (m),
which is simulated by the sea ice model. The light transmission through snow and
sea ice is described by the Beer-Lambert law, which is defined in a generalized form

as:

I(z) = Ipexp(—kz), (A.2)
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where I(z) is the radiation at depth z (m) below the surface (W m™2) and & is the
extinction coefficient of the medium (m™!). I, represents the amount of incident light
that penetrates into the snow/ice/melt ponds surface (W m~2), which is defined in a

generalized form as
Iy = SWR(1 — a)iy, (A.3)

where SWR is the incident shortwave radiation (W m™2), « is the surface albedo
(dimensionless), and iy is the transmissivity coefficient (dimensionless). For a fully
snow-covered surface of non-uniform snow depth, the gridbox-mean light intensity at
the snow base is obtained by averaging the Beer-Lambert law over all snow depths

weighted by the relative probabilities:
I, = SWR(1— ay) ’io,s/ pdf (h) exp(—ksh)dh, (A.4)
0

where oy, 70 5, and kg respectively represent the albedo, the transmissivity coefficient,
and the extinction coefficient for snow.

During melt periods, the ice surface may have different covers, such as snow, bare
ice, and melt ponds. To account for different surface conditions in the parameteri-
zation of the gridbox-mean light intensity at the ice surface, Abraham et al.| (2015)
accounted for these different surface conditions within a grid box by introducing sur-

face area fractions of snow (Ay), bare ice (A;), and melt ponds (A4,,), such that
As+ A+ A, =1 (A.5)

The parameterizations for A, A;, and A,, are described in |[Abraham et al.| (2015).
The gridbox-mean light intensity at the ice surface (I;,,) is then defined as a sum of
the incident light that has: 1) penetrated through snow; 2) reached the bare ice; and
3) penetrated through melt ponds. Hence, I:top is given by

jtop — Asjs + AiIO,i + AmIO,m €xXp (_Rmhm) (A6)

where I, is Equation . km and h,, are the extinction coefficient and the depth of

melt ponds, respectively. Iy, and Iy, respectively represent the amounts of incident
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light that penetrates through the ice and melt ponds surface:

[0’1' = SWR(l — Oéi)Z-O’i (A?)
IO,m = SWR(l - O‘m)i(),m (AS)

where a; and o, are the albedos and ¢, and ¢ ,, are the transmissivity coefficients
for sea ice and melt ponds, respectively. The optical parameters used in this study
are listed in Table [A. 1l Note that different values for the extinction coefficients and
albedos are set between the freezing and melting phases of snow and sea ice. To allow
a smooth transition between the values under the freezing and melting phases, the
extinction coefficients and albedos of snow and sea are defined based on [Abraham
et al.| (2015) as

g = d J; fom | Bom > "5 tanh (T — 273.15°C) (A.9)
Ky = ot J; Rigm | Fim > Ml tanh (T — 273.15°C) (A.10)
a, = 221 J; Com | Dom > @S tanh (T — 273.15°C) (A.11)
o = Bt J; Gim | Zim > Y tanh (T — 273.15°C) (A.12)

Following Zeebe et al| (1996), it is assumed that only PAR penetrates into the ice
interior, while the radiation outside of PAR bands is absorbed by the uppermost layer

of snow, bare ice, or melt ponds. Therefore, the gridbox-mean PAR at the ice base

(PARyy) is defined as
PARbOt = I_top exp(—%ihi) (A13)

where h; is the sea ice thickness. Finally, the gridbox-mean PAR in the water col-
umn under the ice (PAR,;(z)) is first attenuated by ice algae before it reaches the
uppermost layer of the water column, and is further reduced as it penetrates through
each model layer due to absorption and scattering by seawater itself, as well as by

phytoplankton and detritus:
PAR,;(2) = PARpy exp (—Kia[I Al hia — KuiZsw) (A.14)

where k;, is the extinction coefficient of ice algae, [T A] is the ice algal biomass, and
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h;q is the thickness of the ice skeletal layer, which are all defined in the next section.
Zew 18 the depth of seawater under the ice. k,; is the total extinction coefficient in

the water column defined as
Kui = Ksw + mpd/ | (P14 P2+ D1+ D2)dz (A.15)
0

where kg, and kK, are the extinction coefficients for seawater and for both phyto-
plankton and detritus. kg, is computed by the GOTM model assuming the Jerlov
type I (Burchard et al., [2006). The concentrations of phytoplankton (P1, P2) and
detritus (D1, and D2) at the given model layer are defined in the next section.

A.1.2 Ecosystem model equations

The coupled sea ice-ocean biogeochemical model consists of 14 state variables (Figure
1 and Table[A ). Nitrogen is used as the currency for the model state variables other
than [Si),, [Si], and [BSi], which are expressed in silicon units. For comparison with
observations, conversion from nitrogen (N) to Chl a and carbon (C) are required. For
small phytoplankton (P1), the Redfield C:N ratio of 106:16 (mol:mol) following Red-
field et al. (1963) and a fixed C:Chl a ratio of 50:1 (wt:wt) following Lavoie et al.
(2009) are used. For ice algae and large phytoplankton (IA and P2), a fixed C:N
ratio of 106:12 (mol:mol) following Palmer et al. (2014)) and a fixed C:Chl a ratio of
28:1 (wt:wt) following Lavoie et al. (2009) were used. In Lavoie et al.| (2009), the
C:Chl a ratio of 28:1 (wt:wt) was used for ice algae, while 50:1 (wt:wt) was used for
phytoplankton (corresponding to P2 in this study) assuming that ice algae was more
acclimated to low light conditions. However, in this study, prescribing different C:
Chl a ratios between IA and P2 would result in the violation of mass conservation of
chlorophyll a in P2 because IA and P2 are coupled through the flushing of ice algae
to enter the P2 pool, and also because chlrophyll a is not modeled explicitly. We
represent the photoacclimation of IA relative to P2 by prescribing different values

of photosynthetic parameters. The parameters for the ecosystem model are listed in

Table [A.3
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Sea ice component

The sea ice biogeochemical model consists of four state variables: ice algae, nitrate,

ammonium, and silicate. The equation for ice algae is

R e IS
Zia

where [T A] is the ice algal biomass in the bottom 3 cm of the skeletal layer (mmol

N m~3). The first term in Equation represents the growth of ice algae due

to primary production. The rate of ice algal growth (p;,) depends on the ambient

temperature of the bottom ice ([T];, in °C) following |[Eppley (1972), as well as on the

minimum value among the four limitation functions (L, Lsi, Liig, and Lice):

Hia = u;v;a:(} In (2) eXp<bia[T]ia) min (Lnit7 Lsila Lliga Lice) 3 <A17)

max

where p]

mar represents the specific growth rate and b;, is the temperature sensitivity

coefficient for the ice algal growth. Following Lavoie et al.| (2005)), x7%* and b;, are
set to 0.85 d~! and 0.0633 °C~!. The nitrogen (L,;) and silicon (Lg;) limitation

functions are based on the Monod formulation (Monod, [1949):

[NOsliq + [N Haliq

" ke + [NOslia + [N Hylia (A-18)
[lia (A.19)

Ly = -——c+
! k?s + [Sl]ia

where [NOjsiq, [N Hyia, and [Si];, respectively represent the concentrations of nitrate
(mmol N m™?), ammonium (mmol N m~?), and silicate (mmol Si m~®) in the bottom
3 cm of the ice skeletal layer. k,, and kg are the half-saturation constants for nitrogen
and silicon uptake, which are set to 1 mmol N m~ and 4 mmol Si m~? following
Lavoie et al.| (2005)), respectively. The light limitation function (L) is formulated
following Lavoie et al.| (2005)):

ia

Q
Ljjy = tanh ( —

[PAR]m) (A.20)

where '@ is the photosynthetic efficiency (mg C (mg Chl a)~! h™! (umol photons
m~2 s71)71) P is the maximum photosynthetic rate (mg C mg Chl ™! h™'), and

[PAR];, is the PAR (in pmol photons m~2 s™!) penetrating the ice algae skeletal
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layer, which is computed by the sea ice thermodynamic model. Lavoie et al.| (2005))
used various values (0.1-0.45) for the ratio of o’ and P depending on snow cover.
We set the ratio of these two photosynthetic parameters (a'®/P) to 0.44, based on
the results of our sensitivity studies.

The ice growth/melt limitation function (L) is formulated similarly to Lavoie
et al.| (2005):

Li.. = max (1 — M, O) (A.21)
Cin
where [R;.] is the ice growth/melt rate at the ice base (m s™') computed by the
physical model (see Flato and Brown| (1996) for details) and C,, is the critical ice
growth /melt rate, which is set to 0.015 m d~! following [Lavoie et al. (2005).
The second term in Equation represents the loss due to mortality. The
mortality rate of ice algae (M) includes both linear and quadratic dependence on the

ice algal biomass:
M = Miiq exp(bw [T]w) + qu‘a[]A] (A22)

where my;, is the rate constant for the temperature-dependent linear mortality and
Mgiq is the rate constant for the quadratic mortality. We set my;, and mg, to 0.03
d=! and 0.00015 d™!, based on the results of our sensitivity studies.

The last term in Equation represents the loss due to flushing. There are four
sources of meltwater that contributes to flushing: ice meltwater originating from the
1) top, 2) interior, and 3) bottom of the sea ice; and 4) snow meltwater that drains
out of melt ponds. The sum of the ice melt rates (R;..) and the areal fraction of melt
ponds (fpona) are computed by the physical model (see Flato and Brown (1996) and
Abraham et al.| (2015) for details). rp,,q represents the drainage rate of meltwater in
the melt ponds, which is set to 0.0175 m d~! following [Taylor and Feltham| (2004).
Finally, z;, is the thickness of the ice skeletal layer, which is set to 0.03 m in this
study.

