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Abstract. We present an analysis of the evolution of near-bed
oxygen in the next century in the northwest European conti-
nental shelf in a three-member ensemble of coupled physics–
biogeochemistry models. The comparison between model
results helps highlight the biogeochemical mechanisms re-
sponsible for the observed deoxygenation trends and their
response to climate drivers.

While all models predict a decrease in near-bed oxygen
proportional to climate change intensity, the response is spa-
tially heterogeneous, with hotspots of oxygen decline (up
to −1 mg L−1) developing along the Norwegian trench in
the members with the most intense change, as well as areas
where compensating mechanisms mitigate change.

We separate the components of oxygen change associated
with the warming effect on oxygen solubility from those
due to the effects of changes in transport and biological
processes. We find that while warming is responsible for a
mostly uniform decline throughout the shelf (−0.30 mg L−1

averaged across ensemble members), changes in transport
and biological processes account for the detected heterogene-
ity.

Hotspots of deoxygenation are associated with enhanced
stratification that greatly reduces vertical transport. A major
change in circulation in the North Sea is responsible for the
onset of one such hotspot that develops along the Norwegian
trench and adjacent areas in the members characterised by
intense climate change.

Conversely, relatively shallow and well-mixed coastal ar-
eas like the southern North Sea, Irish Sea and English Chan-
nel experience an increase in net primary production that par-
tially mitigates oxygen decline in all members.

This work represents the first multi-model comparison ad-
dressing deoxygenation in the northwest European shelf and
contributes to characterising the possible trajectories of near-
bed oxygen and the processes that drive deoxygenation in
this region.

As our downscaled members factor in riverine inputs and
small- and medium-scale circulation, which are not usually
well represented in earth system models, results are relevant
for the understanding of deoxygenation in coastal and shelf
systems.

1 Introduction

Oxygen availability is of vital importance for aquatic life,
and the occurrence of low oxygen concentrations represents
a major threat for marine (and freshwater) ecosystems. Ex-
posure to oxygen levels below critical values does result in
mortality, but also sub-lethal effects from reduced oxygen
(e.g. depression of metabolism, Rubalcaba et al., 2020; im-
paired vision, McCormick et al., 2022) are of concern. Oxy-
gen supply, which is modulated by temperature, has been
proposed as a factor explaining maximal attainable size (Ver-
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berk et al., 2021) and geographic distribution (Deutsch et al.,
2015) in marine species. Future deoxygenation, combined
with warming, hence has the potential to alter marine ecosys-
tems even where critical low oxygen concentrations are not
exceeded. Bindoff et al. (2019) estimated that the world’s
marine oxygen inventory declined by 1.55± 0.88 % over the
1970–2010 period, and a further decline of 3.45 % compared
to the 1990s is projected by the end of the century (Bopp et
al., 2013) under the RCP8.5 scenario. A more recent estimate
based on a CMIP5 and CMIP6 multi-model comparison esti-
mated a global reduction of 9.51 to 13.27 mmol m−3 (under
RCP8.5 and SSP5-8.5 scenarios respectively) over the sub-
surface layer (100–600 m) for the end of the century com-
pared to pre-industrial values (Kwiatkowski et al., 2020).

Ocean oxygen concentration is determined by multiple
complex processes. Air–sea gas exchange supplies oxygen
to the upper ocean layers, and primary production by phyto-
plankton contributes to a net production of oxygen in the eu-
photic layer, whilst away from the euphotic zone respiration
removes oxygen. As organic matter (from marine primary
and secondary production and of terrestrial origin) sinks, it is
consumed by bacteria and zooplankton that consume oxygen
in the process. Mixing and ocean currents are responsible for
delivering oxygen to the deeper layers, and where the ocean
is stratified (either permanently or seasonally) the transport
of oxygen from the surface to the bottom layer is inhibited.
In addition to that, oxygen solubility is controlled by temper-
ature (and salinity); hence, ocean warming will reduce the
amount of oxygen that can be dissolved in seawater.

The bottom layer of the oceans is especially vulnerable to
oxygen depletion because it is isolated from the surface and
frequently from the euphotic layer and because sinking or-
ganic matter may accumulate there and be respired by bacte-
ria and other organisms. In a similar vein, in the global ocean,
oxygen minimum zones are generally found in subsurface
waters where high surface productivity and associated high
respiratory demand are accompanied by low oxygen supply
due to sluggish circulation and weak vertical mixing (Os-
chlies et al., 2018). Near-bed oxygen concentration is a par-
ticularly significant indicator of ecosystem status because
it dictates habitat viability for benthic sessile and scarcely
motile species that cannot move quickly to more favourable
conditions and because benthic anoxic and hypoxic events
are linked to eutrophication (Devlin et al., 2023).

The impact of climate change on oxygen change in coastal
and shelf environments is at present not fully understood as
it results from the interplay of multiple, often antagonistic,
physical and biological processes that render ecosystem re-
sponse highly uncertain and spatially heterogeneous. Due to
their limited depth, shelf seas are projected to warm up more
than the open ocean (Kwiatkowski et al., 2020). In addition,
the coastal and shelf ecosystems are under stronger influence
from terrestrial nutrient and organic matter inputs, which can
foster both primary production and respiration, while limited
depth and tidal mixing favour mixing-induced oxygenation.

Furthermore, the diagnosis of observed and predicted oxy-
gen dynamics may depend on the spatial scales and domains
being analysed: while Gilbert et al. (2010) found recent past
median oxygen decline rates to be more severe in coastal wa-
ters (defined as a 30 km band near the coast) than in the open
ocean (> 100 km from the coast), Kwiatkowski et al. (2020)
found benthic oxygen depletion not to be predominantly con-
fined to shelf waters in a multi-model comparison. These two
findings are not necessarily inconsistent as the definition of
coastal waters, from Gilbert et al. (2010), differs from that of
shelf waters from Kwiatkowski et al. (2020). However, it is
important to note that the CMIP5 and CMIP6 earth system
models used in the latter study are generally of coarse res-
olution (around 1°) and do not correctly resolve all coastal
and shelf processes (e.g. small- and medium-scale circula-
tion, riverine inputs) or coastlines and bathymetry.

The northwest European continental shelf (NWES, Fig. 1)
is located in the northeast Atlantic; it has an open connec-
tion with the Atlantic at its northern and western boundaries,
along the continental slope, and with the Baltic Sea through
the Skagerrak. A current runs northward along much of the
continental slope and is responsible for exchange with the
open ocean. Oceanic waters enter the North Sea north via
the Fair Isle, East Shetland, and western Norwegian trench
currents and south via the English Channel; circulation in
the North Sea is anticlockwise, with water exiting along the
Norwegian trench after having joined with Baltic Sea out-
flow. The NWES has relatively short flushing times of the
order of 2–4 years for the North Sea and 100 d for the Nor-
wegian trench (Blaas et al., 2001). A detailed description of
the North Sea physical oceanography can be found in Huth-
nance (1991) and Ricker and Stanev (2020). Much of the
NWES stratifies seasonally, during the boreal summer, but
relatively shallow coastal areas in the southern North Sea,
Irish Sea and western English Channel that are under strong
influence from tides remain well mixed throughout the year.
Here mixing maintains well-oxygenated bottom waters year-
round, while the central North Sea, Celtic Sea, Armorican
Shelf and eastern English Channel are known to be prone to
near-bed oxygen depletion (Breitburg et al., 2018; Ciavatta
et al., 2016). In addition to that, marine ecosystems in the
densely populated southern coastal regions of the NWES are
currently facing multiple anthropogenic pressures (Korpinen
et al., 2021).

When trying to assess the future evolution of oxy-
gen in coastal and shelf ecosystems, given the uncertainty
and spatio-temporal heterogeneity that characterises projec-
tions of deoxygenation, coupled physics–biogeochemistry
regional models are generally a more appropriate tool com-
pared to global models (e.g. Holt et al., 2018; Fagundes et
al., 2020; Markus Meier et al., 2021, but see Pozo Buil et
al., 2021). The finer resolution of a bespoke regional model
allows for a better representation of small- to medium-scale
processes than would be possible with a coarser global model
(Drenkard et al., 2021; Giorgi, 2019; Holt et al., 2016), and
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Figure 1. The northwest European continental shelf and its sub-
basins considered in this study. Colour scale represents bathymetry.
Arrows indicate the mean annual circulation for the sample year
2000.

the implications of these processes for local climate impacts
are at present understudied.

