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Abstract

The impact of climate change on the highly sensitive Eastern Boundary Upwelling Sys-
tems (EBUS) is currently a significant concern. These regions-California, Canary, Hum-
boldt, and Benguela-contribute disproportionately to global marine productivity, sup-
porting essential ecosystem services. Consequently, it is crucial to reduce the substantial
uncertainties that still persist regarding the impact of climate change on these regions
and on the ecosystems they support. This study utilizes scenario simulations (SSP5-
8.5, SSP2-4.5, and SSP5-3.4-0O8S) from several Earth System Models of the CMIP6, in
particular the latest model by IPSL (IPSL-CM6A-LR), to evaluate early theories and
state-of-the-art hypotheses explaining the mechanisms driving changes in Net Primary
Productivity (NPP). The findings reveal that the current understanding of these pro-
cesses is partial, primarily accounting for large-scale atmospheric changes associated with
Hadley cell expansion, which causes the poleward shift of upwelling regions and of NPP
hotspots. While upwelling-favorable winds changes are recognized as significant drivers
of NPP patterns, they alone cannot fully explain the projected changes in NPP across
all regions. Through a correlative approach and a quantitative analysis of growth rates,
this thesis emphasizes the central role in shaping productivity of temperature limitation
and of changes in the concentrations of subsurface nutrients. The analysis of the over-
shoot scenario further highlights the importance of deep nutrient reservoirs in sustaining
NPP within the euphotic layer. The study demonstrates the complexity of the subject,
due to the intricate interplay of changes in upwelling intensity, source-water nutrient
content, and other dynamical and biogeochemical processes, and highlights the poten-
tial ecological and economical impacts of changes in net primary productivity on marine
ecosystems.
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Chapter 1

Introduction

Climate change is significantly altering global ecosystems and represents a major cause
for concern in contemporary science. Variations in greenhouse gas concentrations due
to increasing human emissions strongly affect oceans that, uptaking one third of an-
thropogenic atmospheric carbon, play a central role in controlling climate by regulating
the partial pressure of COy in the atmosphere [1], [2]). The consequences may be far-
reaching, with rising sea temperatures, acidification, deoxygenation, and variations of
nutrient availability in the oceans [3].

These changes influence the growth and distribution of phytoplankton, thus representing
a potential threat to marine ecosystems worldwide, because these microorganisms form
the base of the marine food web, providing a fundamental ecological function for higher
trophic levels, and mediate the carbon cycle, acting as a crucial component of the bio-
logical pump.

Understanding how phytoplankton will respond to climate change is especially important
in the highly sensitive Eastern Boundary Upwelling Systems (EBUS), that play a dis-
proportionate role for global ocean productivity and provide crucial ecosystem services
However, projections of primary productivity trends in these regions are uncertain, due
to the several factors that may influence them, potentially with opposing effects and
varying time scales. The issue further complicates when considering mitigation scenarios
and the reversibility of changes.

In this chapter, the main features of phytoplankton are introduced and the EBUS re-
gions are described, highlighting their central support for human society. Moreover, an
overview of past and state-of-the-art research on this topic is provided, summarizing
the existing knowledge on climate change impacts under both standard and mitigation
scenarios.



1.1 Understanding Phytoplankton Dynamics

Phytoplankton, derived from the Greek words phyton, meaning ‘plant’, and planktos,
meaning ‘wanderer’ or ‘drifter’, are unicellular autotrophs' (with some species even ex-
hibiting a mixotrophic behavior) and phototrophic organisms with the ability of synthe-
sizing organic material using light. With more than 5000 species, phytoplankton cover
a vast range of size, morphology and biogeochemical roles, and different groups have
distinct functionalities and growth rates.

Phytoplankton play a central role in the marine biogeochemical cycles of elements like
carbon, nitrogen, phosphorus, and oxygen. These cycles involve all the transformations
and exchanges between various oceanic reservoirs and help regulate the climate system
[5].

Thanks to their contribution to the marine biological pump in the global carbon cycle
and their role as primary producers of organic matter, which supports the higher levels
of the trophic web, phytoplankton are essential in the equilibria of regional and global
ecosystems, and understanding the characteristics and functioning of the main factors
affecting their variability, mainly temperature, light and nutrient availability, is of great
importance.

1.1.1 Global carbon cycle

Phytoplankton play a central role in marine ecosystems: in Figure 1.1 a schematic of the
processes in which they are involved is presented, illustration from [6].

Despite constituting only about 1% of the global photosynthetic biomass, these organisms
account for approximately half of the conversion of inorganic compounds into organic
matter [7]. In the euphotic zone (the sunlit surface layers) photosynthesis occurs:
carbon dioxide and water are converted into glucose and oxygen using light energy. The
chemical reaction of this is:

6 CO,y + 6H,0 2% CHyy Og + 6 0,

Most of the material synthesized by phytoplankton undergoes remineralization [8]. This
process involves the breakdown of organic matter back into inorganic forms using an ox-
idant such as oxygen, and it is primarily carried out by bacteria and zooplankton, that
convert the organic matter back into carbon dioxide and dissolved nutrients. Most of the
remineralization activity occurs in the uppermost ocean layers. However, some material
is exported to the twilight zone (the layer below the euphotic zone, spanning 150 to 1000
meters), where remineralization continues at a slower rate. This process replenishes the
nutrient reservoir and contributes to oxygen depletion in these deeper waters.

L Autotroph organisms can create organic matter directly from nutrients (mainly nitrogen and phos-
phorus) using photosynthesis; they differ from heterotrophs, that take nutrition from preexisting sources
of organic carbon.
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Figure 1.1: The role of phytoplankton. Phytoplankton are part of the ocean carbon
cycle, fixing CO5 in the euphotic layer by photosynthesis. Then, the carbon compounds
generated can be directly remineralised in the upper ocean, they can sink to deeper ocean
layers as dead organic matter (soft-tissue pump), or they can be sequestered in the shells
of species with inorganic carbonate structures (hard-tissue pump).

The remaining part of the produced organic matter is involved in the biological pump
and can either sink to deeper ocean layers as dead organic matter (soft-tissue pump,
responsible for 70% of the vertical DIC? gradient) or be sequestered in the shells of
species with inorganic carbonate structures (hard-tissue pump, responsible for 20% of the
surface-to-deep DIC gradient?) [9], [2]. This process of carbon sequestration is crucial for
regulating atmospheric CO, levels by storing carbon in the ocean’s depths for extended
periods. Eventually, when these materials are remineralized and dissolved, carbon is
released back into the water, primarily as DIC.

Multiple processes can be responsible for the transport of carbon into the deep ocean
as part of the biological carbon pump. A major role is played by sinking particles,
but also diel vertical migration and the physical pump (subduction and vertical mixing
of particles) can have an impact on carbon export and sequestration, as highlighted
by Stukel et al. 2023 [10], who provided a description of these processes in a coastal
upwelling biome (the California Current Ecosystem).

Important in the biological pump and upper layers nutrient supply is the general ocean
circulation, which acts through vertical and horizontal processes, determining distinct

?Dissolved Inorganic Carbon.

3The remaining 10% of the surface-to-deep DIC gradient is achieved through the solubility pump,
which encompasses all physical and chemical processes involved in gas exchange at the air-sea interface,
as well as the carbon sequestration and burial driven by the enhanced solubility of deep, cold bottom
waters.



biogeochemical provinces, which are large-scale ecosystems characterized by coherent
physical forcing and environmental conditions, for instance, in the case of this study, the
Eastern Boundary Upwelling Systems.

1.1.2 Marine food web

In addition to the role played in the global carbon cycle, phytoplankton are essential to
the oceanic food web because they constitute the first trophic level, serving as the pri-
mary source of nutrition for the marine food web by autotrophically producing biomass
through photosynthesis.

The primary consumers of the food chain are zooplankton, the heterotrophic constituents
of the plankton community, which are mostly filter feeders and graze on the organic mat-
ter suspended in the water.

These herbivorous zooplankton are then consumed by larger zooplankton or forage fish
(like sardine and anchovy), which in turn are eaten by predatory fish, marine mammals,
and seabirds.

It is worth noting that some ecosystems, rather than on photosynthesis, rely on chemosyn-
thesis, which uses the oxidation of inorganic compounds (like hydrogen gas, hydrogen
sulfide, or ferrous ions) as source of energy, converting carbon-containing molecules and
nutrients into organic matter. This process occurs in environments where sunlight does
not penetrate, such as deep-sea hydrothermal vents or cold seeps [11]. However, de-
spite the existence of chemosynthesis-based ecosystems, photosynthesis-based ones are
the most widespread in supporting marine life.

Evaluating the impact of climate change on the marine trophic chain involves understand-
ing the relative role of bottom-up control, that occurs through nutrient concentrations,
food abundance, vertical stability, light availability, day length, and temperature, and
top-down control, that acts through grazing, predation and fishery [12].

1.1.3 Key Drivers of Phytoplankton Variability

To understand phytoplankton dynamics, the drivers of their growth rate variability must
be identified [13].

One first factor is temperature, that influences the growth rates of organisms [14], [15].
Modifying the metabolic rates, warmer temperatures lead to faster growth rates until
the optimal temperature, at which metabolic processes become most efficient [16]. After
this threshold, the thermal tolerance of the species is exceeded and higher temperatures
become harmful.

Light availability is also important, since phytoplankton rely on photosynthesis and can
only proliferate in the euphotic zone, where photons can penetrate and be captured by
the pigments (mostly chlorophyll) [17].

Finally, as shown by Behrenfeld et al. 2006 [18], vital for phytoplankton are the nutri-



ents, in particular nitrogen, phosphorus, iron, and silicon, which constitute the building
blocks needed to carry out photosynthesis, build cellular structures, and produce energy.
Their availability can be often influenced by seasonal changes, determining the depth
of the mixed-layer, and by regional factors and oceanic processes, such as subsurface
currents or upwelling phenomena, that bring nutrient-rich waters from the depths to the
surface.

Moreover, nutrient availability can be affected by river runoff, which carries materials
from land into coastal waters, and anthropogenic activities, such as pollution, atmo-
spheric deposition and agricultural or industrial discharge.

Because of the many factors having influence over phytoplankton, these organisms are
characterized by a wide range of variability across different time scales, ranging from
day-to-day variations (mainly associated with weather conditions or river runoff, which
can alter the salinity and temperature of the ocean’s upper layers [19], [20]), to seasonal
variability (triggered by changes in vertical mixing), interannual variability (for example,
associated with phenomena like El Nino [18], [21]), and, ultimately, to long-term trends
like decadal oscillations or climate change.

Focusing on seasonality, phytoplankton dynamics are characterized by blooms, which
are rapid and strong increases in the abundance of these organisms in specific areas. The
timings of the blooms varies depending on the region and species involved, and these
phenomena can differ in magnitude, duration, and spatial extent. Various hypotheses
have been proposed to describe blooms, identifying both bottom-up and top-down con-
trol factors. At high latitudes, like in the North Atlantic, where nutrients are typically
available year-round due to the deep mixed layer, blooms mainly occur in spring. One
theory explaining this phenomenon, the Sverdrup’s critical depth hypothesis (Sverdrup,
1953 [22]), suggests that during this season, the mixed layer shoals and temperatures
rise, so the net growth rate of phytoplankton increases and surpasses the mortality rate,
leading to a bloom.

At lower latitudes, in tropical and subtropical regions that are nutrients-limited, blooms
are associated with the entrainment of nutrients from the deep ocean, driven by the
deepening of the mixed layer, which starts in fall, when winds become stronger [23].
Very peculiar are blooms in the Indian Ocean, strongly connected to monsoonal circula-
tion, which play a role in the transport of nutrients. This region experiences two blooms:
a stronger one during the summer monsoon and a weaker one during the winter monsoon
[24].

In coastal upwelling systems, instead, phytoplankton blooms are associated with the
supply of nutrients to the surface by upwelling. This process is enhanced in summer
due to stronger upwelling-favorable winds, leading to the most intense blooms typically
occurring during the warmest season.



1.2 Eastern Boundary Upwelling Systems

The Eastern Boundary Upwelling Systems of California, Canary, Humboldt, and Benguela
are ecosystems situated along the eastern portions of ocean basins and are associated
with wind-driven coastal upwelling, which brings nutrient-rich deep waters to the sur-
face. In this section the EBUS are described: the geographic features and the dominant
physical mechanisms characterizing them are detailed. The ecological and socioeconomic
importance of these regions is also highlighted.

1.2.1 EBUS features

In this study, to identify the EBUS, the predefined masks obtained from the ISIMIP*
Repository [25] are used. These masks are presented in Figure 1.2.

Bl California
Canary
Humboldt
Benguela

Figure 1.2: The Eastern Boundary Upwelling Systems. Global map depicting the
masks (as defined in the ISIMIP Repository) used to identify the four Easter Boundary
Upwelling Systems: California, Canary, Humboldt, and Benguela.

In this study, when defining the latitudinal and longitudinal domains of the EBUS, the
circulation features of the regions are taken into account. The systems are characterized
by the presence of surface eastern boundary currents, flowing towards the equator. Here’s
a brief overview of the considered regions:

e The California System stretches from 22°N to 47°N of latitude, with a longitu-
dinal extent of about 9°. The associated California Current flows from southern
British Columbia, Canada, up to Baja California, Mexico, and connects the North
Pacific Current with the North Equatorial and Kuroshio Currents, forming the
North Pacific Gyre.

e The Canary System extends from 10°N to 36°N of latitude, spanning about 4°
of longitude; its associated oceanic current is part of the North Atlantic Subtrop-
ical Gyre and goes from northern Morocco southwestward to the North Atlantic

4ISIMIP (Inter-Sectoral Impact Model Intercomparison Project) is an international network of re-
search collaboration on climate-change impacts across different sectors.



Equatorial Current. The related Canary Current, connected to the North Atlantic
Gyre, extends southward from the North Atlantic Current and flows southwest until
reaching Senegal, where it turns west, merging with the Atlantic North Equatorial
Current.

e The Humboldt System is the largest of the four EBUS, stretching from 5°S to
55°S of latitude, with a longitudinal width of about 5°. The associated equatorward
Humboldt Current is part of the South Pacific Gyre, running along Chile up to the
North of Peru, connecting the northern part of the Antarctic Circumpolar Current
with the Pacific South Equatorial Current.

e The Benguela System extends from 1°S to 36°S of latitude and for about 4°
of longitude. The Benguela Current is a northward current, flowing along the
southwest coast of Africa. It originates from the cold and eastward South Atlantic
Current, and forms the eastern part of the South Atlantic Ocean gyre.

Moreover, undercurrents flowing poleward along the continental slope or outer shelf char-
acterize each system.

Ocean dynamics of the globe and in coastal upwelling regions come from the combination
of small and large scale atmospheric and oceanic forcing with a high temporal and spatial
variability, and are strongly influenced by the specific geographic features (especially at
the shorter time scales), as highlighted by Mackas et al. 2006 [26].

In the EBUS, dynamical processes can occur at different time scales. At the diurnal
timescale the associated variability is dominated by tides and by the cycle of solar ra-
diation, with effects on the upper ocean stratification, on primary production, and on
the vertical migration of marine life. Processes occurring at the intraseasonal timescale
are mainly characterised by coastal trapped waves (CTWs) and local instabilities in
alongshore currents, leading to meanders, filaments, and eddies, while at the annual
timescale, the dominant source of variability are the intensity and variability of along-
shore wind stress and the associated wind-driven upwelling alterations, with broad-scale
consequences on the seasonality of phytoplankton productivity and biomass. At the in-
terannual and decadal timescales mechanisms occur over vast spatial extents, spanning
thousands of kilometers up to the size of entire ocean basins, and include teleconnec-
tions and decadal oscillations. Finally at centennial and millennial timescales processes
involve the global climate system, including surface wind-driven circulations, such as
subtropical and subpolar gyres, the global overturning circulation, and the impacts of
climate change.

In particular, the interannual teleconnections such as the El Nino-Southern Oscilla-
tion (ENSO), the Pacific Decadal Oscillation (PDO), the North Pacific Gyre Oscillation
(NPGO), the North Atlantic Oscillation (NAO), and the Atlantic Multidecadal Oscilla-
tion (AMO), are known to have significant impacts on marine ecosystems, and may also
overcome the human influence at global or regional scales [27], [28].

Jacox et al. 2015 [29] found links between variations in the upwelling intensity in the
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Pacific EBUS and large-scale ocean-atmosphere processes: ENSO is the leading mode
of variability of the Humboldt and California Systems, while the PDO and the NPGO
are strongly linked to California Current System variability. Chenillat et al. 2012 [30]
reported that fluctuations in the NPGO modulate the timing of the seasonal upwelling
onset in the central California Current System. On the other hand, in the Atlantic, some
studies highlighted the influence of the NAO and the AMO on upwelling magnitudes and
interannual to decadal variability in the Canary Current System [31], while the Benguela
EBUS appears to be more influenced by regional and smaller-scale processes.

Overall, the physical features in these coastal areas depend both on local and on remote
locations, with a key role played by mechanisms, such as upwelling, mixing, and advec-
tion, able to transport water both horizontally and vertically.

Among these processes, in the EBUS the most biologically important is upwelling.
The upwelling intensity (the total volume of upwelled water) can be influenced by dif-
ferent mechanisms, including Fkman transport, driven by the wind, and cross-shore
geostrophic transport. Although the latter process has not received significant attention,
it has been identified as a potentially important contributor to the upwelling intensity
and variations [32].

Regarding wind-driven upwelling, two main contributions can be distinguished: offshore
Ekman transport, due to prevailing alongshore wind stress, and Ekman pumping, that
is due to cyclonic wind stress curl, is associated with decreases in wind stress and may
extend farther offshore.

