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Abstract

The Southern Ocean plays a crucial role in Earth’s climate and biogeochemical (BGC)
cycles due to its unique features, such as strong westerly winds, intense ocean circu-
lation, and its high-latitude location. This study focuses on the Southern Ocean Bio-
geochemical Divide (SOBD), a region where distinct ocean circulation patterns signif-
icantly influence nutrient distribution, marine primary production, and carbon seques-
tration. Utilizing data from the Norwegian Earth System Model version 2 (NorESM2-
MM) and observational data from the World Ocean Atlas 2018 (WOA18), we examine
the spatial and temporal variability of key BGC tracers—phosphate (PO4), dissolved
oxygen (DO), and silicate (Si). Our analysis reveals that PO4 concentrations show a
clear latitudinal gradient with higher levels near the Antarctic continent. DO concen-
trations are higher near the Antarctic continent at the surface, decreasing with depth.
Si concentrations display similar patterns to PO4 but with generally higher values.
The SOBD is identified as a consistent feature of upwelling water at approximately
250m depth, where significant changes in nutrient concentrations align with the 1036.5
kg/m3 isopycnal line, marking the transition between different water masses. This
alignment helps identify the SOBD’s location, which falls between the Polar Front
(PF) and the Southern Boundary (SB) of the Antarctic Circumpolar Current (ACC).
Time series analysis highlights significant temporal fluctuations in BGC tracer concen-
trations, with notable shifts around the mid-20th century. These shifts are associated
with the Early Twentieth Century Warming (ETCW) and changes in the Southern An-
nular Mode (SAM) index, influencing the strength of westerly winds and upwelling
processes. Despite these fluctuations, the SOBD location remains stable over the study
period (1850 to 2014).
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Chapter 1

Introduction

The Southern Ocean is the vast expanse of water surrounding Antarctica. This ocean
stands out as a unique and highly dynamic region in the world’s ocean system. The
unique features and impacts of the Southern Ocean on Earth’s climate and biogeo-
chemical (BGC) cycles are shaped by several factors, such as its strong westerly winds,
intense ocean circulation, and location at high latitudes (Iudicone et al., 2008; Marinov
et al., 2006; Primeau et al., 2013; Sarmiento et al., 2004).

The powerful westerly winds drive the Antarctic Circumpolar Current (ACC), the
world’s largest ocean current, which circulates around Antarctica and connects the At-
lantic, Pacific, and Indian Oceans (Williams, 2015). This intense circulation, along
with the upwelling of deep, nutrient-rich waters, creates an environment that fosters
high primary productivity. Primary productivity is the process by which photosynthetic
organisms like phytoplankton convert inorganic carbon, mainly carbon dioxide (CO2),
into organic matter. This process not only supports a rich and diverse marine ecosystem
but also helps regulate atmospheric CO2 levels by sequestering carbon in the ocean’s
interior (Kaiser et al., 2011).

One of the key features of the Southern Ocean is the Southern Ocean Biogeochem-
ical Divide (SOBD), a region marked by a distinct separation in ocean circulation pat-
terns that significantly influences nutrient distribution, marine primary production, and
carbon sequestration (Marinov et al., 2006; Xie et al., 2022). This divide is thought to
be maintained by the strong winds and currents that encircle Antarctica, which isolate
the surface waters from the deeper waters (Mazloff et al., 2010). The distribution of nu-
trients in this region is closely linked to the pattern of the meridional overturning circu-
lation (MOC). Upwelling of Circumpolar Deep Water (CDW) transports nutrient-rich
water masses to the surface within the ACC (Marshall and Speer, 2012; Tamsitt et al.,
2017) (shown in Figure 1.1). This process creates two circulation cells at the surface of
the Southern Ocean. The lower cell involves water that flows southward, carrying up-
welled CDW that loses buoyancy and sinks to great depths, forming Antarctic Bottom
Water (AABW). This dense water mass is vital for global ocean circulation as it moves
northward into the Atlantic, Pacific, and Indian basins. In contrast, the upper cell in-
volves northward-flowing CDW that forms Antarctic Intermediate Water (AAIW) and
Subantarctic Mode Water (SAMW). These water masses are crucial for the Southern
Ocean’s BGC cycles because they carry nutrients and dissolved gases into lower lati-
tudes of the global oceans through subsurface layers (Sallée et al., 2010; Talley et al.,
2011). The boundary between the upper and lower cells is referred to as the SOBD
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(Marinov et al., 2006).

Figure 1.1: Illustration of the meridional overturning circulation (MOC) in the Southern Ocean. Up-
welled Circumpolar Deep Water (CDW) is either advected northward, contributing to the upper cir-
culation (red), or moves southward into the lower circulation (blue). The Antarctic Polar Front marks
the boundary between the Antarctic and Subantarctic regions. AABW, Antarctic Bottom Water; AAIW,
Antarctic Intermediate Water; NADW, North Atlantic Deep Water; SAMW, Subantarctic Mode Water.
Modified figure from Marinov et al. (2006).

To understand the SOBD, it is important to consider the role of biological pump
efficiency, the process behind this divide (Marinov et al., 2006). The biological car-
bon pump is primarily driven by the photosynthetic production of organic matter at the
ocean’s surface and its subsequent transport to deeper layers, where it undergoes rem-
ineralization. ’Remineralized nutrients’ refer to nutrients added to the ocean interior
through this process, while ’preformed nutrients’ are those that remain biologically un-
used at the surface and are transported to the ocean interior via newly formed deep
water. The biological pump decreases the concentration of preformed nutrients at the
surface by converting them into export production, thereby increasing the concentration
of remineralized nutrients in the deeper ocean. Due to the link between nutrients and
carbon in both photosynthesis and remineralization, a more efficient conversion of pre-
formed to remineralized nutrients enhances the biological pump’s ability to sequester
carbon in the deep ocean, thereby reducing atmospheric pCO2 (Ito and Follows, 2005).
At the SOBD, the dynamics of this conversion process could reveal variations in nutri-
ent usage and carbon transport mechanisms across different latitudinal zones, offering
insights into how the Southern Ocean modulates global BGC cycles and influences cli-
mate change mitigation.

We use marine BGC data to identify the SOBD and the variation over time. Our
study focus on the changes in phosphate (PO4), dissolved oxygen (DO), and silicate
(Si) levels. PO4 is an essential nutrient for phytoplankton, and it plays a crucial role
in the primary productivity of the ocean (Lin et al., 2016). The concentration of oxy-
gen (O2) in the ocean provides constraints on the efficiency of the biological pump that
mediates the sequestration of carbon in the deep ocean (Buesseler and Boyd, 2009; De-
vol and Hartnett, 2001; Honjo et al., 2008) and influences the biological communities
(Sarmiento, 2006; Stramma et al., 2012). Similarly, Si is a vital nutrient, especially for
diatoms, a group of phytoplankton that forms the basis of marine food webs (Smetacek,
1998).
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The relevance of the SOBD to the marine nutrient and carbon cycle has been evalu-
ated through BGC modeling (Holzer et al., 2014; Marinov et al., 2006; Primeau et al.,
2013). A recent study by Xie et al. (2022) identified an approximate location of the
SOBD. However, none of these studies have examined its variability over long time
spans. The main objective of our study is to use the Norwegian Earth System Model
version 2 (NorESM2) to explore the SOBD location and its variability from 1850–2014.
NorESM2 offers a comprehensive representation of ocean and atmospheric systems,
providing high-resolution outputs that facilitate an in-depth examination of the SOBD
over time and space. This study aims to determine if the SOBD can be reliably identi-
fied in a global climate model with approximately 1-degree horizontal resolution, un-
like previous studies that primarily utilized higher-resolution regional models where
sharp fronts are more easily represented. Additionally, we aim to investigate the sta-
bility of the SOBD over an extended period, leveraging the long time span feature of
climate models that process-oriented studies do not capture. Furthermore, the study
will explore the evolution of BGC tracers in the SOBD regions of the Atlantic, Pa-
cific, and Indian oceans. By focusing on NorESM2, this research assesses the model’s
capabilities and limitations in capturing the dynamics and characteristics of the SOBD.

As this introduction has set the stage for our exploration of the SOBD, the fol-
lowing chapters of this thesis will delve deeper into the subject to fulfill the research
objectives. Chapter 2 provides the theoretical background, grounding the study in exist-
ing literature. Chapter 3 outlines the methodologies used in the analysis, detailing the
data sources, analytical techniques, and approaches for synthesizing and interpreting
the data. Chapter 4 presents the results from the analysis and discusses these findings
in the context of BGC and physical dynamics. Finally, Chapter 5 serves as the conclu-
sion, synthesizing the findings to discuss their implications for future research and the
potential applications of the study’s outcomes.
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Chapter 2

Background

2.1 The Southern Ocean

The Southern Ocean is the broad ocean region surrounding Antarctica. The bathymetry
that underlies the Southern Ocean is a mixture of comparatively smooth, oceanic
abyssal plains of up to ∼4000m depth or deeper, separated by much shallower and
often convoluted ridge systems (Figure 2.1). The overall topographic configuration of
the Southern Ocean is unique in the world, possessing a circumpolar channel that is
open at all longitudes. This, combined with the strong westerly winds and buoyancy
forcing that typifies the high latitudes, leads to the existence of the ACC (Figure 2.1b)
(Rintoul et al., 2001).

(a) (b)

Figure 2.1: Map (a) and Bathymetry/Topography (b) of the Southern Ocean and Antarctica. Depths
below sea level are coloured; heights above sea level are monochrome. Note the convoluted ridge
systems, such as in and around Drake Passage, separating wide expanses of oceanic abyssal plain.
Also shown are schematic depictions of the fronts of the Southern Ocean: the Subantarctic Front (SAF),
the Polar Front (PF), the Southern ACC Front (SACCF), and the Southern Boundary (SB) of the ACC
(Orsi et al., 1995). Poleward of the ACC lie sub-polar gyre systems, including the Weddell and Ross
Gyres. Figure source: Meredith and Brandon (2017).

The ACC is the largest current system in the world, continuously transporting ap-
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proximately 130 Sv of water eastwards around Antarctica (1 Sv = 106m3/s) (Meredith
et al., 2011). It is a banded structure, consisting of relatively fast-moving jets separated
by more quiescent zones of water. These jets coincide with oceanic fronts, namely
(north to south), the Subantarctic Front, the Polar Front and the Southern ACC Front
(Orsi et al., 1995). The southern edge of the ACC is marked by the Southern Boundary
(SB) (Figure 2.1). Poleward of the ACC lie a series of sub-polar gyres, most notably
in the Weddell Sea and Ross Sea (Figure 2.1). These transport a few tens of Sv cy-
clonically around the basins within which they reside, with the strongest parts of the
circulation focused in boundary currents that lie adjacent to the periphery of the basins
(Fahrbach et al., 1994).