For the NWES, Wakelin et al. (2020) produced the first in-
vestigation on the potential change in near-bed oxygen dur-
ing the 21st century under high greenhouse gas emissions
(RCP8.5) using a downscaled climate projection. Wakelin et
al. (2020) aimed at assessing not just the projected change in
near-bed oxygen levels, but also at attributing such changes
to driving physical and biogeochemical processes. Wakelin et
al. (2020) found that while warming and freshening are gen-
erally coherent throughout the shelf, oxygen change displays
pronounced spatial heterogeneity within sub-regions: the ar-
eas experiencing strong oxygen depletion become larger in
the future and low oxygen periods last longer. This is due
to the combined effect of warming, changes in transport
and changes in biological processes, all components charac-
terised by spatial heterogeneity. Wakelin et al. (2020) iden-
tify a large hotspot of oxygen depletion developing along
the Norwegian trench and in the eastern part of the North
Sea during the second half of the century where the major
contribution to deoxygenation is increased ecosystem respi-
ration, whereas the warming component is dominant else-
where. This deoxygenation hotspot develops concurrently
with a change point in circulation that leads to reduced ex-
change between the Atlantic and the North Sea along its
northern boundary (Holt et al., 2018).

Wakelin et al. (2020) is based on a single downscaled pro-
jection under a single climate change scenario (RCP8.5);

hence, it represents just one of the possible futures for the
NWES. As the authors point out, the likelihood of the results
can only be assessed through an ensemble of simulations that
address multiple sources of model and scenario uncertainty.

Even within the same emission scenario, climate change
projections display significant variability due to internal vari-
ability, e.g. phase of the climate system, and model vari-
ability, e.g. model structure and parameters, initial condi-
tions, spin-up times and boundary conditions (Frölicher et
al., 2016; Tapiador and Levizzani, 2021). In this study we
built a small (three-member) ensemble of coupled physics–
biogeochemistry regional models of the NWES all running
for the 21st century under the RCP8.5 scenario. This ensem-
ble is used to study the fate and controls of near-bed oxygen
in the NWES. Each member was forced with lateral and at-
mospheric boundary conditions from one of three different
earth system models from the CMIP5 collection (Taylor et
al., 2012) that were chosen as they display a wide array of re-
sponses within the same emission scenario. One of our three
members is the same used in Wakelin et al. (2020). Clearly
a three-member ensemble is not sufficient to characterise all
possible sources of uncertainty or to provide a robust assess-
ment of the expected range of values. Instead, here we aim
at investigating possible near-bed oxygen responses under a
sufficiently large range of expected changes, while assess-
ing how ecosystem processes change under different condi-
tions, and whether certain processes are the same in all pro-
jections. Despite these limitations, such an exercise is use-
ful to explore the uncertainty in projected near-bed oxygen
change in the NWES, which is at present understudied, and,
by identifying possible change trajectories, to provide a ba-
sis for future research. Our aim is to assess whether there’s
a coherent response in trends and controls across different
members and climate change intensities and whether the re-
sponses differ (or not) from those observed by Wakelin et
al. (2020). Finally, we aim at clarifying whether the circula-
tion change point identified by Holt et al. (2018) drives near-
bed oxygen change through similar mechanisms across mod-
els and change intensities when the circulation change point
is present and what happens when it is not.

2 Materials and methods

2.1 Ensemble description

All ensemble members use the NEMO-ERSEM model suite
to downscale climate projections to the NWES domain and
cover the 1980–2099 period under the RCP8.5 emission sce-
nario, with a 10-year spin-up period (1980–1989) that was
excluded from the present analysis. Spin-up times of the or-
der of few years are the norm in NWES model runs (Tinker
et al., 2014; Holt et al., 2018; Ciavatta et al., 2018) and are
enough for the system to equilibrate; this is due to the short
flushing times and highly dynamical nature of the NWES
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system, and indeed no significant drift was observed dur-
ing the spin-up. NEMO (Nucleus for European Modelling of
the Ocean, Madec et al., 2019) is an ocean general circula-
tion model and ERSEM (European Regional Seas Ecosystem
Model, Butenschön et al., 2016) is a lower trophic network
model that explicitly resolves the cycles of nutrients (N, P,
Si), organic and inorganic carbon, and oxygen in a coupled
pelagic–benthic ecosystem. The downscaled domain covers
20° W to 13° E and 40 to 65° N, including the NWES and
adjacent deep ocean that was excluded from our analysis.

While two of the three members differ in boundary and
initial conditions only, the third one, being an older simula-
tion, also employs different NEMO-ERSEM code and verti-
cal grid; it is hence not perfectly comparable to the other two.
Commonalities and differences are detailed in the following.

Atmospheric and lateral oceanic boundary conditions
were derived (in different ways, details below) from three
earth system models (ESMs) from the CMIP5 collection
(Taylor et al., 2012). Each ensemble member is forced with
one separate set of oceanic and atmospheric boundary con-
ditions. The parent ESMs from which the boundary condi-
tions are derived are GFDL-ESM2G (Dunne et al., 2012),
IPSL-CM5A-MR (Dufresne et al., 2013), and HADGEM2-
ES (Jones et al., 2011) and were chosen as they represent a
gradient of climate sensitivities, with GFDL-ESM2G show-
ing the lowest sensitivity and HADGEM2-ES the highest
(Andrews et al., 2012). Simulation experiments yielded equi-
librium climate sensitivities (global equilibrium surface-air-
temperature change corresponding to an instantaneous dou-
bling of atmospheric CO2) of 4.59, 4.12 and 2.39 K for
HADGEM2-ES, IPSL-CM5A-MR and GFDL-ESM2G re-
spectively (Andrews et al., 2012; Dufresne et al., 2013). The
three downscaled ensemble members will be hereafter re-
ferred to as GFDL, IPSL and HADGEM for brevity. GFDL’s
and IPSL’s oceanic boundary conditions were directly ex-
tracted from the parent ESM and interpolated onto the re-
gional grid, while HADGEM uses as oceanic boundaries the
output of a global coupled physics–biogeochemistry model
(NEMO-MEDUSA, Yool et al., 2015) forced with atmo-
spheric boundaries from the same HADGEM2-ES CMIP5
run.

All ensemble members have the same horizontal resolu-
tion of 1/15° latitude by 1/9° longitude (∼ 7 km), while the
vertical resolution differs in HADGEM (33 vertical levels,
s coordinates, i.e. terrain-following) from the other two (51
vertical levels, s coordinates). The NEMO version also dif-
fers in HADGEM (NEMO V3.2, O’Dea et al., 2012) from
the other two members (NEMO V3.6, O’Dea et al., 2017);
finally, the parameterisation of ERSEM functional types is
different in HADGEM (Blackford et al., 2004) with respect
to the other two members (Butenschön et al., 2016). The rea-
son for these differences lies in the fact that HADGEM is an
older run and was used in previous studies (Holt et al., 2018;
Wakelin et al., 2020), while IPSL and GFDL were run more

recently and are also part of a wider physics-only ensemble
(see Holt et al., 2022).

In IPSL and GFDL, physics initial conditions are from
the parent ESM, while biogeochemical variables are from a
reanalysis product (Ciavatta et al., 2018), interpolated onto
the regional grid. Ensemble members are forced with at-
mospheric temperature, pressure, wind velocity, solar radi-
ation, humidity and precipitation from the parent ESMs. At-
mospheric nitrogen deposition is the same in the two mem-
bers and comes from the EMEP project (Simpson et al.,
2012, downloaded 2018). River discharge is from observed
mean annual cycles for 250 rivers at daily frequency (Vörös-
marty et al., 2000; Young and Holt, 2007), modulated by the
fractional change (compared to 1984–2004 mean) in annual
ESM precipitation aggregated over four land regions ((1) UK
and Ireland; (2) Sweden and Norway; and continental Eu-
rope: (3) east of 2.5° E and (4) west of 2.5° E). River nutri-
ent loads are derived from the concentrations used in Cia-
vatta et al. (2018) multiplied by the discharge. Atmospheric
CO2 partial pressure (Riahi et al., 2007) is the same in the
two members. To determine light availability for phytoplank-
ton, we forced the models with a climatological light atten-
uation coefficient field derived from CMEMS ocean colour
products (Garnesson et al., 2021; level 3 product 009_086,
https://doi.org/10.48670/moi-00280).