Bravo et al. 2016 [33] highlighted that the relative contribution of each wind-driven
mechanism to vertical transport along the coast depends on orography and coastline
topography. They found a meridional alternation between these processes, where one
mechanism is intense when the other is weak. Their study concluded that the largest
portion of vertical transport was induced by coastal divergence rather than Ekman suc-
tion. Moreover, most literature on the topic typically examines the alongshore wind
stress when investigating the upwelling strength [34], [35].

Therefore, this study mainly focuses on the upwelling associated with alongshore winds,
whose physical mechanism is illustrated in Figure 1.3, adapted from Talley 2011 [36].
Each boundary system is characterized by prevailing equatorward winds blowing paral-
lel to the shore. These winds result from the cross-shore atmospheric pressure gradient
between the dominant high-pressure systems over subtropical ocean basins and the low-
pressure systems over the adjacent land masses. This gradient intensifies during summer
due to land warming, causing equatorward wind stress to fluctuate seasonally and to
exhibit cross-shore variations in magnitude. Thus, alongshore winds induce coastal di-
vergence and subsequent offshore Ekman transport, which triggers coastal upwelling of
deeper waters.

Dealing with the biogeochemical aspects of the EBUS, similar oxygen and nutrient con-
centrations are shared across the four regions. These areas naturally experience hypoxia,
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Figure 1.3: Coastal upwelling system associated with an alongshore wind with off-
shore Ekman transport (Northern Hemisphere). Figure adapted from Talley 2011 [36].

being characterized by persistent oxygen minimum zones (OMZs) with extremely low
oxygen concentrations (less than 20-45 pmol kg=!). This condition results from the high
biological activity within these ecosystems, where respiration by living organisms de-
pletes the oxygen supplied by physical transport, air-sea fluxes, and photosynthesis [37].

Regarding nutrient profiles, particularly nitrates, high concentrations are generally found
in layers below the thermocline, where light availability is limited [38]. Conversely, in
the upper euphotic region, nutrient levels are significantly lower. This peculiar vertical
structure of nutrients reveals the importance of upwelling in sustaining the availability
of nutrients at surface for phytoplankton life.

Dugdale and Goering 1967 [39] explained that the nitrate supply in the surface layer has
two contributions: the new production, supported by nutrients from outside the euphotic
zone (that is the main production source in upwelling systems), and the regenerated pro-
duction, sustained by recycled nutrients within the euphotic zone (which is the primary
source in oligotrophic regions). An estimation of the new production supported by ex-
ternal nutrients was carried out by Messié et al. 2009 [40], who assumed that during an
upwelling event, which occurs over a daily /weekly time scale, the water brought to the
surface comes from a depth of 60 meters, and calculated nitrate supply as the product
of nitrate concentration and vertical transport. They found that the Canary, Humboldst,
and Benguela systems have similar levels of nitrate supply and potential new production,
whereas the California system has about 60% of the others.
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Different mechanisms can affect the biogeochemical features of the EBUS over different
timescales. Remote processes, like variations in water-mass formation and ventilation at
high latitudes, can affect the properties of EBUS by altering the characteristics (oxygen,
nutrients, or inorganic carbon concentrations) of the upwelled water masses. Moreover,
remineralization processes exhibit a wide range of timescales, depending on factors such
as sediment matrix, redox conditions, temperature, biotic activity, and the location of
the remineralization process, with decreasing remineralization rates for increasing dis-
tance from the continent [41].

These physical and biological attributes are shared across the four EBUS, even if each
region has unique characteristics due to geographical shape, coastal topography, and lat-
itudinal position and extent. These features can generate spatial variations even within
the same system, giving rise to localized areas of intensified coastal upwelling and pro-
ductivity.

Moreover, there are significant differences between systems in the Pacific and in the
Atlantic oceans. At subtropical latitudes, the Pacific basin is broader, with generally
narrower continental shelves (with the exception of the Southern California Bight) [26].
Its water masses, circulating within the thermohaline circulation, are older, with higher
nutrient levels and lower oxygen concentrations. In contrast, the Atlantic Ocean is nar-
rower, with broader continental shelves, and its deep water masses are younger. Further-
more, while the Pacific region experiences a strong impact from the El Nino-Southern
Oscillation [42], the Atlantic is subject to more limited influence from oceanic and at-
mospheric teleconnections.

Considering all these factors, when evaluating the impacts of climate change on East-
ern Boundary Upwelling Systems, certain commonalities exist among all regions. This
suggests that systems may exhibit comparable responses, including warming of surface
waters, increased stratification, and a decline in subsurface oxygen levels. However,
regional peculiarities should not be overlooked, as these may play significant roles in
determining the primary productivity of each region.

1.2.2 Ecological and socioeconomic importance

The Eastern Boundary Upwelling Systems are recognized as “hotspots” of both produc-
tivity and biodiversity since, despite comprising less than 2% of the ocean’s area, they
contribute significantly to global marine primary production, nearly 7%. Given the high
marine productivity, the EBUS support a diversity of mid-trophic-level species, giving
rise to habitats for a wide range of species, sustaining a large biodiversity of fishes,
seabirds, and marine mammals.

Moreover, these regions contribute to over 20% of the world’s marine capture fisheries,
[43]. The fish catches in these coastal areas are mostly sardines, anchovies, and mack-
erel, with variations across the different systems [44]. Over the last century catches
fluctuated considerably, due to natural interannual or decadal variability and to direct
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human impact through overexploitation of the resources. In the California EBUS, fish
catches remained relatively stable at approximately 0.6 million tonnes per year (making
it the lowest catch among the EBUS), in the Canary region they have stabilized around
2 million tonnes per year since the 1970s, in the Humboldt system they currently exceed
5 million tonnes per year (driven mostly by the anchoveta fishery), while in the Benguela
region, they peaked in the late 1970s at 2.8 million tonnes per year, but have since then
declined to around 1 million tonnes per year (data from [45]).

The combined effects of climate change and extensive overexploitation of the fisheries
sector could severely impact the EBUS. Hence, these ecosystems and their associated
resources should be protected and well managed, to assure their health and resilience,
preventing extinctions, preserving biodiversity, and maintaining the services on which
many communities depend.

1.3 Past and state-of-the-art research

Extensive studies were made to evaluate possible responses to climate change of the
Eastern Boundary Upwelling Systems. The four regions were found to be highly sensitive
to climate change [35], [44], and this section offers an overview on the current knowledge
on its impacts there, with a particular focus on primary production and on mitigation
scenarios.

1.3.1 Climate change in the EBUS

Since the pre-industrial period, anthropogenic climate change has been superimposed
on natural variability of ecosystems, significantly affecting global oceans (as shown by
Kwiatkowski et al. 2020 [3]) and the EBUS (as highlighted by Bograd et al. 2023 [4]).
The rising COy concentrations and atmospheric temperatures are driving ocean warm-
ing. Investigations of temperature trends in coastal areas found that the warming rate
of nearshore areas in the EBUS is about half that of coastal regions outside the systems,
with this difference being stronger in the Pacific [46]. In 92% of upwelling regions, the
temperature increase is more intense offshore than nearshore, indicating that coastal up-
welling might mitigate the effects of large-scale global warming [47].

At a global level, the scientific community identified as a major consequence of ocean
warming the increased stratification. Upper ocean stratification, defined as the density
difference between surface and 200 meters depth, indicates the degree of interaction and
nutrient exchange between surface and deeper waters, with the mixed layer depth con-
trolling light availability and nutrient supply at shallow levels, since the density gradient
at its base influences processes like entrainment and particle sinking/export from the
euphotic zone.

The alteration of water-column stability has significant impacts on ocean dynamics glob-
ally [48]. Changes in the mixed-layer depth, that is projected to shoal worldwide and
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also in the EBUS (though with a large model spread), and variations in the depth from
which upwelling waters are drawn, can alter the nutrient supply. Because of this pro-
cess, most state-of-the-art Earth System Models have suggested decreases in net primary
productivity at global levels, however projections show large regional variations, often
differing considerably from the latitudinal tendencies. In particular, in coastal upwelling
regions, other factors may drive contrasting trends with respect to the global increased
stratification, as will be investigated in the next section.

Another evident human-induced change in the oceans is the deozygenation of waters.
Many studies have shown that oxygen concentrations are globally decreasing, due to
reduced solubility of oxygen in water, increased rates of oxygen consumption via respi-
ration, and smaller rate of oxygen resupply from the atmosphere to the ocean interior
(due to enhanced stratification and reduced ventilation) [49], [37].

These decreased O levels may have extensive consequences, given the vital role of oxy-
gen in marine ecosystems and in many biogeochemical cycles. In coastal regions, other
biophysical interactions may regulate oxygen concentrations, and the reduction is aggra-
vated by increased nutrient loading (from anthropogenic activities) and organic matter,
which leads to a higher frequency of hypoxic events and to increased coastal ocean dead
zones.

Another significant consequence of the increased emissions is the acidification of oceans.
Waters uptake atmospheric carbon, so the seawater levels of CO,, HY and HCO; in-
crease, while CO3 concentrations decrease. Since the industrial revolution, the decline
of global surface waters pH was about 0.1 pH units [50], and the decline is projected to
worsen for high-emission scenarios [51]. These acidified conditions largely influence sea-
water chemistry and the timing of response is very long [52]. Indeed, in the carbon cycle,
atmospheric carbon is absorbed by the ocean’s surface layers within approximately 100
years, while full equilibration with the deep ocean takes around 1,000 years. For example,
the study by Cao et al. 2014 [53] proved that, while surface ocean chemistry variations
closely follow atmospheric CO, changes, the deep ocean shows a significant lag due to
the long timescales required for excess carbon dioxide to penetrate these depths. This
means that the carbon dioxide emitted today will continue to be absorbed by the ocean
for a very long time, even if emissions start to decrease, continually lowering the pH and
having large implications on marine ecosystems, especially on calcifying organisms like
corals, molluscs or foraminifera [54].

Particularly in the EBUS, the pH trends may differ from the global one, due to dynami-
cal or biological interactions and upwelling intensity changes. For instance, in the Pacific
EBUS, modeling studies project decreases in pH [55], [56], while in the Canary EBUS it
was found an increasing trend [57].

All these changes are affecting the whole ecosystem functioning, with alterations of the

community structure: the rising temperatures are leading to a migration of many species
poleward or at deeper levels [58], while spots of intensified upwelling, mitigating locally

15



the warming, may represent a climate refugia for some species [59]; moreover, acidifica-
tion and decreased levels of Oy may degrade the ecosystem, restricting the viable zone
and potentially creating a lethal environment. This may result in a reorganization of
trophic interactions, possibly leading to fluctuations in fish catch.

In addition to the climate-related variations, marine ecosystems are also directly exposed
to human stress through fishing [60], that, combined with climate change, can have
cascading effects throughout the whole ecosystems.

1.3.2 Mechanisms of change of marine productivity

Dealing with the climate change impacts on marine productivity, several hypotheses have
been made to describe its future evolution, but there is still limited consensus on which
are the major drivers in each location of the EBUS and a quantitative assessment of the
contribution of each forcing is still to be made.

One first branch of study underlines the role of stratification: as introduced in the previ-
ous section, the enhanced stratification due to global warming would reduce the vertical
mixing and the nutrient supply from deeper waters, limiting productivity at shallower
levels [61], [62].

However, the most corroborated theories suggest a dominant role of winds in the EBUS.
In particular, one prominent theory was proposed in 1990 by Bakun [63], who focused
on the mechanism of wind-induced upwelling intensification associated with the rising
temperatures. He suggested that global warming will cause a greater increase of surface
temperature over continents relative to adjacent ocean areas, accentuating the land-sea
temperature gradient. As a result, he projected an intensification of continental low-
pressure systems, particularly during the summer season, which would also increase the
land-sea sea level pressure gradient. This, in turn, would enhance alongshore wind stress
on the ocean surface, consequently accelerating coastal upwelling. The consequence,
would be an increase in marine productivity in the EBUS region, thanks to the greater
availability of nutrients at surface.

In more recent literature, different latitudinal changes in NPP were identified along the
EBUS regions, and large focus was put on the consequences of the Hadley cell response
to global warming.

The Hadley cell is a direct large-scale atmospheric circulation, thermally driven by the
temperature gradient between the tropics and the subtropics. It transports heat from
the equator towards higher latitudes, with warm air rising near the equator (tropical
low-pressure regions), flowing poleward close to the tropopause, cooling and descending
in the subtropics at around 25° latitude (subtropical high-pressure regions), and then
returning equatorward close to the surface.

A consistent weakening and poleward expansion of this circulation is projected, with

a significant shift in global atmospheric patterns [64], [65]. Specifically, the major
high-pressure regions will move towards higher latitudes, leading to an expansion of
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the subtropical dry zones, pushing them further towards the poles. The movement of
high-pressure regions will have profound impacts on weather patterns, precipitation dis-
tribution, and overall climate dynamics across the globe.

Studies, such as those by Rykaczewski et al. 2015 [34] and by Bograd et al. 2023
[4], highlighted that this expected expansion could result in strengthening of upwelling-
favorable winds during summertime in the poleward portions of the EBUS, while weaken-
ing near the equatorward boundaries. This would result in increased marine productivity
in the poleward portions of the regions, thanks to the greater availability of nutrients
provided by the stronger upwelling.

A less explored area of research emphasizes the impact of source water concentrations
and suggests that nutrient enrichment in the upwelled waters could drive increased pro-
ductivity [66].

1.3.3 Mitigation scenarios

Recognizing the urgency of the climate crisis, in December 2015 in Paris, 196 Parties at
the United Nations Climate Change Conference (COP21) adopted the Paris Agreement,
an international treaty on climate change [67]. It set the target of limiting the increase
of the global average temperature to well below 2°C above pre-industrial levels, while
also pursuing efforts to limit the temperature increase to 1.5°C above pre-industrial levels.

To reach these targets, mitigation efforts have been implemented and countries are ex-
pected to undertake increasingly ambitious climate actions through plans like the Na-
tionally Determined Contributions (NDCs), commitments to reduce greenhouse gas emis-
sions by undergoing economic and social transformations, including strategies like carbon
capture and storage [68], [69], energy efficiency measures, and advancements in decar-
bonization technologies [70], [71]. An overview of science and policy features of this goal
and of the implications for mitigation pathways is provided by Schleussner et al. 2016
[72].

More than 140 countries, (including China, the United States, India and the European
Union, which are the major polluters) committed to achieving net-zero emissions, ac-
counting for about 88% of global emissions. However, the result of current political
choices and climate actions by 2030 is expected to be the increase in global greenhouse
gas emissions of almost 9% relative to 2010 levels [73].

Therefore, the current efforts to reach the fixed targets are insufficient: to limit global
warming below 1.5°C, emissions must be reduced by 45% by 2030 and reach net zero by
2050 [74], [75]. This requires all governments to take immediate actions to cut emissions,
thus the possibility of temperature overshoot should receive greater attention from the
scientific community.

Because achieving the temperature goals necessitates dramatic reductions in greenhouse
gas emissions, it is of central importance to gain a comprehensive understanding of the
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implications on climate resulting from mitigation strategies.

In past research, many idealized mitigation pathways have been explored. As explained
by Rogelj et al. 2018 [76], the features of mitigation pathways can be different, since
they can be characterized by their associated radiative forcing (RF) [77], [78], by the
atmospheric concentrations [79], [80] or by the associated temperature outcomes [81],
[82].

These scenarios include instantaneous stabilization of radiative forcing or cessation of
emissions [83], artificial restoration of carbon dioxide to preindustrial levels [84], or over-
shoot scenarios, where atmospheric COy concentrations peak before being reduced to
lower levels.

When evaluating the future developments of the different quantities under such scenar-
ios, it is important to assess both the magnitude and the permanence of anthropogenic
climate impacts. Boucher et al. 2012 [85] highlighted the importance of assessing if
changes are reversible, so whether and to what extent they can be reversed if the factors
causing their changes are mitigated or reversed. Moreover, an issue is also determining
if this reversibility can be accomplished in a usefully short time frame for all climate
system constituents.

The atmosphere adjusts rapidly to external forcings, while the entire Earth’s climate
system responds over much longer timescales, due to the inertia introduced by physical
climate system components (ocean, cryosphere, land surface) and biogeochemical cycles
(like the carbon cycle).

Focusing on the ocean, it is characterized by low frequency timescales due to its large
heat capacity, slow circulation processes and mixing into deep ocean, and to the asso-
ciated biogeochemical processes, particularly those involving deep-sea carbon dynamics.
Therefore, the response to changes in atmospheric CO, concentrations can show a con-
siderable lag after the onset of the forcing.

The IPCC in 2021 defined the climate change commitment as the ‘unavoidable future
climate change resulting from inertia in the geophysical and socio-economic systems’ [86].
These inertial changes will regard temperature, but also the hydrological cycle, extreme
weather events, and sea level. In particular, the Zero CO, Emissions Commitment is
the amount of global mean temperature change that is still expected to occur after a
complete cessation of anthropogenic carbon dioxide emissions [87], while the warming
commitment is the process of continued warming of the global ocean, even under miti-
gation scenarios, due to its lagged response [88].

Therefore, even if greenhouse gas concentrations remain stable or even return to pre-
industrial levels, the climate may not return to its former state. This divergence from
the original trajectory, despite COs concentration adjustments, is known as hysteresis.
The response of the system is not only influenced by its current environment, but also
by its past conditions, and the backward path may deviate from the original trajectory,
in the worst case leading to irreversibility, when the system cannot be restored to its
initial state, or cannot do so within any meaningful time frame for human planning and
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decision-making. One dramatic example of irreversible changes of the climate system are
the tipping points, critical thresholds beyond which systems reorganize, often abruptly
and/or irreversibly [89].