Figure 2.2: A schematic view of the Southern Ocean circulation. The heavy yellow arrow and dashed
yellow lines denote the eastward flow of the ACC. The overturning circulation is indicated by dark
arrows, with wavy arrows intended to represent transport by eddies. The meridional transport is largely
along layers of constant density, represented by the colored surfaces. Vertical curly arrows at the sea
surface indicate air-sea buoyancy exchange (upward arrows mean a buoyancy loss by the ocean). Small
light arrows show diapycnal mixing. The east-west section on the right face of the diagram illustrates
the surface and isopycnal tilts in relation to bottom topography (brown) associated with interfacial and
bottom form stress. From Olbers and Visbeck (2005), adapted from Speer et al. (2000).

The strong eastward flow of the ACC has several important implications for the
global ocean circulation and its influence on regional and global climate. It promotes
exchange between the three major ocean basins, allowing transmission of climate sig-
nals and smoothing out zonal differences in water properties, yet inhibits north-south
exchange and isolates Antarctica from the warm waters to the north by a strong, contin-
uous eastward flow that acts as a physical barrier. It is reinforced by sharp temperature
and salinity fronts, strong westerly winds, and significant eddy activity. The interbasin
connection allows the establishment of a global-scale overturning circulation, which
transports heat, moisture, and inorganic carbon around the globe and strongly influ-
ences the Earths climate. The eastward geostrophic flow of the ACC is associated with
steeply sloping density surfaces, which shoal to the south across the current and expose
dense waters to the surface in the high-latitude Southern Ocean (Figure 2.2). Where the
dense waters outcrop at the sea surface, they exchange heat, moisture, and gases like
O2 and CO2 with the atmosphere. In this sense, the Southern Ocean acts as a valve reg-
ulating exchange between the deep and shallow layers of the global ocean. Upwelling
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of deep water returns nutrients and carbon to the upper ocean, while sinking of waters
from the surface transfers O2 and anthropogenic CO2 into the ocean interior. As a re-
sult of the vigorous overturning circulation, the Southern Ocean stores large amounts
of heat and anthropogenic CO2. For example, 40% of the total ocean inventory of an-
thropogenic CO2 entered the ocean south of 40◦S (Davila et al., 2022; Khatiwala et al.,
2009, 2013).

The Southern Ocean overturning circulation consists of two cells (Figure 2.2).
CDW spreads poleward and shoals, ultimately outcropping at the sea surface. The
relatively dense Lower CDW upwells to the south of the ACC, where interactions with
the atmosphere and sea ice convert the upwelled water to dense AABW, forming the
lower cell of the overturning circulation. AABW sinks and flows along the ocean bot-
tom, spreading northward into the other ocean basins. This deep water mass sequesters
carbon and nutrients for centuries to millennia before it gradually upwells in various
regions of the world’s oceans, influencing global climate and nutrient distribution. Rel-
atively light Upper CDW outcrops within the ACC belt, where it is driven equator-
ward in the Ekman layer and converted to less dense intermediate waters (AAIW and
SAMW) by heat and freshwater gain from the atmosphere, forming the upper cell.
AAIW and SAMW are subducted into the ocean’s thermocline and spread equatorward
at mid-depths. These intermediate waters play a vital role in supplying nutrients to the
low-latitude surface ocean, supporting marine productivity far from their origin. In this
way, the Southern Ocean connects the upper and lower layers of the ocean and allows
a global-scale overturning circulation to exist even in the limit of very weak diapycnal
mixing in the ocean interior (e.g., Speer et al. (2000)).

2.2 The Role of the Southern Ocean in Climate and Biogeo-
chemical Cycles

The study of biogeochemistry—encompassing the cycling of chemical elements
through living systems within their physical, chemical, biological, and geological
environments—is integral to Earth’s functionality. Within this sphere, the Southern
Ocean emerges as a significant influencer, shaping regional ecosystem operations and
gas exchange between sea and air. It modulates our planets climate from seasonal-to-
millennial timescales, absorbing atmospheric CO2 through the solubility and biologi-
cal pump processes while also reintroducing CO2 from the deep ocean (e.g., Gruber
et al. (2009); Sarmiento and Le Quere (1996); Sigman et al. (2010); Takahashi et al.
(2009)). Furthermore, mode and intermediate water masses that form in the Subantarc-
tic region crucially dictate primary production and carbon export across the world’s
oceans. They set the biogeochemistry of the global thermocline—a subsurface layer
marked by a sharp temperature gradient—which in turn furnishes the upper ocean lay-
ers with essential nutrients (Marinov et al., 2006; Moore et al., 2018; Sarmiento et al.,
2004). This nuanced interplay underscores the Southern Ocean’s pivotal role in global
BGC cycling, marking it as a critical component in the Earth’s climatic equilibrium.
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2.2.1 Carbon Sequestration and Atmospheric Carbon Diox-
ide Regulation

The Solubility Pump, Biological Pump, and Upwelling

The Southern Ocean is a globally important region for ocean ventilation and the sea-air
exchange of CO2 and other climate-active gases, influenced by complex interactions
between physical, chemical, and biological processes (Marinov et al., 2006). The sol-
ubility pump, whereby atmospheric CO2 is taken up by dissolution into surface waters
and subsequently subducted into the subsurface, exporting CO2 into the ocean interior,
is particularly strong in the high southern latitudes due to cold surface waters and deep
and intermediate water mass formation (e.g., Gruber et al. (2019); Sabine et al. (2004);
van Heuven et al. (2014)). However, in the upwelling zones, strong upwelling brings
CO2-rich deep waters to the surface, increasing pCO2 in surface waters, altering the car-
bonate system equilibrium and driving CO2 release to the atmosphere (e.g., Chapman
et al. (2020); Pardo et al. (2017)). A schematic depicting the meridional circulation
and the carbon cycle in the Southern Ocean shows in Figure 2.3. The biological pump
is also important in the Southern Ocean, particularly during spring and summer (e.g.,
Cavan et al. (2019); DeVries et al. (2012); Ducklow et al. (2001)). CO2 is converted
into organic carbon during photosynthesis by phytoplankton and other primary produc-
ers, stored in plant and animal tissues and subsequently exported to the deep ocean and
seafloor when microalgae and other organisms die (Henley et al., 2020). The balance
between solubility and biological pump processes and upwelling processes, and their
combined effect on the difference between seawater and atmospheric pCO2 (∆pCO2),
determine whether the surface ocean behaves as a CO2 sink or source. The magni-
tude of CO2 fluxes depends on combination of the air-sea pCO2 difference and wind
speed, which strongly affects the sea-air gas transfer velocity (e.g., Fay et al. (2014);
Wanninkhof (2014)).

Net Carbon Dioxide Sink Behavior of the Southern Ocean

The Southern Ocean between 30◦S and 50◦S is currently a major net annual sink for at-
mospheric CO2 since biological uptake during summer and solubility pump processes
exceed CO2 outgassing driven by upwelling and vertical mixing predominantly dur-
ing winter (e.g., Roobaert et al. (2019); Takahashi et al. (2012)). The Southern Ocean
CO2 sink has taken up approximately 40% of the total oceanic uptake of anthropogenic
CO2 (DeVries, 2014; Fletcher et al., 2006; Orr et al., 2001), increasing surface wa-
ter pCO2 and causing ocean acidification (Henley et al., 2020). Export of CO2 to the
deep Southern Ocean occurs in specific locations and depends on the interactions be-
tween physical properties, such as mixed layer depth, ocean currents, fronts, eddies and
winds, all of which are potentially sensitive to climate variability and change, and with
bathymetric features (Chapman et al., 2020; Sallée et al., 2012).

Key Controls on Biological Carbon Uptake and Export

Primary production have a significant impact on the contribution of biological car-
bon uptake, export, and storage in organisms to the Southern Ocean carbon sink. Al-
though primary production is limited by iron availability over much of the Southern
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Figure 2.3: The relatively dense Lower CDW upwells to the south of the ACC, where interactions
with the atmosphere and sea ice convert the upwelled water to dense AABW, forming the lower cell
of the overturning circulation (thin grey line). Relatively light Upper CDW outcrops within the ACC
belt, where it is driven equatorward in the Ekman layer and converted to less dense intermediate waters
(AAIW and SAMW) by heat and freshwater gain from the atmosphere, forming the upper cell (thick grey
line). The nutrient (N) and dissolved inorganic carbon (DIC) have high concentrations at depth from
regeneration of biological fallout. Upwelling of carbon-rich waters leads to an outflux of carbon to the
atmosphere. Conversely, there is a carbon uptake where mode waters are subducted along the northern
flank of the ACC and also where dense bottom waters form at higher latitudes. From Lauderdale et al.
(2013), redrawn from Williams and Follows (2011).

Ocean, hotspots of productivity around and downstream of Subantarctic islands and
submerged plateaus (e.g., South Georgia, Kerguelen, Crozet), in upwelling and mix-
ing zones, coastal/shelf areas, and the sea ice zone where iron is not limiting, can lead
to substantial export of organic carbon to deep waters and/or sediments (Henley et al.,
2020).

2.2.2 Global Nutrient Cycles and Phytoplankton Nutrition
The Southern Ocean significantly contributes to global nutrient cycles, enhancing phy-
toplankton nutrition and productivity. Remarkably, phytoplankton in this region ac-
count for approximately 25% of the world’s marine primary production, equivalent to
11.4 Pg C yr−1 (Okin et al., 2011). This productivity is primarily sustained by the
ocean’s unique nutrient dynamics.

Iron (Fe), crucial for phytoplankton growth, is the primary limiting nutrient across
the Southern Ocean (de Baar et al., 1995; Watson et al., 2000), constrained by min-
imal atmospheric deposition and the remoteness from terrigenous sources (Boyd and
Ellwood, 2010). Consequently, during the growing season, phytoplankton production
does not fully utilize the available nutrients in the euphotic zone, resulting in lower-
than-expected phytoplankton biomass and relatively high concentrations of unused nu-
trients. This makes the Southern Ocean well known as a high-nutrient, low-chlorophyll
(HNLC) region (Boyd, 2002; de Baar et al., 1995).

Macronutrients such as nitrate (NO3), PO4, and silicic acid play essential roles in
supporting the growth and survival of diatoms, with nitrate and phosphate also nec-
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essary for other phytoplankton classes for cellular metabolism. The ratio of utilisa-
tion between nitrogen (N) and phosphorus (P) deviates from the Redfield (1958) ratio
of 16:1 across the Southern Ocean according to changes in community composition
(Henley et al., 2020; Weber and Deutsch, 2010). Unlike much of the global ocean, high
rates of macronutrient supply from the CDW prevent widespread N or P limitation in
the Southern Ocean except in periods of intense summer growth in high-productivity
coastal regions (Henley et al., 2017). These nutrients are critical not only for local
BGC processes but also affect global nutrient and carbon cycles (Moore et al., 2018;
Sarmiento et al., 2004). In particular, surface nutrient concentrations and ratios in the
formation regions of the SAMW and AAIW formation are transported northward by
these water masses and mixed through the thermocline into macronutrient-limited sur-
face waters north of 30◦S (Marinov et al., 2006). Also a major exporter of nutrients to
the AABW, mainly formed in the Weddell and Ross Sea, exports nutrients to deeper
waters of the Atlantic, Indian and Pacific oceans. Sarmiento et al. (2004) showed that
three quarters of the primary production in surface waters north of 30◦S is supported
by inputs from the Southern Ocean, so that the Southern Ocean can be envisioned as a
strong nutrients exporter.