IPSL’s and GFDL’s oceanic lateral boundary conditions
were extracted from the parent ESMs and include all physics
and biogeochemistry variables (including oxygen); where
biogeochemical variables were not present in the parent ESM
(e.g. plankton functional types) they were set at close to
zero values. IPSL’s and GFDL’s boundary conditions at the
Baltic are instead forced with climatological mean values.
Biogeochemical variables (including oxygen) were extracted
from the World Ocean Atlas climatology (WOA, Boyer et al.,
2018), physics from a reanalysis product (Kay et al., 2020),
and they were interpolated onto the regional grid. Biogeo-
chemical variables not present in the WOA dataset were set
at close to zero values. Finally, tidal forcing is as described
in O’Dea et al. (2012) and O’Dea et al. (2017).

The HADGEM setup is similar, differing only in initial
conditions (physics are from the NEMO-MEDUSA simula-
tion that provides boundary conditions, whilst biogeochem-
ical variables are from a previous spun up simulation), the
version of EMEP nitrogen deposition (Simpson et al., 2012,
downloaded 2011), the source of the light attenuation coef-
ficient (Smyth et al., 2006) and the treatment of the Baltic
boundary (freshwater inflows). HADGEM uses the same
river forcing as IPSL and GFDL but without modulation by
the ESM precipitation. In addition, in HADGEM all biogeo-
chemical oceanic boundary conditions, including oxygen,
are set with a zero-gradient scheme; i.e. the concentration
at the boundary equals the concentration immediately inside
the domain. Full details of the HADGEM setup are given by
Holt et al. (2018) and Wakelin et al. (2020).
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Some validation of HADGEM can be found in Wakelin
et al. (2020). A thorough validation of the NEMO-ERSEM
operational ecosystem model for the NWES can be found
in Edwards et al. (2012) and in the Copernicus quality user
information document (Kay et al., 2020). Here we limit val-
idation to the model variables that were considered in our
analysis. Validation methods and results are presented in the
Supplement.

2.2 Analysis of oxygen change

Oxygen change can be partitioned into different components:
the first one is related to warming that negatively affects
oxygen saturation concentration, hence lowering the amount
of gas that can be effectively dissolved in seawater, another
component is related to changes in biological processes that
either consume or produce oxygen (respiration and primary
production), and finally one component is related to change
in transport processes responsible for oxygen supply (e.g. en-
hanced stratification limiting vertical transport and changes
in circulation modifying lateral transport).

The apparent oxygen utilisation metric (AOU, i.e. the dif-
ference between solubility and concentration) has tradition-
ally been used as a measure of how much oxygen has been
consumed (or produced) by biological processes since water
has left the surface (Duteil et al., 2013). AOU assumes that
oxygen concentration is saturated (O2 =O2,sat) at the surface
by virtue of ocean–atmosphere gas exchange and that wa-
ter temperature and salinity do not change after contact with
the atmosphere. This way O2,sat of a water parcel does not
change, and any change in oxygen concentration, or equiv-
alently in saturation state (SS=O2 / O2,sat), is due only to
transport (vertical mixing and lateral advection) and biolog-
ical (primary production and respiration) processes. While it
has been demonstrated that these assumptions are violated
in the ocean interior and when undersaturated surface wa-
ters are subducted (Ito et al., 2004; Duteil et al., 2013), they
still are a fair assumption in shallow and well-mixed systems
such as the NWES where vertical mixing dominates open-
ocean contributions.

Wakelin et al. (2020) proposed a variation of this method
that focusses on the oxygen change at a given location with
respect to a reference period. Wakelin et al. (2020) partition
oxygen change in two components: one related to change in
O2,sat alone (i.e. to changes in temperature and salinity af-
fecting oxygen solubility) and the other related to change
in SS, i.e. to transport (vertical mixing and lateral advec-
tion) and biological (primary production and respiration)
processes. Here we present and employ a slightly revised ver-
sion of Wakelin et al.’s (2020) method. The differences are
minimal, and the influence on the results was found to be, at
least for our case study, negligible. With t0 being the refer-
ence time and t any subsequent time, under the assumption
that O2,sat and SS are independent, the partitioning of oxygen

change between t0 and t can then be expressed as follows:

1O2 =1
(
O2,satSS

)
=

(
SSt01O2,sat

)
+

(
O2,sat,t01SS

)
+

(
1SS1O2,sat

)
. (1)

The first term captures oxygen changes that are related to
changes in O2,sat alone (O2,sat,t being the only non-constant
term), and thus to how temperature and salinity affect oxy-
gen solubility; we refer to this term as 1O2,phy-ch (physico-
chemical). The second term captures changes that are related
to changes in SS (SSt being the only non-constant term), and
thus to changes in transport and biological processes; we re-
fer to this term as 1O2,other. The third term is a second-order
term and is related to both changes in O2,sat and SS; we refer
to this term as 1O2,sord.

1O2,phy-ch = SSt01O2,sat, (2)
1O2,other = O2,sat,t01SS, (3)
1O2,sord =1SS1O2,sat. (4)

The metrics in Eqs. (2), (3) and (4) were computed on a
monthly basis for all three ensemble members and averaged
over one climatological 30-year period to remove the ef-
fect of inter-annual variability. We chose as reference pe-
riod t0 monthly climatological values for the first 30 years
(1990–2019), and a similar period at the end of the century
was selected to assess the impact of climate change on oxy-
gen (2070–2099). O2,sat was computed from temperature and
salinity using the relation described in Weiss (1970). SS was
computed as O2 / O2,sat.

Equations (2) and (3) show that, for the purpose of cal-
culating correlations, the signal of the component of change
related to change in solubility is captured by O2,sat, while SS
captures the signal related to all other processes. The met-
rics in Eqs. (2) and (3) are related to the classic O2 =O2,sat
– AOU decomposition. A detailed description of commonal-
ities and differences of the two approaches can be found in
the Supplement, where it is shown that at the temporal and
spatial scale used in this study the difference is small.

To assess what drives the oxygen changes, we computed,
at each grid point, the correlations (Spearman correlation, R,
with significance threshold p<0.01) between monthly av-
eraged time series (for the whole simulation) of O2,sat and
SS and a number of physical and biogeochemical variables
for which causal links could be plausible within the model’s
architecture. We decided to compute correlations between
O2,sat,t , SSt (instead of 1O2,phy-ch, 1O2,other) and other vari-
ables because, due to the definitions in Eqs. (2) and (3), cor-
relations would not change. Due to system complexity and
interconnection of processes, it is expected for correlations to
vary in space and time, with patterns that may not be straight-
forward to explain with simple direct causal links. If signifi-
cant correlations were identified between variables that were
not connected by a causal link able to justify that correla-
tion, we looked at possible covariances between those and
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other variables that could explain the correlation. To inves-
tigate physical oxygen controls we considered atmospheric
and near-bed temperature, surface salinity, and potential en-
ergy anomaly (PEA, an indicator of stratification, de Boer et
al., 2008). To investigate biogeochemical oxygen controls we
looked at depth-integrated net primary production and near-
bed community and bacterial respiration. To assess how the
change in the western Norwegian trench current flux (Holt
et al., 2018) influences oxygen trajectories, we compared the
intensity of the current with near-bed O2,sat and SS values
averaged over the Norwegian trench region. The average sea-
sonal (monthly) cycle was removed from the time series prior
to the calculation of correlation coefficients to minimise type
I errors (i.e. false positives) when the seasonal cycle domi-
nates the correlation (Legendre and Legendre, 2012). When
long-term trends are present, pairs of time series may be sig-
nificantly correlated even in the absence of direct causal links
(false positives). This can happen when the trend dominates
the correlation. Detrending the time series prior to the cal-
culation of correlation coefficients is an option. However,
trends should be retained if they are the object of the anal-
ysis (Legendre and Legendre, 2012), as it is in this case. If
trends are retained, additional care must be taken in identi-
fying all possible covariances that offer alternative explana-
tions for the detected correlations. Here we did retain long-
term trends. An exploratory analysis that did use detrending
(not shown) only found a slight degradation of detected cor-
relations and no relevant changes in sign.