The EBUS regions are not directly involved in the recognized alarming tipping points,
however, due to their high sensitivity to environmental variations and their ecological,
economic and social value, there is large scientific and policy interest on how they may
change under mitigation strategies, in particular in overshoot scenarios where the forcing
pathways exceed a certain threshold, then peak and eventually decrease.

The current understanding of the impact of a temperature overshoot on various compo-
nents of the climate system is limited, particularly when it comes to primary productivity,
which is already challenging to model under unidirectional climate forcing.

Studies on reversibility mostly focus on acidification [53], weakening of the global ocean
circulation [53], [90], sea-ice extension [90], [85], temperature or precipitation patterns
[85], while only few studies were conducted on the primary productivity response. A
study by John et al. 2015 [91] investigated global marine productivity after mitigation,
using ramp-up and ramp-down scenarios. It highlighted that, after a global NPP increase
due to global warming, the cooling of upper ocean layers (associated to the reduction of
emissions) in a mitigation scenario should ideally bring back to past values of NPP (with
a lag). However the study found a counterintuitive trend, with increased global mean
NPP, overshooting to values above contemporary means, in an ocean slowly recovering
from acidification.

In another study by Heinze et al. 2023 [90], the primary productivity response to the
overshoot scenario was analyzed for the Arctic ocean, and no hysteresis was detected
in NPP, which reversed its trend around 2065, approximately 25 years after emissions
began to decline.

1.4 Thesis objectives

This work aims to analyse the anthropogenic impact on marine ecosystems in the Eastern
Boundary Upwelling Systems. It provides a comprehensive evaluation of the physical and
biogeochemical factors influencing primary production. The study examines the roles of
temperature and nutrient limitations and analyses the drivers of changes in nutrient
availability in the euphotic layer, particularly upwelling intensity and subsurface nutri-
ent concentrations.

The thesis is structured as follows:

e In the Methods Chapter 2, the tools used in the investigation are presented, intro-
ducing the climate scenario approach and the CMIP6 framework, presenting the
use of Shared Socioeconomic Pathways of Earth System Models (focusing espe-
cially on the IPSL-CM6A-LR model) for assessing the impacts of climate change.
Moreover, the sources of uncertainties associated with this approach are described,
and the main variables and types of analysis used during this study are presented.
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e In the Results and discussion Chapter 3, the main findings of the research are pre-
sented, first at a global level, to provide a large-scale overview of climate change
impacts, and then focusing of the Eastern Boundary Upwelling Systems. Net pri-
mary productivity ensemble projections are presented, and the subsequent analysis
aims at explaining the reasons of the observed patterns. Particularly, IPSL-CMG6A-
LR is used to investigate the mechanisms that drive the variability of primary
production. At first, a correlative analysis is carried out, evaluating the roles of
source water nutrient concentrations and of upwelling-favorable winds in driving
NPP variability. Then, a more quantitative analysis of growth rates evaluates the
impact of the various limiting factors in the different EBUS. Finally, once an un-
derstanding of the response of marine productivity under the traditional scenarios
SSP5-8.5 and SSP2-4.5 is obtained, the knowledge is used to evaluate, in specific
portions of the EBUS, the overshoot pathway SSP5-3.4-OS, in order to assess the
reversibility of changes.

e In the Open questions and future work Chapter 4 the main drawbacks of the study
are explained, presenting potential solutions and future improvements of the study.
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Chapter 2

Methods

This chapter introduces the methods used for the analysis. To gain insight into the
dynamic and biogeochemical processes essential for projecting future ocean productivity,
it was employed a scenario projection approach using outputs from the Coupled Model
Intercomparison Project Phase 6 (CMIP6), with a focus on the IPSL model.

The methodology mirrors that of Kwiatkowski et al. 2020 [3], who investigated the im-
pacts of anthropogenic climate change using Shared Socioeconomic Pathways from Earth
System Models in CMIP6. That study projected significant changes in key climatic vari-
ables affecting marine ecosystems over the twenty-first century, including ocean warming,
acidification, deoxygenation, reductions in near-surface nutrients, and alterations in pri-
mary production, highlighting that the extent of future emissions largely determines the
projected exposure of marine ecosystems to these drivers of ocean change.

In this thesis, a similar approach was adopted, focusing specifically on the Eastern Bound-
ary Upwelling Systems, to assess the regional impacts of climate change on phytoplankton
dynamics and the associated factors that may influence or be influenced by it.

The following chapter will provide a detailed account of the methods used, outlining the
CMIP6 framework, describing the key features of the IPSL model, and introducing the
main variables and computational approaches of the study.

2.1 CMIP6 and ScenarioMIP

To evaluate future changes in marine productivity in the regions of interest, outputs
from climate models within the framework of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) were utilised.

CMIPE6 is the sixth phase of the Coupled Model Intercomparison Project, which began in
1995 under the guidance of the World Climate Research Programme (WCRP). It serves
as a collaborative platform aimed at facilitating integrated research across the climate
science, leading to a better understanding of climate change dynamics by comparing
independent model activities and coordinating them with a common infrastructure for
gathering, organizing, and distributing output from standardized experiments. Addition-
ally, CMIP takes into account model dependence and includes the assessment of model
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performances and quantification of the causes of projection uncertainties.

Inside the integrated design of the CMIPG6, the focus in this thesis centers on the Sce-
narioMIP component, which offers a suite of multi-model climate projections based on
diverse scenarios of future emissions and land use changes, as presented by O’Neill et
al. 2016 in [92]. These projections directly inform societal concerns regarding climate
change vulnerability and impacts, and they provide a valuable foundation for addressing
targeted scientific issues, thereby guiding mitigation and adaptation strategies.

To provide insights into the potential impacts of future climate change on human soci-
eties and ecosystems, climate researchers initially utilized Representative Concentration
Pathways (RCPs). RCPs provide a set of greenhouse gas concentration trajectories and
associated emissions scenarios, serving as inputs for climate models, and are classified
based on their radiative forcing level in the year 2100 relative to pre-industrial levels, see
Meinshausen et al. 2011 [93].

However, present research rather utilises Shared Socioeconomic Pathways (SSPs), which
are alternative societal development pathways that provide additional context for climate
model projections, encompassing factors such as population and urbanisation growth,
technological advancements, economic policies, and environmental strategies.
State-of-the-art climate models prefer the SSPs because of this richer and more detailed
overview of both climatic and socioeconomic dimensions; however, the RCPs and the
SSPs have analogies which make past studies and more recent ones still comparable.
The SSPs introduced in 2021 for the IPCC Sixth Assessment Report outline five distinct
narratives for future global development:

e Sustainability: This pathway prioritizes environmental conservation and sus-
tainable development, aiming for reduced resource and energy intensity alongside
decreased inequality. It emphasizes advancements in education, healthcare, and
overall human well-being.

e Middle of the Road: Global trends largely follow historical trajectories, resulting
in uneven progress in development, persistent environmental degradation, albeit
with a decline in resource and energy use. Moderate population growth and ongoing
inequality characterize this pathway.

e Regional Rivalry: This scenario is marked by increasing nationalism and a shift
in policy focus towards regional concerns, diverging from broader developmental
goals. Environmental degradation worsens, regional disparities increase, and pop-
ulation growth varies significantly by region.

e Inequality: Highly unequal investments exacerbate economic disparities, leading
to widening inequalities in economic opportunity. Economic growth takes prece-
dence over environmental considerations, which are addressed only at a local level.

e Fossil-fueled Development: This pathway features high economic growth, rapid
technological advancements, and heavy reliance on competitive markets and inno-
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vation, as well as continued exploitation of fossil fuel resources. While population
growth is expected to peak and decline in the 21st century, significant environ-
mental degradation persists, with environmental issues managed primarily at local
levels.

As described by Riahi et al. 2017 [94], using the Shared Socioeconomic Pathways as
a foundation, researchers constructed Integrated Assessment Models (IAMs) scenarios.
These scenarios provide numerical representations of future pathways, integrating in-
sights from diverse fields to explore the intricate interplay between human actions, so-
cietal factors, and the environment. IAM scenarios convert the descriptive narratives of
SSPs into quantitative projections of key variables like greenhouse gas emissions, atmo-
spheric concentrations, energy infrastructure, land usage patterns, and other pertinent
factors. IAMs were utilized to analyze and quantify the various trajectories outlined by
the SSPs, with select “marker” scenarios incorporated into the ScenarioMIP framework.

The full set of multiple integrated scenarios are denoted as SSPx-y, where x is the spe-
cific SSP and y represents the forcing pathway, defined by its long-term global average
radiative forcing level.

Figure 2.1 illustrates all the possible ScenarioMIP simulations by a SSP-RCP scenario
matrix. Scenarios are arranged into two Tiers: Tier 1, with the SSP-based scenarios
as continuations of the RCP2.6, RCP4.5, and RCP&.5 forcing levels, and an additional
unmitigated forcing scenario (SSP3-7.0); Tier 2, including additional scenarios of interest
(the SSP scenario associated with the RCP6.0, and two mitigation scenarios: SSP4-3.4
and a scenario lower than the RCP 2.6 forcing pathway) as well as additional ensemble
members, like the SSP5-3.4-OS (the overshoot pathway), long-term extensions of scenar-

ios (for SSP5-8.5, SSP1-2.6, and the overshoot scenario) and initial condition ensemble
members of SSP3-7.0.

Specifically, this study will concentrate on the following scenarios: SSP5-8.5, which
reaches a RF of 8.5 Wm ? by 2100 (very high greenhouse gases (GHG) emissions);
SSP2-4.5, reaching a radiative forcing of 4.5 Wm 2 by 2100 (intermediate GHG emis-
sions); and SSP5-3.4-08, representing the overshoot pathway in which a sharp decline
in CO5 concentrations and RF follows the period of steady increase from 1850 until the
mid of 21st century. Initially, SSP5-3.4-OS pathway aligns with the high-emission SSP5-
8.5 scenario. Then, starting in 2040, it diverges due to intensive mitigation strategies
that lead to substantial reductions in CO, emissions. These emissions reach zero around
2070, eventually turning net negative, resulting, in a radiative forcing of 3.4 Wm 2 by
2100.

A more recent study by Meinshausen et al. 2020 [95] presented the extended versions of

these scenarios, including data simulations up to 2500, based on simplified assumptions.
However, these long-term simulations were not considered in this analysis.
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Figure 2.1: Illustration of the ScenarioMIP simulations by the SSP-RCP sce-
nario matrix provided by O’Neill et al. 2016 [92]. Each cell in the matrix
represents a combination of the SSPs and the forcing pathway projected by the IAMs.
Dark blue cells denote scenarios in Tier 1, light blue cells scenarios in Tier 2. White
cells represent scenarios where climate information will be derived from the SSP scenario
indicated in that row. For comparison, CMIP5 Representative Concentration Pathways
(RCPs) are also shown in green.

2.2 The IPSL model

Inside the CMIP6 framework, this thesis analyzed in particular the latest version of the
climate model of Institut Pierre-Simon Laplace (IPSL). IPSL is a university research
institute bringing together nine multidisciplinary laboratories, situated primarily at the
Pierre and Marie Curie campus of Sorbonne University in Paris (France) and at the cam-
pus of the University of Versailles-Saint-Quentin-en-Yvelines in Guyancourt (France).
The IPSL Earth System Model for Phase 6 of CMIP is IPSL-CM6A-LR (CM stand
for Climate Model and LR Low Resolution). This latest version, presented by Boucher
et al. [96] in 2020, marks a notable improvement over its predecessors, IPSL-CM5A-LR
and IPSL-CM5A-MR.

Comprised of three components, the IPSL-CM6A-LR integrates the LMDZ atmospheric
component (Laboratoire de Météorologie Dynamique Zoom, Version 6A-LR) [97], the
ORCHIDEE land surface model (ORganizing Carbon and Hydrology in Dynamic Ecosys-
tEms, Version 2.0) for land surface, hydrology, and the land carbon cycle [98], and the
NEMO oceanic model (Nucleus for European Models of the Ocean, Version 3.6).
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NEMO represents the state-of-the-art in oceanographic research and forecasting. For
this latest version of the IPSL model it is used in the configuration eORCA1 (so with a
resolution of 1°) with the e denoting extended) and comprises three key units: NEMO-
OPA for ocean physics, NEMO-LIM3 for sea ice dynamics and thermodynamics, and
NEMO-PISCES for ocean biogeochemistry.

This thesis mostly utilises outputs from the biogeochemical component of IPSL-CM6A-
LR, given by the coupling of NEMO with PISCES-v2 (Pelagic Interactions Scheme for
Carbon and Ecosystem Studies volume 2). PISCES-v2 was presented by Aumont et al.
in 2015 [99] and is a model designed to simulate the carbon cycle, the main nutrient
cycles, and the lower trophic levels of marine ecosystems, including phytoplankton, mi-
crozooplankton, and mesozooplankton.

It encompasses 24 prognostic variables (tracers), incorporating a description of carbonate
chemistry, of two phytoplankton compartments (diatoms and nanophytoplankton) and

two zooplankton size classes (microzooplankton and mesozooplankton).!

The nutrients simulated are five (nitrate, ammonium, iron, silicate, and phosphate),
delivered to the ocean from five sources: atmospheric dust deposition, river inputs, sedi-
ment mobilization, sea ice, and hydrothermal vents. The model construction is based on
the assumption that nutrient external availability directly limits phytoplankton growth.
For all living classes, the model keeps constant the ratios between C, N and P, (P/C,
N/C, and N/P) fixing them to the values introduced by Takahashi et al. 1985 [100] (the
Redfield ratios C/N/P are set to 122/16/1). This choice is necessary to simplify the rep-
resentation of complex biological and chemical processes, but it can limit the precision of
the model outputs, as observations suggest that in real ocean these ratios actually vary.
The internal contents in iron for the two phytoplankton classes and of silicon for diatoms
are simulated as a function of the external concentrations in nutrients and of the light
level. The ratio between chlorophyll and carbon is simulated with a modified version of
the photoadaptation model by Geider et al. (1998) [101].

On the other hand, all the ratios of zooplankton are kept constant.

Here the main characteristics of the two Plankton Functional Types (PFTs) are recalled:

e Diatoms are single-celled algae with an external silica skeleton, their vital nutri-
ents include nitrogen, phosphorus, iron, and silicon, and they tend to dominate the
phytoplankton community when growth conditions are optimal, such as in high
nutrient concentrations.

e Nanophytoplankton encompass all non-diatoms, including diazotrophs, calcare-
ous phytoplankton, picophytoplankton, and others. These phytoplankton do not
use silicates, relying instead on N, P, and Fe, they are smaller in size and have

IThis representation includes a limited range of biodiversity and restricts the ability of the model
to capture the actual rich diversity within ecosystems. Evaluating the impacts of climate change on a
broader range of species would yield more accurate results, as different species may respond and evolve
differently under changing environmental conditions.
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a smaller half-saturation constants (e.g., for nitrates the minimum half-saturation
constant is 0.13 for diatoms versus 0.39 for non-diatoms [99]), so they are favored
in regions with reduced nutrient levels.

The most relevant differences between these two groups are that diatoms, differently
from nanophytoplankton, need silicates, they require higher amounts of Fe (Sunda and
Huntsman, 1995 [102]) and they have higher half-saturation constants because of their
larger mean size.

Moreover, in the model there are three non-living compartments: semi labile dissolved
organic matter (with timescales of weeks to years), small particles (with a sinking speed
of 2 m/d) and big sinking particles (with a sinking speed from 50 to 200 m/d). Constant
Redfield ratios are imposed for C/N/P, while for iron and silicon the ratios relative to
organic carbon are allowed to vary.

The main variable considered in this thesis is Net Primary Production (NPP), de-
fined as the difference between Gross Primary Productivity (GPP), standing for all the
carbon that is fixed by the autotrophs organisms by photosynthesis, and respiration (R),
since part of the photosynthesised organic matter is utilized for cellular respiration and
to upkeep the existing tissues. The relative formula is NPP=GPP-R.

This study did not use observations and only focused on simulations of Earth System
Models of the CMIP6 ensemble, due to the difficulties associated to the quantitative
measurements of net primary productivity and the lack of adequate datasets of observa-
tions to detect climate change impacts, as it will be discussed later on in Chapter 4.2.

In the IPSL model component PISCES, the net formation rate of organic carbon by phy-
toplankton is represented as the product of phytoplankton biomass (P) and the growth
rate (u): NPP=P x p.

The growth rate of a species 4, ;, is in turn expressed as the product of the maximum
growth rate, p* . the temperature limitation factor, TJE), and the nutrient and light limi-
tation factors, Ny, and Ly, respectively. As described in [99] and [103], this relationship
can be written as:

1= fmaze X T X Njp X Li,. (2.1)

lim
Nutrient and light limitation factors are dimensionless values ranging from 0 to 1, where
higher values indicate less limitation and therefore higher growth. For instance, the
nitrogen growth limitation refers to the ratio of the growth rate of a species in an envi-
ronment with finite nitrogen availability to its theoretical growth rate in an environment
with unlimited nitrogen.