Primary production in the Southern Ocean is dominated by diatoms—phytoplankton
with opaline cell walls that thrive in dynamic, highly seasonal, and competitive envi-
ronments (Margalef , 1978). These waters, enriched in Si due to deep-water upwelling,
support diatoms that are heavily silicified (Baines et al., 2010). As a result, they deplete
Si much more rapidly than other major nutrients such as NO3 and PO4. Consequently,
as surface waters move northward across the fronts of the ACC, silicon is depleted more
rapidly (i.e., further south) than NO3 or PO4 (see Figure 2.4).

(a) (b) (c)

Figure 2.4: Latitudinal variation in (a) NO3, (b) PO4, and (c) Si in the surface Southern Ocean. Data
from WOA18 (1900–2017).

2.2.3 Biogeochemical Tracers in Understanding the South-
ern Ocean Dynamics

Phosphate

The distribution of PO4 in the ocean is controlled by a wide range of processes. In the
absence of major external sources (Figure 2.5), internal processes are the main drivers,
namely the physical circulation and the marine biology. PO4 is incorporated into or-
ganic matter by photosynthetic phytoplankton in the euphotic zone. A fraction of this
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organic matter escapes recycling in the surface layer and is exported into the ocean inte-
rior. Remineralisation of organic matter by bacteria and zooplankton releases nutrients
such as PO4 and consumes O2. This PO4 is called regenerated PO4. The remaining
PO4 is the biotically unutilized surface PO4, which enters the ocean by subduction dur-
ing water mass formation, and is called preformed PO4. According to observational
estimates, the preformed phosphate makes up for about 60% of the global oceans PO4
inventory, whereas regenerated PO4 derived from remineralisation of organic matter
makes up for the remaining 40% (Ito and Follows, 2005).

Figure 2.5: The marine P cycle in absence of major external sources. Adapted from Benitez-Nelson
(2000).

Patterns of PO4 concentrations as well as the partitioning into preformed and re-
generated components are sensitive to ocean circulation, export production and rem-
ineralisation length scale (Duteil et al., 2012). For example, a more active biology
increases the transfer of PO4 from surface to intermediate depths by remineralisation,
depleting surface nutrients. Consequently, the amount of PO4 subducted at high lati-
tudes, i.e. the preformed PO4, decreases as well. As another example, a more vigorous
overturning (at the Southern Ocean) results in higher supply rates of nutrients from the
deep ocean to the euphotic zone, which will increase surface nutrient levels. Thereby,
the preformed PO4 pool increases whereas the regenerated PO4 pool decreases. The
global PO4 distribution is characterized by generally low PO4 values in surface wa-
ters and high concentrations in the deep ocean, with maximum concentrations often
found in intermediate waters associated with low oxygen concentrations. However,
the Southern Ocean is an exception, where surface waters exhibit relatively high PO4
concentrations due to upwelling and limited biological utilization.

Dissolved Oxygen

DO is a key indicator for monitoring the marine ecosystem functioning because it is
the result of several atmospheric, hydrodynamic, and BGC driving processes (such as
air-sea fluxes, vertical convection and mixing, horizontal transport, and biological pro-
duction and consumption (Keeling and Garcia, 2002; Oschlies et al., 2018; Pitcher
et al., 2021)). Biochemical processes include sources and sinks of O2 due to marine
production, respiration, and oxidation of organic matter. Physical processes include
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mass transfer of O2 caused by water mass ventilation, air-sea gas exchange, gas sol-
ubility changes, and mixing by advection and diffusion. The oceanic O2 inventory is
sensitive to changes driven by the physical and biological state of the ocean as well as
anthropogenic impacts acting on different time and spatial scales (e.g., Hofmann and
Schellnhuber (2009); Keeling and Garcia (2002); Matear and Hirst (2003)). Global
O2 changes in the ocean can be substantial. For example, Schmidtko et al. (2017) sug-
gested that the global ocean O2 inventory has decreased by about 2% since 1960 due to
a warming induced decrease in solubility and biological consumption. Oceanic DO is
supplied from air-sea exchange and photosynthesis in the euphotic zone, and it is con-
sumed by organic carbon respiration throughout the water column. Because respired
carbon accumulation and O2 consumption are stoichiometrically (fixed ratios of car-
bon accumulation and O2 consumption) linked during organic carbon degradation, DO
reconstructions are particularly valuable for understanding marine respired carbon stor-
age (Jaccard et al., 2016), which plays a major role in the variability of the pCO2.

O2 content is highest at the surface for two main reasons; this is where O2 dissolves
into the ocean from the atmosphere, and the surface water is where O2 is produced
by phytoplankton through photosynthesis. Respiration is also occurring in the surface
waters, but the rate of photosynthetic O2 production is greater than the rate of removal
through respiration. It should be noted that even though DO is highest at the surface,
there is still far less O2 in the water than is found in the air. Well-oxygenated surface
water may only contain around 8 mg O2/l, while the air contains 210 mg O2/l (Webb,
2023).

As depth increases, DO declines, reaching a minimum between a few hundred me-
ters and 1000m deep, the aptly-named O2 minimum layer. At these depths and below,
the water is too far removed from the surface for any atmospheric exchange, and there
is not enough light to support photosynthesis, so there is little if any O2 added to the
water. At the same time, O2 is removed from the water through the respiration of deep
water organisms, and the decomposition of organic material by bacteria as it sinks to
depth.

Below the O2 minimum layer there is often an increase in DO at the greatest depths.
This bottom water is usually colder than the surface water and is under enormous pres-
sure; as stated above, lower temperatures and higher pressure increase the solubility
of dissolved gases. But there is another reason that bottom water contains more O2
than mid-water depths that has to do with the way water circulates throughout the deep
ocean. In polar regions, the cold surface water absorbs lots of O2. This cold, O2-rich
water sinks to the bottom due to its high density, taking the O2 with it (i.e., AABW
in the Southern Ocean). The O2-rich bottom water will then spend the next thousand
years or so moving over the seafloor throughout the major ocean basins. This deep
water circulation is the source of O2 for bottom-dwelling (benthic) organisms. The O2-
rich bottom water forms in the polar regions of the Atlantic, and slowly makes its way
to the Pacific, with O2 being removed for respiration along the way. This is why DO
levels in Pacific deep water are generally lower than in the Atlantic.

Silicate

Silicon (Si) was born in the universe by fusion between atoms of oxygen (O). It is the
seventh most abundant element in the universe, the second most abundant in the Earths
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crust. Weathering (dissolution) of silicate rocks and minerals at low or high tempera-
tures generates silicic acid (H4SiO4 or Si(OH)4), so-called dissolved silica (DSi). Dis-
charge of rivers and of submarine groundwater into the coastal ocean, hydrothermal
inputs into deep waters, dissolution of siliceous material transported from the conti-
nents to the continental margins and that of air-borne suspended materials in surface
waters are pathways for DSi input into the ocean. In surface waters, DSi is taken up by
diatoms to build their frustules of amorphous biogenic silica (bSiO2). Removal of DSi
from the ocean corresponds mostly to the burial of biogenic silica, as opal, in abyssal
and coastal sediments, although a minor contribution from siliceous sponges might
also be involved. A budget of Si in the world ocean (Figure 2.6) has been published by
Tréguer and De La Rocha (2013).

Figure 2.6: The Si cycle in the modern world ocean includes the input, output, and biological Si fluxes.
The white arrows represent fluxes of net sources and recycled of DSi. Orange arrows correspond to sink
fluxes of Si (either as biogenic silica or as authigenic silica). Green arrows correspond to biological
(pelagic) fluxes. All fluxes are in teramoles of silicon per year (Tmol Si yr−1). Figure source: Tréguer
et al. (2021).

The key role played by the Southern Ocean in the control of the world ocean sil-
ica cycle was identified long ago (e.g., Anderson et al. (2002); DeMaster (1981, 2002);
Nelson et al. (1995); Pondaven et al. (2000); Tréguer et al. (1995)). At subsurface
and intermediate depths, SAMW and AAIW export huge amounts of DSi that remains
unused by siliceous phytoplankton in Southern Ocean surface waters. In the abyss,
DSi-rich AABW also exports DSi into the deep areas of the Atlantic, Indian, and Pa-
cific basins (Anderson et al., 2002). On the other hand, the large opal belt of opaline
sediments that girds the Antarctic, roughly underlying the Polar Frontal Zone, has been
cored for several decades (e.g., DeMaster (1981, 2002)). The impressive abundance of
biogenic silica in the opal belt sediments makes the Southern Ocean one of the most
important silica sinks in the world ocean (DeMaster, 2002; Pondaven et al., 2000).
However, Tréguer (2014) stated that the Southern Ocean is a net receiver of DSi. At
the steady state, the Southern Ocean imports 2.0(±1.2) teramoles of silicon per year,
via the CDW.
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2.2.4 The Southern Ocean Biogeochemical Divide
Marinov et al. (2006) first identified the SOBD and demonstrated its importance in con-
trolling nutrient and carbon distribution, as well as its impact on global climate. This
divide is characterized by differences in nutrient levels and carbon sequestration ef-
ficiency between the Antarctic and Subantarctic regions of the Southern Ocean. The
SOBD is a conceptual line within the Southern Ocean that separates regions of different
biological activity and chemical properties in the water. To the south of the SOBD (the
lower cell), limited nutrient utilization by phytoplankton leads to unutilized nutrients
and CO2 being sequestered in the deep ocean through deep water formation processes.
In contrast, to the north of the SOBD (the upper cell), increased nutrient utilization, po-
tentially driven by increased iron availability, results in partial consumption of nutrients
before they are subducted to form intermediate and mode waters.

Nutrient utilization by phytoplankton in different regions of the Southern Ocean sig-
nificantly impacts the marine carbon and nutrient cycles (Marinov et al., 2006; Oschlies
et al., 2010; Primeau et al., 2013). The region south of the SOBD are more critical for
atmospheric CO2 regulation than the region to the north. In this southern region, lim-
ited phytoplankton activity results in minimal nutrient utilization, allowing unutilized
nutrients and CO2 to sink with the AABW and remain sequestered in the abyss for
centuries to millennia until being re-exposed to the surface. This process effectively
reduces atmospheric CO2 levels. Conversely, in the upper cell, increased nutrient uti-
lization, potentially driven by increased iron availability, results in partial consumption
of nutrients before they are subducted with AAIW and SAMW, maintaining a rela-
tively shallow cycle that contributes to primary production outside the Southern Ocean
(Hauck et al., 2018; Sarmiento et al., 2004). Thus, upper cell primary production in the
Southern Ocean competes with downstream primary production outside the Southern
Ocean for nutrients. For example, if more upper cell nutrients are utilized, downstream
production will be reduced (Holzer and Primeau, 2013; Marinov et al., 2006; Primeau
et al., 2013). Indeed, model simulations suggest that as much as 75% of marine pri-
mary production north of 30◦S is fueled by nutrients supplied by AAIW and SAMW
(Sarmiento et al., 2004).