The equations for nitrate ([NOs)i,) and ammonium ([N Hyl;,) in the ice skeletal
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layer (mmol N m~3) are defined as:

0 - ia [NOslia
ot [NO3]W - MZG[IA]pno?) [NOg]ia + [NH4]¢CL + Tnit [NH4]W
i fpond/’npond [NO3]Z‘G + 2 ([NO?)] _ [NO3]ia> (A23)
zia hV Zia
0 o ia [NOIB]ia
E[NHAW = —pia[[A] (1 pno3) [NOslia + [NHila Tnit|[N Halia
. fpondrpond [NH ] + 2 [NH4] - [NH4]ia
Zia e hz/ Zia,
+ fliamliaexp(bia [T]m) [[A] <A24>

The first term in Equation and Equation represents the loss due to uptake
by ice algae. To discriminate the uptake of nitrate from that of ammonium, the

relative preference index (pi?,) based on |[Denman| (2003)) is defined as:

Up

a, = A.25
Pros Un + [NH4:|7;017 ( )

where v, represents the half-saturation constant for preferential uptake of nitrate,
which is set to 0.2 mmol N m™? following Denman| (2003). The second term in
Equation and Equation represents the nitrification, which is a source for
nitrate and a sink for ammonium. In this study, a first order reaction is assumed
for this process in the sea ice with a rate constant of 0.01 d=!. The third term
in Equation and Equation represents the loss due to flushing, which is
formulated in a similar manner as the flushing of ice algae. The fourth term in
Equation and Equation represents the diffusive exchange at the ice-ocean
interface, where [NO3] and [N Hy] are the concentrations (mmol N m™3) of nitrate and
ammonium in the uppermost layer of the water column. D is the molecular diffusion
coefficient for dissolved nutrients at the ice-water interface, which is set to 4.7x1078
m? s7! (Rebreanu et al 2008). The exchange rate at the ice-water interface depends

on the molecular sublayer thickness (h,) defined as:
h, = —, (A.26)

where v is the kinematic viscosity of seawater, which is set to 1.85x107% m? s~ (Lavoie
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et al., [2005)). u, represents the friction velocity, which is defined as

AN
ur = | — , A.27
() wn

where 7 is the ice-ocean stress and py is the seawater density. Following |(Goosse and
Fichefet| (1999)), 7 is defined as

7 = poCloltli — to| (ui — u,) (A.28)

where Cj, is the drag coefficient at the ice-ocean interface, which is set to 0.0054 (Shi-
rasawa and Ingram) [1997)). u; and u, are the magnitudes of horizontal velocity fields
of ice and surface water, respectively. Substituting Equations [A.27] and [A.2§] into

Equation gives:

h, = fC» %, (A.29)

where u, is computed by the physical ocean model, and we assume u; = 0 for landfast
ice considered in this study.

The fifth term in Equation represents the remineralization of dead ice algal
cells. A direct transfer from ice algae to ammonium is implemented here due of lack
of representation of detritus pool in the sea ice. It is assumed that only a fraction
(fiia) of linear mortality enters the ammonium pool, while the remaining fraction is
released into the water column and enters the large detritus pool. In this study, fiq
is set to 0.3.

The equation for silicate ([Si);,) in the ice skeletal layer (mmol Si m™3) is given
by:

Sl = il 4] = Fetlomt s, 3 (B ) )
where the first term represents the uptake by ice algae, the second term represents
the flushing, and the third term represents the diffusive mixing at the ice-ocean in-
terface. The uptake rate is converted from nitrogen to silicon units by assuming a
fixed nitrogen-to-silicon intracellular ratio (gso,) of 1.7 mol Si:mol N based on Mundy
et al. (2014). [Si] represents the concentration of silicate in the uppermost layer of

the water column (mmol Si m™3).
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Oceanic component

The ocean biogeochemical model consists of ten state variables: small and large classes
of phytoplankton, zooplankton, and detritus, biogenic silica, nitrate, ammonium, and

silicate. The equations for small and large phytoplankton are:

1P = plP1) = a2 20 b1+ 2 (Kf {;ﬂ) (A31)
i [P2] 0 [ P2]
P2 = alP2) - Dol 122 - Myl + o (1,752

— M2+ fueea ([Ricel + Typona) TA]Z26. ., (A.32)

oc

where [P1] and [P2] respectively represent the biomass of small and large phytoplank-

ton (mmol N m~2). The first term in Equations |A.31| and |A.32| represent the growth

due to primary production. The growth rates of phytoplankton (1,1 and j,,) depend
on the ambient temperature, nutrient and light conditions:

fp1 = M;}ang[T]—IO)/IO min (LZ};% LZZ) (A33)

Op

mazx T]-10)/10 __ . h 2 2
pir2 = QU i (L2, 172, 127

(A.34)

s and p7p'® represent the maximum specific growth rates, which are set to
0.5 and 2.0 d7!, respectively (Steiner et al., [2006). The temperature dependence is
based on the Q10 formulation with a Q10 factor (Qig,) of 1.55 (Suzuki and Taka-

hashi, [1995). [T is the ambient seawater temperature (°C), which is simulated by

where u

the physical model. The nutrient limitation functions are based on the Monod func-
tion (Monod), [1949):

[NOs| + [N H,

il R o+ VA (4.35)
o LS
Ly = Fo 1 57 (A.36)

where the same half-saturation constants are used between the sea ice and ocean

biogeochemical modules. The light limitation functions are defined as

LY, =1—exp (—aP' /PP [PAR]) (A.37)
L: =1—exp (—a”/P2[PAR]) (A.38)
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where a?! and o? represent the photosynthetic efficiency and PP! and PP? represent
the maximum photosynthetic rate. In this study, the ratios of photosynthetic pa-
rameters (i.e., o' /PPl and a??/PF?) are set to 0.07 for both phytoplankton groups.
[PAR)] represents the photosynthetically active radiation in the water column (pumol

photons m~2 s71) which is defined in the previous section. The second term in Equa-

tions |A.31| and |A.32| represent the loss due to grazing by zooplankton. The The rates

of small and large zooplankton (I',; and I',) are defined as

2
le

([T1-10)/10
I.=7 = A.39
1 v lQloz kgl + Fz21 ( )
Tu = 7Q(-0/10__Fo E (A.40)
N

where 7,1 and 7,5 represent the maximum specific grazing rates, which are set to 1 d =1
for both zooplankton groups in this study. The Q10 factor for zooplankton (Qo.)
is set to 2.14 (Buitenhuis et al.; 2006). k,; and k. represent the half-saturation
constants for grazing, which are set to 1 mmol N m~3 for both zooplankton groups
in this study. F,; and F,, respectively represent the available food sources for small

and large zooplankton, which are defined as

F. = [P1] + fa[D1] (A.41)
Fuo = [P2] + f[D2] + fa]Z1] (A.42)

where fy; represents the grazing preference of small zooplankton on small detitus.
faz and f.o represent the grazing preferences of large zooplankton on small and large
detritus, respectively. fa1, fa2, and f,1 are all set to 0.5 following Steiner et al.| (2006)).

The third terms in Equations and represent the linear mortality of
small and large phytoplankton. Assuming a temperature depnedence following the

same Q10 formulation, the rates of linear mortality are given by:

Mlpl = mzpnggflo)/lo (A-43)
Mlp2 = mlp2Qg[01;,]710)/10 <A44)

where my, and my,e represent the rate constants for linear mortality of small and
large phytoplankton, respectively. In this study, both of these rates are set to 0.03
d-t.
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The fourth terms in Equations [A.31] and [A.32] represent the vertical mixing of

small and large phytoplankton at a given model layer with those in the adjacent

(upper and/or lower) layers. K, represents the vertical eddy diffusivity coefficient,
which is calculated by the physical ocean model.

The fifth term in Equation represents the quadratic mortality of large phy-
toplankton, which depends on a rate constant, mgy,. In this study, mg. is set to
0.05 d™! (mmol N m~3)~1. The sixth term in Equation represents the source
for large phytoplankton due to seeding of ice algae. Following |Lavoie et al.| (2009), it
is assumed that a certain fraction (fs.q) of ice algae flushed into the water column
enters the large phytoplankton pool, while the remaining fraction (1 - fseeq) enters the
large detritus pool. In this study, feeq is set to 0.1, assuming that 10% of ice algae
flushing results in large phytoplankton seeding. h,. is the thickness of the uppermost
layer of the ocean model (i.e., 1 m in this study), and 6, ., is the Kronecker’s delta

which equals 1 in the uppermost layer of the ocean (z;), while it is set to 0 elsewhere:

if
62,21 = { 0 n ?é - <A45>

1 if z2=2

The equations for small and large zooplankton are defined as

21 = izt - Mzt - T2z 2 (0 22D) g

ot FZQ 0z
0 0 0|72
a[ZQ] = GQFZQ[Z2] — MIZQ[Z2] — quz[Z2]2 + & (KZ—E’)Z ]) <A47)

where [Z;] and [Z;] respectively represent the biomass of small and zooplankton
(mmol N m~—3).
The first terms in Equations[A.46] and [A.47|represent the sources due to ingestion,

which are proportional to the zooplankton grazing. a; and as respectively represent

the assimilated fractions of grazing by small and large zooplankton, both of which
are set to 0.7 following Lavoie et al.| (2009).
The second terms in Equations [A.46] and [A.47] represent the sinks due to linear

mortality. The rates of zooplankton linear mortality (M;,; and M,,5) are parameter-
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ized in the same way as those of phytoplankton:

Mlzl = leng[OT;]*IO)/lo <A48)
Mlz2 = mlz2Qg[oj;]_10)/10 <A49>

where the rate constants for linear mortality of small and large zooplankton (my.;
and my,5) are both set to 0.03 d~! (Lavoie et al., 2009).