For nutrients, the factor is determined by the minimum value among the nutrients (iron,
phosphorous, nitrogen, and silicon), meaning the most limiting nutrient dictates the
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overall nutrient limitation:
diat __ : diat diat diat diat
N = mm(NFe 7NPO47 NN03+NH4a Ng; )

nano ___ : nano nano nano
Niim = mm(NFe 7NPO4 ) N03+NH4)

In particular, nitrogen limitation is associated with the availability of both nitrate and
ammonium, specifically:

i Ky, x NO3 + K}, x NH,
NO3+NH;4 K§H4K§03 + K§H4N03 + KfVOgNH;

The temperature limitation in PISCES is, for all nanophytoplankton, diatoms and mi-
crozooplankton, an exponential function T}D:

TfP — ekEppleyXT’

with kEppley:0.06391?{’071 the temperature dependence factor.

2.3 Sources of uncertainty

Climate change is characterized by high uncertainty which, as highlighted by Hawkins
and Sutton 2009 [104], can arise from three distinct sources: internal variability, model
uncertainty, and scenario uncertainty. Here there is a brief description:

e Internal Variability Uncertainty is associated with the inherent variability of
the climate system, the natural fluctuations arising even without radiative forcing.
This kind of variability involves small scale processes, weather events or local phe-
nomena, but also larger spatial and temporal scales ones, for instance inter-annual
teleconnections like El Nino—Southern Oscillation, the Atlantic Multidecadal Os-
cillation, or the Pacific Decadal Oscillation, which can affect trends of different
variables over the timescale of decades, or even longer-term variability changes in
ocean circulation, solar variability, or natural ecosystem dynamics;

e Model Uncertainty arises from the limitations and approximations inherent in
the models. In response to the same radiative forcing, different models may yield
different results due to variations in the simulation of physical and biogeochemical
processes. The causes of this uncertainty may lie in the mathematical implemen-
tation of the models or in the parameterization used;

e Scenario Uncertainty is associated with the unknown future pathways of anthro-
pogenic factors that influence the climate system, such as greenhouse gas emissions,
land-use changes, technological developments, and policy decisions, causing uncer-
tainties in future radiative forcing. These uncertainties are represented by the
Shared Socioeconomic Pathways in CMIP6.
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For the future evolution of the climate system, all of these three uncertainty sources
may contribute, potentially interacting in non-trivial ways. Therefore, as highlighted by
Lehner et al. 2020 [105] it is fundamental to partition the uncertainty of the projections
into the quantitative contributions from each source.

2.4 Variables

In the upcoming dissertation, the data used were mainly processed outputs from the
IPSL-CM6A-LR model, which are available for download directly from the CMIP6
database accessible via ESGF (Earth System Grid Federation) [106]. To facilitate com-
parability across various models, the database underwent homogenization, resulting in
regridded files on a 1° resolution grid (360 x 180 grid).

It is worth noting that multiple simulations were conducted for each model in the en-
semble. However, for the purpose of model comparison, only the first member launched
after the piControl experiment is considered. In CMIP6, this member is typically labeled
as r1ilp1f1 (sometimes as r1ilp1f2 or r1i2pi1f1), where r1 denotes the realization
index, i1 the initialization index, p1 the physics index, and f1 the forcing index.

The main variable taken under investigation will be the vertically integrated net primary
productivity (intpp, unit of measure molm ?s '), that represents the rate at which
primary producers in an ecosystem create net useful chemical energy.

In this analysis, to evaluate changes in phytoplankton in the ocean, net primary pro-
ductivity is preferred over biomass, as it is more sensitive to environmental changes
and provides a dynamic indicator of the metabolic activity and health of phytoplankton
populations over time, directly linking to ecosystem functioning and energy flow within
marine ecosystems. While biomass provides information on the static concentrations of
a carbon stock, NPP represents an energy/carbon flux that is available to higher trophic
levels, so it offers a more comprehensive understanding of the sustainability of marine
food webs.

Important variables that can significantly influence the future evolution of net primary
productivity are then examined. The primary variable considered is sea surface temper-
ature (tos, temperature of the ocean surface), measured in degrees Celsius, indicating
the temperature of the upper boundary of the liquid ocean, inclusive of temperatures
beneath sea ice and floating ice shelves.

Moreover the study analyses concentrations of dissolved oxygen at a depth of 200 me-
ters (02), measured in units of molm *, and the ocean mixed layer thickness (measured
in meters) defined by sigma T (mlotst), where sigma T represents the potential den-
sity referenced to the ocean surface. Dissolved nitrate concentration (no3, measured in
molm ?) will be analysed, both looking at the entire vertical profiles (for selected lati-
tudes), and at specific depths, particularly at the ocean surface and at the depths of 100
and 200 meters. In this thesis, among all nutrients, the focus will be placed especially
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on nitrogen, in alignment with most of the literature that gives large attention to this
nutrient, as the dominant limiting macronutrient in the global ocean [4], [107].

In the following dissertation, the role of sea level pressure (psl) and surface wind stress
(tauu for the zonal component (unit of measure Pa) and tauv for the meridional com-
ponent (unit of measure Pa)) will be analyzed. In particular, the focus will be on the
equatorward surface downward wind stress tauv, which serves as a proxy for the up-
welling strength to assess the impact of atmospheric circulation variations on primary
productivity.

The equatorward surface downward wind stress was chosen over vertical velocity of ocean
current because the latter is highly variable, making it challenging to extract clear trends.
Moreover, in the following analysis using vertical velocity as a proxy for upwelling would
require the identification of the specific depth from which upwelling originates. This is
problematic because this depth can vary, both due to short-term internal variability and
long-term trends related to climate change. In contrast, equatorward surface downward
wind stress provides a more reliable indication of upwelling intensity thanks to its strong
relationship with upwelling, due to the physical mechanism of Ekman transport already
described in this chapter.

Finally, when investigating the drivers of NPP changes, the mentioned limitation factors
are used: T}f, Niim, and Ly, respectively for temperature, nutrients, and light limitation
(all dimensionless values ranging from 0 to 1). Moreover, to evaluate the different behav-
ior of diatoms and nanophytoplankton, the productions from the two plankton functional
types are separated, respectively indicated as intppdiat and intppmisc (both measured
in molm 2s!). In the end, in the analysis of the overshoot scenario, the Global Mean
Air Surface Temperature (GMST) is considered, obtained by averaging globally the near-
surface (2m) air temperature tas (unit of measure degrees Celsius).

2.5 Analysis methods

In the following study, different types of analyses are conducted. At first, all the CMIP6
members are used, providing SSPs time series and spatial maps, allowing to compare
the IPSL model with the other ones. Then, in order to investigate more deeply the
mechanisms inducing net primary productivity changes, only IPSL-CM6A-LR is used,
and different outputs form that model are studied.

The impact of climate change on many variables is examined by investigating anomalies
of future changes, computed as the difference between the projected values of each model
and the respective baseline values. Specifically, the historical baseline period is defined
by the years 1985-2014, while projections are evaluated for the years 2015-2100 for the
SSP5-8.5 and SSP2-4.5 pathways, and for the years 2015-2200 for the SSP5-3.4-OS path-
way (where the first years of projection (2015-2039) are, by definition, the same of the
SSP5-8.5, and the years 2040-2200 are obtained from the overshoot simulation).
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Particular attention is given to SSPs time series of anomalies under the different
scenarios. In the time series computation, spatial averages are calculated over selected
latitudinal and longitudinal extents. In this study, the averages are computed over
masked regions, which, in the case of the EBUS, have predefined extents (obtained from
the ISIMIP repository). When averaging, a weighted mean is applied, in order to account
for the size of each grid cell and ensure that each one contributes proportionally to the
average based on its actual area on the Earth’s surface.

To present the resulting outputs, smoothing is applied to remove noise due to short-term
fluctuations, allowing longer-term trends to be highlighted. A 10-year moving average
window is used for this purpose.

Presenting time series, ensemble projections are provided, depicting either the single
model trajectories or the ensemble spread, represented by the 25th-75th and by the
10th—90th percentiles.

Moreover, spatial anomalies are examined, and time averaging is performed. For
historical model outputs the data is averaged over the period 1985-2014, while for pro-
jections under SSP5-8.5 over the last 30 years of simulations (2071-2100).

For surface downward and equatorward wind stress, due to missing data for the entire
model ensemble, only the IPSL model simulations are used, comparing historical values
with the projected SSP5-8.5 anomaly in each region. Instead, for net primary pro-
ductivity and nitrates at 200m depth, projected anomalies are computed by comparing
IPSL-CM6A-LR outputs with the ensemble mean (obtained by averaging simulations
from the available CMIP6 models). In the ensemble mean maps, areas where model
agreement is high (with more than 80% of models agreeing on the direction of future
changes) are stippled to highlight regions of statistical significance.

Additionally, vertical profiles of nitrates are provided from the SSP5-8.5 simulations
of the IPSL model, obtained by averaging over time and selecting specific latitudes.

Moreover, a deeper focus on the poleward and equatorward portions of the Canary and
Benguela EBUS is provided. The two masks are divided at the latitudes of 20°N for the
Canary and 24°S for the Benguela, as shown in Figure 2.2.

A correlation analysis is then performed on NPP, 200m and surface nitrates in these
four subsystems: scatterplots for couples of variables are depicted, computing each time

the correlation coefficient r?

and fitting a linear regression line in the cases where p-
values are smaller than the 0.05 threshold (to evaluate only the statistically significant

correlations).

Furthermore, a quantitative analysis on the growth rates is provided by comparing
the normal time series of growth rates (obtained using the standard growth rate formula

2The correlation coefficient r varies between -1 and 1 and measures the strength and direction of
the linear relationship between two sets of data. Correlation coefficient equal +1 indicates a perfect
positive linear correlation, -1 indicates a perfect negative linear correlation (anticorrelation), 0 indicates
no linear correlation.
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Figure 2.2: Divided Canary and Benguela EBUS. Global map depicting the divided
masks of the Canary and Benguela EBUS (as defined in the ISIMIP Repository): pole-
ward and equatorward regions were obtained splitting the masks respectively at 20°N
and 24°S.

2.1) with three alternative time series. In each one, only one limitation factor is allowed
to vary according to its normal SSP5-8.5 projection, while the other two parameters are
fixed at their average value over the period 2015-2025. This type of analysis allows to
quantify precisely how much the availability of the different factors (temperature, light,
and nutrients) limits the growth of phytoplankton.

In the end, in the overshoot analysis, instead of presenting conventional time series
data, changes in variables are examined in relation to global mean surface temperature.
In the investigation of the overshoot scenario, the analysis does not rely on spatial maps,
since the use of time-averaged spatial maps could hide important trends and may fail
to capture the non-linear responses of certain variables. Instead, analyzing variables in
relation to temperature provides a more accurate representation of the Earth system’s
response to warming, capturing not only the endpoint but also the pathway toward
temperature targets.
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Chapter 3

Results and discussion

In this chapter the main results of the thesis are presented, with time series and maps
of different variables projected changes.

The discussion aims to explain the observed patterns in the EBUS and, using correlative
and quantitative analyses, provides an overview of the main factors affecting net primary
productivity there, also splitting the Canary and Benguela systems in halves to evaluate
separately changes at different latitudes. Finally the analysis of the overshoot scenario

SSP5-3.4-08 is provided.

3.1 Global overview

To gain a comprehensive understanding of how climate change may affect the Eastern
Boundary Upwelling Systems, the first approach is evaluating the projected changes in
key variables on global scale.

Reproducing the results of Bograd et al. 2023 [4], Figure 3.1 presents maps of ensemble
mean monthly simulations for Earth System Models of the CMIP6, comparing histori-
cal data with the projected changes by the end of the 21st century under the SSP5-8.5
scenario. The latter scenario represents an extreme trajectory and may not eventually
be realized, while other less severe pathways are more likely to occur. However, in this
analysis, SSP5-8.5 is preferred over the other SSPs because it projects more pronounced
changes in the different variables. This larger magnitude of variation provides a clearer
view of the potential drivers of shifts in productivity, allowing for a better understanding
of the causal mechanisms of climate impacts.

In Figure 3.1, maps 3.1a) and 3.1b) illustrate ensemble mean projected sea surface
temperature. The historical SST map shows the expected latitudinal temperature gra-
dient, with higher temperatures at lower latitudes, while the projected changes indicate
an overall increase in temperature worldwide, particularly in the northern hemisphere,
with anomalies exceeding 4°C in some regions.

Net primary productivity is depicted in Figures 3.1c) and 3.1d). The historical map
confirms that highest productivity on Earth is found in the Eastern Boundary Upwelling
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Figure 3.1: Ensemble mean climate: historical and future changes under SSP5-
8.5. Maps depicting the ensemble mean climate for the historical period from 1985 to
2014 (on the left), and the ensemble mean future changes from 2071 to 2100 relative to
1985-2014 (on the right) for (a,b) SST, (c,d) net primary productivity, (e, f) dissolved
oxygen at 200m depth, and (g,h) mixed-layer depth.

Systems, especially in the Canary, the Humboldt and the Benguela systems, and high
values are also found in the equatorial Pacific Ocean and in the northwestern Arabian
Sea. Future projections show large regional variability, with some areas, like the South-
ern Ocean, experiencing increases in NPP, while others, such as the Northern Atlantic
and equatorial Pacific, show decreases.

Describing the global future patterns under the SSP5-8.5, it is relevant to highlight that
most models project a primary productivity reduction at a global level, while the IPSL-
CMG6A-LR simulations show an overall increase. This behavior by the latter version of
the IPSL diverges significantly from the majority of the ensemble members and also
from its previous version (IPSL-CM5A-LR), that project, by the end of the 21st century,
global NPP reduction.

As highlighted by Bopp et al. 2022 in [108], this different response to anthropogenic
climate change is mostly related to the parametrisation of N fixation in the PISCES
component: in the current model, phosphorus limitation is prevented, resulting in con-
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tinued nitrogen fixation, with a key role played by diazotrophy. Carbon uptake and
storage, particularly in oligotrophic regions, is significantly affected by diazotrophs, mi-
croorganisms able to fix Ny, thus representing in these regions an important source of
new nitrogen, leading to increased NPP.

However, the EBUS regions are characterized by large availability of nutrients, and dia-
zotrophy is not thought to be a key feature to investigate when looking at NPP there,
because diazotrophy is typically limited to N poor regions in model parametrizations.

Maps 3.1e) and 3.1f) depict dissolved oxygen concentrations at 200m depth. In the
historical simulations, higher oxygen concentrations are observed at high latitudes and
lower concentrations at lower latitudes and along the west coasts of continents. This
distribution is influenced by temperature-dependent solubility, with colder waters hold-
ing more oxygen, and oceanographic processes, mostly the sinking of oxygen-rich waters
in the North Atlantic and Southern Oceans, that further contributes to the higher lev-
els found at higher latitudes. In contrast, tropical and subtropical regions have lower
concentrations due to higher biological consumption and respiration by microorganisms.
In particular, upwelling regions along the west coasts of continents are characterized, as
already discussed, by oxygen-depleted waters in the subsurface, the Oxygen Minimum
Zones.

In the projected changes simulation 3.1f), the variations of oxygen concentrations indi-
cate widespread deoxygenation due to anthropogenic climate change, aligning with the
findings of Bopp et al. 2002 [109], although the upwelling systems, especially the Cali-
fornia, the Canary, and the Benguela experience increases in oxygen levels, particularly
in their equatorward portions. The Indian Ocean exhibits positive 200m Oy anomalies
as well.

Finally, mixed-layer depth maps are presented in Figures 3.1g) and 3.1h): historical
simulations show that mixed layer is deeper at high latitudes (due to stronger winds,
colder temperatures and less stratification), while at tropical and subtropical latitudes
it is shallower (due to the weaker winds and stronger surface heating, which leads to
greater stratification). The map 3.1h) of mixed layer depth anomalies indicate that it is
globally getting shallower.

This shoaling is a direct consequence of human-induced global warming: the increasing
temperatures during the 21st century heat up surface ocean layers, this warming reduces
their density, leading to greater stratification of the water column and diminishing the
overall mixing in certain regions.

The consequences of this MLLD change on the primary productivity of global oceans vary
significantly with the latitude. In polar regions, thanks to the usual large availability
of nutrients, the shoaling is projected to lead to the increase of NPP, by mitigating the
light scarcity constraint [14]. At lower latitudes, instead, because of the reduced in-
flux of subsurface nutrients into the euphotic zone, it is projected to aggravate nutrient
limitation and reduce both net primary production and export production (i.e., sinking
particulate flux) [110]. Thus, the shallower source depths and reduced nutrient supply
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to the euphotic zone results in a global decrease in primary production [62]. However,
as it will be highlighted, in the EBUS increased stratification does not appear to be the
first order driver of NPP changes.

Investigating the circulation of the atmosphere, Figure 3.2 presents the historical (1985-
2014) global map of the Surface Wind Stress Field, overlying the Sea Level Pressure
field. The data is obtained from the atmospheric set of monthly model simulations of
the IPSL-CM6A-LR Earth System Model. Global atmospheric circulation presents trade
winds at the equator, blowing from the northeast in the Northern Hemisphere and from
the southeast in the Southern Hemisphere. These winds converge in the Intertropical
Convergence Zone (ITCZ), region of low pressure. High-pressure systems are found in
the subtropical regions, and circulation there is anti-cyclonic (clockwise in the Northern
Hemisphere and counterclockwise in the Southern Hemisphere). Mid-latitude regions,
instead, are characterised by westerly winds, which are stronger in the Southern Hemi-
sphere, where they blow around the Antarctic continent, due to the smaller coverage of
landmasses in this latitude range. In the polar regions low-pressure systems dominate.

Focusing on the Eastern Boundary Upwelling Systems, one key feature depicted in the
map is the presence of winds flowing towards the equator along the west coasts of the

continents.
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Figure 3.2: Historical Wind Stress Field for IPSL model. Maps depicting the
IPSL-CM6A-LR model simulations for mean surface wind stress field for the historical
period from 1985 to 2014. The wind stress field overlies the corresponding historical sea
level pressure field.