The relevance of the SOBD for the marine nutrient and carbon cycle has been as-
sessed by BGC modeling (Holzer et al., 2014; Marinov et al., 2006; Primeau et al.,
2013). Marinov et al. (2006)’s findings using the Geophysical Fluid Dynamics Labo-
ratory Modular Ocean Model version 3 (MOM3) coupled with an Ocean Carbon Cycle
Model Intercomparison Project (OCMIP) 2 biogeochemistry model revealed several
insights into the SOBD. They identified it as a distinct BGC boundary between the
Antarctic and Subantarctic regions—referred to as the SOBD—which leads to a sig-
nificant division in nutrient concentrations and biological productivity. Their findings
emphasized that nutrient depletion in the Antarctic leads to increased nutrient avail-
ability and productivity at intermediate and subtropical latitudes, while Subantarctic
depletion has a more significant local effect but a smaller global impact. The study
also concluded that the efficiency of the biological carbon pump in the Southern Ocean
plays a critical role in atmospheric CO2 levels, and regional differences in nutrient se-
questration efficiency should be considered in global BGC models.

Recent studies have identified the SOBD’s location. A physical oceanography study
has identified the surface boundary between the upper and lower overturning cells based
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on the MOC. Pellichero et al. (2018) explored the MOC in the Southern Ocean in a wa-
ter mass transformation framework using observations and identified the neutral den-
sity γ = 27.6kg/m3 outcrop as the dividing line between the upper and lower cells.
Xie et al. (2022) approached the challenge of localizing the SOBD through a method-
ological framework involving the high-resolution Australian Community Climate and
Earth System Simulator (ACCESS-OM2-01) ocean-sea ice model and particle tracking
through the Connectivity Modeling System (CMS) to simulate and analyze the SOBD.
The study found that the SOBD is not a static feature but is influenced by a complex in-
terplay of oceanographic factors, suggested that the SOBD is a wide circumpolar band
that varies depending on several factors, including Ekman transport, the ACC, subpolar
gyre circulation, and surface buoyancy fluxes.
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Chapter 3

Data and Methods

3.1 Data

The data used in this thesis were model output from the Norwegian Earth System Model
Version 2 (NorESM2) and mapped data from the World Ocean Atlas 2018 (WOA18).

3.1.1 The Norwegian Earth System Model Version 2
For this thesis, the NorESM2-MM model configuration of NorESM2 is employed.
NorESM2-MM is a fully coupled model configuration, integrating multiple compo-
nents of the Earth’s climate system, including the atmosphere, ocean, sea ice, land
surface, and BGC cycles. It is forced by greenhouse gas concentrations (climate mod-
els are usually configured with either concentration-driven or emission-driven forcing
fields), the prescribed CMIP6 solar forcing (see Matthes et al. (2017)) and aerosol
emissions. The physical parameters are configured according to Seland et al. (2020),
and Tjiputra et al. (2020) for configurations and parameterizations specific to ocean
BGC. Model output is stored in the ESGF archive, which contains homogenized and
standardized outputs (including variable names). More specifically, all data is in com-
pliance with the standards of the Climate Model Output Rewriter (CMOR) (NorESM2,
2020). The data is accessed through the (Norwegian) National Infrastructure for Re-
search Data (NIRD), which hosts the CMOR-ized CMIP6 data provided by NorESM2.
The dataset includes historical data spanning from 1850 to 2014.

NorESM2 is the second generation of the coupled Earth system model (ESM) de-
veloped by the Norwegian Climate Center, succeeding NorESM1 (Bentsen et al., 2013;
Iversen et al., 2013; Kirkevåg et al., 2013; Tjiputra et al., 2013). NorESM2 is based
on the Community Earth System Model (CESM) 2.1 (Danabasoglu et al., 2020). Al-
though large parts of NorESM are similar to CESM, there are several important dif-
ferences. NorESM uses the Bergen Layered Ocean Model (BLOM) and the isopycnic
coordinate Hamburg Ocean Carbon Cycle (iHAMOCC) model for ocean biogeochem-
istry (Tjiputra et al., 2020). It also utilizes a different atmospheric aerosol module
(Kirkevåg et al., 2018). It features specific modifications and tunings of the physics
and dynamics of the atmosphere component (Toniazzo et al., 2020).

NorESM2 contributes to the 6th phase of the Coupled Model Intercomparison
Project (CMIP6) (Eyring et al., 2016), assessing pre-industrial climate stability, the
model’s response to abrupt and gradual CO2 quadrupling, and its ability to simulate



18 Data and Methods

historical climate under CMIP6 forcing. It is an improvement over its predecessors in
most respects, with a less sensitive response to greenhouse gas forcing and an estimated
equilibrium climate sensitivity of 2.5 K over a 150-year timeframe (Seland et al., 2020).

NorESM2 is available in three configurations (Seland et al., 2020):

• NorESM2-MM: 1-degree resolution for all model components (We use this con-
figuration for the study)

• NorESM2-LM: 2-degree resolution for the atmosphere and land components;
1-degree resolution for the ocean and sea-ice components; emission-driven mode
for CO2 concentration (default)

• NorESM2-MH: 1-degree resolution for the atmosphere and land components;
0.25-degree resolution for the ocean and sea-ice components (This configuration
has not been used for long historical simulations)

We use the data from NorESM2-MM model output from the ocean biogeochemistry
component, iHAMOCC, in NorESM2. The iHAMOCC prognostically simulates five
key ocean BGC cycle processes (Tjiputra et al., 2020):

• Inorganic Seawater Carbon Chemistry: iHAMOCC’s carbon chemistry for-
mulation is based on OCMIP protocols. It computes the pCO2 in the surface
layer using temperature, salinity, dissolved inorganic carbon, and alkalinity con-
centrations. The pCO2 value is used to estimate air-sea CO2 fluxes. In addition
to surface pCO2, the water column pH, carbonate ion, and calcite saturation state
are all calculated.

• NPZD-type Ecosystem Module: In the euphotic layer of the model (top 100
m), the lower trophic ecosystem dynamic is simulated using an NPZD (Nutrient
Phytoplankton Zooplankton Detritus) ecosystem module (Six and Maier-Reimer,
1996). One phytoplankton and one zooplankton bulk compartments are simu-
lated together with multiple limiting nutrients (NO3, PO4, and dissolved iron),
dissolved organic carbon and particulate matter. In addition to nutrients, the pri-
mary production is also limited by light availability and temperature. A fixed
stoichiometry Redfield Ratio is used to govern the fluxes of nutrients and carbon
among the different ecosystem compartments.

• Air-sea Gas Exchange: The air-sea gas exchange formulation by Wanninkhof
(2014) to compute fluxes of CO2, O2, DMS (Dimethyl Sulfide), N2, N2O, CFC-
11, CFC-12, and SF6 gases. These fluxes are computed as a function of surface
wind speed, Schmidt number, gas solubility, and partial pressure difference of the
respective gases. For DMS, the flux is always from the ocean to the atmosphere.

• Vertical Fluxes of Inorganic and Organic Particles: Biological activity in the
upper ocean produces particulate matter that is transported vertically and rem-
ineralized in the water column (Schwinger et al., 2016). For particulate organic
carbon, the sinking speed is increased with depth, while a constant remineraliza-
tion rate is used throughout the water column. For biogenic silica (opal), both a
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constant vertical sinking speed and a dissolution rate are used. For particulate in-
organic carbon (CaCO3), a constant sinking speed is used while the dissolution is
formulated as a function of calcite saturation state.

• Sediment Biogeochemistry: A 12-layer sediment module is included in iHAMOCC
(Heinze et al., 1999). It collects the sinking particle matters that are not com-
pletely dissolved or remineralized in the water column. It includes four solid sed-
iment components (CaCO3, opal, organic carbon, and clay), and five pore water
substances (dissolved inorganic carbon, alkalinity, PO4, oxygen, and silicate). In
addition to particle deposition, it simulates fluxes of tracers with the bottom-most
ocean layer through pore water chemistry and diffusion.

3.1.2 Observational Data
This thesis makes use of the WOA18, which provides detailed climatologies of the
world’s ocean properties, to validate the output of the NorESM2 simulations. This
validation process helps to assess the accuracy of the model simulations in replicat-
ing observed oceanic conditions, such as temperature, salinity, nutrient concentrations,
and DO levels. We can identify discrepancies and validate the model’s capability to
simulate various oceanic processes and dynamics accurately by comparing the model
outputs against these well-established observational datasets. The WOA18 helps us un-
derstand both biochemical processes like marine production and respiration, as well as
physical processes like advection and water mass renewal. We conducted our analysis
using data on dissolved inorganic nutrients (PO4 and Si) and DO. The atlas contains
a systematic, objective analysis of historical oceanographic profiles obtained from in-
struments such as rosette CTD packages. These profiles serve as the foundation for cli-
matologies, which are defined as mean oceanographic fields at specific standard depth
levels. This data ranges from the ocean’s surface to a maximum depth of 5500m. Each
parameter studied—PO4, Si, and DO—is represented by a consistent, objective one-
degree latitude-longitude grid (Garcia et al., 2019a,b).

Dissolved Inorganic Nutrients (Phosphate and Silicate)

Biochemical processes influence the global distribution and concentration of dissolved
inorganic nutrients in the ocean, such as marine production, respiration, and the break-
down of organic matter, as well as physical processes, including water mass renewal,
advection, and mixing. The term "nutrients" in this atlas refers specifically to chemi-
cally reactive dissolved inorganic ortho-PO4 or PO4, as well as ortho-silicic acid or Si.
These measurements are expressed in units of micro-mole per kilogram (µmol/kg).
All nutrient climatologies make use of all available quality controlled data, regardless
of the year of observation. The data used in this atlas were collected from 1960 to 2017.
The annual climatology was calculated using all data, regardless of the month in which
the observation occurred (Garcia et al., 2019b).

Dissolved Oxygen

WOA18 selects annual climatologies and related statistical fields for DO, apparent O2
utilization (AOU), and O2 saturation ( S O2 ). Biochemical and physical processes
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influence the ocean’s DO distribution, AOU, and S O2. BGC processes include DO
sources and sinks caused by marine production, respiration, and organic matter oxida-
tion (for example, biological pumps). Water mass ventilation, air-sea flux exchange,
gas solubility (e.g., thermal pump), and water mixing are all examples of physical pro-
cesses that affect O2. The oceanic DO inventory is sensitive to local to global changes
caused by the physical and biological state of the ocean, as well as anthropogenic ef-
fects on various time and spatial scales. This atlas provides a comprehensive overview
of data analysis procedures and horizontal maps that display annual climatologies and
associated statistical fields. All climatologies utilize all DO data collected from 1960
to 2017. The annual climatology was computed by considering all data, irrespective of
the month of observation (Garcia et al., 2019a).

3.2 Methods

We consider physical parameters to help us with our main BGC analysis. Then, we
illustrate all the methods we use for our main analysis: to see the distributions of the
BGC tracers in the Southern Ocean; time series analysis; and the SOBD location. All
data was processed in Python.