The third term in Equation represents the loss of small zooplankton due
to (carnivorous) grazing by large zooplankton. The third term in Equation
represents the loss of large zooplankton due to quadratic mortality which is param-
eterized in the same way as the quadratic mortality of large phytoplankton with a
rate constant (mg.2) of 0.1 d™' (mmol N m™3)~! in this study.

The fourth terms in Equations and [A.47] respectively represent the vertical

mixing of small and large zooplankton. The equations for small and large detritus,
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as well as biogenic silica are given by

g[m] = (1 —ay) T [Z1] + My, [P1] — rzlw[zu
t le

— Rt [D1] — wdla[{iﬂ + % (Kza[é);]) (A.50)
%[m] — (1 - ) Toal72] + Mipa[Py] — T dQF[D A (22

22

— RdZ[DQ] — wd28[822] + % <KZ%> + mqu[P2]2

+ (1 — fseed) ([Rice] + Tpond) [IA] Zia 52,21

+ (1= fiia) musaeap(bial T)ia) LA j .

+ Mgia[ L A] zﬂ(sz,w (A51)

oc

Q[BSZ] = ({si2n ((1 - CLQ) FZQ[ZQ] + Mlpg[Pg] - FZQ fd2F[1132] [22])

— Rbsi [BS’L] — Wyq2

o|BSi| 0 J0[BS1)
0z +&(KZ 0z

+ sizn (1 = focea) ([Rice] + Tpond) [14] Ce

_62721
+ Gsi2n (1 - flia) mliaexp<bm[ ] )[IA]

) + QSianqu[PQ]Q

Zi
ia 5;; B
Zoc
Zia
+ qsi2nMyqia [IA] 52’,7;0 (A52)

oc

In each of Equations[A.50], [A.51] and [A.52] the first term represents the unassimilated

fraction of grazing that enter the detrital pool, the second term represents the source

for detritus due to phytoplankton linear mortality, the third term represents the loss of
detritus due to grazing, and the fourth term represents the remineralization of detrital
materials. The rates of remineralization of small and large detritus and biogenic silica

(Ra1, Ra2, Rpsi) depend on seawater temperature following the Q10 formulation:

Rdl = leQl[OjI;] 10)/10 (A53)
Rdg = ’f'dQQl[Oj;] 10)/10 (A54)
Rbsz - Tbszgg[ojl:] 10)/10 <A55)

where rq1, T42, and , represent the rate constants for remineralization, which are
respectively set to 0.03 d=' (this study), 0.3 d~' (Lavoie et al., 2009), and 0.01
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d~! (Steiner et al., [2006).

The fifth terms in Equations [A.50] [A.51] and represent the loss due to
sinking. It is assumed that detritus sink at a fixed rate; a rate of 1 m d—! is given
to small detritus, while a faster sinking rate of 50 m d~! is prescribed for large
detritus and biogenic silica. Both of these rates are taken from Lavoie et al.| (2009).
Detritus reaching the seafloor is accumulated in the deepest layer of the water column.
The sixth terms in Equations [A.50], [A.51] and [A.52] represent the vertical mixing of
respective detrital materials.

The seventh terms in Equations[A.50|and [A 51| represent the sources for small and
large detritus due to quadratic mortality of large phytoplankton. The last three terms

in these equations represent the influxes of detrital materials from the ice skeletal layer
due to flushing (the ninth terms), linear mortality (the tenth terms), and quadratic
mortality (the eleventh terms) of ice algae. Note that the equation for biogenic silica
is identical to the equation for large detritus except that the two state variables have
different remineralization rates and that those terms expressed in nitrogen units are
converted to silicon units by assuming a fixed intracellular nitrogen-to-silicon ratio of
1.7 mol N:mol Si (Mundy et al., [2014]).

The equations for dissolved nutrients in the water column are defined as

SN0 = = G [P1] 4 el i) s g + 1IN
- h% (INOs] — [NOslia) 0., + % (Kza[gfg]> (A.56)
GV = = G [P1] el P) (1= s ) N
+ M2 [Z1]) + M.2[Z2] + Ry [D1] + Ra[D2]
- ]’Lli, ([NH4] - [NH4]ia) 5z,zl + % (Kza[];f4]) <A57)
%[SZ] = —sianHp2 [P2] + Rbsi [BSZ]
— 181 [8)d + 5 (15500 (A58)

where [NOs], [NH,], and [Si] represent the concentrations of nitrate, ammonium,
and silicate, respectively.

The first terms in Equations[A.56]and [A.57|represent the uptake by both small and
large phytoplankton. The first term in Equation represents the uptake by large
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phytoplankton only, assuming an insignificant silicon uptake by small phytoplankton.
Similarly to the nitrogen uptake by ice algae, the relative preference index for nitrate

uptake is formulated as a function of ammonium concentration following Denman
(2003)):

Un

Uy + [N Hy (A.59)

Pno3 =

The second terms in Equations [A.56| and [A.57] represent the nitrification, which

is a source for nitrate and a sink for ammonium. The rate of nitrification depends on
temperature (Kawamiya et al., [1995)) and is assumed to be photo-inhibited (Aumont
et al., 2015):

_ Tnit €XP (bnit[T])
1+ [PAR]

(A.60)

where the rate constant (r,;) and the temperature sensitivity coefficient (b,;) for
nitrification are set to 0.03 d~! and 0.0693 (°C)~! following Kawamiya et al.| (1995).

The third and the fourth terms in Equation [A.57|respectively represent the sources
for ammonium due to linear mortality of small and large zooplankton. The fifth and
the six terms in the same equation represent the sources due to remineralization of
small and large detritus, respectively.

The second term in Equation represents the source for silicate due to rem-
ineralization of biogenic silica. The second last terms in Equations [A.56] [A.57] and
represent the diffusive exchange of nutrients between the uppermost layer of
the water column and the ice skeletal layer. The last terms in these equations repre-
sent the vertical mixing of dissolved nutrients between the model layers in the water
column.

Lastly, for each of the living organisms (I A, P1, P2, Z1, and Z2), all the sink
terms in the equation are neglected (i.e., set to zero) when its biomass is below its

initial concentration in order to maintain its overwintering level.
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Figure A.1: P1, P2, and their light and nutrient limitations. Time series of simulated
biomass of (a) P1 and (b) P2, light limitation index of (¢) P1 and (d) P2, (e) nitrogen
limitation index of P1 and P2, and (f) silicate limitation index of P2.
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Table A.1: List of state variables in the coupled sea ice-ocean biogeochemical model.
Symbol | Description Unit
[IA] Ice algae in the bottom-ice skeletal layer mmol N m~3
[NOs]io | Nitrate in the bottom-ice skeletal layer mmol N m~3
[NHy);o | Ammonium in the bottom-ice skeletal layer | mmol N m~3
[Sili | Silicate in the bottom-ice skeletal layer mmol Si m~3
[P1] Small phytoplankton in the water column | mmol N m~3
[P2] Large phytoplankton in the water column mmol N m~3
[Z1] Small zooplankton in the water column mmol N m~3
[Z2] Large zooplankton in the water column mmol N m~3
[D1] Small detritus in the water column mmol N m~3
[D2] Large detritus in the water column mmol N m~3
[BSi] | Biogenic silica in the water column mmol Si m~3
[NOs] | Nitrate in the water column mmol N m~3
[NH4] | Ammonium in the water column mmol N m~3
[S1] Silicate in the water column mmol Si m~3
Table A.2: Parameters for the sea ice biogeochemical model.
Symbol | Description Unit Default value | Reference
ot /PLa Ratio of photosynthetic parameters | (pumol photons | 0.44 Within the range
(photosynthetic efficiency and max- | m=2 s—1)~! of [Lavoie et al.
imum photosynthetic rate) for TA (2005))
bia Temperature sensitivity coefficient | (°C)~1 0.0633 Lavoie et  al.
for ice algal growth (2005))
Clice Critical ice growth/melt rate md~! 0.015 Lavoie et al.
(2005)
C} Drag coefficient at the ice-ocean in- | - 0.0054 Shirasawa and In-
terface gram| (1997)
D Molecular diffusivity for nutrients at | m? s—1 0.47x 1079 Rebreanu et al.
the ice-water interface (2008)
flia Fraction of ice algae linear mortality | - 0.3 This study
that goes to NHy
fseed Fraction of ice algae sloughing that | - 0.1 Lavoie et al.
contributes to P2 seeding (2009)
kn Half-saturation constant for nitro- mmol N m—3 1 Lavoie et, al.
gen uptake (2005))
ks Half-saturation constant for silicon | mmol Si m—3 4 Lavoie et, al.
uptake (2005)
Miiq Rate constant for ice algae linear | d—! 0.03 This study
mortality
Mgiq Rate constant of ice algae quadratic | d~! (mmol N | 0.00015 This study
mortality m~3 d-1)~!
[T Maximum specific ice algal growth | d—! 0.85 Lavoie et al.
rate (2005))
Qsi2n Intracellular silicon-to-nitrogen ra- | mol Si:mol N 1.7 Mundy et al.
tio (2014)
Tpond Melt pond drainage rate md—?! 0.0175 Taylor and
Feltham)| (2004)
Trit Nitrification rate constant in sea ice | d—1! 0.01 This study
Up, Scale factor for nitrogen preferance | mmol N m—3 0.2 Denman (2003])
function
v Kinematic viscosity of seawater m2s—1 1.85%x10~6 Lavoie et al.
(2005)
Zia Thickness of the ice skeletal layer m 0.03 This study
Zoc Thickness of the ocean vertical grid | m 1