In order to investigate more deeply these alongshore winds, Figure 3.3 depicts the global
map of surface downward and equatorward wind stress, tauv'. The historical map (on
the left) well shows the presence of alongshore winds, blowing towards the equator along

'In the monthly dataset of the IPSL the variable tauv was defined positive when directed northward.
However, in this study, to highlight better the winds inducing upwelling along the east sides of ocean
basins, the data relative to the Southern Hemisphere were changed of sign, so that regions that have
positive values (red in figure) are directed equatorward in both Hemispheres, while regions with negative
values (blue in figure) are directed poleward.
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the west coasts of North and South America, of northern and southern Africa and of
Australia. In the SSP5-8.5 anomaly map (on the right), an interesting pattern that can
be observed is that in all the four EBUS the meridional winds show a contrasting behav-
ior between the poleward areas, with tauv generally strengthening, and the equatorward
areas, with tauv weakening. This behavior reflects the impact of the projected Hadley
cell expansion on the location and intensity of upwelling favorable winds [64], [65]. A
deeper analysis around the EBUS will be performed in the next section.
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Figure 3.3: Surface Downward Equatorward Wind Stress: Historical vs. SSP5-
8.5 Changes. Maps depicting the IPSL-CM6A-LR model simulations for mean surface
downward and equatorward wind stress for the historical period from 1985 to 2014 (on
the left), and the mean future changes from 2071 to 2100 relative to 1985-2014 (on the
right).

Finally, Figure 3.4 presents maps of nitrate concentrations, obtained from the oceanic
set of yearly simulations, providing insights into the historical and future distributions
of nitrates at various ocean depths.

Maps 3.4a) and 3.4b) illustrate surface NOj concentrations: the historical map high-
lights that the Southern Ocean has the highest nitrate concentrations globally (due to
upwelling of deep, nutrient-rich waters), with moderate concentrations also observed in
the EBUS and in the poleward portion of the North Pacific, thanks to the sustained
upwelling of subsurface waters.

Moving to deeper levels, the concentrations of nitrates increase, particularly in the high-
latitude oceans and in upwelling regions. At 200m depth, Figure 3.4e), the historical
distribution of nitrates along the west coasts of continents shows an inverse relationship
to oxygen levels, which mainly reflects organic carbon remineralization, that consumes
oxygen and releases nitrates.

Future changes of NO3 concentrations appear to have a defined pattern particularly at
a depth of 200m, in Figure 3.4f), with the ensemble mean projecting reduced levels in
the eastern and equatorial portions of ocean basins (region historically characterized by
high concentrations), although strips of increased NO3 concentrations appear to follow
the circulation patterns of the subtropical gyres, increase that may be tied to changes in
ocean currents influencing nutrient transport.

This global perspective on historical patterns and projected future changes under the
SSP5-8.5 helps to set the Eastern Boundary Upwelling Systems within the framework of
global climate change. A purely regional view would only focus on small scale processes,
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Figure 3.4: Ensemble mean NOg3: historical and future changes under SSP5-
8.5. Maps depicting the ensemble mean climate for the historical period from 1985 to
2014 (on the left), and the ensemble mean future changes from 2071 to 2100 relative to
1985-2014 (on the right) for (a,b) Surface NOg, (¢,d) 100m NOs, (e, f) 200m NOj.

neglecting large scale patterns that play an important role in shaping the biogeochemical
and physical processes characterizing these regions.

The maps presented in this section point out the importance of global circulation winds,
which drive upwelling in the EBUS, and show the characteristic distribution of different
variables on a global scale. Nitrate patterns, in particular, show that their regional
concentrations in the EBUS are associated with the oceanic circulation, and nutrients
found locally may originate from external sources and then be transported by ocean
currents and advection.

3.2 EBUS Net Primary Productivity

Herein, a deeper focus on the Eastern Boundary Upwelling Systems is provided: SSPs
time series and anomalies maps are provided, aiming to evaluate future changes of net
primary productivity according to the members of the CMIP6 ensemble and to charac-
terize the behavior of the IPSL model with respect to the others.

Figures 3.5 and 3.6 depict model ensemble projections of absolute NPP anomalies under
the two scenarios SSP5-8.5 and SSP2-4.5, respectively. These anomalies, as explained in
section 2.5, are averaged over the large marine ecosystems associated with each EBUS
(although the northern and southern portions of each EBUS often exhibit contrasting

37



trends, as it will be shown in the following sections).
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Figure 3.5: Absolute NPP anomalies: SSP5-8.5 Projections. Projections of ab-
solute Net Primary Production of different models under SSP5-8.5. IPSL model is the
black line. A 10-year smoothing was applied.

At the EBUS scales projections of net primary productivity show substantial un-
certainties, and significant differences exist between ensemble members: there’s wide
dispersion and limited consensus among them, with little agreement even on the direc-
tion of change. Moreover, the level of uncertainty, indicated by the model spread, tends
to increase under the higher-emissions scenario (behavior that is observed in general for
all variables).

Furthermore, comparing the two scenario projections for each model, it is worth noting
that, in the SSP5-8.5 case, the anomalies are much larger, since worse scenarios accentu-
ate the change significantly. For example, the IPSL model in the Canary region projects
by 2100 an absolute NPP anomaly of about +0.14 gmolm *s ' under SSP5-8.5, while
for the SSP2-4.5 of +0.07 ymolm ?s !, so in the highest emission scenario the increase
is about the double.

To understand future changes of each region, it is important to evaluate the anomalies
with respect to the baseline values of net primary production, since the four regions
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Figure 3.6: Absolute NPP anomalies: SSP2-4.5 Projections. Projections of ab-
solute Net Primary Production of different models under SSP2-4.5. IPSL model is the
black line. A 10-year smoothing was applied.

show different levels of absolute NPP historically, with the California region being sub-
stantially less productive than the other ones (about half of them). For this region, the
simulated historical levels of productivity are between 0.1 and 0.5 ymolm ?s !, while
for the other EBUS the simulated historical values are found in a range between 0.2
and 1.1 gmolm ?s !. By 2100, the projected absolute NPP anomalies for each EBUS
vary in different ranges: for the California system from -0.075 to +0.05 ymolm ?s !
under SSP5-8.5, and from -0.05 to +0.025 pmolm 2s ' under the SSP2-4.5; for the Ca-
nary system from -0.2 to +0.12 ymolm ?s ! under SSP5-8.5, and from -0.15 to +0.07
pmolm ?s ! under the SSP2-4.5; for the Humboldt from -0.06 to +0.08 gmolm ?s !
under SSP5-8.5, and from -0.03 to +0.04 pgmolm %s ! under the SSP2-4.5; and for the
Benguela from -0.25 to 40.12 gmolm ?s ' under SSP5-8.5, and from -0.15 to +0.05
pmolm ?s~! under the SSP2-4.5.

To get a more straightforward comprehension of the strength of these variations, relative
changes of net primary productivity are investigated. By normalizing the data against
baseline conditions, this approach highlights the magnitude of the projected change com-
pared to historical values.
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Figure 3.7: Relative NPP anomalies: SSP5-8.5 vs. SSP2-4.5 Projections. Pro-
jected twenty-first-century relative change in NPP for SSP5-8.5 and SSP2-4.5 of the four
EBUS: solid lines are ensemble means, dashed lines are IPSL model; shaded regions
indicate 25th-75th (darker shade) and 10th-90th percentile (lighter shade). A 10-year
smoothing was applied.

Looking at the projections of anomalies of relative net primary productivity in Figure
3.7, some considerations can be drawn:

e California EBUS: Both under the SSP5-8.5 and the SSP2-4.5, large uncertainties
exist between models, with little agreement even on the sign of the change of NPP,
ranging from more than -15% to +10% under the SSP5-8.5 and from -10% to +7%
under the SSP2-4.5. The IPSL models move away from the means of the ensemble
in both SSPs, projecting increases in NPP by the end of the century, with a change
of around +10% under the SSP5-8.5 and about +5% under the SSP2-4.5.

e Canary EBUS: Both under the SSP5-8.5 and the SSP2-4.5, most models agree
in projecting a negative change. The 10th-90th percentiles of the ensemble models
by 2100 show a range going from -20% to no significant changes. The IPSL model

projects instead a positive change in NPP, reaching by 2100 a change of +30%
under the SSP5-8.5 and of +15% under the SSP2-4.5.

e Humboldt EBUS: Both under the SSP5-8.5 and the SSP2-4.5, most models
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agree in projecting a positive change, with ensemble means projecting respectively
increases of +5% and +2.5% by the end of the century. The 10th-90th percentiles
of the ensemble models by 2100 show a range going from no significant changes to
+15%. The IPSL model in both SSP5-8.5 and SSP2-4.5 aligns with the direction
of ensemble means trends, projecting a positive change in NPP, with anomalies
that by 2100 reach +10% and +5%.

e Benguela EBUS: Both under the SSP5-8.5 and the SSP2-4.5, most models agree
in projecting a negative change, even if the 10th-90th percentiles of the ensemble
models by 2100 show a large range going from almost -20% to +5% under the
SSP5-8.5 and from around -10% to +5% under the SSP2-4.5. The IPSL model
in both scenarios projects small changes, with a negative NPP change of a few
percent under SSP5-8.5 and no significant changes under SSP2-4.5 by the end of
the 21st century.

One important observation is that the projected changes are non-monotonic: future tra-
jectories from single models show interannual variability. This behavior arises from the
fact that NPP is driven by many factors, which may interact through multiple feedbacks
and affect it on varying timescales due to both dynamical and biogeochemical processes.
A long-term trend is given by the combination of all the different factors: it may be
initially driven mostly by one of them with a short response timescale, and after a while
it may change according to another one with a longer time scale, thus causing a variation
of the direction of the change. Distinguishing the timings and strength of this influence
is a hard problem that should be ideally solved to get a complete and precise overview
on the question.

In addition to the analysis of time series, also maps of NPP anomalies are evaluated.
Figure 3.8 zooms in on the areas surrounding the Eastern Boundary Upwelling System
to provide a more detailed view of the data presented previously in Figure 3.1. NPP
anomalies are shown, comparing for each region the ensemble mean (with stippling high-
lighting areas of strong consensus among models) with the IPSL model data.

Looking at these maps, it can be observed that in the California and Canary regions
most models indicate, with good agreement, an overall decrease in NPP, while the IPSL
model deviates from this trend. In the first region, IPSL shows a diffused NPP increase,
except in the localized region between San Francisco and Los Angeles coasts, where the
projected change is strongly negative, while, in the second system, IPSL projects NPP
increase in the poleward portion of the EBUS (above 20° of latitude) and decrease in
the equatorward portion (below 20° of latitude), pattern partially followed also by the
ensemble mean, which shows a stronger decrease in the equatorward portion of the sys-
tem, however remaining everywhere negative.

In the Humboldt region, model agreement is poor, with a consistent projection of de-
creased net primary productivity only in its equatorward portion. The IPSL model
mirrors the overall direction of changes in this region, albeit exhibiting stronger positive
changes.
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Figure 3.8: Ensemble mean vs. IPSL NPP: future changes in the EBUS un-
der SSP5-8.5. Projected net primary productivity (NPP) changes for each Eastern
Boundary Upwelling System, comparing the ensemble mean (on the left) and the IPSL
(on the right) projected NPP change under the SSP5-8.5 scenario for the period 2071-
2100 relative to 1985-2014. Stippling highlights areas where the projected changes are
statistically significant across models, with model agreement higher than 80%.

Conversely, model agreement is generally high (except for the poleward area) in the
Benguela region. Here, the IPSL model aligns with the ensemble mean, revealing con-
trasting patterns between the decrease in the equatorward portion and the increase in
the poleward one.
In the next section, an analysis on the mechanisms driving these observed projections
will be carried on.
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3.3 Correlative analysis

Understanding the dynamics of net primary production and projecting its future changes
is challenging due to the inherent complexity of marine ecosystems and the difficulties of
accurately representing these ecosystems in models. In the EBUS, on one hand, potential
contributors to a NPP increase may include stronger upwelling and higher nitrate levels
from source waters, reduced light limitation due to stratification, and temperature-driven
enhancements in phytoplankton growth rates. Conversely, factors that may lead to a de-
crease are reduced upwelling and stratification-induced declines in nutrient supply, or
temperature-induced increases in zooplankton grazing.

In this section an overview on these potential drivers of net primary productivity changes
is provided.

At first, the focus is on the role of nutrients, specifically of nitrates, as the properties
of upwelled waters determine nutrient concentrations in the euphotic zone, where phy-
toplankton live. Therefore, the scenarios of subsurface (200m) NOj3 concentrations are
analyzed and compared to the NPP ones, and maps of anomalies depicting ensemble
mean and IPSL-CMG6A-LR projections are provided, to understand how nitrate avail-
ability influences NPP across different models.

Afterwards, a deeper focus only on the IPSL-CMG6A-LR is provided to get a specific idea
of which are the mechanisms that, according to this model, drive changes in NPP.
Vertical profiles of nitrate concentrations are presented, to assess future changes of the
deep ocean nitrate reservoirs. In this context, the mixed layer depth is also considered, to
evaluate if stratification changes can alter the availability of nutrients for phytoplankton
at shallow levels.

Furthermore, an analysis of the upwelling-favorable winds is provided: using the IPSL
model, the hypotheses of past and recent literature are tested, in order to evaluate the
impact of atmospheric circulation shifts on upwelling intensity, which is considered as a
major factor influencing the availability of nutrients at shallower depths in the EBUS.

Moreover, an additional and more focused investigation is conducted only on the Canary

2 as antici-

and Benguela regions, dividing them into poleward and equatorward halves
pated in section 2.5. The goal of the analysis is to clarify why NPP increases poleward
while decreasing equatorward, and to better understand the relationship between nitrate

concentrations and primary production, using a linear relationship approach.

2The choice of focusing only on the Canary and Benguela system derives from the fact that, with
respect to the other two EBUS, the NPP anomalies have well defined patterns of positive anomalies in
the poleward portion, and negative in the equatorward one. This may help to understand more easily
the causal mechanisms responsible for this dual behavior.
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3.3.1 Nitrates

Initially, the focus of the analysis is on NOjs, which is globally the predominant limiting
macronutrient. As shown in the global maps of Figure 3.4, the EBUS regions are char-
acterized by the presence of subsurface NOj3 reservoirs. Changes in these deep stocks
can affect the availability of nitrates for phytoplankton in shallower well-lit waters, due
to the physical process of upwelling, which transports deeper nutrient-rich waters to the
surface. Thus, this analysis examines variations in NO3 concentrations at the depth of
200m and also provides some vertical profiles, to show the extension of the deep water
nitrate pools anomalies.

Subsurface nitrates

Nitrate concentrations at 200m depth are analysed under the SSP5-8.5 and SSP2-4.5:
similarly to the analysis of Figure 3.7, the projected time series are presented in Figure
3.9.
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Figure 3.9: 200m NO3 anomalies: SSP5-8.5 vs. SSP2-4.5 Projections. Projected
twenty-first-century change in 200m NOj3 for SSP5-8.5 and SSP2-4.5 of the four EBUS:
solid lines are ensemble means, dashed lines are IPSL model; shaded regions indicate
25th-75th (darker shade) and 10th-90th percentile (lighter shade). A 10-year smoothing
was applied.
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Looking at each system, it is observed that in the California and Canary region the
majority of the models project an overall increase, with ensemble means in both sce-
narios and in both regions reaching by 2100 similar positive anomalies of about 1 mmol
m °. In these two regions, the IPSL-CM6A-LR projects much stronger increases, which
stand out from the majority of the other models: in the California EBUS, anomalies of
more than 4 mmol m ® and 2.5 mmol m ? are reached by 2100 under the SSP5-8.5 and
SSP2-4.5, respectively, while in the Canary case of about 6 mmol m ® and 3.5 mmol
m 3, respectively.

In the Humboldt and the Benguela regions, instead, most models project overall de-
creases of subsurface nitrates, with ensemble means reaching by 2100 negative anomalies
of -2.5 mmol m ® under both scenarios in the Humboldt system, and -4 mmol m ® (under
the SSP5-8.5) and -2.2 mmol m ® (under the SSP2-4.5) in the Benguela system. While
in the Benguela case the IPSL simulations quite align with the ensemble projections, in
the Humboldt EBUS, the IPSL model diverges from most models, projecting under both
scenarios slight increases, with anomalies of 0.8 mmol m ® and 0.2 mmol m ® under the
SSP5-8.5 and SSP2-4.5, respectively.

Comparing the IPSL trajectories inside the ensemble spreads for 200m NOj3 (Figure 3.9)
and NPP (Figure 3.7), it is noticeable that in the Canary region there is a similar
strong increase in the two variables under the SSP5-8.5. Thus, the IPSL-projected
increase of 200m NOj concentrations, which substantially moves away from the ma-
jority of the other models, may be responsible for the same behavior observed for
IPSL-projected NPP. Also in the California and Benguela regions the two variables
show quite similar trends, while in the Humboldt EBUS there is not a good correlation
between the stable trend of 200m NOj3 and the strongly increasing trajectory of NPP,
thus changes in NOj3 concentrations do not appear to be major drivers of NPP variations
in this system.

To have an idea on the spatial patterns of the changes, similarly to the analysis made
for net primary productivity in Figure 3.7, maps of 200m nitrates anomalies under the
SSP5-8.5 are shown in Figure 3.10, comparing for each EBUS the ensemble mean and
the IPSL model data.