3.2.1 Detect Depth Level for Isopycnal Outcropping
We do density analysis to help decide the depth level that we will examine to do the
time series analysis. Figure 3.1 shows isopycnals in latitude-depth transects for three
sectors (Atlantic, Pacific, and Indian Ocean) in the Southern Ocean from NorESM2-
MM, analyzed over a 10-year span from 2000–2009. For each ocean, the isopynals
at intermediate depth lie in between 1036–1037 kg/m3. To check which isopynal and
depth could be suitable to represent the SOBD along with BGC output, we plotted
the latitude of crossing points at 1036, 1036.5, and 1037 kg/m3 density levels and
100m, 250m, and 500m depth over time and selected data along the longitudes of
25.5◦W (Atlantic Sector), 150.5◦W (Pacific Sector), and 90.5◦E (Indian Sector) and
restricted between 30◦S and 90◦S. As we expect the core of the upwelling region to
be more stable than the periphery, we look to associate the SOBD with an isopynal for
which the depth crossing point has relatively small latitudinal fluctuations. As the plot
shows in Figure 3.2, density at 1036.5 kg/m3 has less fluctuation throughout the depth.
For the depth condition, we would like it to be close to the surface but avoid effects
originating from the surface mixed layer; 250m is a suitable depth. To confirm that at
250m depth, the isopynal 1036.5 kg/m3 doesn’t get much surface/seasonal effects over
time, we plotted the isopycnal outcropping over time from 1850–2014 (same time span
for the time series analysis that we will perform later) for the three ocean sectors. The
outcomes from Figure 3.3 show that at this isopycnal and the depth, the water column
is not strongly influenced by surface/seasonal effects. This information helps us with
other analyses for detecting the SOBD location, which we will describe further in the
methods section.
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(a)

(b)

(c)

Figure 3.1: Isopycnal in latitude-depth transects in (a) Atlantic, (b) Pacific, and (c) Indian Sectors.
Data from NorESM2-MM historical simulations from 2000–2009

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.2: Latitude of 100m (a,d,g), 250m (b,e,h), and 500m (c,f,i) Depth Crossing for 1036 (blue),
1036.5 (green), and 1037 (red) kg/m3 over 10 years span in (a–c) Atlantic, (d–f) Pacific, and (g–i)
Indian Sectors. Data from NorESM2-MM historical simulations.
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(a)

(b)

(c)

Figure 3.3: Latitude plot of 1036.5 kg/m3 isopycnal depth outcropping over time from 1850–2014 in
(a) Atlantic, (b) Pacific, and (c) Indian Sectors. Data from NorESM2-MM historical simulations.
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3.2.2 Distributions of Biogeochemical Tracers in the South-
ern Ocean

We have used dataset analysis outputs from the NorESM2-MM and the WOA18 to ex-
amine how PO4, DO, and Si were distributed in the Southern Ocean. The analysis was
carried out in two main formats: South Polar Stereographic projections for surface and
250m depth visualization and latitude-depth transects for vertical distribution assess-
ment. The objective is to compare the model output with the observation data to see
how well NorESM2-MM performs. NorESM2-MM provides historical simulation out-
put data from 1850 to 2014, and WOA18 provides the tracers’ annual data in netCDF
from 1900 to 2017. For suitable comparison outcomes, we chose the data span from
1900 to 2014 for NorESM2-MM.

NorESM2-MM

South Polar Stereographic projection maps

• Load netCDF datasets containing concentrations of PO4, DO, and Si (the tracers)
spanning from 1900 to 2014 on a 1-degree grid.

• Select data at the surface level and at 250m (our selected depth to detect the
SOBD).

• Compute the average concentrations of the tracers over the time dimension to
provide an overview of their distribution throughout the dataset’s timeline.

• Convert the tracers’ concentrations from mol/L to µmol/L by multiplying by
1000.

• Initialize a plotting area with a South Polar Stereographic projection, setting lati-
tude limits from -90 to -30 ◦N to cover the Antarctic region and longitude limits
from -180 to 180 degrees to encompass all global longitudes.

Latitude-depth transects

• Load netCDF datasets containing concentrations of PO4, DO, and Si (the tracers)
spanning from 1900 to 2014 on a 1-degree grid.

• Use xESMF to regrid data onto a regular latitude-longitude grid with a resolution
of 1 degree.

• Average the data over time.

• Select data along the longitudes of 25.5◦W (Atlantic Sector), 150.5◦W (Pacific
Sector), and 90.5◦E (Indian Sector).

• Convert the tracers’ concentrations from mol/L to µmol/L by multiplying by
1000.

• Select depths ranging from the surface to the bottom (0–5500m).
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WOA18

South Polar Stereographic Projection maps

• Load netCDF datasets containing annual concentrations of PO4, DO, and Si (the
tracers) on a 1-degree grid from 1900 to 2017. These datasets do not contain time
variables.

• Utilize objectively analyzed mean fields for the molar concentration of the tracers
in seawater at standard depth levels for this analysis.

• Select data at the surface level and at 250m (our selected depth to detect the
SOBD).

• Convert the tracers’ data from µmol/kg to µmol/L by multiplying by the density
(kg/m3) dataset to align with the model data.

• Initialize a plotting area with a South Polar Stereographic projection, setting lati-
tude limits from -90 to -30 ◦N to cover the Antarctic region and longitude limits
from -180 to 180 degrees to encompass all global longitudes.

As these are observation dates, Figure 3.4 shows the number of observations of the
tracers in each grid square at each depth level.

(a) (b) (c)

(d) (e) (f)

Figure 3.4: The number of observations of PO4 (a,d), DO (b,e), and Si (c,f) in each grid square at the
surface (a–c) and 250m (d–f) depth level.

Latitude-Depth transects
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• Load netCDF datasets containing annual concentrations of PO4, DO, and Si (the
tracers) on a 1-degree grid from 1900 to 2017. These datasets do not contain time
variables.

• Utilize objectively analyzed mean fields for the molar concentration of the tracers
in seawater at standard depth levels for this analysis.

• Select data along the longitudes of 25.5◦W (Atlantic Sector), 150.5◦W (Pacific
Sector), and 90.5◦E (Indian Sector).

• Convert the tracers’ data from µmol/kg to µmol/L by multiplying by the density
(kg/m3) dataset to align with the model data.

• Select depths ranging from the surface to the bottom (0–5500m).

As there are observation dates, Figure 3.5 shows the number of observations of the
tracers in each grid square at each standard depth of each sector.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3.5: The number of observations of PO4 (a,d,g), DO (b,e,h), and Si (c,f,i) in each grid square at
each standard depth of Atlantic (a–c), Pacific (d–f), and Indian (g–i) Sectors.

3.2.3 Time Series Analysis
These analyses focus on the time series analysis of the BGC tracers in three sectors
in the Southern Ocean. All time series analyses using NorESM2-MM (1-degree grid)
historical simulation output data in all time spans available (1850–2014).

Tracers Concentrations

• Load netCDF datasets containing concentrations of PO4, DO, and Si (the tracers)
from the model.

• Use xESMF to regrid data onto a regular latitude-longitude grid with a resolution
of 1 degree.
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• Select data along the longitudes of 25.5◦W (Atlantic Sector), 150.5◦W (Pacific
Sector), and 90.5◦E (Indian Sector).

• Select data at the surface, 100m, and 250m depth levels.

• Set latitude limits from -76.5 to -30.5 ◦N, covering the Southern Ocean.

• Convert the tracers’ data from mol/L to µmol/L.

• Plot time series analysis of the tracers’ concentrations across latitudes.

Tracers Anomalies

• Load netCDF datasets containing concentrations of PO4, DO, and Si (the tracers)
from the model.

• Use xESMF to regrid data onto a regular latitude-longitude grid with a resolution
of 1 degree.

• Select data along the longitudes of 25.5◦W (Atlantic Sector), 150.5◦W (Pacific
Sector), and 90.5◦E (Indian Sector).

• Select data at the surface, 100m, and 250m depth levels.

• Set latitude limits from -76.5 to -30.5 ◦N, covering the Southern Ocean.

• The latitude limits are set from -76.5 to -30.5 ◦N, covering the Southern Ocean.

• Compute the annual mean, reducing the time dimension to yearly averages.

• Compute tracers anomalies by subtracting the long-term mean from the annual
means.

• Convert the tracers’ data from mol/L to µmol/L.

• Plot time series analysis of the tracers anomalies across latitudes.

Seasonal Effect

• Load netCDF datasets containing concentrations of PO4, DO, and Si (the tracers)
from the model.

• Use xESMF to regrid data onto a regular latitude-longitude grid with a resolution
of 1 degree.

• Select data along the longitudes of 25.5◦W (Atlantic Sector), 150.5◦W (Pacific
Sector), and 90.5◦E (Indian Sector).

• Select data at the surface, 100m, and 250m depth levels.

• Set latitude limits from -76.5 to -30.5 ◦N, covering the Southern Ocean.

• The latitude limits are set from -76.5 to -30.5 ◦N, covering the Southern Ocean.



3.2 Methods 27

• Calculate the monthly mean for each year, creating a new dataset of average trac-
ers concentrations for each month.

• Convert the tracers’ data from mol/L to µmol/L.

• Plot time series analysis of the tracers’ concentrations across latitudes.

3.2.4 The Southern Ocean Biogeochemical Divide Location
As we explain in 3.2.1, we would like to represent the BGC outputs in alignment with
the physical output. Our identical SOBD location is computed as follows:

• Load netCDF datasets containing concentrations of PO4, DO, Si (the tracers), and
density from the model.

• Use xESMF to regrid data onto a regular latitude-longitude grid with a resolution
of 1 degree.

• Select data at 250m depth (our selected depth to detect the SOBD).

• Average the tracers and density data over time, selecting the density value closest
to 1036.5 kg/m3 for the isopycnal layer.

• Initialize a plotting area with a South Polar Stereographic projection, setting lati-
tude limits from -90 to -45 ◦N to cover the Antarctic region and longitude limits
from -180 to 180 degrees to encompass all global longitudes.

• Convert the tracers’ data from mol/L to µmol/L.

• Plot the tracers’ concentrations across the region and the isopycnal line at 1036.5
kg/m3.

• Use orsifronts package in R to plot the locations of the PF, SB of ACC and
SACCF.
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Chapter 4

Results and Discussion

4.1 Distributions of Biogeochemical Tracers in the Southern
Ocean

Figure 4.1 shows the annual mean distribution of BGC tracers (PO4, DO, and Si) in
the Southern Ocean, based on NorESM2-MM data. PO4 concentrations are around 1.5
µmol/L at the surface, and at a depth of 250m, the concentrations reach maximum
values of 1.9 µmol/L. At both depths, around 50◦S, there is a gradual decrease in
PO4 concentrations moving northwards towards lower latitudes. DO at the surface
shows the highest concentrations, approximately 360 µmol/L, close to the Antarctic
continent. At a depth of 250m, the highest DO concentrations are still observed near
the continent, although the overall DO concentration at this depth is lower than at the
surface. The distribution pattern of Si in the Southern Ocean is similar to that of PO4
but with higher concentrations, ranging from around 45 µmol/L to a maximum of
approximately 60 µmol/L. At 250m depth, Si concentrations are higher than those at
the surface.