Table A.3: Parameters for the ocean biogeochemical model.
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Symbol | Description Unit Default value | Reference
al Assimilated fraction of grazing by 0.7 Lavoie et al
z1 (2009)
az Assimilated fraction of grazing by | - 0.7 .avoie e a
72 (2009)
arl/ PP | Ratio of photosynthetic parameters (pmol photons | 0.07 This study
(photosynthetic efficiency and max- | m=2 s~1)~1
imum photosynthetic rate) for P1
aP?/ Pr’f Ratio of photosynthetic parameters | (umol photons | 0.07 This study
(photosynthetic efficiency and max- | m=2 s~1)~1
imum photosynthetic rate) for P2
bnit Temperature sensitivity coefficient | (°C)~ 0.0693
for nitrification
fa1 Grazing preference on D1 - 0.5
faz Grazing preference on D2 - 0.5
fz1 Grazing preference on Z1 - 0.5 Mona and
Yzl Specific grazing rate of Z1 d-1 1 This study
Y=2 Specific grazing rate of Z2 d—1! 1 This study
k.1 Half-saturation constant for Z1 | mmol N m—3 1 This study
grazing
k.o Half-saturation constant for Z2 | mmol N m—3 1 This study
grazing
mip1 Rate constant for P1 linear mortal- | d—1 0.03 This study
ity
mip2 Rate constant for P2 linear mortal- | d—! 0.03 This study
ity
miz1 Rate constant for Z1 linear mortal- | d—! 0.03 This study
ity
mi2 Rate constant for Z2 linear mortal- | d—! 0.03 This study
ity
Mgp2 Rate constant for P2 quadratic mor- | d=! (mmol N | 0.05 This study
tality m—3 d-1)~!
Mgz2 Rate constant for Z2 quadratic mor- | d—! (mmol N | 0.1 This study
tality m~3 d-1)~
,um‘w Maximum specific growth rate of P1 d-1 0.5 m
(2006))
umy Maximum specific growth rate of P2 d-1 2.0 h
Q1op Q10 factor for phytoplankton - 1.55
Q10z Q10 factor for zooplankton - 2.14 litenh
(2006)
Q10b Q10 factor for bacteria - 1.9 Aumon e a
2015)
41 Rate constant for D1 remineraliza- | d—1 0.03 eine C a
tion (2006)
42 Rate for D2 remineralization d-1 0.3 avoie c a
(2009)
Thsi Rate constant for BSi remineraliza- | d—1 0.01 This study
tion
Tno Nitrification rate at 0 °C in seawa- | d—1 0.03 Kawamiya et al.
ter (1995)
wWq1 D1 sinking rate md-?! 1 This study
Wy D2 sinking rate md-?! 50

[
()
(=)
©
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A.2 Additional information for Chapter 3

A.2.1 Detailed model description

The set of differential equations describing the temporal evolution of DMSPp, DM-
SPd, and DMS concentrations in the bottom ice and water column is provided below.

The list of variables and parameters involved in the model is provided in Table [3.1]

Sea-ice sulfur cycle

The meltwater equivalent concentration (nmol L) of the particulate phase of DMSP
in the bottom ice (DM S Pp) is simulated diagnostically by assuming a fixed DMSPp-
to-chlorophyll @ intracellular ratio (nmol S:ug Chl a) for ice algae (q):

% (DMSPp) = q% (IA) (A.61)
where TA is the ice algal biomass (ug Chl a L™1). The intracellular ratio varies
among algal species (Keller, [1989; Matrai and Keller, 1994 and also varies with
various abiotic factors including temperature (Karsten et al., [1992; van Rijssel and
Gieskes, 2002)), salinity (Karsten et al., [1992), light (Karsten et al., 1992} Stefels and
van Leeuwe, 1998; Sunda et al., [2002; |Archer et all 2009; |Galindo et al, [2016) and
nutrients (Stefels and van Leeuwe, [1998; Sunda et al., 2007; Archer et al,[2009). The
reported values for ¢ vary from 7.7 (Kirst et al.,[1991]) to about 20 (Uzuka, [2003; Stefels
et al.l2012). Values of 9.4-9.5 have been reported for Resolute Passage (Galindo et al.|
2014)). In the standard run, we set ¢ to 9.5 nmol S:ug Chl a.

The meltwater equivalent concentration (nmol L~!) of the dissolved phase of
DMSP in the bottom ice (DM SPd) is simulated prognostically:

0
ar (DMSPd> = Eysis + Fe:vudation - deSpd - Ffree - deSpd (A62)

ot consumption release

where F denotes the production or removal rate (nmol L~! d=!) for each of the
processes considered in the model (Fig. B.1). The first two terms in Eq. (A.62)
represent the production rates of bottom-ice DMSPd by cell lysis and exudation,

respectively. Following |Archer et al.| (2004]), these processes are parameterized to
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increase under nutrient stress:

1
Flsis = ————kiysis DMSP A.63
sis = 0.1 P (A.63)
Fewudation = [factive + (1 - factive) (1 - Lnut)] MDMSPp (A64)

where L,,; represents the nutrient limitation index (-) for ice algal growth, ks
represents the rate constant (d~1) for cell lysis, fucrive Tepresents the active exudation
fraction (-), and p represents the ice algal specific growth rate (d'). Both L, and
i are calculated by the ecosystem module. The two parameters involving cell lysis
(kiysis) and exudation (fyeve) are generally poorly constrained in the sulfur cycle
models because the measurements of production rates of DMSPd by cell lysis and
exudation are very limited in seawater (Laroche et al.,1999)). To our best knowledge,
these rates have not been measured within sea ice. In the standard run, ki, and
Factive are respectively set to 0.03 d=! and 0.05, which are similar to the values used in
previous ocean sulfur cycle models (Archer et al., [2004; [Steiner and Denman) 2008)).

The third term in Eq. represents the removal rate of bottom-ice DMSPd
by bacterial consumption. DMSPd is an important source of carbon and sulfur for
bacteria in the marine environment, as the bacterial consumption of DMSPd can
account for up to 15 % of their total carbon demand and almost all of their sulfur
demand (Stefels et al., 2007). In the model, this removal process is parameterized as:

Fomepd = kamspa DM S Pd (A.65)

consumption

where Ekgy,spa represents the rate constant (d=1) for bacterial consumption of DMSPd.
There are no reported values for kgnspq in sea ice. In the standard run, kgpmspa is set
to 1 d~! based on the model calibration.

The fourth term in Eq. (F'free) represents the removal rate of DMSPd by
free DMSP-lyase present in the bottom ice. This process is parameterized as the

product of a rate constant (kf.c. [d7!]) and the concentration of bottom-ice DMSPd:
Firee = kpree DMSPA (A.66)

In previous model studies, this process was considered as a minor removal pathway
of DMSPd with ke varying from 0.01 d=* (Archer et al., [2004) to 0.04 d~* (Steiner
et al., 2006). In the standard run, kg, is set to 0.02 d-1.
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The fifth term in Eq. (F%Pdy yepresents the removal rate of DMSPd due
to its release into the underlying water column. Various processes, including grav-
ity drainage, flushing, brine expulsion, flooding, and basal melting, can account for
vertical movement of tracers within the sea ice brine channel. Parameterizations of
these processes are very complex (e.g. [Vancoppenolle et al., 2007)), although simpler
approaches have also been taken to represent these processes in previous sea ice bio-
geochemical modelling studies (e.g., [Tedesco and Vichi, 2014; |Watanabe et al., 2015).
By adopting a simpler approach similar to those previous studies, we parameterized
the release resulting from two processes: 1) flushing due to drainage of snow melt-
water accumulated in melt ponds and meltwater of surface and interior ice; and 2)
sloughing due to basal melting. Specifically, the transfer velocity of flushing due
to melt pond drainage is proportional to the area fraction (A,,,) and the drainage
rate (r.,,) of melt ponds, while that of flushing of surface and interior ice meltwater
and sloughing of basal ice is proportional to the rate of change (decrease) in sea ice
thickness (min(0, %)). The removal rate due to the release is then calculated by mul-
tiplying the total (i.e. flushing and sloughing) transfer velocity by the concentration
of bottom-ice DMSPd:

pi dh;
Pme dt

dmspd 1 .
Frelease = 7 1mn (07

X - Amprmp> DMSPd (A.67)
bi

where hy; represents the thickness of the bottom ice skeletal layer, which is set to
0.03 m. The ratio of sea ice to meltwater densities accounts for the volume difference

between sea ice and meltwater, which are set respectively to 913 and 1000 kg m 2. A,,,

dh;
dt

2015)). A constant drainage rate of 0.0175 m d~! is prescribed to ry,, following (Taylor
and Feltham) 2004).

The meltwater equivalent concentration (nmol L™!) of DMS in the bottom ice

and are computed by the physical model (Flato and Brown, [1996; |Abraham et al.,

(DM S) is simulated prognostically:

0
a. (DMS) = Fconversion + Fd:z: - des - thotolysis - e (A68)

ot consumption release

The first term in Eq. (A.68) (Feonversion) represents the production rate of bottom-
ice DMS by bacterial conversion of DMSPd to DMS. This process is one of the two
major degradation pathways for DMSPd consumed by bacteria in open waters. The

bacteria cleave DMSPd and yield DMS along with other products such as acrylate



176

and a proton (Stefels et al., 2007)). The other major degradation pathway is known
as demethylation/demethiolation (Kiene and Linn, 2000), which is accounted for in
the model as part of the DMSPd removal rate by bacterial consumption. The rate
of DMS production via bacterial DMSPd conversion is often scaled to the bacterial
consumption rate of DMSPd, such that the former can be expressed as a fraction of
the latter:

Fonversion = fyietal’, dmspd (A.69)

consumption

where fyicq is known as the DMS yield fraction (-). Only one study has reported
values for fy;.q measured in the bottom ice, all less than 0.4 (Stefels et al., [2012). In
the standard run, fycq is set to 0.2.

The second term in Eq. (F'free) represents the production rate of bottom-
ice DMS via free DMSP-lyase which is equivalent to the fourth term in Eq.
and is defined in Eq. .