The IPSL-CM6A-LR model is quite well aligning with other CMIP6 members for some
systems, however some differences are present for other ones. In the Canary and Benguela
regions, where model agreement is high almost everywhere (except in the poleward Ca-
nary area), the simulated patterns are the same, with the IPSL model differentiating
from the ensemble only for the intensity of the changes, in particular in the poleward
portion of the Canary system, where it projects a very strong NOj increase.

However, in the California and Humboldt regions, where the ensemble members show
statistically significant changes in subsurface nitrates, the IPSL projections are different.
In the first region there are projected decreased levels close to the coast and increased
far from it, with the IPSL differentiating from this pattern, with a widespread increase
in the whole region. In the second system, a dual pattern on increased concentrations
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Figure 3.10: Ensemble mean vs. IPSL 200m NOj: future changes in the EBUS
under SSP5-8.5.Projected 200m NOj changes for each Eastern Boundary Upwelling
System, comparing the ensemble mean and the IPSL projected NPP change under the
SSP5-8.5 scenario for the period 2071-2100 relative to 1985-2014. Stippling highlights
areas where the projected changes are statistically significant across models, with model
agreement higher than 80%.

poleward and decreased equatorward is followed both by the ensemble mean and by the
IPSL model, but it the first case the decrease is much stronger and reaches lower latitudes.

Comparing the IPSL projections of 200m nitrates of Figure 3.10 with the NPP ones
of Figure 3.8, some considerations are provided. For the Benguela and the Humboldt
regions, NPP projections are not well mirrored by the subsurface nitrates ones: in the
first system the subsurface nitrate concentrations decrease across most of the mask, with
almost no change/very slight increase in the poleward edge; in the second system there
is a positive anomaly of nitrates in the poleward portion, but it is more limited to the
southern portion of the mask with respect to NPP positive anomalies that reach lower
latitudes.

Instead, similarities exist between NPP and 200m NOj in the Canary and California
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EBUS. It is noticeable the great resemblance of the two variables for the Canary EBUS,
that shows a precise latitudinal correspondence, with strong increases north of 20°N of
latitude. Moreover, in the California region, the pattern of NOjs increase, stronger in
the western edge of the mask, is found also in the observed increase in NPP around the
strong decreasing spot. Therefore, it seems that subsurface NOj3 changes play an
important role in driving NPP variability especially in the California and Canary

EBUS.

Vertical profiles

To get a deeper insight into the mechanisms driving the variability of net primary pro-
ductivity, form here on out only IPSL-CMG6A-LR is used.

To better describe subsurface nutrients and to evaluate the role of vertical mixing oc-
curring in the mixed layer, vertical profiles of nitrate anomalies are presented in Figure
3.11, depicted together with the historical and SSP5-8.5 projected mixed layer depths
(MLD) at the selected latitudes across the four upwelling systems.

For each region, two vertical profiles are shown: one representing the equatorward portion
and one representing the poleward portion of the upwelling system.

The profiles for the two areas of each upwelling system are defined by specific latitudes?,
while the longitudes are allowed to vary within the predefined masks for each EBUS.
This map reveals some features in the EBUS NOgj vertical profiles, with subsurface
anomalies more commonly positive in the poleward sections while negative or mixed
anomalies in the equatorward ones. The strength and distribution of these anomalies
vary significantly between regions, with the Canary poleward region showing the
strongest increase in subsurface nitrates, exhibiting an increase of up to 9 mmolm *
in the subsurface.

Looking more in detail, in the California region both equatorward and poleward portions
show increased NOj concentration in the subsurface (from the depth of 100-150m), while
at shallower levels no significant variations appear.

The Canary upwelling system exhibits different anomalies across latitudes: the equa-
torward section shows slight negative changes, especially at shallow levels, while the
poleward section experiences very strong positive anomalies. In this latter portion, pos-
itive anomalies begin to increase at shallower depths near the coast (around 75 meters
depth at a longitude of 346°) and progressively deeper levels further offshore (around 150
meters depth at a longitude of 342°).

The Humboldt and the Benguela systems present similar vertical profiles, with the equa-
torward portions characterized by decreased NOj3 concentrations at shallow levels below

3These latitudes were chosen, for each mask, in the equatorward and poleward areas where the di-
rection of change of 200m nitrates is stronger. The fixed latitudes are 27°N (equatorward) and 37°N
(poleward) for the California, 17°N (equatorward) and 27°N (poleward) for the Canary, 10°S (equator-
ward) and 40°S (poleward) for the Humboldt, 15°S (equatorward) and 33°S (poleward) for the Benguela.
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Figure 3.11: Vertical profiles of nitrate anomalies for IPSL model in the EBUS
regions, poleward and equatorward portions, under SSP5-8.5. Vertical profiles are ob-
tained for varying longitudes and fixed latitudes. Mixed layer depths (MLD) at the
selected latitudes are also represented in each map: the historical in purple and the
SSP5-8.5 projected in green.
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the mixed layer, particularly strong in the Benguela system; while the poleward portions
show a prevalent increase in subsurface nitrates, more significant in the Humboldt region.

Moreover, the analysis of the mixed layer depth across all regions reveals that it tends to
be deeper in the poleward areas, driven by stronger wind-induced mixing and the influ-
ence of major ocean currents. In these portions, the MLD also shows a slanting pattern,
becoming deeper moving away from the coast. Moreover, in all regions, the future mixed
layer is projected to shoal compared to historical depths due to global warming, which
leads to enhanced stratification.

However, in these regions, both historical and projected mixed layers remain well above
subsurface nutrient stocks, rarely extending beyond 50 meters in depth (with the excep-
tion of the Benguela poleward region). Only in the poleward sections of the Canary,
Humboldt, and Benguela systems, near the coasts, the MLD gets closer to the nutrient
positive anomalies.

Thus, the mixing that occurs within the mixed layer is not the major responsi-
ble for the transport of nutrients from the deeper reservoirs to shallower levels, role
that is rather played by upwelling.

Given the important role of nitrates, understanding the reasons of the observed projected
patterns of NOj is crucial to get reliable projections of NPP. One feature considered to
explain the observed NOj patterns was the role of diazotrophy. Indeed, at a global
level under the IPSL-CM6A-LR model, nitrogen fixation by diazotrophs was found to
be the responsible for the future nitrates increase, which was projected to lead to strong
enhancements of global productivity. However, the role of diazotrophs in N fixation is
usually significant in oligotrophic regions, far from areas of high nitrate concentrations,
where these organisms have better conditions to live*. In particular, in the Eastern
Boundary Upwelling Systems, they do not appear to represent an important source of
new nitrogen. Indeed, the projected levels of nitrogen fixation by diazotrophs in the
latest IPSL model were evaluated and low correlations with patterns of projected NPP
were found. Thus, diazotrophy is not a primary factor affecting productivity in the four
regions of interest.

Rather, the dynamics governing regional patterns of deep nutrient stocks in the ocean
are influenced by a variety of physical processes, including horizontal advection or ver-
tical fluxes, as well as biogeochemical processes that may change sources and sinks of
nutrients in the ocean (for instance remineralization may be one source).

Beyond understanding the causes of the projected patterns of nutrient reservoirs, it is
crucial to assess how these changes will affect the nutrient concentrations in the euphotic
layer, where phytoplankton live. Since the key process transporting nutrients to these
shallow waters is upwelling, which is controlled by wind patterns, the following analysis
focuses on the alongshore winds of these coastal systems.

4Even if it was recently discovered a growing variety of microorganisms and thriving diazotrophic
communities in unusual habits like coastal waters [111], [112].
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3.3.2 Upwelling-favorable winds

As previously introduced, in literature, in the examination of climate change impacts
within the Eastern Boundary Upwelling Systems, different hypotheses were made to ex-
plain the responses of NPP to different scenarios, and the main driver that has always
been identified is the upwelling strength.

The early theory by Bakun 1990 [63] projected that global warming would increase the
ocean-land temperature gradient, leading to a strengthening of alongshore winds, in-
tensification of upwelling, and consequently, to an increase in net primary productivity.
However, this hypothesis is too simplistic, since it projects homogeneous responses of
NPP across the entire systems.

Maps of EBUS net primary productivity of Figure 3.8 demonstrate, instead, that the di-
rection of change is not uniform across the masks, suggesting that climate change impact
is likely to be more complex than the simple increase in upwelling, and that it might
affect different latitudinal sections of Eastern Boundary Upwelling Systems differently.

Therefore, more recent research (such as Rykaczewski et al. 2015 [34] and Bograd et al.
2023 [4]), were evaluated. These studies identified a different latitudinal response within
upwelling regions. They projected a poleward intensification of upwelling, associated
with the poleward expansion of the Hadley cell.

The upwelling strength can be crucial in determining the concentrations of nutrients in
the well-lit surface layer in the EBUS regions, therefore, in order to test this hypothesis,
IPSL-CMG6A-LR outputs for meridional winds were analysed.

Figure 3.12 compares surface downward and equatorward wind stress (tauv, unit of
measure Pa) for historical simulations (1985-2014) and the projected changes under the
SSP5-8.5 scenario (2071-2100 with respect to the baseline), simulations derived from the
IPSL-CMG6A-LR. In all the four EBUS, historical maps show that atmospheric circula-
tion along the west coasts of continents is predominantly characterized by equatorward
winds, with the exception of the poleward portion of the Humboldt system, due to the
more complex dynamics associated with the very low latitudes.

From maps of projected changes, instead, significant variations in high-pressure systems
are evident. In the Canary, Humboldt and Benguela regions, a meridional gradient of
wind changes is projected, with a decrease in the equatorward portion and an increase
in the poleward portion (although in the Humboldt system there is again a different
behavior in the latest high-latitude portion, more associated with other processes and
linked to the vicinity of the Southern Ocean).

In the California EBUS, the majority of the region shows a projected decrease in the
equatorward wind stress. However, similar to the other systems, the poleward edge of
this EBUS exhibits increased alongshore wind stress, positive anomaly that is found just
after the final portion of the mask’s defined limits obtained from the ISIMIP repository.
Moreover, in the California region, a notable strong negative wind anomaly appears near
the coast around the 35° latitude.

The observed dual behavior of winds of Figure 3.12 confirms Rykaczewski’s hypoth-
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Figure 3.12: Surface Downward Equatorward Wind Stress: Historical vs.
SSP5-8.5 Changes. Surface Downward Equatorward Wind Stress for each Eastern
Boundary Upwelling System, comparing the historical (1985-2014) and projected change
under the SSP5-8.5 scenario for the period 2071-2100 (relative to 1985-2014). Positive
wind stress is toward the equator.

esis [34], with increased land-sea temperature gradients due to global warming leading
to enhanced upwelling-favorable winds poleward and weaker winds equator-
ward across all four EBUS regions.

When comparing the IPSL-projected changes in net primary productivity shown in Fig-
ure 3.8 with the upwelling-favorable winds in Figure 3.12, insights into the mechanisms
driving NPP changes emerge. In the Canary, Humboldt, and Benguela regions, there is
a consistent latitudinal correspondence between the two variables. In the Humboldt and
Benguela region the correspondence is quite precise, with regions of increased (decreased)
net primary productivity almost coinciding with the increased (decreased) equatorward
winds; in the Canary region the dual pattern is followed, even though the NPP increase
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extends in the poleward portion up to the latitude of 20°N, while the wind stress positive
anomaly only reaches the 25°N latitude.

Instead, in the California region, the projected reduction in upwelling strength explains
the significant negative NPP anomaly hotspot, with both variables showing strong neg-
ative anomalies in the same location. However, the increased NPP observed elsewhere
in the California system is not explained by the projected upwelling changes.

From this analysis, it is evident that upwelling strength is a major factor impacting NPP,
thanks to the enhanced supply of nutrients at shallower levels provided by the increased
upwelling. Particularly in the Humboldt, Benguela, and in a localized area of
the California EBUS, upwelling strength is the major driver of NPP changes.

However, the upwelling strength does not explain the NPP patterns everywhere. Past and
present research of anthropogenic changes in EBUS only emphasize the role of upwelling,
often neglecting to consider other potential factors, mainly the changes in subsurface nu-
trients concentrations, whose variations may alter significantly the concentrations found
in the euphotic layer.

Looking at the California case, for instance, it is observed that, despite the projected
decrease in upwelling across the entire mask, NPP is expected to decrease only in the
localized spot of very strong upwelling reduction, while, all around that spot, it is pro-
jected to intensify. This is because the increase in subsurface nutrient levels is so intense
that, despite the reduced volume of water being upwelled, enough nitrates reach the
surface and significantly boost NPP.

The analysis so far indicates that no single factor can fully explain future NPP projec-
tions, and both subsurface nitrate concentrations and upwelling strength may contribute
to the changes. A quantitative assessment of how much each factor influences NPP would
be enlightening. In particular, the understanding of the interconnected changes in ni-
trate levels and upwelling dynamics, such as the depth from which waters are drawn and
brought to the surface would offer a clearer picture of the mechanisms driving changes
in marine primary production.

3.3.3 Community composition changes

To get deeper into the understanding on the causal mechanisms driving NPP in the
euphotic zone, a deeper analysis using IPSL-CMG6A-LR outputs was carried on. The
relation between NPP, surface and subsurface nutrients was investigated, and the ap-
proach used involved linear regression.

As previously illustrated in the NPP map of Figure 3.8, under the SSP5-8.5 scenario, the
IPSL-CM6A-LR projections for the four EBUS show internal contrasting trends in NPP,
with a dichotomy between the poleward and equatorward parts, particularly pronounced
in the Canary and Benguela regions, while California and Humboldt exhibit less orderly
patterns. Hence, the two Atlantic regions are split in halves at the latitudes where the
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NPP anomalies change sign in each EBUS, as shown in Figure 2.2 of section 2.5.

The linear dependencies of NPP, surface NOs, and 200m NOj in the equatorward and
poleward halves of the Canary and Benguela regions are analysed. More precisely, Figure
3.13 presents scatterplots of historical and projected anomalies from the IPSL model,
with the linear regression line that is derived for each couple of variables having a sta-
tistically significant relation (p-value smaller than 0.05).

The first column represents, for each of the four subsystems, the linear relation between
surface nitrates and net primary productivity, the second one between 200m nitrates and
net primary productivity, the last one between 200m and surface nitrates.

In the majority of the plots the correlation coefficient r is very high. In particular, in
the Canary poleward and in the Benguela equatorward portions, r values are every-
where higher than 0.8; also in the Canary equatorward area, even if r values are lower,
the correlations are positive. This aligns with the physical descriptions discussed ear-
lier: phytoplankton can only thrive in the sunlit surface waters if sufficient nutrients are
available. Therefore, it is reasonable that high NPP values correspond with elevated
nitrate concentrations at both the surface and 200m, as these depths represent the range
of nutrient levels accessible to phytoplankton.

Also, in these three areas, subsurface and surface nitrates appear to be coupled, which
is expected given the upwelling in these regions, that brings deep waters to the surface.
However, interestingly, the Benguela poleward region presents high correlation values
only between subsurface and surface nitrates (r=0.77), while NPP is negatively corre-
lated with 200m NOj (r=—0.52) and there is no statistically significant correlation with
200m NOj3 (p-value> 0.05).

This decoupling of NO3 and NPP in the Benguela poleward region suggests that varia-
tions in nitrate levels are not a straightforward driver of productivity in this area.

A deeper study is conducted by distinguishing between diatoms and nanophytoplankton,
as they may be affected by diverse factors due to their size, morphology, and biogeochem-
ical characteristics.

The same analysis of Figure 3.13 is repeated for diatoms and nanophytoplankton sepa-
rately across the halves of the Canary and Benguela regions.

The results highlights that the net primary productivity of the two plankton functional
types behave differently in the poleward portion of the Benguela. A substantial differ-
ent pattern characterises the two classes: NPP shows positive correlation values with
both 200m and surface nutrients for diatoms, while for nanophytoplankton there is no
significant correlation (p-value> 0.05).

To understand this discrepancy, Figure 3.14 shows the time series of SSP5-8.5 projected
total NPP and NPP from nanophytoplankton and diatoms, using the IPSL model in
the equatorward and poleward halves of the Canary and Benguela regions. It can be
observed that in the two equatorward portions and in the Canary poleward region, total
NPP and productions from the two PFTs behave in the same way in each region (in the
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Figure 3.13: NPP, surface NO3 and 200m NOg linear relations. Scatterplots of
anomalies of surface NO3 vs. NPP in the first column (dark green triangles are historical
data, light green squares are projected data); 200m NOjz vs. NPP in the second column
(red triangles are historical data, orange squares are projected data); 200m NOj vs.
surface NOj in the third column (blue triangles are historical data, light blue squares are
projected data). Each row corresponds to a portion of a system, from the top: Canary
equatorward, Canary poleward, Benguela equatorward, and Benguela poleward. In each
plot, the black line represents the regression line. All correlation values are statistically
significant (p-value< 0.05), except for the surface NO3 vs. NPP relationship. Data from
the IPSL-CMG6A-LR model output.

equatorward cases they all decrease, while in the Canary poleward they all increase). In
contrast, in the poleward portion of the Benguela there is an opposing trend between
nanophytoplankton NPP, projected to increase from 0.8 to 1 umolm ?s ', and diatoms,

projected to decrease from 0.16 to 0.08 gmolm %s .
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Figure 3.14 also shows the fraction of net primary productivity given by the two plank-
ton functional types, and it is observed that nanophytoplankton are the dominant type
across all regions. In the equatorward portion of the Canary system, nanophytoplank-
ton NPP is about five times larger around 2020 and grows to seven times larger by
2100, while in the poleward Canary region, the ratio between nanophytoplankton and
diatoms net primary productions decreases slightly, from about 3.5 in 2020 to 2.5 by
2100. The Benguela system shows a more pronounced imbalance: in the equatorward
region, nanophytoplankton are seven times larger around 2020, increasing to 12 times
by 2100, while in the poleward Benguela region, the ratio of nanophytoplankton over
diatoms NPP goes from 5 to 13 times larger, which is a significant change in the rela-
tive concentrations of the two PFTs. Thus, the increasing trend in total net primary
production in the Benguela poleward region is primarily driven by the rising NPP of
nanophytoplankton, and it is not affected by the decreasing diatoms tendency.
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Figure 3.14: Nanophytoplankton, diatoms and total net primary productivity
for IPSL model (SSP5-8.5). Time series of SSP5-8.5 IPSL-projected absolute values
of total NPP (black), NPP by diatoms (red), and NPP by nanophytoplankton (green)
in the equatorward and poleward halves of the Canary and Benguela regions. A 5-years
smoothing was applied. In the background, the fractions of NPP by diatoms (light red)
and by nanophytoplankton (light green).