The latitude-depth transects of the tracers with isopynal across three sectors of the
Southern Ocean are shown in Figure 4.2. These transects provide a more detailed view
of the tracer distribution from the surface to the deep ocean, allowing us to identify
the water masses in each ocean. Characteristics of high nutrients but low DO in CDW
are evident in all three oceans. At a depth of 500m, CDW is located near 50◦S in
the Atlantic, close to 55◦S in the Pacific, and around 57◦S in the Indian Ocean. The
NorESM2-MM model data shows: AABW, characterized by high nutrients and DO;
AAIW, found at an intermediate depth of approximately 500–1,000m with relatively
high DO and intermediate nutrient levels compared with overall; and SAMW, which
has high DO and relatively low nutrients. South of 45◦S, the pattern of the tracers
in each ocean compared with each other does not show significant different pattern.
However, north of 45◦S, the Pacific exhibits the highest PO4 concentrations (more than
3 µmol/L, from approximately 25◦S to the equator, at depths from about 500–3000m)
and a broad distribution from a few hundred meters to the bottom. The Indian Ocean
shows a similar distribution but with lower concentrations. Conversely, in the Atlantic,
below 1200m PO4 values are relatively low compared to the other two oceans. For
Si, the distributions are similar to those of PO4 but with high concentrations at the
bottom of each ocean. The Pacific also shows maximum values exceeding 160 µmol/L
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(a) PO4, surface (b) PO4, 250m depth

(c) DO, surface (d) DO, 250m depth

(e) Si, surface (f) Si, 250m depth

Figure 4.1: Mean concentrations of (a,b) PO4, (c,d) DO, and (e,f) Si (µmol/L) in the Southern Ocean.
(a,c,e) show surface data and (b,d,f) at 250m depth. Data from NorESM2-MM historical simulations
(1900–2014). Visualizations are projected using a South Polar Stereographic projection encompassing
latitudes from 30◦S to 90◦S.
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(from around 25◦S to the equator, at depths from about 2000–3500m). From 45◦S
northwards, DO concentrations (Figure 4.2d–f) show an inverse relationship with PO4
concentrations, with oxygen minimum zones occurring where PO4 concentrations are
high.

In Figures 4.3–4.8, we compared the distributions of the tracers from the NorESM2-
MM (1900–2014) and WOA18 observations (1900–2017) data. Nutrient concentra-
tions in the Southern Ocean, as modeled by NorESM2-MM, tend to underestimate the
actual values. For PO4 (Figure 4.3), WOA18 shows a maximum around 2 µmol/L at
the surface and more than 2.5 µmol/L at 250m depth. However, the overall spatial
patterns are consistent between both datasets, showing a gradual decrease in PO4 con-
centrations moving northwards from around 50◦S towards lower latitudes. For Si (Fig-
ure 4.7), WOA18 shows concentrations almost twice as high as the model data, with
around 80 µmol/L at the surface and more than 100 µmol/L at 250m depth. Although
both datasets indicate a gradual decrease in Si concentrations moving northwards, the
patterns differ; WOA18 starts showing this trend around 60◦S, while the NorESM2-
MM data starts around 50◦S. For DO (Figure 4.5), the NorESM2-MM and WOA18
show similar distribution patterns with maximum values up to 360 µmol/L at the sur-
face. However, they differ significantly at 250m depth. In the WOA18 data, there is a
notable ring of low DO (around 250 µmol/L) surrounding the Antarctic continent.

When we compare the latitude-depth distribution of the NorESM2-MM (1900–2014)
and WOA18 observations (1900–2017) data across three ocean sectors (the Atlantic,
Pacific, and Indian Oceans) (Figures 4.4, 4.6, and 4.8), it appears that the model rep-
resents the concentration of tracers in AABW (in the Southern Ocean and near the
bottom) differently from the observation data. The model underestimates the nutri-
ents (PO4 and Si) and overestimates DO in this water mass for all sectors. In the
Pacific, around 25◦S to the equator at depths from about 500–3000m, the model data
show higher concentrations of PO4 and Si than the WOA18 data. For Si, from around
50–20◦S, assumed to be SAMW, AAIW, and CDW, the presence of these water masses
seems to be deeper in the observations than in the model. For DO, the oxygen mini-
mum zones in the NorESM2-MM show a lower concentration compared to those in the
WOA18.

Analyzing the distributions of PO4, DO, and Si together provides a clear view of
the BGC processes in Southern Ocean. The surface and 250m depth distributions of
the tracers exhibit consistent patterns, reflecting the influence of upwelling, nutrient-
rich deep waters, and physical circulation processes. High concentrations of PO4 and
Si near the Antarctic continental margin are associated with the upwelling of CDW,
which brings nutrient-rich waters to the surface. These nutrient-rich zones are crucial
for supporting primary productivity in the Southern Ocean. DO concentrations are
highest near the surface, especially close to Antarctica, due to atmospheric exchange
and photosynthetic activity. However, the distributions at 250m depth show a decrease
in oxygen levels, reflecting the utilization of oxygen for the decomposition of organic
matter and upwelling of CDW.
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(a) PO4, Atlantic Ocean (b) PO4, Pacific Ocean (c) PO4, Indian Ocean

(d) DO, Atlantic Ocean (e) DO, Pacific Ocean (f) DO, Indian Ocean

(g) Si, Atlantic Ocean (h) Si, Pacific Ocean (i) Si, Indian Ocean

Figure 4.2: Mean concentrations of (a–c) PO4, (d–f) DO, and (g–i) Si (µmol/L) with isopynal in latitude-depth transects across three oceans. (a,d,g) show the
Atlantic Ocean, (b,e,h) the Pacific Ocean, and (c,f,i) the Indian Ocean. Data from NorESM2-MM historical simulations (1900–2014).
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The comparison of NorESM2-MM data with WOA18 observations across three
ocean sectors (Atlantic, Pacific, and Indian) reveals several discrepancies. Notably,
the model tends to underestimate nutrient concentrations (PO4 and Si) and overesti-
mate DO in the AABW. This suggests potential issues in the model’s representation of
deep-water formation and nutrient regeneration processes. The observed discrepancies
between model outputs and observational data underscore the challenges in accurately
modeling the complex BGC processes of the Southern Ocean. The underestimation of
nutrient concentrations and overestimation of DO suggest that the model may not fully
capture the intensity of biological production and remineralization processes.

(a) NorESM2-MM, surface (b) WOA18, surface

(c) NorESM2-MM, 250m depth (d) WOA18, 250m depth

Figure 4.3: Mean concentrations of PO4 (µmol/L) in the Southern Ocean. (a,b) show surface data and
(c,d) at 250m depth. Data from NorESM2-MM historical simulations (1900–2014) in (a,c) and WOA18
observations (1900–2017) in (b,d). Visualizations are projected using a South Polar Stereographic
projection encompassing latitudes from 30◦S to 90◦S.
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(a) NorESM2-MM, Atlantic Ocean (b) WOA18, Atlantic Ocean

(c) NorESM2-MM, Pacific Ocean (d) WOA18, Pacific Ocean

(e) NorESM2-MM, Indian Ocean (f) WOA18, Indian Ocean

Figure 4.4: Mean concentrations of PO4 (µmol/L) in latitude-depth transects across three oceans.
(a,b) represent the Atlantic Ocean, (c,d) the Pacific Ocean, and (e,f) the Indian Ocean. Data from
NorESM2-MM historical simulations (1900–2014) in (a,c,e) and WOA18 observations (1900–2017) in
(b,d,f).
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(a) NorESM2-MM, surface (b) WOA18, surface

(c) NorESM2-MM, 250m depth (d) WOA18, 250m depth

Figure 4.5: Mean concentrations of DO (µmol/L) in the Southern Ocean. (a,b) show surface data and
(c,d) at 250m depth. Data from NorESM2-MM historical simulations (1900–2014) in (a,c) and WOA18
observations (1900–2017) in (b,d). Visualizations are projected using a South Polar Stereographic
projection encompassing latitudes from 30◦S to 90◦S.
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(a) NorESM2-MM, Atlantic Ocean (b) WOA18, Atlantic Ocean

(c) NorESM2-MM, Pacific Ocean (d) WOA18, Pacific Ocean

(e) NorESM2-MM, Indian Ocean (f) WOA18, Indian Ocean

Figure 4.6: Mean concentrations of DO (µmol/L) in latitude-depth transects across three oceans. (a,b)
represent the Atlantic Ocean, (c,d) the Pacific Ocean, and (e,f) the Indian Ocean. Data from NorESM2-
MM historical simulations (1900–2014) in (a,c,e) and WOA18 observations (1900–2017) in (b,d,f).
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(a) NorESM2-MM, surface (b) WOA18, surface

(c) NorESM2-MM, 250m depth (d) WOA18, 250m depth

Figure 4.7: Mean concentrations of Si (µmol/L) in the Southern Ocean. (a,b) show surface data and
(c,d) at 250m depth. Data from NorESM2-MM historical simulations (1900–2014) in (a,c) and WOA18
observations (1900–2017) in (b,d). Visualizations are projected using a South Polar Stereographic
projection encompassing latitudes from 30◦S to 90◦S.
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(a) NorESM2-MM, Atlantic Ocean (b) WOA18, Atlantic Ocean

(c) NorESM2-MM, Pacific Ocean (d) WOA18, Pacific Ocean

(e) NorESM2-MM, Indian Ocean (f) WOA18, Indian Ocean

Figure 4.8: Mean concentrations of Si (µmol/L) in latitude-depth transects across three oceans. (a,b)
represent the Atlantic Ocean, (c,d) the Pacific Ocean, and (e,f) the Indian Ocean. Data from NorESM2-
MM historical simulations (1900–2014) in (a,c,e) and WOA18 observations (1900–2017) in (b,d,f).
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4.2 Time Series Analysis

To help detect temporal variability, we examine the tracers’ distribution along with the
anomaly plots. All depths (surface, 100m, and 250m) exhibit a clear latitudinal gradient
in tracer concentrations.

PO4 shows high values around 49–55◦S in the Atlantic (Figures 4.9a–c), around
54–59◦S in the Pacific (Figures 4.9d–f), and 52–58◦S in the Indian (Figures 4.9g–
i). The concentration decreases moving northward from this latitude band. Similarly,
moving southward from this band, the concentrations also show a slight decrease, in-
dicating a different water mass influence. Surface PO4 levels are subject to substantial
changes due to turbulent mixing and interactions with the atmosphere, which are more
pronounced in the upper layers of the ocean. At 100m depth, the impact of surface
variability diminishes, leading to more stable concentration patterns compared to the
surface. At 250m depth, the concentration patterns become even more stable compared
with those two shallower depths, showing more persistent bands in the anomalies. The
plots show temporal variability in PO4 anomalies across all depths and oceans, with
notable shifts occurring around the mid-20th century. In the pre-1930 period, positive
anomalies predominate, especially south of 50◦S, suggesting generally higher PO4 con-
centrations during this period. After 1930, there was a notable shift to negative anoma-
lies south of 50◦S, indicating a reduction in PO4 concentrations. The gradients, with
higher PO4 values around specific latitudes, suggest the presence of the SOBD. The
identified latitude bands—around 49–55◦S in the Atlantic, around 54–59◦S in the Pa-
cific, and around 52–58◦S in the Indian—are consistent with previous studies that have
identified these regions as zones of BGC transition (Marinov et al., 2006; Sarmiento
et al., 2004).