The third term in Eq. (Edms ption) T€Presents the removal rate of bottom-
ice DMS by bacterial consumption which is parameterized similarly to the bacterial
consumption of bottom-ice DMSPd (Eq. (A.65)):

Fms = kams DM S (A.70)

consumption

where kg, represents the rate constant (d=!) for bacterial consumption of DMS. The
only measurements of kg,s conducted for ice core samples showed a range from 0.1
to 0.5 d~! for the bottom ice (J. Stefels, University of Groningen, personal commu-
nication). In the standard run, kg is set to 0.2 d~1.

The fourth term in Eq. (Fphotolysis) represents the removal rate of bottom-
ice DMS by photolysis, a photochemical process that converts DMS into its oxidation
product, DMSO. The rate of photolysis is primarily determined by ambient light con-
ditions, particularly in the ultraviolet (UV) wavelengths (Toole et al. [2004)). How-
ever, we do not incorporate the UV dependence on the photlysis parameterization
as the model does not have a representation for UV. Instead, we parameterize the

light dependence of Fpotorysis Using the photosynthetically active radiation similarly
to |Archer et al.| (2004):

F = ]{?
photolysis photolysis
PAR hphotolysis

DMS (A.71)
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where PAR represents the photosynthetically active radiation reaching the bottom
ice (W m™2), which is computed by the physical model. The parameters, kpnotolysis
and Nppororysis Tepresent the rate constant (d~1) and the half-saturation constant (W
m~?) for photolysis in the bottom ice. To the best of our knowledge, no studies have
reported the values for photolysis rate constant in the bottom ice. In the standard run,
Ephotolysis 1s set to 0.1 d~! based on the measurements in the water column (discussed
in Sec. . We assume that photolysis is inhibited under low light conditions, and
therefore set Appororysis 10 1 W m™2.

The last term in Eq. (Fdms ) represents the removal rate of bottom-ice

DMS due to flushing and melting, which is parameterized in the same way as F7?
Frdelease = h_bz min (07 Ome i - Amprmp) DMS <A72)

Ocean sulfur cycle

The concentration (nmol L) of particulate DMSP in the water column (DM S Pp,,.)
is simulated diagnostically by assuming a fixed DMSPp-to-chlorophyll a intracellular
ratio (nmol S:ug Chl a) for each phytoplankton group (g, and g):

0 0 0

where P1 and P2 represent the biomass of small and large phytoplankton (ug Chl a
L~1), respectively. Although the model does not specify the species group for P1, it
is assumed that P1 produces more DMSP for a given amount of chlorophyll a than
diatoms (P2). In the standard run, g,; is set to 100 which is close to the intracellular
ratios for non-diatom species groups reported in Stefels et al.| (2007)), and g, is set to
9.5 which is equivalent to the intracellular ratio for ice algae (gq).

The concentration (nmol L™') of DMSPd in the water column (DMSPd,.) is

simulated prognostically:

8 we we we dmspd.we dmspd.wc we
a (DMSPdwc) = ‘Flysis + Femudation + Fsloppy + Ecesez - Fconssmption - Ffree
0 0
+ 5 Kz% (DM S Pd,.) (A.74)

where the last term represents the mixing rate of DMSPd between model layers,

with K, being the vertical eddy diffusivity (m?s~!) which is calculated by the ocean
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physical model.
The first, second, fifth, and sixth terms in Eq. (A.74)) (£, we - padmspd.we

lyszs » & exudation’ ~ consumption’

Fe ) are parameterized similarly to those in the sea-ice sulfur cycle (Eq. (A.62)):

free

Fiyeis = mklyszsqplp 1+ ﬁkf;mqmp 2 (A.75)

F dation = [factwe ( — /. actwe) ( Lnut)} fp1qp P1
+ [fie + (U= fhie) (1= L)) p2apa P2 (A.76)
E iﬁiﬁfﬁ%m Kamspa DM S Py (A.77)
Fe = ke DMSPd,, (A.78)

where the nutrient limitation indices (L7, and L*2,) and the growth rates (i, and
[p2) of small and large phytoplankton, respectively, are calculated by the ocean
ecosystem module. To our best knowledge, there are no reported values for the

cell lysis rate constants (k.. and k"

ysis lysis) and the active exudation fractions ( i

ctive

and f*>. ) in ice- covered regions. In the standard run, klym and k;fyzm are set to 0.03
d=', and 7., and f*2,  are set to 0.05 for both small and large phytoplankton.

Kimspa represents the bacterial DMSPd consumption rate constant in the water col-
umn. The reported values for kg ; in Arctic surface water vary from 1.5 d~ ! during
autumn (Luce et al.; 2011; Motard-Coté et al.; 2012) to 4.1 d~! during spring (Galindo
et al., 2015). In the standard run, kjy_; is set to 5 d™') based on the model cali-

bration. represents the rate constant for free DMSP-lyase in the water column,

free
which is set to 0.02 d~! in the standard run.
The third term in Eq. (A.74]) represents the production rate of DMSPd in the

water column by sloppy feeding:

1
FSZUPPZJ = f;loppyqpl fslopprpQ <A79)

where and represent the fractions of sloppy feeding by small and large

o A
zooplankt?:l!. In the sz’)cp;ndard run, these fractions are set to 0.3 for both zooplankton
groups, based on the findings that 20 to 70 % of grazed DMSPp is released into the
ambient seawater as DMSPd (Stefels et al), 2007). RZ; and RZ3 represent the loss
rates (ug Chl @ L' d™1) of small and large phytoplankton due to grazing by small
and large zooplankton, respectively, which are calculated by the ecosystem module.

The fourth term in Eq. (A.74]) represents the rate of change in under-ice DMSPd
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due to exchanges of DMSPd between the basal ice and underlying seawater and
concentration (dilution) as a result of ice growth (melting), which can be written in

the vertically discretized form as:

Flmspd.wc _ 1 Pi de N %
icesea hzo Duwe dt Duwe

Amprmp) (DMSPdwC - 'OmeDMSPd*) 8ne

wce

(A.80)

where h,, is the thickness of the uppermost layer of the water column (set to 1 m)
and py. is the density of seawater (calculated by the physical model). Again, the
ratios of densities account for the volume differences in order to calculate the rate
in seawater equivalent. DM SPd* represents the meltwater equivalent concentration
of DMSPd taken up by the ice during ice growth, or released into the water column
during melting. We make the assumption that, unlike salt, DMSPd taken up during
ice growth is sufficiently small, such that DM SPd* can be set to zero. During the
flushing and melting periods, DM SPd* is set to DMSPd in the bottom ice. The
Kronecker’s delta (d,.,) equals 1 at the uppermost layer of the water column (z),
whereas it is 0 elsewhere.

The concentration (nmol L™!) of DMS in the water column (DM S,,.) is simulated

prognostically:

0
a (DMSUJC) = Fg)zversion + F’ll;ie + Fictl:Z?e;UC - Fg)nrzgﬁwmcption - ﬁlf)tolysis
— Fonr + 2 (5.2 (DMS,) (A.81)
seaair 92 282 we .

where the last term represents the mixing of DMS between model layers, as described
for the mixing rate of DMSPd.
The first, fourth, and fifth terms in Eq. (A.81) respectively represent the DMS

production rate by bacterial conversion (F¢ ), the DMS removal rates by bacte-

conversion

des‘wc
consumption

are parameterized similarly to those in the bottom ice:

) and photolysis (F%¢ ) in the water column, which

rial consumption ( photolysis

chgfwersion = ;ggldk.g)nc’bspdDMSPdwC (A82)
Fjon;jﬂ%ption = kZlUnisDMch <A83)
PAR,.

wce

__ Lwec
photolysis — "Vphotolysis we
PARWC + hphotolysis

DM S, (A.84)
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where [0, Kimss Kphototysiss @0 Apposon o5 Tespectively represent the DMS yield frac-
tion (-), the bacterial DMS consumption rate constant (d~!), and the rate constant
(d7!) and the half-saturation constant (W m™2) for photolysis in the water column.
The reported values for fi¢,; are highly variable (0.05-1) in temperate water (Sim6
and Pedros-Aliol [1999)) and moderately variable (0.04-0.3) in Arctic water (Luce et al.,
2011; Motard-Coté et al., 2012). The only DMS yield fraction measurements avail-
able for the under-ice water column reported low values with relatively small range
(0.02-0.1) as the measurements were conducted prior to the under-ice phytoplankton
bloom (Galindo et al., 2015). In the standard run, fi%,, is set to 0.2. The reported
values for £%¢_in Arctic surface water vary from 0.05 to 1.00 (mean of 0.17) d~! for
the Canadian High Arctic in October (Luce et al., [2011)) and from 0.14 and 2.2 (mean
of 0.9) d7! for the Greenland Sea (Gali and Simd|, [2010) in July. In the standard

run, k

wce

we is set to 0.2 d~!. The reported range of k%¢ measured in Arctic water

hotolysis

during the summer varies from 0.01-0.11 d~! for thepBeri?;lg Sea (Deal et al., 2005) and
the Canadian Arctic (Taalba et al.,[2012) to 0.23-1.05 d~! for the Greenland sea (Gali
and Simd, 2010). In the standard run, k%, . is set to 0.1 d™" and R, s
to 1 W m2

The third term in Eq. (A.81]) represents the rate of change in under-ice DMS due

to exchanges of DMS between the ice and water column and concentration (dilution)

is set

despd.wc .

during sea ice growth (melting), which is parameterized in the same way as Fi .o

des.wc — L (

wcesea h
20

pi de pme
Pwe At puec

Amprmp> (DMSU,C - pp““DMs*) S.vo  (A.85)
where DM S* is neglected during ice growth, while it is set to DMS in the bottom ice
during the flushing and melting periods.