There may be several reasons for this shift in the community structure. Different stud-
ies, such as Bopp et al. 2005 [113] or Marinov et al. 2010 [114], have highlighted how
nutrient-depleted conditions in the surface ocean may favor small phytoplankton at the
expense of diatoms. The latter tend to dominate the phytoplankton community when
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growth conditions are optimal, while, where nutrients are depleted, smaller phytoplank-
ton, with lower half-saturation coefficients, are favored.

In the poleward Benguela region, however, despite the projected decrease in NOg levels
(both at the surface and in deeper waters), the nitrogen limitation factor® is projected
to increase (less limitation), so nitrogen does not appear to be the cause of this trend.

This suggests that other factors could be more significant in driving community changes.
The main investigation made in this study was on the role of silicates, whose lacking
availability affects diatoms, the only phytoplankton functional type that requires this
nutrient, and so may be badly affected by its scarcity.

However, analyzing the projected anomalies of silicates in these regions, no large expla-
nations are found. In the poleward Benguela system, positive anomalies of silicates are
projected, while a decrease would be expected if they were responsible for the projected
diatoms reduction. Thus, it loos like silicates are not the responsible for the observed
decrease in diatoms.

To conclude, the trends in net primary productivity and the nutrient dynamics in the
Benguela poleward region require deeper investigation, due to the complex interplay be-
tween nutrient availability, phytoplankton community composition, and their respective
nutrient utilization efficiencies. In the next section, another approach will shed more
light on this question.

3.4 Growth rates decomposition

In this section, a quantitative approach is used to evaluate the different factors influenc-
ing NPP.

As already introduced, an expression for net primary productivity is: NPP=P x u, where
P is the phytoplankton biomass and p is the growth rate. Therefore, NPP changes can
be associated with variations in biomass P (which may be due to changes in the zoo-
plankton grazing pressure) or with changes in the growth rates of phytoplankton.
Dealing with this last aspect, it is provided an evaluation of the relative importance of
different factors on the growth rate variability.

A quantitative analysis of the limitation factors is made. Taking into account limitation
of temperature, light and nitrogen (described in Section 2.4), time series of growth rates
are examined. As explained in Section 2.5, the standard time series of growth rates are
compared against three alternative time series that, in each case, have only one limiting
factor allowed to vary according to its SSP5-8.5 projection, while the other two factors
are held constant.

Figure 3.15 presents the resulting projections for diatom growth rates in the four sys-
tems, as modeled by the IPSL model under the SSP5-8.5 scenario.

>The nitrogen limitation factor does not only depend on nitrate (NO3) but also on ammonium (NHy).
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Figure 3.15: Decomposition of diatom growth rate changes under SSP5-8.5 for
IPSL model. Time series of projected growth rates of diatoms under the SSP5-8.5 for
the IPSL model in the four EBUS. Black lines are normal growth rates; orange, green,
and blue lines are growth rates obtained allowing to vary respectively only nutrients,
light, and temperature (according to their normal SSP5-8.5 projection), while keeping
the other two factors fixed at their average value over the period 2015-2025.

The first consideration is that nutrient limitation has the greatest impact on growth rates
across all four regions: the reduction of the growth rate is the strongest when there is
only nutrient limitation, rather than when there is only light or temperature limitation.
Moreover, in the California and Canary regions, nutrients can be identified as the pri-
mary drivers of changes in growth rates, as it is deduced from the significant resemblance
between the normal and nutrient-varying growth rate time series, although the actual
growth rates are higher due to the positive impact of temperature (which increases the
rate almost linearly in response to global warming).

In contrast, in the Benguela and Humboldt systems temperature is a central
driver of NPP variability, since temperature limitation shapes the final growth rate
projections. In the Benguela region, temperature strongly determines the increasing
trend in the growth rate, although interannual variability is mostly explained by the
nitrogen factor. In the Humboldt system, temperature has an even stronger influence,
determining the intense increasing trend and also affecting interannual variability.

The effect of increasing temperatures, in these systems, is of speeding up the metabolic
processes, leading to a more efficient nutrient uptake. This allows for faster growth rates,
even when nutrient availability is low.
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It is noted that, among the four EBUS, the Benguela and Humboldt regions exhibit the
highest growth rates, followed by the Canary region, and, lastly, the California region.
The latter experiences significant nutrient limitation, resulting in much lower growth
rates, approximately one order of magnitude smaller compared to the other regions. This
limitation is responsible for the reduced productivity observed in this region. Specifi-
cally, the upwelling hotspot of the California region has an average historical NPP of
0.5x10 ®molm ?s !, whereas the other regions have an average historical NPP about
twice that amount. This result aligns with a previous study by Lachkar et al. 2011
[115], which compared the California and Canary current systems and highlighted that
nutrient use efficiency may depend on topography and the degree of eddy activity, sug-
gesting that the broader continental shelves and lower mesoscale activity in the Canary
region contribute to longer residence times for upwelled waters, thus leading to a greater
buildup of biomass.

Coming back to all the four EBUS, the analysis just presented for diatoms was conducted
also for nanophytoplankton, which yielded similar results. However, the growth rates for
these last ones were generally higher across all regions, a difference that is attributed to
their greater capacity to adapt to unfavorable conditions.

Harking back to the analysis of Section 3.3.3, one interesting result, obtained using
this growth rate decomposition, regards the poleward Benguela portion. In that region,
where NPP was highlighted to be negatively correlated to 200m nitrates and not corre-
lated to surface nitrates, the same approach was used. The decomposition of diatom and
nanophytoplankton growth rate changes highlighted that, in that area, the most limit-
ing factor is temperature: while in both portions of the Canary and in the equatorward
Benguela, nitrates are the major limitation factor, given the good similarity between
the normal and nutrient-varying growth rate time series, in the poleward Benguela the
dominant influencing factor is temperature. This strong limiting role played by tem-
perature, rather than by nutrients, may explain the unexpected linear relations between
NPP and NOjs concentrations at the two depths observed in Figure 3.13. However, a
more complete understanding of this peculiar behavior and of the projected community
shift should also investigate the changes in the recycling of nutrients in the euphotic zone
and the variations of the zooplankton grazing pressure.

3.5 Overshoot scenario

Focusing on the scenarios SSP5-8.5 and SSP2-4.5, in the previous sections it was proved
how hard it is to project the evolution of primary productivity, given the wide range of
projected trajectories of ESMs of the ensemble. The issue becomes particularly relevant,
and more complicated, when investigating reversibility of the changes.

To evaluate the response to mitigation strategies, it was employed the overshoot scenario
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SSP5-3.4-O8S, component of the ScenarioMIP introduced in section 2.1.

The ensemble available for the overshoot scenario comprises 8 members, a smaller set
with respect to the previous one, which included 17 models for SSP5-8.5 and SSP2-4.5.
This is a significant drawback because a smaller ensemble size increases the risk of model
uncertainty, that is typically mitigated with a larger number of members.

Dealing with this new overshoot pathway, the first variable examined is the Global Mean
Surface Temperature (GMST), since the knowledge of its evolution can provide direct
and clear information on the severity of the climate crisis.

Similar to the projections of the previous sections, but now looking at a global level,
Figure 3.16 illustrates the ensemble anomalies of GMST, comparing the SSP5-8.5 and
the SSP5-3.4-0S.

GMST [°C]

2000 2020 2040 2060 2080 2100
Year
25th-75th percentile SSP5-8.5 25th-75th percentile SSP5-3.4
10th-90th percentile SSP5-8.5 10th-90th percentile SSP5-3.4
—— Ensemble mean SSP5-8.5 —— Ensemble mean SSP5-3.4
---- IPSL model SSP5-8.5 ---- IPSL model| SSP5-3.4

Figure 3.16: Global Mean Surface Temperature anomalies: SSP5-8.5 vs. SSP5-
3.4-0S Projections. Projected twenty-first-century change in Global Mean Air Surface
Temperature for SSP5-8.5 and SSP5-3.4-OS: solid lines are ensemble means, dashed
lines are IPSL model; shaded regions indicate 25th—75th (darker shade) and 10th-90th
percentile (lighter shade). A 10-year smoothing was applied.

Model agreement across both scenarios is strong, with ensemble spreads showing a range
of around 1°C between the 25th and 75th percentiles, and of 2°C between the 10th and
90th percentiles, with the IPSL simulations aligning with the ensemble means.

Under the SSP5-8.5 scenario, all members project strong warming, with the ensemble
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mean temperature reaching an anomaly of about 5°C by 2100. In contrast, under the
SSP5-3.4-OS pathway, despite the emission reductions from 2040, the atmosphere keeps
warming for about 25 more years. The ensemble mean exceeds the 2°C threshold around
2060, peaks around 2065, and only then it starts to slowly decrease, eventually falling
back below the 2°C anomaly by 2090.

It should be noted that, due to the different sizes of the ensembles for the SSP5-8.5 and
the SSP5-3.4-OS, the ensemble means of the two scenarios do not exactly coincide in
the year 2040, even though the overshoot scenario directly branches off from SSP5-8.5
at that time.

After establishing the projected evolution of global mean surface temperature, a useful
next step is to assess how other variables behave in response to specific levels of warming.
Therefore, in this section, variables changes are presented in relation to GMST, rather
than as time series.

Given the findings of the previous sections, which highlighted the peculiar behavior of
NPP anomalies in the different portions of the Canary and Benguela regions, the over-
shoot projections of NPP, SST, and 200m NOgj are presented for both the equatorward
and poleward areas of these two systems. Due to limited availability of long time series
data from other models, this analysis was conducted using only the IPSL simulations.
Moreover, a similar analysis was performed for the entire four EBUS regions, however
those projections did not yield valuable insights into the understanding of the processes
driving marine productivity changes. Rather, the focus on these specific areas helps to
understand better the mechanisms influencing NPP variability.

Figure 3.17 presents the projected relative change in net primary productivity for the
two scenarios, plotted against the GMST anomaly. The SSP5-8.5 scenario extends until
2100, while the SSP5-3.4-OS pathway continues up to 2200, providing a longer view on
future evolution under non-monotonic forcing. In the SSP5-8.5 scenario, the findings
of the previous section are confirmed: NPP decreases in the equatorward areas and in-
creases in the poleward areas as GMST (that is linearly related with time) increases.
Instead, under SSP5-3.4-OS, a characteristic behavior emerges for the poleward and
equatorward portions of these systems. In the poleward areas, both the Canary and
the Benguela systems show reversibility in NPP changes. After the GMST exceeds the
2°C threshold (around 2060), NPP anomalies continue to rise for about 5 more years,
peaking near 2065 at +20% in the Canary poleward and +6% in the Benguela poleward
regions. After this, NPP reverses direction, gradually decreasing toward past levels. By
2200, with a GMST anomaly of around 1°C, NPP anomalies are approximately +10% in
the Canary poleward and +2% in the Benguela poleward areas, values that were charac-
terizing the system around the year 2040, when the overshoot scenario branched off the
SSP5-8.5.

In contrast, the equatorward portions of the two systems show a different response, with
strong intensification of NPP with respect to baseline values. In both cases, in the over-
shoot scenario, NPP shows a decreasing tendency (similar to the one of the SSP5-8.5)
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Figure 3.17: Relative NPP change against GMST: SSP5-8.5 vs. SSP5-3.4-
OS Projections. IPSL projections of relative NPP changes for the equatorward and
poleward halves of the Canary and Benguela regions are shown. The changes, relative
to the baseline period 1985-2014, are plotted against GMST. Data for the SSP5-8.5
scenario (orange) are up to 2100, with the years indicated every 20 years, while data
for the SSP5-3.4-OS scenario (purple) are up to 2200, with the years indicated every 40
years. A 10-year smoothing was applied.

until the GMST anomaly reaches 2°C. Then, around 2065, in the equatorward regions
the trend changes. In the Canary case, NPP rises sharply, reaching a +10% anomaly
by 2100 (with a GMST anomaly of about 1.5°C), followed by a slight decline over the
next century. Similarly, the Benguela equatorward region experiences a strong rebound
in NPP, that, increasing, returns to historical values by 2200 (with a GMST anomaly of
around 1°C).

In both cases, the increase in relative NPP is more than 10% in only a hundred years, a
very steep tendency, especially in the case of the Canary region.

These results can be compared with the already cited study by Heinze et al. 2023 [90],
where NPP in the Arctic Ocean was studied under a mitigation scenario and was found to
go back to past values, reversing the direction of change around 2065. In that study, the
considered region of investigation was different, but the lag of the response of NPP in the
overshoot scenario was the same. Thus, it can be confirmed that the lag of response of net
primary production is of about 25 years after aggressive mitigation efforts are carried on.
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Moreover, trying to understand the reasons of the different directions of anomalies ob-
served in the two portions of the EBUS after the overshoot, the same analysis is per-
formed on the drivers of NPP variability.

The first variable analyzed is sea surface temperature. Figure 3.18 presents the same
type of plots as in Figure 3.17, but for SST. Under the SSP5-8.5 scenario, SST shows a
consistent increase in all regions for increasing GMST and time. By the end of the 21st
century, the Canary region experiences a SST anomaly of more than 3°C and of 2.5°C,
respectively in its equatorward and poleward portions, while for the Benguela EBUS
of about 4°C and almost 3°C, respectively in the equatorward and poleward portions.
Instead, in the case of the SSP5-3.4-OS, in all the considered regions, SST shows re-

Canary equatorward Canary poleward

GMST [°C] GMST [°C]
Benguela equatorward Benguela poleward
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Figure 3.18: SST change against GMST: SSP5-8.5 vs. SSP5-3.4-OS Projec-
tions. IPSL projections of SST changes for the equatorward and poleward halves of the
Canary and Benguela regions are shown. The changes, relative to the baseline period
1985-2014, are plotted against GMST. Data for the SSP5-8.5 scenario (orange) are up to
2100, with the years indicated every 20 years, while data for the SSP5-3.4-OS scenario
(purple) are up to 2200, with the years indicated every 40 years. A 10-year smoothing
was applied.

versibility: it keeps rising as GMST increases and until the latter reaches an anomaly

of about 2.1°C (around 2070). After this point, as GMST begins to decrease, and SST
follows suit, tracing backwards its previous pathway.
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Hence, SST shows everywhere good reversibility: temperature of ocean surface tends to
go back to past values under the overshoot scenario, with a lag of around 30 years after
the onset of intense mitigation strategies in 2040.

This indicates that SST is not directly responsible for the behavior observed in the pro-
jected NPP, so other factors are probably driving the observed changes in NPP.

A similar analysis was performed also for the equatorward surface wind stress, but the
resulting plots were quite noisy. No evidence of reversibility was observed in the changes
of this variable in the considered regions, and the trajectories were difficult to interpret,
offering little insight into the behavior of NPP across the different portions of the EBUS.
Trying to understand this complexity, it was considered the study by Kim et al. 2023
[116], which explores the reversibility of the poleward Hadley cell expansion. The study
suggests that under a carbon dioxide removal scenario, the Hadley cell does not return
to its present-day state. Instead, it shows an asymmetric behavior between the two
Hemispheres: in the Southern one, the HC edge shows a slower recovery and remains
poleward of its current position, instead in the Northern Hemisphere, the HC edge re-
covers faster and shifts equatorward of its current position. This asymmetric behavior
makes it complicated to interpret the impact of wind stress on NPP trends.

Rather, the investigation of subsurface nitrate levels provides interesting and straight-
forward results. Figure 3.19 illustrates the 200m NOj3 concentrations, investigated in the
same way as the previous NPP analysis of Figure 3.17.

Under the SSP5-8.5 scenario, with increasing GMST over time, the Canary region ex-
hibits a strong increase in subsurface NO3 concentrations poleward (anomaly of +7 mmol
m ? by 2100), while a slight decrease is observed equatorward (about -0.25 mmol m * by
the end of the 21st century); instead, in both the poleward and equatorward portions of
the Benguela EBUS, subsurface nitrates are projected to decrease (respectively reaching

? and -1.5 mmol m?). These results well align with

by 2100 anomalies of -2 mmol m~
the findings of the previous sections on projected subsurface nitrates.

Dealing with the SSP5-3.4-OS, instead, the interesting result is that the plots show
very similar patterns to the ones of relative NPP in Figure 3.17. In the poleward re-
gions of both the Canary and Benguela systems, subsurface nitrate concentrations show
reversibility: they initially follow the respective trends of SSP5-8.5 until the GMST
anomaly of 2.1°C (around 2070), then concentrations reverse and retrace backwards the
previous trajectory.