At the surface and 100m depth, DO concentrations show a relatively stable pattern
from 1850 to 2014, mostly close to zero in anomaly plots. At 250m depth, the lati-
tudinal gradient is maintained, with lower overall oxygen concentrations compared to
shallower depths. At this depth, temporal fluctuations are present in all sectors, with
more pronounced variations in the Pacific sector compared to the Indian and Atlantic
sectors. Also, our suggestion for the presence of the SOBD in this analysis is the tran-
sition from higher concentrations to lower concentrations around 49–55◦S in the At-
lantic (Figures 4.10a–c), around 54–59◦S in the Pacific (Figures 4.10d–f), and around
52–58◦S in the Indian (Figures 4.10g–i).

Overall, the concentrations of Si decrease moving northward and change rapidly
around 50◦S in the Atlantic, around 54◦S in the Pacific, and around 52◦S in the Indian.
There is a pronounced period of reduction in Si concentrations from around 1930 to
1980, especially at higher latitudes, around 55–60◦S in the Atlantic, around 60–70◦S
in the Pacific, and around 59–68◦S in the Indian. As with the other two tracers, the
SOBD location identified in this analysis is the transition from higher to lower con-
centrations: around 49–55◦S in the Atlantic (Figures 4.11a–c), around 54–59◦S in the
Pacific (Figures 4.11d–f), and around 52–58◦S in the Indian (Figures 4.11g–i).
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(a) Atlantic Sector, surface (b) Atlantic Sector, 100m depth (c) Atlantic Sector, 250m depth

(d) Pacific Sector, surface (e) Pacific Sector, 100m depth (f) Pacific Sector, 250m depth

(g) Indian Sector, surface (h) Indian Sector, 100m depth (i) Indian Sector, 250m depth

Figure 4.9: Time series of mean PO4 and anomaly (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific Sector, and (g–i) the Indian Sector of the Southern
Ocean (from 1850 to 2014) across different depths: (a,d,g) surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents years, and the y-axis represents latitude.
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(a) Atlantic Sector, surface (b) Atlantic Sector, 100m depth (c) Atlantic Sector, 250m depth

(d) Pacific Sector, surface (e) Pacific Sector, 100m depth (f) Pacific Sector, 250m depth

(g) Indian Sector, surface (h) Indian Sector, 100m depth (i) Indian Sector, 250m depth

Figure 4.10: Time series of mean DO and anomaly (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific Sector, and (g–i) the Indian Sector of the Southern
Ocean (from 1850 to 2014) across different depths: (a,d,g) surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents years, and the y-axis represents latitude.
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(a) Atlantic Sector, surface (b) Atlantic Sector, 100m depth (c) Atlantic Sector, 250m depth

(d) Pacific Sector, surface (e) Pacific Sector, 100m depth (f) Pacific Sector, 250m depth

(g) Indian Sector, surface (h) Indian Sector, 100m depth (i) Indian Sector, 250m depth

Figure 4.11: Time series of mean Si and anomaly (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific Sector, and (g–i) the Indian Sector of the Southern
Ocean (from 1850 to 2014) across different depths: (a,d,g) surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents years, and the y-axis represents latitude.
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The piControl (Pre-industrial Control) experiment is one of the standard experi-
ments in climate modeling, particularly within the CMIP framework. The piControl
experiment serves as a baseline for understanding natural variability and the system’s
response to anthropogenic and other external forcings. It represents the climate sys-
tem in a stable state and includes natural forcings such as solar radiation and volcanic
activity, but no changes in greenhouse gas concentrations, aerosols, or land use due to
human activities. These forcings are held constant at pre-industrial levels. The experi-
ment is run for a long period, 150 years (1550–1699), to ensure that the climate system
reaches and maintains equilibrium. This long duration helps to average out internal
climate variability and provides a stable reference state.

Figure 4.12 shows historical simulations and piControl of Si anomalies in the At-
lantic sector of the Southern Ocean across three different depths. The results of the
piControl experiment exhibit natural climate variability without any long-term trends
or shifts and oscillate around zero, indicating no persistent deviation from the long-
term mean. The historical simulations across three depths show more variability than
the piControl. We observe some temporal and spatial patterns of natural variability, for
example, at 250m depth—showing some pronounced variability around 40◦S (above
our suggested SOBD location)—but these patterns are not as strong as those in the
historical simulations.

(a) historical Si, surface (b) piControl Si, surface

(c) historical Si, 100m depth (d) piControl Si, 100m depth

(e) historical Si, 250m depth (f) piControl Si, 250m depth

Figure 4.12: (a,c,e) Historical simulations (1850–2014) and (b,d,f) piControl (1550–1699) of Si
(µmol/L) anomalies in the Atlantic Sector of the Southern Ocean across different depths: (a,b) sur-
face; (c,d) 100m; (e,f) 250m. The x-axis represents years, and the y-axis represents latitude. Data from
NorESM2-MM.

The time series analysis results show no significant change in the location of the
SOBD over the study period (1850 to 2014). This stability is observed across all three
ocean sectors (Atlantic, Pacific, and Indian) and at various depths (surface, 100m, and
250m). While the overall location of the SOBD remains stable, there are notable re-
gional differences in the variability of BGC tracers. The Atlantic sector shows relatively
stable BGC patterns with minor temporal fluctuations, indicating a less dynamic envi-
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ronment compared to the other sectors. The Pacific sector exhibits more pronounced
variability in both DO and Si concentrations, suggesting stronger influences from re-
gional oceanographic and climatic processes. The Indian sector also shows significant
temporal fluctuations, particularly in Si concentrations, highlighting the dynamic na-
ture of this sector.

Anomalies plots of all tracers show a shift from positive to negative values south
of the SOBD around 1930 (this pattern does not apply to DO in the Indian sector,
where DO shows a shift in the same period but in the opposite direction). We associate
this shift with the Early Twentieth Century Warming (ETCW)—the most pronounced
warming in the historical global climate record prior to recent warming, which occurred
over the first half of the 20th century (Hegerl et al., 2018). The ETCW featured a signif-
icant Arctic warming in the 1920s and 1930s and included several important climatic
anomalies, such as Indian monsoon failures in the 1900s (Wang, 2006; Zhou et al.,
2010), the North American Dust Bowl droughts and record-breaking heat waves in the
1930s (Cook et al., 2009; Cowan et al., 2017; Donat et al., 2016; Schubert et al., 2004),
the cold European winters of 1940–1942 (Brönnimann et al., 2004), and the World War
II period drought in Australia between 1937 and 1945 (Verdon-Kidd and Kiem, 2009).
The European summer droughts and heat waves of the mid and late 1940s (Sutton and
Hodson, 2005), such as the 1947 heatwave (Schär et al., 2004), followed these anoma-
lously cold winters during WWII. Research supports that the early 20th century shows
a pronounced period of warming, with increases in land, ocean, and global temperature
anomalies (Anderson et al., 2013; Crowley et al., 2014; Hegerl et al., 2018; Kennedy
et al., 2011; Morice et al., 2012). Callendar (1938) already attributed the ETCW to in-
creased CO2 concentrations in the late 1930s. Global climate anomalies also occurred
during the 19391942 El Niño (Brönnimann et al., 2004). However, very little infor-
mation is available about the Southern Ocean during that period (Hegerl et al., 2018).
We also relate this shift to the Southern Annular Mode (SAM) index. The SAM index,
which quantifies the pressure difference between the mid-latitudes and the high lati-
tudes of the Southern Hemisphere, impacts the strength of the westerly winds. Around
1930 (Figure 4.13), the SAM index shows a significant deviation from about 1.7 to -2.5
(approximately a 4.2 difference), which could be related to the ETCW.

Figure 4.13: The SAM index (annual) from 1850 to 2014. Green arrows indicate the period around
1930, where there is a significant deviation in the index (more than a 4-point difference). Data sourced
NorESM2-MM, plotted using the ESMValTool (Bentsen et al., 2019; Phillips et al., 2014; Righi et al.,
2020).

The SAM index shifted to positive values after 1965, corresponding to stronger
westerly winds directed southward. These stronger winds enhance upwelling (Ander-
son et al., 2009). This process can be related to DO and Si shifting back to positive
valuesobserved increases in DO and Si concentrations post-1980 (this pattern does not



4.2 Time Series Analysis 45

apply to DO in the Indian sector, where DO shows a shift in the same period but in the
opposite direction). The shift around 1980 is likely linked to the study by Keppler and
Landschützer (2019), which shows that during the analysis period (1982–2016), the
average SAM index showed positive values correlated with more ocean CO2 uptake.

4.2.1 Seasonal Effect
The results show the seasonal variations of the BGC tracers concentrations in the South-
ern Ocean across different depths and sectors in Figures 4.14–4.16. The tracers concen-
trations at the surface show seasonal variability. At 100m depth, their concentrations
exhibit a more uniform distribution with less pronounced seasonal variation compared
to the surface. At 250m depth, the concentrations are more stable throughout the year
compared with the sallower depths. This pattern is consistent across all sectors.

(a) Atlantic, surface (b) Atlantic, 100m depth (c) Atlantic, 250m depth

(d) Pacific, surface (e) Pacific, 100m depth (f) Pacific, 250m depth

(g) Indian, surface (h) Indian, 100m depth (i) Indian, 250m depth

Figure 4.14: Monthly mean PO4 concentrations (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific
Sector, and (g–i) the Indian Sector of the Southern Ocean (from 1850 to 2014) across different depths:
(a,d,g) Surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents months, and the y-axis represents
latitude.

The SOBD locations shown in each sector are still the same as in the previous
analysis. This stability at 250m depth makes it a suitable layer to examine the SOBD
location. The lack of seasonal variability at this depth allows for a clearer identification
and analysis of the SOBD, minimizing the influence of short-term surface processes.
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(a) Atlantic, surface (b) Atlantic, 100m depth (c) Atlantic, 250m depth

(d) Pacific, surface (e) Pacific, 100m depth (f) Pacific, 250m depth

(g) Indian, surface (h) Indian, 100m depth (i) Indian, 250m depth

Figure 4.15: Monthly mean DO concentrations (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific
Sector, and (g–i) the Indian Sector of the Southern Ocean (from 1850 to 2014) across different depths:
(a,d,g) Surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents months, and the y-axis represents
latitude.
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(a) Atlantic, surface (b) Atlantic, 100m depth (c) Atlantic, 250m depth

(d) Pacific, surface (e) Pacific, 100m depth (f) Pacific, 250m depth

(g) Indian, surface (h) Indian, 100m depth (i) Indian, 250m depth

Figure 4.16: Monthly mean Si concentrations (µmol/L) in (a–c) the Atlantic Sector, (d–f) the Pacific
Sector, and (g–i) the Indian Sector of the Southern Ocean (from 1850 to 2014) across different depths:
(a,d,g) Surface; (b,e,h) 100m; (c,f,i) 250m. The x-axis represents months, and the y-axis represents
latitude.
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One significant advantage of the NorESM2-MM model is its ability to provide long-
term historical simulations. This capability can be used to investigate the temporal
variability of BGC tracers such as PO4, DO, and Si over different timescales. Re-
searchers can analyze seasonal, interannual, and decadal variations to understand how
these nutrients and oxygen levels fluctuate in response to natural climate variability and
anthropogenic influences. This temporal analysis can help identify trends and patterns
that are not apparent from short-term observational data alone.