Finally, the sixth term in Eq. (A.81)) represents the removal rate (nmol L= d=1)
of DMS in the uppermost layer of the water column by the sea-to-air fluxes, which

can be written in the vertically discretized form as:

kdmsDMch

Fseaair - fow h
20

0z 20 (A.86)
where f,,, represents the fraction (-) of open water to account for fluxes through a
partially ice-covered surface. In the standard run, f,, is set to 0 in the presence of sea
ice, which is assumed to completely block the air-sea DMS fluxes. kg, represents the

gas transfer velocity (m s™1) for DMS. Although previous flux measurements of DMS
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based on the eddy covariance technique suggest that, under low to moderate winds,
the gas transfer velocity can be reasonably predicted by assuming a linear wind-
speed dependence (Huebert et al., 2010; |Goddijn-Murphy et all 2012; Bell et al.
2013} 2015)), a recent study reconciling the eddy covariance technique with the dual
tracer technique suggests that the linear wind-only-based parameterization will likely
underestimate the gas transfer velocity under strong winds due to the enhancement
of the bubble-mediated transfer (Goddijn-Murphy et al., 2015)). In this study, the gas
transfer velocity is parameterized based on Nightingale et al.| (2000), which assumes
a combination of linear and quadratic dependence on wind speed. Although this
parameterization does not represent the bubble-mediated transfer, the gas transfer
velocities predicted by this parameterization were, among other "wind speed only”
parameterizations, closest to the prediction by the hybrid model of |Goddijn-Murphy
et al. (2015). The gas transfer velocity parameterization of Nightingale et al.| (2000)
was normalized to a Schmidt nubmer of 600 (kg ), and therefore, was corrected to a
Schmidt number of DMS (Scgns) at a given temperature of ambient seawater (7%, in

°C') in the uppermost layer of the water column based on [Saltzman et al.| (1993):

Kdams = koo | —— A.

i = b (5 (A7)
keoo = 0.333U10 + 0.222U7, (A.88)

SCams = 2674 — 147.12T,, + 3.726T2, — 0.038T%, (A.89)

where Uy is the observed wind speed at 10 m (m s™1).

A.2.2 Supplemantary material
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Figure A.2: Time series of daily mean surface 2-m air temperature observed at Reso-
lute airport during 2010. The upper and lower vertical bars associated with the daily
mean values represent the daily maximum and minimum values, respectively.
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Figure A.3: Comparison of model schematic among (a) the standard run, (b) the
NolceSul run, and (c) the NolceBge run.
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A.3 Additional information for Chapter 4

A.3.1 Implementation of ocean sulfur cycle and sea-ice bio-

geochemistry into the NEMO source code

Figure shows the structure of the NEMO v3.4 source code directory (NEMO),
which includes the following subdirectories (submodels): OPA_SRC (OPA), LIM_SRC_2
(LIM2), and TOP_SRC (ocean biogeochemistry). The directory TOP_SRC contains
two subdirectories: PISCES and MY _TRC. In this study, the directory PISCES con-
tains the source code of CanOE, as CanOE has been developed using the code struc-
ture of the PISCES ocean biogeochemical model. The other directory, MY _TRC, con-
sists of a list of generic modules that can be modified by end users to add their own
biogeochemical models; we introduced an ocean sulfur cycle and sea-ice biogeochem-
istry into this interface. Furthermore, we modified a few modules in the directories
LIM_SRC_2 and PISCES for the implementation of sea-ice biogeochemistry into the
NEMO modelling system (Table [A.4)).

Numerically, the tendencies for the sea-ice biogeochemical state variables are com-
puted at each time step as follows: first, the concentrations of all state variables from
the previous time step are transferred from the module trecsms my_trc.F90 to the
module limtrp_2.F90 to compute the advective and diffusive tendencies. The up-
dated concentrations are transferred back to the module trecsms my _tre.F90 within
which the biological and chemical sources and sinks as well as the ice-ocean fluxes of
these state variables are computed.

In NEMO, user-specific modules built within MY_TRC are designed to be acti-
vated by defining the C preprocessor (CPP) key key_my_trc. As such, we assigned

CPP keys for each component of the newly-developed modules, which can be activated

as needed (Table |A.5)).

A.3.2 CanOE documentation

The following section is a draft of the CanOE documentation:
Christian, J.R., Denman, K.L., Lee, W.G., Riche, O.G.J., Steiner, N.S., and Swart,

N. (in prep.): The Canadian Ocean Ecosystem Model (CanOE): a new ocean biogeo-
chemistry model based on the NEMO modelling system.
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The documentation is repeated here with permission of the lead author.
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Introduction

The Canadian Ocean Ecosystem Model (CanOE) is a new ocean biogeochemistry module
developed for the Canadian Earth System Model (CanESM, cf. Arora et al., 2011). It differs
from the earlier Canadian Model of Ocean Carbon (CMOC; Zahariev et al., 2008) in having
multiple functional groups of phytoplankton and zooplankton, flexible elemental ratios,
prognostic iron and oxygen cycles, and prognostic calcification and denitrification. The overall
computational cost is greater by about a factor of three (19 tracers vs. 6). CanOE has been
implemented within the NEMO ocean modelling system, and CMOC has also been adapted to
run within NEMO, so that we have several different biogeochemistry models to compare under

identical circulation.

Among the more unsatisfactory aspects of CMOC in CanESM1 and CanESM2 was the excessive
accumulation of nitrate beneath the Eastern Boundary Currents. This is a common failing of
coarse-resolution ocean models (Moore and Doney, 2007). In CMOC it is exacerbated by the
denitrification parameterization, which spreads nitrate loss over the ocean basins so that total N
is conserved within each vertical column (total N, fixation and total denitrification are equal at
each grid point where N fixation occurs). CanOE has prognostic denitrification, but like CMOC
it uses a parameterization of inputs of 'new' fixed N as function of temperature, irradiance and

nutrients rather than an explicit N,-fixer functional group.
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Another aspect of CMOC that is particularly unsatisfying is the parameterization of iron
limitation as a static 'iron mask' based on the distribution of surface nitrate in the current climate.
In order to implement a prognostic iron cycle with a minimum of additional tracers, CanOE has
fixed C/N/Fe ratios in zooplankton and detritus and variable ratios only in phytoplankton.
Detrital particulate iron, iron speciation, and the concentrations of the ligands that keep iron in
solution are not explicitly represented. There are only three iron-based tracers: dissolved iron and

small and large phytoplankton iron.

CanESM1 and CanESM2 also did not simulate dissolved oxygen. While it is straightforward to
include oxygen (the biological sources and sinks are essentially those of DIC multiplied by -1
and solubility is well constrained), it was excluded due to limitations of processing capacity. The
new NEMO version of CMOC reproduces exactly the original CanESM1/2 version in most
respects, but also includes oxygen, which can be characterized as a 'downstream' tracer with no
feedbacks to biology (e.g., effects on denitrification are neglected). Including oxygen further
permits us to incorporate prognostic representations of processes like denitrification in CanOE,

that were neglected in CMOC.

Model description

The NEMO modelling system is a publicly available archive of codes based on the OPA (Océan

PArallelisé) ocean model (Madec and Imbard, 1996; Guilyardi and Madec, 1997). It comes with
3
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two options for biogeochemistry: PISCES (Pelagic Interactions Scheme for Carbon and
Ecosystem Studies) and LOBSTER (LODyC Ocean Biogeochemical System for Ecosystem and
Resources). CanOE and the NEMO implementation of CMOC are built around the basic code

structure of PISCES, using NEMO v3.4.1.

The biology, carbon chemistry, gas exchange and light attenuation have all been modified to
various degrees; in a few cases PISCES parameterizations or a slightly modified version of these
were adopted. CanOE uses PISCES three-band attenuation while NEMO-CMOC uses broadband
(PAR) attenuation for consistency with the published version of CMOC. Carbon chemistry was
modified to be consistent with the Best Practices Guide (Dickson et al., 2007). All calculations
are done on the total scale and the recommended formulae for the equilibrium constants
employed. The PISCES conventions for convergence of carbon chemistry calculations were
retained, i.e., a greater number of iterations in the surface layer offers greater accuracy in
calculating pCO; and gas exchange, while in subsurface layers the number of iterations is fixed
at five (in subsurface layers the only function of the carbon chemistry is to calculate burial of
calcite in the sediments). NEMO-CMOC uses the same carbon chemistry as CanOE but does not

solve the carbon chemistry equations in the subsurface layers.

The biology model is a substantially new model based on the cellular regulation model of Geider
et al. (1998). Each phytoplankton functional group has four state variables: carbon, nitrogen, iron
and chlorophyll. Photosynthesis is decoupled from cell production and photosynthetic rate is a

function of the cell's internal N and Fe quotas. Each functional group has a specified minimum
4
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and maximum N quota and Fe quota, and nutrient uptake ceases when the maximal cell quota is
reached. Chlorophyll synthesis is a function of nitrogen uptake and increases at low irradiance.

Model parameters and their values are listed in Table 1.
2.1 Photosynthesis and phytoplankton growth

For simplicity and clarity, the equations are shown here for single phytopankton species, and do
not differ structurally for small and large phytoplankton. Some parameter values differ for the

two phytoplankton groups; all parameter values are listed in Table 1.

Temperature dependence of photosynthetic activity is expressed by the Arrhenius equation

5]

where E, is an enzyme activation energy that corresponds approximately to that of RuBisCo (cf.
Raven and Geider 1988), R is the gas constant (8.314 J mol™ K™'), and temperature 7 and

reference temperature 7.rare in Kelvin. Maximal rates of nutrient uptake are given by

v X=V Qmax _Q xj (2)

X
T
max ref f X
( Qmax - Qmin
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where Ve is the maximal uptake rate in mg of nutrient X per mg of cell C, X can represent N
or Fe, Q is the nutrient cell quota and Qi and Q. its minimum and maximum values, and V,efX
is a (specified) basal rate at 7=T,.rand O=0,,;,. These maximum rates are then reduced according

to the ambient nutrient concentration, i.e.