Hotspots of oxygen decline, where present, were identified
as areas with 1O2 <−0.5 mg L−1 and 1O2 < 1.5 1O2,mean,
with 1O2,mean being the shelf average 1O2.

When it comes to the response to oxygen concentrations
of aquatic animals, absolute low oxygen thresholds are more
meaningful than relative change. We addressed this by com-
puting the incidence of hypoxic events in our three mem-
bers under present and future conditions. Hypoxia incidence
is calculated as the fraction of each present and future 30-
year period with near-bed oxygen falling below the thresh-
old of 6 mg L−1 that has been indicated as meaningful for the
North Sea ecosystems (OSPAR, 2003). Since here we look at
absolute values rather than relative change, model bias mat-
ters; therefore, we bias-corrected our models by subtracting
the difference between model present-day climatology and
the North Sea Biogeochemical Climatology (NSBC) dataset
(Hinrichs et al., 2017).

3 Results

In this section we will first summarise the impacts of cli-
mate change on temperature and salinity to provide some
context on the main relevant climatic trends in the NWES
(Sect. 3.1); then we will look at the changes in near-bed
oxygen (Sect. 3.2) and which of the two components of
the decomposition contributes the most to those changes

(Sect. 3.3). The following two sections are devoted to inves-
tigating the local controls of the projected changes, in partic-
ular temperature and stratification (Sect. 3.4) and biological
processes (Sect. 3.5). Finally, Sect. 3.6 will analyse the role
that changes in circulation in the North Sea have in driving
those local controls.

3.1 Changes in temperature and salinity

All three models consistently predict warming and freshen-
ing of the NWES (Figs. 2, S3, S4). The climate sensitivity
ranking of the three parent ESMs (Andrews et al., 2012) is re-
flected in the downscaled projections, with HADGEM show-
ing the highest warming and freshening, GFDL showing the
lowest, and IPSL in between. The projected surface warm-
ing is mostly uniform throughout the NWES, with slightly
more intense warming in shallower areas, whereas fresh-
ening is more intense along the Skagerrak and Norwegian
trench (also in GFDL where freshening is, however, very
low) and in the eastern portion of the North Sea.

3.2 Near-bed oxygen current state and change

All three ensemble members consistently show a decrease in
near-bed oxygen throughout the shelf (Figs. 3d, e, f, S5). The
severity of the impacts follows the three members’ climate
sensitivity: −0.52, −0.36 and −0.14 mg L−1 for HADGEM,
IPSL and GFDL respectively averaged over the shelf. GFDL
shows no relevant hotspots of oxygen decline; IPSL shows
localised hotspots of intense oxygen decline along the Sk-
agerrak and Norwegian trench (∼−0.92 mg L−1 for the Sk-
agerrak and the Norwegian trench combined) and along the
western shelf margin (hatched areas in Fig. 3d) but less se-
vere impacts, similarly to GFDL, on the rest of the shelf;
HADGEM shows the severest impacts, with a mean decline
of −0.74 mg L−1 over the Norwegian trench, the Skagerrak,
and the northern and central North Sea combined, while also
in the rest of the domain near-bed oxygen declines more than
in the other two members.

Intense change in HADGEM results in widespread ex-
ceedance of hypoxia thresholds (Fig. 4g–l) in the North Sea
under future conditions; this feature is still present but less
prominent in IPSL and even less so in GFDL. Interestingly,
in IPSL and GFDL areas of hypoxia occurrence in the central
North Sea coincide with the highest present O2 levels.

3.3 Contributions to near-bed oxygen change

Figure 4a–f shows how the components of oxygen change
(1O2,phy-ch and 1O2,other) contribute to the total change pro-
jected by the models (shelf-averaged 1O2,sord is < 1 % of
total change in all members, not shown). 1O2,phy-ch is fairly
uniform throughout the shelf, and its intensity follows the
climate sensitivity of the driving ESM (−0.38, −0.30 and
−0.22 mg L−1 in HADGEM, IPSL and GFDL respectively
averaged over the shelf, and −0.3 mg L−1 averaged over
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Figure 2. Surface temperature and salinity; difference between fu-
ture (2070–2099) and present (1990–2019) periods.

all members). 1O2,other instead shows significant variability
both across models and, spatially, within models, with large
areas even showing an increase. In GFDL 1O2,other accounts
for ∼+0.1 mg L−1 throughout the shelf, partially counter-
balancing 1O2,phy-ch (∼−0.22 mg L−1). In IPSL 1O2,other
is strongly negative in the Norwegian trench and Skagerrak
(−0.67 mg L−1) and, to a lesser extent, along the western
shelf margin, thus explaining the hotspots of oxygen decline
in these areas, while 1O2,other is positive in the North Sea
(∼+0.08 mg L−1 over all the North Sea), partially counter-
balancing 1O2,phy-ch (−0.36 mg L−1). In HADGEM the vast
hotspot of declining near-bed oxygen in the eastern part of
the North Sea, Norwegian trench and Skagerrak is explained
by the combined effect of 1O2,phy-ch and 1O2,other, with the
latter accounting for the largest share of the decline (mean
1O2,phy-ch and 1O2,other are −0.36 and −0.55 mg L−1 in
the Skagerrak and Norwegian trench combined), while in the
western North Sea, English Channel, Irish Sea and western
shelf margin 1O2,other is positive (+0.12 mg L−1 on average

Figure 3. Near-bed O2 concentration, present state (average of
1990–2019), and change (difference of the 2070–2099 and 1990–
2019 averages) and fraction of year with average near-bed oxygen
< 6 mg L−1 under present-day and future conditions, calculated on
bias-corrected data. Hatched regions in panels (d), (e) and (f) are
deoxygenation hotspots.

over the southern North Sea, English Channel and Irish Sea).
Figure 4g–l also shows how 1O2,sat closely traces 1O2,phy-ch
and 1SS closely traces 1O2,other, as expected from Eqs. (2)
and (3). Maps showing present and future O2,sat and SS can
be found in the Supplement, Figs. S6 and S7.

3.4 Physical controls of oxygen change: temperature
and stratification

Changes in O2,phy-ch and O2,sat are, for the most part, ex-
plained by warming (correlation between O2,sat and near-
bed T ∼−1 everywhere in all models, not shown). The
driver of this is the temperature atmospheric forcing (Tatm,
Fig. 5a, b, c) that is negatively correlated with near-bed O2,sat
throughout the domain in all members. Tatm also correlates
with SS with heterogeneous patterns throughout the shelf
(Fig. 5d, e, f). The correlation is negative along hotspots of
oxygen decline in the Skagerrak and Norwegian trench in
IPSL and HADGEM (and the eastern part of the North Sea
in HADGEM only). The correlation is instead positive in
the southern North Sea, English Channel, and Irish Sea (all
members) and in the northern and central North Sea (IPSL
and GFDL). While Tatm and SS covary, we do not interpret
these correlations as a direct causal link. Change in SS in
these areas is better explained by different processes, as will
be explained in the following sections.
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Figure 4. Contributions of near-bed oxygen change, 1O2,phy-ch
and 1O2,other, and changes in SS and O2,sat. Note that the spatial
distribution of 1O2,sat and 1SS closely follows that of 1O2,phy-ch
and 1O2,other respectively.

The hotspots of oxygen decline in HADGEM and IPSL
coincide with enhanced stratification hotspots (red areas in
Fig. 6a, b). SS and PEA are, in both ensemble members,
strongly negatively correlated in these areas (Fig. 6g, h).
GFDL on the other hand only shows a moderate increase
in stratification and no significant hotspots, with a weaker
correlation between SS and PEA. In all members the main
driver of stratification along the Norwegian trench and in the
eastern part of the North Sea is surface salinity, which is neg-
atively correlated with PEA in all members (Fig. 6d, e, f).
The positive correlation between PEA and SS in coastal ar-
eas in the southern North Sea and around the British Isles
(observed in all members) appears to be caused by the sea-
sonality of primary productivity. These shallow regions expe-
rience strong tides and remain well mixed year-round (PEA
barely changes in the long term). Here stratification is not a
meaningful indicator of vertical oxygen transport. However,
the highest PEA values do happen in the summer months,
when also net primary production (NPP) peaks, producing
oxygen that contributes to high SS values, while the oppo-
site is true during winter, hence the positive correlation (see
Sect. 3.5).