4.3 The Southern Ocean Biogeochemical Divide Location

To give us a broad overview of the SOBD, we plotted the BGC tracers with the 1036.5
kg/m3 isopycnal line at 250m, as this depth is our suitable layer to examine the SOBD
location. In Figure 4.17, PO4, DO, and Si concentrations range from approximately
1.0–1.8, 220–340, and 20–60 µmol/L, respectively. Both nutrients show higher levels
observed near the Antarctic continent, particularly around coastal regions, and lower
concentrations further north. The isopycnal line at 1036.5 kg/m3 indicates the bound-
ary between different water masses, coinciding with significant changes in nutrient
concentrations. This distribution highlights the influence of upwelling CDW in bring-
ing nutrient-rich waters to the surface in the Southern Ocean, which refers to the SOBD
location. DO levels show higher concentrations closer to the Antarctic continent. The
isopycnal line at 1036.5 kg/m3 marks a boundary where DO levels change, reflect-
ing the influence of physical and biological processes. Higher oxygen concentrations
are associated with regions of intense mixing and upwelling, while lower levels further
north indicate less mixing and potential oxygen consumption by biological activity. The
transition from higher concentrations to lower concentrations represents the SOBD. In
Figure 4.17b,e,h, the plots suggest that the SOBD location falls between the PF and the
SB of the ACC. Additionally, Figure 4.17c,f,i show that in some regions, the SOBD
overlaps with the SACCF.

The results of this study align with Xie et al. (2022). They localized the SOBD by
releasing virtual Lagrangian particles south of 40◦S in an eddying ocean sea-ice model
and compared simulation results with observations. They identified the SOBD as a
circumpolar band shaped by different oceanographic features in various sectors, such
as Ekman transport, the γ = 27.6 kg/m3 neutral density outcrop as the dividing line
between the upper and lower cells, and fronts associated with the ACC. Our SOBD lo-
cation falls between the SAF (Sokolov and Rintoul, 2009) and the SB (Orsi et al., 1995)
associated with the ACC. However, our suggested location of the SOBD is narrower,
as we consider the surface to 250m depth, whereas they consider deeper depths down
to 500m.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.17: Mean concentrations of (a–c) PO4, (d–f) DO, and (g–i) Si (µmol/L) at 250m depth in the
Southern Ocean from 1850–2014. A green line shows the isopycnal line at 1036.5 kg/m3. In (b,e,h,), the
grey lines show the position of PF and SB of ACC. In (c,f,i), the grey line shows the position of SACCF.
Visualizations are projected using a South Polar Stereographic projection encompassing latitudes from
45◦S to 90◦S.
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The results have demonstrated that NorESM2-MM is capable of reproducing an up-
welling region surrounding the Antarctic continent, and that the location of this region
remains fairly stable over time. Hence it is unlikely that variability of the location of the
SOBD has played a major role in shifting the net nutrient transport either northward or
southward during the historical period. However, the BGC tracer fields transported by
the overturning water masses seem to change over time. Although the location of the
SOBD does not seem to change much, we have not investigated if there are fluctuations
in the volume transport itself. For the wind fields, we only examined the SAM index
and did not perform a detailed analysis. However, there are indications of long-term
oscillations in volume transport through the Drake Passage, suggesting that the trans-
port system is not constant over the historical period (see Figure 7 from Seland et al.
(2020)).



Chapter 5

Conclusions

5.1 Key Findings

5.1.1 Biogeochemical Tracers Distribution
Distribution patterns of BGC tracers showed that PO4 concentrations in the model were
around 1.5 µmol/L at the surface, peaking at 1.9 µmol/L at 250m depth. A gradual
decrease in PO4 concentrations was observed moving northward from 50◦S. The dis-
tribution of DO showed higher concentrations, approximately 360 µmol/L, near the
Antarctic continent at the surface, decreasing with depth. For Si, surface concentra-
tions were around 45 µmol/L, with higher values around 60 µmol/L at 250m depth.
The distribution pattern of Si was similar to that of PO4 but with generally higher
concentrations. When compared with observational data, the NorESM2-MM model
generally underestimated nutrient concentrations but overestimated DO compared to
WOA18 observations. While the NorESM2-MM model underestimated PO4 concen-
trations compared to observational data, it successfully captured the overall spatial pat-
terns and vertical gradients of PO4 distribution. Si concentrations were nearly twice as
high in the WOA18 data compared to the model. Both datasets show a gradual decrease
in Si concentrations moving northwards, but WOA18 starts showing this trend around
60◦S, while the NorESM2-MM data starts around 50◦S. While surface DO distribu-
tions were similar, significant differences were noted at deeper depths, where WOA18
showed a ring of low DO surrounding Antarctica not captured by the model.

Latitude-depth transects show that BGC tracers effectively capture ocean circula-
tion patterns and distinguish between different water masses. It appears that the model
represents the concentration of tracers in AABW (in the Southern Ocean and near the
bottom) differently from the observational data. The model underestimates the nutri-
ents (PO4 and Si) and overestimates DO in this water mass.

5.1.2 Time Series Analysis
The distributions of PO4, DO, and Si exhibit clear latitudinal gradients and consistent
patterns across various depths (surface, 100m, and 250m). The BGC tracer distribu-
tions show transitions in specific latitude bands, suggesting the presence of the SOBD.
Time series analysis revealed significant temporal fluctuations in the concentrations
of BGC tracers, with notable shifts occurring around the mid-20th century. Before
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1930, positive anomalies predominated, indicating higher nutrient concentrations. Af-
ter 1930, a shift to negative anomalies was observed, suggesting a reduction in nutrient
levels. The ETCW was identified as a potential driver for the observed shifts, with sig-
nificant climate anomalies such as the pronounced warming in the 1920s and 1930s and
associated changes in global climatic conditions. The SAM index also showed a signif-
icant deviation around 1930, correlating with the ETCW and influencing the strength
of westerly winds and upwelling processes in the Southern Ocean.

The SOBD location found in this analysis is around 49–55◦S in the Atlantic sector,
around 54–59◦S in the Pacific sector, and around 52–58◦S in the Indian sector. The
SOBD remained stable over the study period (1850 to 2014).

Seasonal variations in tracer concentrations were observed at the surface, with more
uniform distribution and less pronounced seasonal variation at 100m and 250m depths.
This pattern was consistent across all sectors. The stability at 250m depth, compared
to shallower depths, makes it a suitable layer for examining long-term trends and min-
imizing the influence of short-term surface processes.

5.1.3 The Southern Ocean Biogeochemical Divide Location
The analysis indicates that the SOBD can be reliably identified at approximately 250m
depth, where significant changes in nutrient concentrations align with the 1036.5 kg/m3

isopycnal line. This depth captures the transition between nutrient-rich waters upwelled
near Antarctica and nutrient-depleted waters further north, providing a clear marker for
the SOBD. The isopycnal line at 1036.5 kg/m3 effectively marks the boundary between
different water masses, coinciding with significant changes in nutrient concentrations
and DO levels. This line helps identify the SOBD’s location, which falls between the
PF and the SB of the ACC.

The results align with the findings of Xie et al. (2022), who localized the SOBD
using virtual Lagrangian particles in an eddying ocean sea-ice model. Both studies
identified the SOBD as a circumpolar band shaped by various oceanographic features
and fronts associated with the ACC. However, our study suggested a narrower SOBD
location, considering the surface to 250m depth, compared to the deeper depths (down
to 500m) considered by Xie et al. (2022).

5.2 Contributions

This study provides a detailed comparison of BGC tracers in the Southern Ocean, en-
hancing our understanding of nutrient dynamics and the SOBD. The use of both model
simulations and observational data allows for a comprehensive analysis, highlighting
the strengths and weaknesses of the NorESM2. The identification of the SOBD over
time provides valuable insights into the Southern Ocean’s role in global BGC cycles.

5.3 Model Evaluation and Improvement

One significant advantage of the NorESM2 is its ability to provide long-term histor-
ical simulations. The NorESM2 demonstrates a reasonable ability to replicate broad
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patterns of BGC tracer distributions. However, it tends to underestimate nutrient con-
centrations and overestimate dissolved oxygen levels, especially in the Southern Ocean.
Discrepancies between the model and observational data highlight areas for improve-
ment, such as the representation of nutrient cycling, organic matter decomposition, and
vertical mixing processes.

5.4 Future Work

Future work should focus on incorporating more advanced statistical analyses, such
as correlation and regression techniques, to enhance the understanding of the BGC
processes in the Southern Ocean. Specifically for our findings, research should delve
deeper into the relationship between Si concentrations and the SAM index, as initial
findings suggest a strong alignment between these variables, necessitating a more de-
tailed analysis to identify trends and correlations. This could involve calculating corre-
lation coefficients to quantify the relationship’s strength and direction, and examining
the slope of the regression fit between Si anomalies and the SAM index would provide
insights into how changes in the SAM index influence Si concentrations. Such analy-
ses will enhance our understanding of the interplay between atmospheric and oceanic
processes in the Southern Ocean.

While the current study provides a broad overview of BGC tracer distributions,
the NorESM2 can be used for more detailed regional analyses. Focusing on specific
areas such as the Weddell Sea, Ross Sea, or the ACC can reveal finer-scale processes
and interactions that are not captured in a broader analysis. Detailed regional studies
can also help validate the model against localized observational data, improving its
accuracy and reliability.

The comprehensive representation of marine and atmospheric systems in NorESM2
allows for coupled atmosphere-ocean analysis. Future research should leverage this ca-
pability to study the interactions between atmospheric conditions, such as wind patterns
and temperature, and oceanic processes, such as upwelling and nutrient cycling. Un-
derstanding these combined impacts on BGC tracers will enhance our knowledge of
the Southern Ocean’s dynamics.

Refining the model’s representation of BGC processes and incorporating more de-
tailed observational data is crucial for improving the accuracy and reliability of climate
projections. By continuously comparing model outputs with new and existing observa-
tional datasets, researchers can identify discrepancies and areas where the model needs
improvement. Expanding the tracer analysis to include additional BGC tracers such as
nitrate, iron, and carbon will provide a more comprehensive understanding of nutrient
dynamics and BGC processes.

Integrating high-resolution observational data from satellite remote sensing, au-
tonomous floats, and research cruises will be vital for validating and refining model
outputs. These efforts will improve the accuracy of climate models and enhance our
ability to predict future changes. Investigating the potential impacts of climate change
on the SOBD and nutrient cycling in the Southern Ocean is another critical area for
future research. Understanding how changing atmospheric and oceanic conditions af-
fect these processes will be essential for predicting and mitigating the effects of climate
change.
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Finally, adopting interdisciplinary approaches that combine physical, chemical, and
biological oceanography will be crucial for developing a holistic understanding of the
Southern Ocean’s BGC processes and their global implications. Such approaches will
provide a more integrated perspective, leading to better-informed strategies for marine
conservation and climate change mitigation.
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