=" (LNH4 + (l — Ly, )Lwoz) (3a)

max

a i

andL,,, =
NH4 + a NO3 + i

where L, = , with N; and N, indicating nitrate and

ammonium respectively, and
e F
yre=y * (6] (3b)

The maximal carbon based growth rate is given by

N _ ) N Fe _ ) Fe

PmaxC _ Ref CTf mln{ Q = Qmm —, Q — Qmm = } (4)

» ‘ Qmax - Qmin Qmax - Qmin
where PC,,sis the rate at the reference temperature 7.; under nutrient-replete conditions
(O=0ax)- The light-limited growth rate is then given by

. —a 4 E0 -
PCph()t = PC max (1 —e P max J (5)
where 6 is the chlorophyll-to-carbon ratio. The rate of chlorophyll synthesis is
P oo
Py = 0" max e (6)
achl 0
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These rates are then used to define a set of state equations for phytoplankton carbon (Cp),

nitrogen (Ny), iron (Fey), and chlorophyll (M).

dC

7;7 = (Pcphoz -y )Cp - (G + CXS)_mICp _m2Cp2 ~kxuCivrn @

where ( is the respiratory cost of biosynthesis, G is the grazing rate (see Eq. 12), Cxs is the
excess (above the ratio in grazer biomass) carbon in grazing losses, Ciyrz is the concentration of
intracellular carbohydrate carbon in excess of biosynthetic requirements, and kyy is a rate

coefficient for its exudation to the environment.

dN, ¥~
. :7_(G+m1CP +m2CP2)RNC —Nys (®)
e Qy
dFe,  pfTe
b= _(G+mlCP +m2CP2)RFeC —Fey ©)
dt QFe
yN
%4 _ %M —(G+mC, +m,C P~k M (10)
-

where kg is a rate coefficient for nonspecific losses of chlorophyll e.g., by photooxidation, in
addition to losses to grazing and other processes that also affect C,, N,, and Fe,. Nxs and Fexs are
remineralization of "excess" (relative to grazer or detritus ratios) N or Fe and are defined below

(Eq. 16).

2.2 Grazing and food web interactions
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Grazing rate depends on the phytoplankton carbon concentration, which most closely represents
the food concentration available to the grazer (Elser and Urabe 1999; Loladze et al. 2000).

Zooplankton biomass is also in carbon units. State equations for small and large zooplankton are

dj; =G, -(R+G, +mz, +m,z}) (11a)
%:/m, —(R+mz, +m,z}) (11b)
where

G, =G -z, (12a)
G, =G, I-e 4, (12b)

for small and large zooplankton respectively, G is grazng of small zooplankton by large
zooplankton, R is respiration, and m; and m; are nongrazing mortality rates. Large zooplankton
grazing is divided into grazing on large phytoplankton and small zooplankton in proportion to

the relative abundances of each

P
G i 13a
r=Cpi (13a)
Z
G,=G s 13b
z ! P+Z (13b)
Zooplankton biomass loss to respiration is given by
R =max{,T,Z - Cy,0f (14)
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Respiration (R) is assumed to consume only carbon and not result in catabolism of existing
biomass when “excess” carbon is available in the prey. In addition, conservation of mass must be
maintained by recycling to the dissolved pool grazer consumption in excess of biosynthetic
requirements when prey elemental ratios differ from the predator’s. This is very straightforward
in the case where the nutrient quota (relative to carbon) exceeds the grazer fixed ratio: the excess
nutrient is remineralized to the dissolved inorganic pool. However, in the case where the nutrient
quota is less than the grazer ratio, the grazer intake is reduced to what can be supported by the
least abundant nutrient (relative to the grazer biomass ratio) and excess carbon is remineralized.
For the case of two nutrients (in this case N and Fe) it is necessary to define

G'= Gmin(i{l’: RCN,IZ:e:RCFg,lj (15)
where G is equal to G (equation 12a) for small zooplankton and G (equation 13a) for large
zooplankton, and Ryy indicates the fixed ratio of element X to element Y in grazer biomass. The

'excess' carbon available for respiration is
. C C
Cyx=G max(NP Ry —l,ﬁRFeC - l,OJ (16a)

P P

and the excess nutrients remineralized to their inorganic pools are

P

Ny = G'max(]c\{‘p “ Ry ,OJ + G'ma){RNC [;\’P R~ 1}0} (16b)
€p

FeXS = G'max(i“elj - RFeC ,OJ + G'maX[RFeC ([]:v'ep RNFe - IJ,O] (16C)




195

For three elements there are six (3!) possible cases: for nitrogen greater or less than CpRyc, iron
may be either in excess relative to both C and N, deficient relative to both, or in excess relative
to one but not the other. The second terms in equations 16b and 16c allow e.g. remineralization
of Fe when it is it in excess relative to N but deficient relative to C, with the total intake
determined by the element least abundant relative to the grazer biomass ratios. In all of these
cases the second term in at least one of equations 16b and 16c¢ is nonzero; one or both of the first

terms are nonzero except when both N and Fe are deficient relative to carbon (Table 2).

2.3 Organic and inorganic pools

There are two pools of detritus with different sinking rates but the same fixed elemental ratios.
Detrital C/N/Fe ratios are the same as zooplankton, so zooplankton mortality or grazing of small
zooplankton by large zooplankton produce no 'excess'. Phytoplankton mortality and defecation
by zooplankton grazing on phytoplankton produces excess nutrient or excess carbon that needs
to be recycled into the inorganic pool in a similar fashion as outlined above for the assimilated

fraction of grazing on phytoplankton.

The conservation equations for detrital C are

db, 2,02 D,

7 =m(C, +2,)+ mZ(Cps +Z )— RD,T, —w, = (17a)
dD dD

thzml(cp, +2,)+my(C,F + 22 )- DT, —w, (17b)

10
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where T is an Arrhenius function for temperature dependence of remineralization and w is the

sinking speed. The conservation equations for inorganic C, N, and Fe are

oK Rl 0
dzf =-$N{MJ+NM—N¢W (185)
B o[ o oD, D BT, NNy 80
% = gi Fe, + % +Fey + (1D, +71,D,)Rp T, (18d)

where N, is microbial oxidation of ammonium to nitrate (nitrification) and Ng,r and Ngener are
sources and sinks associated with dinitrogen fixation and denitrification. The oxygen equation is

essentially the inverse of equation 18a, with additional terms for oxidation and reduction of N,

ie.,
dc, N L
do, =—C’+2VVN,,(NO3]—2NOX (19)
dt dt o Lyos + Lyys

Nitrification is given by

N 1

=k, N, —— 20
ox NH4ox" " a 1+E(Z) ( )

11
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where E(z) is the layer mean irradiance at depth z. Dinitrogen fixation is parameterized as an
external input of ammonium dependent on light, temperature and Fe availability, and inhibited

by high ambient concentrations of inorganic N.

K
Ny = kdn/ T (l_eiaE rre ro2 (21
Ky +Fe )\ K,,;+N,+N,

Denitrification is parameterized as a fraction of total remineralization that increases as a linear
function of oxygen concentration for concentrations less than a threshold concentration O,q

_1_ min(OZ > Omxd )

N,.,= 22
fixn 0 ( )

mxd
Remineralization is then divided among oxygen (1-Njxy), nitrate (0.85Njx,), and ammonium

(0.15Njx,) assuming an average annamox contribution of 30% (Babbin et al., 2014).
2.4 Calcification, calcite dissolution, and alkalinity

Calcification is represented in a fashion similar to PISCES, with a detrital CaCOjs state variable
but no explicit calcifier groups. Detrital CaCOj sinks in the same fashion as POC, with its own
sinking rate that is independent of those for both large and small organic detritus. Calcite
production is represented as a fixed fraction of POC production from small phytoplankton and
small zooplankton mortality. Calcite dissolution occurs throughout the water column as a first
order process (i.e., no dependence on temperature or saturation state). Approximately 80% of
calcite produced is exported from the euphotic zone. Burial in the sediments is represented as a
simple 'on/off' switch dependent on the calcite saturation state (zero when Qc<1 and 1 when

Qc>).
12
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For each mole of calcite production two moles of alkalinity equivalent are lost from the
dissolved phase; the reverse occurs during calcite dissolution. There are additional sources and
sinks for alkalinity associated with phytoplankton nutrient uptake, organic matter
remineralization, nitrification, denitrification and dinitrogen fixation (Table 3; see also Wolf-
Gladrow et al., 2007). The annamox reaction does not in itself contribute to alkalinity (Jetten at
al., 2001); there is a sink associated with ammonium oxidation to nitrite that offsets the gain
from dinitrogen fixation (the model does not distinguish between nitrite and nitrate). The sources
and sinks offset each other such that there is no net gain or loss as long as the global fixed N pool
is conserved. If dinitrogen fixation and denitrification are allowed to vary freely there will

generally be a net gain or loss of fixed N and therefore of alkalinity.
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Table 1 — Ecosystem model parameters.