3.5 Biogeochemical controls of oxygen change:
primary production and respiration

In HADGEM depth-integrated net primary production (NPP)
increases over much of the North Sea, with the exception of
the northwestern sector (Fig. 7a). In IPSL and GFDL instead

Figure 5. Correlation between temperature atmospheric forcing and
near-bed O2,sat and SS. White areas on the shelf indicate non-
significant correlation.

NPP decreases in the North Sea and along the shelf edge due
to decreasing oceanic nutrient input (Fig. 7b, c), similarly to
what was shown by Holt et al. (2012, 2016). In all members,
in the shallow and well-mixed southern North Sea, English
Channel and Irish Sea NPP increases, providing additional
oxygenation, as shown by the positive correlation between
SS and NPP (Fig. 7d, e, f).

In HADGEM NPP is negatively correlated with SS in the
hotspot of oxygen decline in the eastern part of the North Sea,
Skagerrak and Norwegian trench (Fig. 7d). In these deeper
and seasonally stratified areas, increasing NPP contributes to
oxygen decline by producing organic matter that sinks and is
later respired (see below). This also happens in IPSL but is
limited to the Skagerrak (Fig. 7e).

Bacterial respiration is the largest contribution of total
community respiration, given the faster turnover; hence, here
we will focus only on this component. Results do not change
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Figure 6. Change in potential energy anomaly (PEA) and correla-
tion between PEA and surface salinity and PEA and SS. White areas
on the shelf indicate non-significant correlation.

significantly when community respiration is considered (not
shown).

In HADGEM near-bed bacterial respiration (BResp) in-
creases in the eastern part of the North Sea (Fig. 8a), fu-
elled by increasing NPP, thus contributing, in tandem with
enhanced stratification, to oxygen decline; SS and BResp
are indeed significantly negatively correlated in this area
(Fig. 8d, g).

In IPSL and GFDL, BResp instead decreases throughout
most of the North Sea and along the shelf margin (Fig. 8b,
c), suggesting reduced oxygen consumption as a cause for
the observed increase in SS. However, when all monthly val-
ues are considered, the correlation between SS and BResp
is rather weak and, at some locations, positive (instead of
negative as would be expected, Fig. 8e, f). This is because
simple point-to-point correlation over the full period does
not allow us to capture seasonally heterogeneous processes.
Conversely, a significant negative correlation between SS and
BResp is detected for the central and northern North Sea in
both IPSL and GFDL when singling out the months from
November to March (Fig. 8h, i). This is because during win-
ter months, with little primary production, respiration is a
dominant contribution to oxygen levels. Instead, during the

Figure 7. Change in depth-integrated net primary production (NPP)
and correlation between NPP and SS. White areas on the shelf indi-
cate non-significant correlation.

remainder of the year (growth season), the correlation is
weakly positive or non-significant (not shown).

In IPSL along the Norwegian trench BResp and SS are
positively correlated, due to both variables decreasing. Here
the driver of the decrease in BResp is the decrease in NPP
along the trench, while the decline in SS is related to increas-
ing stratification (see Sect. 3.4). While the two variables co-
vary there does not seem to be a strong direct causal link.

3.6 Impact of abrupt changes in circulation on the
emergence of deoxygenation hotspots

The onset of the development of deoxygenation hotspots
in the North Sea, Skagerrak and Norwegian trench in
HADGEM and IPSL is tied to a progressive weakening
and reversal of the western Norwegian trench current (wnt,
Fig. 9a, b) starting approximately in the mid-2020s for both
models (Holt et al., 2018). The time evolution of SS in
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Figure 8. Change in near-bed BResp and correlation between
BResp and SS for all months and for months from November to
March alone. White areas on the shelf indicate non-significant cor-
relation.

this area is tightly coupled with that of the western Norwe-
gian trench current in both members (R, p = 0.77, 0.0 for
HADGEM and 0.94, 0.0 for IPSL). This circulation change is
absent from GFDL (Fig. 9c), which also lacks significant de-
oxygenation hotspots and correlation between SS and west-
ern Norwegian trench current (R, p = 0.08, 0.0).

This suggests that the circulation change, by driving the
observed freshening and increase in stratification in the North
Sea, is the main driver of the development of deoxygena-
tion hotspots. The time evolution of O2,sat is also coupled
with current flux in HADGEM and IPSL (R, p = 0.89, 0.0
for HADGEM and 0.81, 0.0 for IPSL) and not as much in
GFDL (R, p = 0.16, 0.0). This though cannot explain the de-
oxygenation hotspot as the change in O2,sat is homogeneous
throughout the shelf (Fig. 4).

4 Discussion

We studied the spatio-temporal evolution of near-bed oxygen
concentration in the NWES in a three-member ensemble of
coupled physics–biogeochemistry downscaled climate pro-
jections running from 1980 to 2100 under a high-emission

Figure 9. Temporal evolution of 1SS and 1O2,sat in the Norwe-
gian trench and western Norwegian trench current flux; monthly
average data are smoothed with a Gaussian filter. Positive values of
the current are entering the North Sea.

scenario (RCP8.5). Building on previous work on oxygen
(Wakelin et al., 2020) and circulation changes (Holt et al.,
2018) in the NWES, we investigated a wider range of pro-
jected change by using three instances of the same model
suite (albeit with one member differing in model version
and parameterisation) forced with boundary conditions from
three global models covering a wide spectrum of climate sen-
sitivities. This allowed us to verify whether the members’ re-
sponse and the processes involved show any commonalities
and/or differences, as well as how the ecosystem response is
related to the projected intensity of climate change.

In agreement with global models results (Kwiatkowski et
al., 2020), all ensemble members consistently predicted a
decline in near-bed oxygen throughout the shelf. This may
contribute exacerbating ecosystem impacts in regions, such
as the North Sea, which are already heavily impacted by
multiple anthropogenic stressors like trawling, eutrophica-
tion, hazardous substances and noise (Korpinen et al., 2021).
Our results confirm those of Wakelin et al. (2020) that, whilst
responses of the physical system (warming, freshening) are
generally homogeneous throughout the shelf, near-bed oxy-
gen change can display marked spatial heterogeneity with
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hotspots of change, in this case related to circulation changes,
as well as areas where antagonistic processes (decreasing res-
piration and, in well-mixed regions, increasing NPP) mitigate
oxygen decline. This spatial heterogeneity reflects changes in
circulation, vertical transport and biological processes, which
can contribute to changes of either sign to oxygen trends.
On the contrary, warming-driven change in solubility pro-
duces a more homogeneous negative contribution to oxygen
decline. This differential contribution to components of pro-
jected oxygen change has been observed also in global mod-
els (Kwiatkowski et al., 2020). It is well known that current
climate models tend to underestimate recent rates of oxy-
gen decline (Oschlies et al., 2017, 2018). However, some
authors pointed out how modelled solubility-driven changes
largely agree with observations, hinting at model deficiencies
in representing biogeochemical cycles and changes in circu-
lation and mixing processes (Oschlies et al., 2018). This is
especially true for coastal and shelf ecosystems such as the
NWES, where small-scale processes are poorly represented
in global models. This includes not just small- and medium-
scale circulation, but also the level of detail with which bio-
geochemistry is represented, which is fairly simple in several
global models (Kearney et al., 2021). Here we have shown
how circulation and ecosystem processes can indeed account
for a large portion of projected near-bed oxygen change in
the NWES.