Instead, in the equatorward portions, the nitrate concentrations follow the SSP5-8.5 de-
creasing trend until the 2.1°C GMST anomaly, and afterwards they increase. In the
equatorward Canary region, concentrations reach anomalies of approximately 1.5 mmol
m ® by the year 2180, while in the Benguela portion, nitrate levels rebound to historical
values and slightly surpass them, with anomalies approaching 1 mmol m ® by 2180.

Thus, NPP and NOj responses are characterized by a similar lag of 25-30 years after the
emission reduction strategies actuation. The trajectories of both variables show large
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Figure 3.19: 200m NOj change against GMST: SSP5-8.5 vs. SSP5-3.4-0OS
Projections. IPSL projections of 200m NOj changes for the equatorward and poleward
halves of the Canary and Benguela regions are shown. The changes, relative to the
baseline period 1985-2014, are plotted against GMST. Data for the SSP5-8.5 scenario
(orange) are up to 2100, with the years indicated every 20 years, while data for the
SSP5-3.4-0OS scenario (purple) are up to 2200, with the years indicated every 40 years.
A 10-year smoothing was applied.

differences between poleward and equatorward regions. In the poleward areas, NPP
and 200m NOj3 exhibit strong reversibility, almost tracing backwards their previ-
ous trajectories. In contrast, the equatorward regions show significant increases
in both variables: in the Benguela system, net primary productivity and nitrate levels
rebound back to historical values, while in the Canary system, they increase substan-
tially above the historical values.

These projections shed light on the causal mechanisms driving NPP in these ecosystems:
subsurface nitrates play a central role in shaping surface phytoplankton dynamics, given
the similarities of the plots in Figures 3.17 and 3.19, which suggest that increased con-
centrations in subsurface waters can significantly enhance marine production.

Since the upwelling-favorable wind stress projections under the overshoot scenario did
not explain the projected changes of relative NPP, it can be concluded that under this
SSP5-3.4-08S, the major driver of primary productivity variability is the change in the
subsurface nitrate concentrations.
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These results were compared to the study by John et al. 2015 [91], that, using a ramp-up
and ramp-down scenario, found a similar pattern of increased NPP levels above contem-
porary means after the implementation of mitigation strategies.

That study attributed this unexpected increase in NPP to a deeper mixing in the ocean:
during the ramp-down phase the surface temperatures cool more rapidly, while the deeper
ocean continues to warm due to its thermal inertia. The resulting increased temperature
gradient leads to enhanced mixing in a deeper mixed layer, process that brings more
nitrates from deeper waters to the surface, inducing higher productivity.

In particular, the study highlighted that the subtropics have the largest relative primary
productivity amplifications under climate mitigation due to this kind of process.

This amplification in the subtropics could explain the strong increase in NPP observed
only in the equatorward portions of EBUS and not in the poleward ones. However, this
remains a hypothesis, and several factors need consideration. In the EBUS regions, ma-
jor driver of surface nutrient levels is upwelling, rather than the vertical mixing caused by
temperature gradients between surface and deeper waters. Moreover, as past literature
suggests, upwelling in EBUS may counteract the warming effect by bringing cold, deep
water to the surface. This could slow the subsurface warming in response to climate
change, reducing the temperature gradient and thereby limiting vertical mixing.

A precise quantification of the impact of these processes in the overshoot scenario re-
mains an open challenge, and potentially interesting findings may yield from analysing
changes in upwelling strength, vertical temperature gradients, and mixed layer depth.
Future and more detailed studies on this topic should focus on these dynamical pro-
cesses, on subsurface ocean currents and on biogeochemical processes that may alter
nitrate concentrations of deep reservoirs. In this way a more quantitative overview on
future changes in nutrients concentrations, found to be major drivers of NPP under the
overshoot scenario, would be obtained.
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Chapter 4

Future work and open questions

As highlighted in the development of the thesis, diagnosing changes in net primary
productivity in upwelling systems is a challenging issue. The complexity arises from
the multitude of interacting factors, both dynamical and biogeochemical, which include
feedbacks operating on different time and spatial scales.

This chapter illustrates the main limitations of the study, highlighting the difficulties
encountered during the analysis and suggesting possible solutions to adopt for future
investigations.

4.1 Biogeochemical aspects

To get reliable projections of future climate variables, enhancing the biorealism of Earth
System Models is crucial. Accurate models must effectively simulate biological processes
(like photosynthesis, respiration, and nutrient uptake), biogeochemical cycles, and the
dynamics, interactions, and biodiversity of organisms, in order to get a comprehensive
view of the ecosystem.

One shortcoming of this study is the disproportionate importance given to nitrogen
among all nutrients. This analysis only evaluated the limiting role of nitrogen on phyto-
plankton productivity, since it is globally the dominant limiting macronutrient, however
other nutrients might also be important drivers of NPP evolution in the EBUS regions.
For instance, as explained previously, silicates are essential for the life of diatoms, so
variations in their concentrations could impact their populations. In addition, other
nutrients like phosphorus, iron, or ammonium should be investigated to get a complete
overview. Future studies should adopt a more comprehensive approach, evaluating also
co-limitations of nutrients [117] and making full budgets of them, for example analyzing
fluxes using a box model, similarly to what has been done for oxygen by Bopp et al.
2002 [109].

Another weakness of this study is that it did not analyse the role of zooplankton. As
highlighted in studies such as Le Quéré et al. 2016 [118], zooplankton are essential in
their relationship with phytoplankton, because they regulate the marine carbon cycle,
influencing export production below the surface mixed layer and the remineralization
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and recycling of organic matter in the upper ocean. Therefore, considering the grazing
pressure on different phytoplankton species by zooplankton is important, as well as
analysing the resulting food-web dynamics.

In particular, past studies suggest that the global response of phytoplankton productiv-
ity decrease may amplify throughout the trophic food web [119], with more dramatic
responses at higher trophic levels [120].

Therefore, due to the role of phytoplankton as base of the oceanic food chain, future
studies should focus on the implications of thier changes on higher trophic levels. As-
sessing quantitatively the impact in the EBUS regions and evaluating the possibility of
trophic cascades is essential, because of the important environmental, but also social and
economic, service supported by the regions.

To do this, a useful approach would be the coupling with a high trophic level model like
APECOSM (see Duponet al. 2022 [121]), in order to represent marine animals in Earth
System Models and get a better understanding about the potential for climate change
effects to intensify as they move up the marine food web.

4.2 Observations

This study only analyzed output data from model simulations of Earth System Models,
neglecting observations. However, comparing these ones with historical simulations may
be valuable for assessing the accuracy of models, identifying gaps in the understanding
of the mechanisms driving net primary productivity, and potentially improving model
algorithms and the represented processes.

The issue is that, when it comes to phytoplankton, observations generally provide reliable
information only on biomass, which is measured from space by analyzing chlorophyll con-
centrations looking at ocean color. Observing net primary production, instead, is more
complex, and there are significant uncertainties related to its observations predating
satellite remote sensing.

Quantitatively measuring NPP involves using algorithms that combine satellite mea-
surements of chlorophyll (from sensors like the Moderate Resolution Imaging Spectrora-
diometer, MODIS, and the Sea-viewing Wide Field-of-view Sensor, SeaWiF'S) with inci-
dent light data and descriptions of phytoplankton physiology. Different algorithms have
been developed for this purpose. For instance, Kwiatkowski et al. 2017 [122] compared
four different algorithms over the SeaWiFS satellite record: the Vertically Generalised
Production Model (VGPM), the Carbon-based Production Model (CbPM), the Marra
model, and the Carr model. However, these algorithms often produce contrasting results,
and there is still no consensus on the best way to estimate NPP, with no agreement on
global trends over the past century.

Additionally, evaluating the impact of climate change on NPP from observations is chal-
lenging because the time series of data often show discontinuities and are too short
(satellite observations have only been available since 1997) to differentiate between an-
thropogenic impacts and natural variability.
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Furthermore, comparing model outputs with observations has inherent limitations, since
models that perform well today may not be suitable in the future due to possible changes
in processes and emergence of newly important drivers of NPP. These factors might not
be well-parameterized in present models, and since they are not currently the primary
drivers of NPP changes, their influence may not yet be evident. As these new factors
become more significant, the accuracy and reliability of existing models may decline.

4.3 Spatial resolution

In the process of understanding the drivers of NPP changes, one challenge was that the
main model used, IPSL-CM6A-LR, is coarse, with a resolution of 1° (NEMO-PISCES
in the ORCA1 configuration). This low-resolution global model was chosen over a high-
resolution regional one because the processes influencing NPP do not occur only at a
local level, but also at a larger scale. For instance, it was described how global atmo-
spheric circulation changes associated with the expansion of the Hadley cell can influence
upwelling strength. Additionally, subsurface dynamics, such as currents and circulation
processes, may affect nutrient concentrations in the subsurface stock.

However, while a global model is necessary to account for these large-scale processes,
smaller-scale phenomena like mesoscale eddies, coastal undercurrents, tides or sediments
processes may not be resolved with a 1° resolution. Ideally, global high-resolution models
would be used, but this is currently too expensive computationally, given the long time
series and large number of models required for this study. Moreover, less models in the
ensemble are available at a high resolution. Future analyses may attempt to couple the
low-resolution model with a higher-resolution one, possibly using NEMO-PISCES at a
resolution of 0.25°, or by integrating a regional high-resolution model such as CROCO
[123], which is designed for regional configurations and fine scales analysis.

4.4 Projection uncertainty

As introduced in 2.3, when analyzing outputs of scenario simulations from Earth System
Models, different sources can contribute to increase the uncertainty of the projection. In
this study, the scenario uncertainty was addressed by exploring different trajectories
of plausible futures based on human activities and policy decisions, focusing on the sce-
narios SSP5-8.5, SSP2-4.5, and SSP5-3.4-0OS.

Internal variability was found to be the dominant source of uncertainty in most coastal
large marine ecosystems over the next few decades [124], therefore, when looking at the
Eastern Boundary Upwelling Systems, it becomes crucial to quantitatively assess its im-
pact. One approach to distinguish internal variability from the human-induced is using
large ensembles, that can better capture the range of possible outcomes due to inherent
randomness within the climate system [125].

However, in this thesis, the data used were the outputs of single simulations for each
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model: as explained in section 2.4, even if multiple simulations were available, for each
model of the ensemble, only the first member was considered (usually riilpif1). In
this way it was not considered the potential impact of initial conditions in the evolution
of the different variables, which may be strongly determining. Using a large ensemble
approach and considering all the available simulations from the Earth System Models
may help to capture the range of possible outcomes due to the inherent randomness
within the climate system.

To address model uncertainty, a common approach is to use multi-model ensembles.
In this study, the CMIP6 one was adopted, and the attention was put on the IPSL-
CMG6A-LR member. Comparing the behavior of the latter with the other models helps
to identify the causes of its different projections and to evaluate its sensitivity to pro-
cesses that may occur at different spatial and time scales, which may be parametrized
differently. For instance, as previously explained, the diverse parametrisation of nitrogen
fixation in the IPSL-CM6A-LR model has a huge impact on projections of NPP globally,
leading to projected increasing trends that significantly differ from most of the other
ensemble members. An effective method to assess this type of uncertainty, as demon-
strated in [108], is to compare two versions of the same model to understand the effects
of recent modifications in the model.

In future research, it would be ideal to apply this approach to Eastern Boundary Up-
welling Systems with the global models IPSL-CM5A-LR and IPSL-CM6A-LR. The com-
parison would help quantify the contribution of nitrogen fixation by diazotrophy origi-
nating from the oligotrophic waters of central ocean gyres, since the investigation con-
ducted by now only evaluated local fixation, neglecting potential sources from outside of
the EBUS.

4.5 Natural variability

As introduced in section 1.3.1, variability of marine ecosystems is driven by the combi-
nation of natural and anthropogenic forcings. Through interannual or decadal modes, it
can superimpose and alter the impacts of anthropogenic changes.

Unfortunately, it is hard to differentiate between variability associated to natural low-
frequency modes such as the already mentioned El Nino-Southern Oscillation (ENSO),
Pacific Decadal Oscillation (PDO), North Pacific Gyre Oscillation (NPGO), North At-
lantic Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO), and human-induced
changes, due to the possible superimposition of effects and alterations that climate change
may have on natural variability.

One possible approach would be running simulations over longer periods (of centuries
or more) to establish a more solid baseline against which changes due to anthropogenic
influences can be detected. However, this distinction requires long-term observations
that are not available, moreover the data from the fishery sector are mostly limited to
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commercial species and often overlook some aspects of variability in the trophic chain.
In future, it will be auspicious to be able to recognize the specific impact of anthropogenic
climate change on the regions of interest.
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Chapter 5

Conclusions

This thesis analysed the potential evolution of marine primary productivity in the East-
ern Boundary Upwelling Systems under climate change. These regions were shown to
play a disproportionately significant role in global ocean productivity, providing crucial
ecosystem services to human society. However, the present comprehension of future net
primary productivity evolution is still partial and a quantitative evaluation of its drivers
is still missing. This study used simulations of different scenarios (SSP5-8.5, SSP2-4.5,
and SSP5-3.4-OS) from many Earth Systems Models of the CMIP6 ensemble, with a
focus on IPSL-CM6A-LR, the latest model by the IPSL institute.

Considerable uncertainties were found to characterize net primary productivity projec-
tions, with the ensemble members showing limited consensus and barely agreeing on
the sign of the changes. The IPSL model generally aligns, in the various systems, to
the ensemble means, while in the Canary region, it stands out from the majority of the
models projecting significant NPP increases particularly under the SSP5-8.5.

To explain the projected patterns of net primary productivity, IPSL-CM6A-LR was
mostly used, providing a comprehensive analysis of the different potential drivers. While
previous studies mainly focused on upwelling variations driven by wind changes, this
research examined also the critical roles of subsurface nutrients and temperature. For
each specific Eastern Boundary Upwelling System, the response to climate change was
found to be influenced by a combination of factors, with their overall variations shaping
the future trajectory of NPP in each system.

By analyzing the growth rates under the SSP5-8.5, and decomposing it to quantify the
influence of each limiting factor, it was highlighted that temperature is a major driver in
the Humboldt EBUS, with a significant role played in the Benguela system as well. In
such regions, warmer waters can influence the growth rates by accelerating the metabolic
processes, making more efficient the nutrient uptake; this can act to offset the nutrient
limitation, allowing organisms to make a more efficient use of the available resources.
The Benguela system was found to be influenced also by nutrient limitation, which is
the dominant limitation factor in the California and Canary EBUS.
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Focusing on the mechanisms driving changes in nutrient availability, this study consid-
ered the influence of upwelling-favorable winds and of subsurface nutrient concentra-
tions. In the case of winds, the analysis of alongshore equatorward wind stress led to
the rejection of Bakun’s (1990) theory, which proposed that the global warming-induced
intensification of alongshore winds would enhance net primary production. This the-
ory is insufficient to explain the projected latitude-dependent behavior of NPP changes.
Instead, this thesis confirmed Rykaczewski’s and Bograd’s hypotheses of poleward inten-
sification of coastal upwelling-favorable winds associated to the poleward migration of
the major atmospheric high-pressure cells due to global warming. Using a comparative
analysis, this wind pattern was found to significantly shape NPP across all four Eastern
Boundary Upwelling Systems, particularly the Humboldt and Benguela regions. In the
Canary and California region, in addition to wind effects, subsurface nitrate levels also
played a crucial role.

A correlative analysis highlighted almost everywhere positive correlations between NPP
and both surface and 200m nitrate concentrations, therefore corroborating the hypothe-
sis of the large influence played by nutrients in sustaining productivity. However, in the
poleward portion of the Benguela EBUS, an unexpected lack of correlation was found
between anomalies of surface nitrate concentrations and NPP, and a negative correla-
tion between anomalies of subsurface nitrate concentrations and NPP. The reasons for
this behavior were explored evaluating the community composition, projected to shift
toward a dominance of nanophytoplankton at the expense of diatoms, and the tem-
perature limitation, which emerged as a key factor limiting productivity there. Other
potential explanations, including limitations of silicate availability and increased zoo-
plankton grazing pressure, were also proposed, but the question remains open.

Moreover, the analysis of net primary productivity projections under the SSP5-3.4-OS
scenario highlighted the central role of nitrates in shaping surface phytoplankton dynam-
ics. Posing the problem of reversibility and revealing a similar lag of NPP and subsurface
nitrates in the response to mitigation strategies (25-30 years), the overshoot-projections
revealed a precise resemblance of the two variables in the equatorward and poleward
portions of the Canary and Benguela EBUS. Particularly, the poleward areas show good
reversibility toward past values, while the equatorward areas are characterized by steep
increases, in the Canary case to values much higher than the historical ones. To explain
these patterns, some hypotheses were presented, but the precise cause is still to be un-
derstood.

Overall, this study tried to find out the drivers of net primary productivity in the dif-
ferent Eastern Boundary Upwelling Systems: a gap in the current understanding of the
mechanisms driving net primary productivity changes in the coastal upwelling regions
was identified, with dynamical and biogeochemical processes yet to be fully explored.

Future analyses on this question will take into account even more mechanisms, which

72



may operate at many scales, so the integration of low-resolution global models with
high-resolution local ones will be necessary. Moreover, it will be necessary to quantify
the impact of each driver, distinguishing between anthropogenic effects and natural vari-
ability, and to determine the role of zooplankton grazing pressure and the implications
for higher trophic levels. Considering the environmental, social, and economic value of
the Eastern Boundary Upwelling Systems, this deeper understanding will be crucial for
adapting to and mitigating the urgent climate challenges.
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