Symbol Description Unit

Trer Reference temperature K 298.15
E. Activation energy for phytoplankton Arrhenius function kJ mol™ 37.4
QVins Small phytoplankton minimum N quota gNgC' 0.04
QVnaxs Small phytoplankton maximum N quota gNgC' 0.172
QVnint Large phytoplankton minimum N quota gNgC' 0.04
QN s Large phytoplankton maximum N quota gNgC' 0.172
Q" ins Small phytoplankton minimum Fe quota pgFeg CT 4.65
Q  axs Small phytoplankton maximum Fe quota ugFeg C! 93.08
Q™ int Large phytoplankton minimum Fe quota pgFeg C! 4.65
Q  axt Large phytoplankton maximum Fe quota pgFe g CT 69.81
VNt Reference rate of N uptake gNg cTqT 0.6
Vi Reference rate of Fe uptake ngFeg CTd’ 79.28
PCret Reference rate of photosynthesis gCg [ 3

kxu Rate coefficient for exhudation d! 0.8
Kagr Rate coefficient for chlorophyll degradation d! 0.02
g Respiratory cost of biosynthesis gCgN'! 2

el Initial slope of P-E curve (gCgCHLTh")  [0.045
Knis Half-saturation for small phytoplankton nitrate uptake mmol’ m® 0.1
Knas Half-saturation for small phytoplankton ammonium uptake mmol’ m® 0.05
Kres Half-saturation for small phytoplankton iron uptake nmol T m’ 100
Kni Half-saturation for large phytoplankton nitrate uptake mmol " m® 0.5
Knar Half-saturation for large phytoplankton ammonium uptake mmol T m® 0.05
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Krer Half-saturation for large phytoplankton iron uptake nmol T m’ 200
mys Small phytoplankton mortality rate (linear) d’ 0.05
myp Small phytoplankton mortality coefficient (quadratic) mmol C m’ d

my Large phytoplankton mortality rate (linear) d? 0.05
my Large phytoplankton mortality coefficient (quadratic) mmol™ C m’ d

ap, Large zooplankton grazing parameter (mmol C m~)”!

Gro Large zooplankton maximum grazing rate d?

ag Small zooplankton grazing parameter (mmol C m”)"

Ggo Small zooplankton maximum grazing rate dT

A Assimilation efficiency n.d. 0.8
I, Zooplankton specific respiration rate at Trer d! 0.05
s Small detritus remineralization rate at Tyer dT 0.25
Ipi Large detritus remineralization rate at Tyer dT 0.25
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Table 2 - Cases where the 'excess' terms are nonzero. These terms are always greater than or equal to zero, and always zero when the
phytoplankton elemental ratio is equal to the grazer biomass ratio. A + indicates cases where a specific term is positive. N; and N and Fe;
and Fe, indicate the first and second terms in equations 15b and 15¢. Rxc is the grazer N/C (Redfield) ratio.

Fe in excess relative to Fe in excess relative to C Fe deficient relative to
both C and N or N but not both both C and N
C N1 Nz FCl Fez C N1 N2 FCI Fez C N1 Nz FC] FCZ
N/C>Rne + + + + | + + + |+ |+
N/C<Rnc | + + + | + + | + +
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Table 3 - Alkalinity sources and sinks associated with nitrogen cycle processes in moles of alkalinity equivalent per mole of N. Positive
value indicates alkalinity source.

Process Alkalinity source/sink
Phytoplankton NH, uptake -1
Phytoplankton NO; uptake +1
Organic N remineralization +1
N, fixation +1
Nitrification (NH4 oxidation to NO3) -2
Denitrification +1
Annamox 0
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NEMO

—— OPA_SRC (OPA)

—— LIM_SRC_2 (LIM2)

— ice_2.F90

—— limistate_2.F90

—— limrst_2.F90

— limtrp_2.F90

—— limthd_zdf_2.F90

—— TOP_SRC

— PISCES (CanOE)

L — p4zopt.F90

— MY_TRC (Ocean sulfur cycle & Sea-ice biogeochemistry)
par_my_trc.F90
trcini_my_trc.F90
trcrst_my_trc.F90
trcnam_my_trc.F90
trcsms_my_trc.F90

Figure A.4: File tree diagram of the OPA-LIM2-CanOE configuration of NEMO v3.4.
The modules listed in the diagram (*.F90) have been modified in order to implement
ocean sulfur cycle and sea-ice biogeochemistry into the present configuration.
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Table A.4: A list of NEMO modules modified to add ocean sulfur cycle and sea-ice

biogeochemistry.
Module Description of the modification
ice_2.F90 Assign arrays for advective and diffusive tendencies of the

limistate_2.F90
limrst_2.F90
limtrp_2.F90

limthd_zdf_2.F90
p4zopt.F'90

par_my_trc.F90
trcini_my_tre.F90
trerst_my_trc.F'90
trecnam_my _trc.F'90
tresms_my _trc.F90

sea-ice biogeochemical state variables.

Initialize the arrays for the advective and diffusive tendencies.
Restart the arrays for the advective and diffusive tendencies.
Compute the advective and diffusive tendencies as described
in Section .

Compute the light penetration parameterization through
snow and sea ice as described in Section [4.3.1]

Compute ice-algal shading and under-ice PAR as described
in Section [£.3.2]

Define the number of state and diagnostic variables.
Initialize the state variables.

Restart the state variables.

Assign the arrays of the state and diagnostic variables.
Compute the biological and chemical sources and sinks and
ice-ocean fluxes.

Table A.5: A list of CPP keys created in the present study.

CPP key

Description

key_my _trc_ocedms
key_my_trc_iceeco
key_my _trc_icedms

Activate ocean sulfur cycle.
Activate sea-ice ecosystem.
Activate sea-ice sulfur cycle.
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A.4 Additional information for Chapter 5

A.4.1 Surface and lateral boundary conditions

The model simulation was conducted by prescribing annually-varying surface and lat-
eral boundary conditions. The surface boundary conditions are based on the Drakkar
Forcing Set 5.2 (DFS;|Dussin et al., [2016)). Figure shows the interannual variabil-
ity in the DFS dataset for the Arctic domain. Seawater temperature, salinity, and
horizontal currents at the Pacific and Atlantic lateral open boundaries of the model
domain were prescribed using the interannual monthly-mean fields based on the Ocean
Reanalysis System 4 (ORAS4; Balmaseda et al.; 2013). Figure shows the interan-
nual variability in the ORAS4 dataset at the Pacific and Atlantic boundaries. River
discharge of freshwater was prescribed based on the monthly-mean product of Dai and
Trenberth (2002), which covers the period up to 2007. Due to the absence of the data
product beyond 2007, the monthly-mean fields for 2007 were prescribed repeatedly
beyond this year in the model simulation (Figure [A.7p).

A.4.2 River runoff of biogeochemical state variables

The river runoff of nitrate, dissolved inorganic carbon (DIC), dissolved organic car-
bon (DOC) and nitrogen (DON), nitrate, and total alkalinity (TA) was prescribed by
computing the product of the river discharge of freshwater (described above) and the
river concentrations of these biogeochemical state variables. The river concentrations
were prescribed based on various studies of the 6 major Arctic rivers (Mackenzie,
Yukon, Kolyma, Lena, Yenisey, and Ob’; Table [A.6]). More specifically, the annual-
mean river concentrations were prescribed at locations of river mouths of these rivers
(Figure [A.7d). The river concentrations of DON were prescribed by assuming DON-
to-DIN (dissolved inorganic nitrogen) ratios (Holmes et al., [2012) where DIN is re-
garded as nitrate. For other locations, the river concentrations were set to zero, which
results in the dilution of the seawater concentrations near these locations. More re-
search is needed to prescribe the river concentrations for these little studied regions.
The river concentrations of all other biogeochemical state variables were set to zero
at all locations of river mouths including those of the 6 major Arctic rivers, which
results in the dilution of the respective oceanic pools.

In the ocean, the river runoff was handled differently between the inorganic and

organic matter. The runoff of the inorganic matter (DIC, nitrate, and TA) was set
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Figure A.5: Time series of annual mean a) snowfall, b) total precipitation (snowfall +
rainfall), ¢) surface 2-m air temperature, d) surface 2-m specific humidity, e) incoming
shortwave radiation, f) incoming longwave radiation, g) surface 10-m zonal wind, and
h) surface 10-m meridional wind averaged over the region north of 60°N. Red lines
denote the snowfall and total precipitation datasets prior to 1979 which were replaced
by those of 1979 (see Chapter 4 for explanations).
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Figure A.6: Time series of a) temperature, b) salinity, c¢) zonal current, and d) merid-
ional current in the uppermost layer of the water column averaged along the Pacific
(blue) and Atlantic (red) lateral open boundaries. Dashed lines in panel a and b
represent the mean SST and SSS based on PHC3.0, respectively.
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Table A.6: Prescribed annual-mean concentrations of biogeochemical variables at the
river mouths of the 6 major Arctic rivers in the model simulation.

Variable Mackenzie  Yukon Kolyma Lena  Yenisey Ob’ Reference

DIC (mmol C m~3) 1717 1792 642 817 908 1175  |Tank et al.| (2012)

DOC (mmol C m~3) 368 544 592 841 611 785 Cooper et al.| (2008])

DON (mmol N m~3) 7.1 14.2 7.2 144 14.2 7.1 Holmes et al.| (2012) and
McClelland et al.| (2012)

Nitrate (mmol N m~3) 7.1 7.1 3.6 3.6 7.1 7.1 McClelland et al.| (2012)

TA (mmol C m~3) 1540 1707 449 788 845 1181  |Cooper et al.| (2008)

to directly feed into their respective oceanic pools. On the other hand, the runoff of
the organic matter (DOC and DON) was set to feed into their respective inorganic
(rather than organic) pools in the ocean. This treatment was necessary to prevent
the implicit remineralization of DON originating from the rivers based on a fixed
DOC:DON ratio prescribed in CanOE. Applying this ratio, which is representative
of oceanic environments, is undesirable in this situation because the elemental ratios

in the rivers differ from those of the ocean (e.g. [Holmes et al., [2012)).
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Figure A.7: a) Monthly-mean 1969-2015 climatology of river discharge rate of fresh-
water and b) the interannual time series of annual river discharge averaged over the
region north of 60°N. Spatial maps of ¢) annual-mean climatology of river discharge
rate of freshwater and d) locations of river mouths of the 6 major Arctic rivers in
which the runoff of biogeochemical variables was prescribed.
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