Compared to Wakelin et al. (2020), by using an ensem-
ble rather than a single run, we show that hotspots of oxy-
gen decline occur only in the members with the severest
change (HADGEM and IPSL), whilst for relatively low cli-
mate change (GFDL) oxygen decline is largely homoge-
neous, albeit still negative. The large areas experiencing hy-
poxia (O2 < 6 mg L−1) identified in Wakelin et al. (2020)
only emerge when the strongest climate change is projected
by HADGEM, whilst the other two members are largely
spared. Interestingly, in IPSL and GFDL areas experiencing
(limited) hypoxia in the central North Sea coincide with the
highest present O2 levels. These are highly productive ar-
eas (hence the high O2 production) that stratify seasonally
(hence vulnerable to oxygen depletion). Since our main fo-
cus here is on change in average values rather than extremes,
we did not investigate this further. However, it is interesting
to note how these areas do not coincide with the highest 1O2.
This suggests that the dynamics of average and extreme val-
ues may not necessarily be coupled. Whereas Wakelin et
al. (2020) pointed at near-bed bacterial respiration, fuelled
by increased surface productivity, as the main driver of the
emergence of deoxygenation hotspots, we highlight here how
also enhanced stratification must be present to result in sig-
nificant declines in near-bed oxygen concentration. Indeed,
in IPSL a deoxygenation hotspot develops along the Norwe-
gian trench also in the absence of an increase in near-bed
respiration. Weak vertical mixing is indeed a characteristic
of oxygen minimum zones in the global ocean (Oschlies et
al., 2018). Although the deoxygenation hotspots we detect

are on a much smaller scale, the processes involved in their
formation are similar.

Our results also highlight the importance of circulation
changes in driving deoxygenation processes in the NWES. In
the two most climate sensitive ensemble members, the onset
and development of deoxygenation hotspots is tightly cou-
pled with a major circulation change in the area that largely
limits ocean–shelf exchange processes along the northern
boundary of the North Sea. This circulation change has al-
ready been identified by Holt et al. (2018) by using the
same model run as our HADGEM member; according to
the authors, this decrease in western Norwegian trench in-
flow can be traced to a substantial increase in stratification
at the northern entrance to the trench, limiting the ability of
the slope current to steer into the North Sea. This triggers a
feedback mechanism where reduced exchange with the open
ocean contributes to a freshening of the North Sea by increas-
ing retention times of fresher water from continental Europe
and the Baltic, thus driving a further increase in stratifica-
tion. As the circulation change is observed only in the two
members with the highest change levels, the results here are
consistent with the observation by Tinker et al. (2016) that
the large circulation changes occur only in downscaled pro-
jections with high climate sensitivity in the driving climate
model (3 out of 11 ensemble members in that case). It is also
worth noting that in Holt et al. (2018) this circulation change
only emerges in the downscaled projection (the HADGEM
simulation used here) and is not captured in the global model
used to force the downscaling. Although we did not assess if
this is the case also in our other two ensemble members, it
appears likely as at the 1° resolution of the parent ESMs the
bathymetry and Baltic exchange will be poorly represented
(in HADGEM2-ES the Baltic is closed altogether), and the
slope current which turns into the North Sea will be far too
diffuse because the slope is too broad.

Our ensemble uses climatological boundary conditions at
the Baltic, so any changes that may happen in the Baltic are
not accounted for in our analysis. Despite this limitation this
choice also allows us to rule out lateral transport of oxygen-
poor Baltic water as a factor contributing to deoxygenation
hotspots in the ensemble.

As mentioned earlier, the model setup and downscaling
methods used in HADGEM differ from those in IPSL and
GFDL (notably in vertical resolution, biogeochemistry pa-
rameterisation and boundary condition scheme), providing
uncontrolled degrees of freedom to our multi-model compar-
ison. This does not seem to have first-order consequences
for ocean physics, as the response of the three models in
terms of changes in temperature, salinity and stratification
appears largely coherent with the progressive levels of cli-
mate sensitivity represented. Furthermore, the biogeochem-
ical response in the southern North Sea, English Channel
and Irish Sea is largely comparable across models. How-
ever, in the eastern part of the North Sea and Norwegian
trench HADGEM displays a noticeably different response
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when it comes to changes in primary production and res-
piration and in the correlation between these variables and
near-bed oxygen. In particular, the link between net primary
production, respiration and near-bed oxygen appears much
tighter in HADGEM, as shown by stronger correlations. This
is likely a consequence of the change in the parameter set of
the biogeochemical model for both phytoplankton and bac-
teria in the recent update (Butenschön et al., 2016) compared
to the original one (Blackford et al., 2004), although also the
different vertical discretisation may play a role here. Disen-
tangling the exact causes of these differences is not trivial
and would require a set of ad hoc experiments which are out
of the scope of this study. Despite this, the trends and drivers
are still largely coherent across ensemble members (e.g. both
HADGEM and IPSL develop a deoxygenation hotspot along
the Norwegian trench), showing how our results are robust
with respect to the model uncertainty represented.

While our results provide useful information about pro-
jected near-bed oxygen change in the NWES, our small en-
semble does not sample variability (Frölicher et al., 2016)
adequately enough to provide a robust estimate of change
or associated uncertainty. In particular, this study does not
address internal variability, nor it does address scenario vari-
ability as only RCP8.5 is used, and it only partially addresses
model variability through different forcings and model ver-
sions.

Here we mostly analysed model output by mapping long-
term trends and point-to-point correlations between vari-
ables. Whilst this approach has proven useful in highlight-
ing potential cause and effect mechanisms, it also has limits.
Such an approach is prone to failure in identifying signif-
icant correlations when transport makes causes and effects
spatially decoupled, for example, in highly advective sys-
tems such as the Norwegian trench, and/or when the rela-
tions between system variables change in time, either sea-
sonally or on multi-annual timescales. Our method, similarly
to other metrics like apparent oxygen utilisation (AOU), also
assumes that biology and transport are the sole contributors
to deviation from saturation at any point in space and time.
This may not be true in subduction regions where undersat-
urated surface water is subducted and in the presence of sea
ice (Duteil et al., 2013), or if the temperature and/or salin-
ity of a water mass changes away from the surface. Gener-
ally the longer a water mass stays isolated from the surface
and/or is mixed with different water masses, the less coupled
changes in oxygen concentration and O2,sat will be. This is
likely not a first-order concern for the NWES, being a highly
dynamic system, characterised by short flushing times and
intense mixing, both wind- and tidal-driven, that effectively
resets surface oxygen towards equilibrium with atmospheric
pO2 every winter or on shorter timescales in permanently
mixed regions. However, future studies addressing different
regions must take this into account, e.g. by using different
metrics such as true oxygen utilisation (TOU, Ito et al., 2004)
or estimated oxygen utilisation (EOU, Duteil et al., 2013).

When it comes to the impacts of deoxygenations, O2 par-
tial pressure, rather than concentration, determines oxygen
supply in aquatic organisms (Hofmann et al., 2011; Clarke et
al., 2021). Warming, by increasing metabolic demand, does
exacerbate the impacts of deoxygenation (Rubalcaba et al.,
2020). Temperature and oxygen should be considered to-
gether when quantifying future habitat suitability, and a num-
ber of metabolic indexes have been developed that describe
this (e.g. Deutsch et al., 2020; Clarke et al., 2021). Here our
focus is limited to deoxygenation rather than its impacts.
However, since deoxygenation is concerning because of its
potential impacts on organisms, it is important that future
studies take this into account.

5 Conclusions

At present few downscaled climate projections exist for the
NWES and even fewer that include biogeochemistry. By pro-
ducing two additional climate model runs we expanded on
previous results on circulation (Holt et al., 2018) and near-
bed oxygen (Wakelin et al., 2020) with the aim of improving
the understanding of near-bed oxygen fate and controls in
this region.

All of our ensemble members predict oxygen decline
throughout NWES but also mitigating effects, due to in-
creased primary production, in shallow coastal regions. Un-
der sustained enough warming the eastern part of the North
Sea and the Norwegian-trench–Skagerrak complex are more
vulnerable to oxygen depletion than elsewhere on the shelf;
this is tied to increased stratification, fostered by a circulation
change that limits ocean–shelf exchange.

This work serves not only to improve on the current un-
derstanding of the fate and controls of near-bed oxygen in
the NWES, but also to stress how, especially in highly dy-
namic coastal and shelf environments, oxygen change can
exhibit high spatial heterogeneity, which is much more than
would be expected by the effects of warming on solubility
alone. Several studies highlighted how downscaling can im-
prove the representation of coastal and shelf processes that
are not adequately resolved in coarse global models. The
drawback is that, more often than not, too few regional down-
scaled simulations are available to adequately characterise all
sources of variability and quantify uncertainty, as is possible
with global models. This is the case for this study also where
we used a limited number of realisations (three) of the same
coupled model suite and only one climate change scenario,
and although we did explore variability to some degree, this
can by no means be considered a robust assessment of ex-
pected change. We suggest that future efforts should be di-
rected at collating ensembles of regional climate model pro-
jections (similarly to what is done within the Climate Model
Intercomparison Project, CMIP), including the biogeochem-
istry component, for the purpose of studying marine climate
and ecosystem impacts and controls, including those on oxy-
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gen. Such an effort should adequately sample scenario, inter-
nal and model variability. Our observation that differences in
downscaling procedure, model forcings and parameterisation
can significantly affect projected trends and the representa-
tion of biogeochemical cycles highlights the importance of
this.

Code availability. NEMO and ERSEM are both free and open
source, and their code can be retrieved from the Zen-
odo repository (NEMO: https://doi.org/10.5281/zenodo.11060264,
Marine Systems Modelling group (PML), 2024; ERSEM:
https://doi.org/10.5281/zenodo.4075315, Marine Systems Mod-
elling group (PML), 2020). NEMO was used in a configuration
called AMM7 that models the NWES domain (Marine Systems
Modelling group (PML), 2024).

Data availability. All the field data used in the analysis pre-
sented in the paper and to produce the plots are available at
https://zenodo.org/records/8283355 (Galli et al., 2023a); additional
data for the IPSL and GFDL simulations are available at BODC
https://doi.org/10.5285/0786d770-ba54-0e57-e063-6c86abc09fdf
(Galli et al., 2023b) and https://doi.org/10.5285/07877700-0e22-
5fb5-e063-6c86abc03058 (Galli et al., 2023c). The rest of the data
used in this study were published by their authors as cited in the
paper.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/bg-21-2143-2024-supplement.

Author contributions. GG performed the analyses and wrote the
main body of text; GG, YA and SW designed the analysis frame-
work; all authors were involved in revising the manuscript; and all
authors contributed to model development and ran the simulations.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. This paper reflects only the authors’ view; the Euro-
pean Commission and their executive agency are not responsible
for any use that may be made of the information the work contains.

Publisher’s note: Copernicus Publications remains neutral
with regard to jurisdictional claims made in the text, published
maps, institutional affiliations, or any other geographical represen-
tation in this paper. While Copernicus Publications makes every
effort to include appropriate place names, the final responsibility
lies with the authors.

Special issue statement. This article is part of the special issue
“Low-oxygen environments and deoxygenation in open and coastal
marine waters”. It is a result of the 53rd International Colloquium

on Ocean Dynamics (3rd GO2NE Oxygen Conference), Liège, Bel-
gium, 16–20 May 2022.

Acknowledgements. We thank colleagues who contributed to pre-
liminary work in the RECICLE project, including Momme Buten-
schön, Luca Polimene and Heather Cannaby. Giovanni Galli thanks
the organisers and participants of the 53rd International Colloquium
on Ocean Dynamics for the stimulating discussions. We acknowl-
edge the financial contribution from NERC and the EU and thank
the three anonymous reviewers for the rigorous and constructive re-
views.

Financial support. This project has received funding from the Eu-
ropean Union’s Horizon 2020 research and innovation programme
under grant agreement no. 820989 (project COMFORT, Our com-
mon future ocean in the Earth system – quantifying coupled cy-
cles of carbon, oxygen, and nutrients for determining and achiev-
ing safe operating spaces with respect to tipping points) and from
the NERC projects RECICLE (Resolving Climate Impacts on shelf
and CoastaL sea Ecosystems; NE/M004120/1 and NE/M003477/2),
FOCUS (Future states Of the global Coastal ocean: Understand-
ing for Solutions; NE/X006271/1) and CLASS (Climate Linked
Atlantic Sector Science; NE/R015953/1). This work used the
ARCHER and ARCHER2 UK National Supercomputing Service
(http://www.archer2.ac.uk, last access: 26 April 2023).

Review statement. This paper was edited by Marilaure Grégoire
and reviewed by three anonymous referees.

References

Andrews, T., Gregory, J. M., Webb, M. J., and Taylor, K. E.:
Forcing, feedbacks and climate sensitivity in CMIP5 coupled
atmosphere-ocean climate models, Geophys. Res. Lett., 39,
L09712, https://doi.org/10.1029/2012GL051607, 2012.

Bindoff, N. L., Cheung, W. W. L., Kairo, J. G., Arístegui, J., Guin-
der, V. A., Hallberg, R., Hilmi, N., Jiao, N., Karim, M. S., Levin,
L., O’Donoghue, S., Purca Cuicapusa, S. R., Rinkevich, B., Suga,
T., Tagliabue, A., and Williamson, P.: Changing Ocean, Marine
Ecosystems, and Dependent Communities, in: The Ocean and
Cryosphere in a Changing Climate: Special Report of the In-
tergovernmental Panel on Climate Change, 1st Edn., Cambridge
University Press, https://doi.org/10.1017/9781009157964, 2019.

Blaas, M., Kerkhoven, D., and De Swart, H.: Large-scale
circulation and flushing characteristics of the North Sea
under various climate forcings, Clim. Res., 18, 47–54,
https://doi.org/10.3354/cr018047, 2001.

Blackford, J. C., Allen, J. I., and Gilbert, F. J.: Ecosystem dynamics
at six contrasting sites: a generic modelling study, J. Mar. Syst.,
52, 191–215, https://doi.org/10.1016/j.jmarsys.2004.02.004,
2004.

Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P.,
Gehlen, M., Halloran, P., Heinze, C., Ilyina, T., Séférian, R.,
Tjiputra, J., and Vichi, M.: Multiple stressors of ocean ecosys-
tems in the 21st century: projections with CMIP5 models,

https://doi.org/10.5194/bg-21-2143-2024 Biogeosciences, 21, 2143–2158, 2024

https://doi.org/10.5281/zenodo.11060264
https://doi.org/10.5281/zenodo.4075315
https://zenodo.org/records/8283355
https://doi.org/10.5285/0786d770-ba54-0e57-e063-6c86abc09fdf
https://doi.org/10.5285/07877700-0e22-5fb5-e063-6c86abc03058
https://doi.org/10.5285/07877700-0e22-5fb5-e063-6c86abc03058
https://doi.org/10.5194/bg-21-2143-2024-supplement
http://www.archer2.ac.uk
https://doi.org/10.1029/2012GL051607
https://doi.org/10.1017/9781009157964
https://doi.org/10.3354/cr018047
https://doi.org/10.1016/j.jmarsys.2004.02.004


2156 G. Galli et al.: Multi-model comparison of trends and controls of near-bed oxygen concentration

Biogeosciences, 10, 6225–6245, https://doi.org/10.5194/bg-10-
6225-2013, 2013.

Boyer, T. P., García, H. E., Locarnini, R. A., Zweng, M. M., Mis-
honov, A. V., Reagan, J. R., Weathers, K. A., Baranova, O. K.,
Paver, C. R., Seidov, D., and Smolyar, I. V.: World Ocean Atlas
2018. NOAA National Centers for Environmental Information,
NOAA [data set], https://www.ncei.noaa.gov/archive/accession/
NCEI-WOA18 (last access: 24 April 2024), 2018.

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F.
P., Conley, D. J., Garçon, V., Gilbert, D., Gutiérrez, D., Isensee,
K., Jacinto, G. S., Limburg, K. E., Montes, I., Naqvi, S. W. A.,
Pitcher, G. C., Rabalais, N. N., Roman, M. R., Rose, K. A.,
Seibel, B. A., Telszewski, M., Yasuhara, M., and Zhang, J.: De-
clining oxygen in the global ocean and coastal waters, Science,
359, eaam7240, https://doi.org/10.1126/science.aam7240, 2018.

Butenschön, M., Clark, J., Aldridge, J. N., Allen, J. I., Artioli, Y.,
Blackford, J., Bruggeman, J., Cazenave, P., Ciavatta, S., Kay, S.,
Lessin, G., van Leeuwen, S., van der Molen, J., de Mora, L.,
Polimene, L., Sailley, S., Stephens, N., and Torres, R.: ERSEM
15.06: a generic model for marine biogeochemistry and the
ecosystem dynamics of the lower trophic levels, Geosci. Model
Dev., 9, 1293–1339, https://doi.org/10.5194/gmd-9-1293-2016,
2016.

Ciavatta, S., Kay, S., Saux-Picart, S., Butenschön, M., and
Allen, J. I.: Decadal reanalysis of biogeochemical indi-
cators and fluxes in the North West European shelf-
sea ecosystem, J. Geophys. Res.-Ocean., 121, 1824–1845,
https://doi.org/10.1002/2015JC011496, 2016.

Ciavatta, S., Brewin, R. J. W., Skákala, J., Polimene, L., de
Mora, L., Artioli, Y., and Allen, J. I.: Assimilation of Ocean-
Color Plankton Functional Types to Improve Marine Ecosys-
tem Simulations, J. Geophys. Res.-Ocean., 123, 834–854,
https://doi.org/10.1002/2017JC013490, 2018.

Clarke, T. M., Wabnitz, C. C. C., Striegel, S., Frölicher,
T. L., Reygondeau, G., and Cheung, W. W. L.: Aer-
obic growth index (AGI): An index to understand the
impacts of ocean warming and deoxygenation on global
marine fisheries resources, Prog. Oceanogr., 195, 102588,
https://doi.org/10.1016/j.pocean.2021.102588, 2021.

de Boer, G. J., Pietrzak, J. D., and Winterwerp, J. C.:
Using the potential energy anomaly equation to investi-
gate tidal straining and advection of stratification in a
region of freshwater influence, Ocean Model., 22, 1–11,
https://doi.org/10.1016/j.ocemod.2007.12.003, 2008.

Deutsch, C., Ferrel, A., Seibel, B., Pörtner, H.-O., and
Huey, R. B.: Climate change tightens a metabolic con-
straint on marine habitats, Science, 348, 1132–1135,
https://doi.org/10.1126/science.aaa1605, 2015.

Deutsch, C., Penn, J. L., and Seibel, B.: Metabolic trait di-
versity shapes marine biogeography, Nature, 585, 557–562,
https://doi.org/10.1038/s41586-020-2721-y, 2020.

Devlin, M., Fernand, L., and Collingridge, K.: Concentra-
tions of Dissolved Oxygen Near the Seafloor in the Greater
North Sea, Celtic Seas and Bay of Biscay and Iberian
Coast, in: OSPAR, 2023: The 2023 Quality Status Report
for the North-East Atlantic, OSPAR Commission, London,
https://oap.ospar.org/en/ospar-assessments/, 2023.

Drenkard, E. J., Stock, C., Ross, A. C., Dixon, K. W., Adcroft, A.,
Alexander, M., Balaji, V., Bograd, S. J., Butenschön, M., Cheng,

W., Curchitser, E., Lorenzo, E. D., Dussin, R., Haynie, A. C.,
Harrison, M., Hermann, A., Hollowed, A., Holsman, K., Holt, J.,
Jacox, M. G., Jang, C. J., Kearney, K. A., Muhling, B. A., Buil,
M. P., Saba, V., Sandø, A. B., Tommasi, D., and Wang, M.: Next-
generation regional ocean projections for living marine resource
management in a changing climate, ICES J. Mar. Sci., 78, 1969–
1987, https://doi.org/10.1093/icesjms/fsab100, 2021.

Dufresne, J.-L., Foujols, M.-A., Denvil, S., Caubel, A., Marti, O.,
Aumont, O., Balkanski, Y., Bekki, S., Bellenger, H., Benshila,
R., Bony, S., Bopp, L., Braconnot, P., Brockmann, P., Cadule,
P., Cheruy, F., Codron, F., Cozic, A., Cugnet, D., de Noblet,
N., Duvel, J.-P., Ethé, C., Fairhead, L., Fichefet, T., Flavoni,
S., Friedlingstein, P., Grandpeix, J.-Y., Guez, L., Guilyardi, E.,
Hauglustaine, D., Hourdin, F., Idelkadi, A., Ghattas, J., Jous-
saume, S., Kageyama, M., Krinner, G., Labetoulle, S., Lahel-
lec, A., Lefebvre, M.-P., Lefevre, F., Levy, C., Li, Z. X., Lloyd,
J., Lott, F., Madec, G., Mancip, M., Marchand, M., Masson, S.,
Meurdesoif, Y., Mignot, J., Musat, I., Parouty, S., Polcher, J., Rio,
C., Schulz, M., Swingedouw, D., Szopa, S., Talandier, C., Terray,
P., Viovy, N., and Vuichard, N.: Climate change projections us-
ing the IPSL-CM5 Earth System Model: from CMIP3 to CMIP5,
Clim. Dynam., 40, 2123–2165, https://doi.org/10.1007/s00382-
012-1636-1, 2013.

Dunne, J. P., John, J. G., Adcroft, A. J., Griffies, S. M., Hallberg,
R. W., Shevliakova, E., Stouffer, R. J., Cooke, W., Dunne, K.
A., Harrison, M. J., Krasting, J. P., Malyshev, S. L., Milly, P.
C. D., Phillipps, P. J., Sentman, L. T., Samuels, B. L., Spelman,
M. J., Winton, M., Wittenberg, A. T., and Zadeh, N.: GFDL’s
ESM2 Global Coupled Climate–Carbon Earth System Models,
Part I: Physical Formulation and Baseline Simulation Character-
istics, J. Clim., 25, 6646–6665, https://doi.org/10.1175/JCLI-D-
11-00560.1, 2012.

Duteil, O., Koeve, W., Oschlies, A., Bianchi, D., Galbraith, E., Kri-
est, I., and Matear, R.: A novel estimate of ocean oxygen utilisa-
tion points to a reduced rate of respiration in the ocean interior,
Biogeosciences, 10, 7723–7738, https://doi.org/10.5194/bg-10-
7723-2013, 2013.

Edwards, K. P., Barciela, R., and Butenschön, M.: Validation of
the NEMO-ERSEM operational ecosystem model for the North
West European Continental Shelf, Ocean Sci., 8, 983–1000,
https://doi.org/10.5194/os-8-983-2012, 2012.

Fagundes, M., Litvin, S. Y., Micheli, F., De Leo, G., Boch, C.
A., Barry, J. P., Omidvar, S., and Woodson, C. B.: Downscal-
ing global ocean climate models improves estimates of expo-
sure regimes in coastal environments, Sci. Rep., 10, 14227,
https://doi.org/10.1038/s41598-020-71169-6, 2020.

Frölicher, T. L., Rodgers, K. B., Stock, C. A., and Cheung, W. W. L.:
Sources of uncertainties in 21st century projections of potential
ocean ecosystem stressors, Global Biogeochem. Cy., 30, 1224–
1243, https://doi.org/10.1002/2015GB005338, 2016.

Galli, G., Wakelin, S., Holt, J., Harle, J., and Artioli, Y.:
Selected near-bottom and other variables from NW Euro-
pean shelf physics-biogeochemistry downscaled ocean cli-
mate projections, 3-member ensemble, Zenodo [data set],
https://doi.org/10.5281/zenodo.8283355, 2023a.

Galli, G., Artioli, Y., Wakelin, S., Harle, J., and Holt, J.: North-
west European Shelf daily and monthly physical-biogeochemical
data (1990–2099) from NEMO-ERSEM coupled physics-
biogeochemistry climate model forced by IPSL-CM5A-MR un-

Biogeosciences, 21, 2143–2158, 2024 https://doi.org/10.5194/bg-21-2143-2024

https://doi.org/10.5194/bg-10-6225-2013
https://doi.org/10.5194/bg-10-6225-2013
https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18
https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18
https://doi.org/10.1126/science.aam7240
https://doi.org/10.5194/gmd-9-1293-2016
https://doi.org/10.1002/2015JC011496
https://doi.org/10.1002/2017JC013490
https://doi.org/10.1016/j.pocean.2021.102588
https://doi.org/10.1016/j.ocemod.2007.12.003
https://doi.org/10.1126/science.aaa1605
https://doi.org/10.1038/s41586-020-2721-y
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/seafloor-dissolved-oxygen
https://doi.org/10.1093/icesjms/fsab100
https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1175/JCLI-D-11-00560.1
https://doi.org/10.1175/JCLI-D-11-00560.1
https://doi.org/10.5194/bg-10-7723-2013
https://doi.org/10.5194/bg-10-7723-2013
https://doi.org/10.5194/os-8-983-2012
https://doi.org/10.1038/s41598-020-71169-6
https://doi.org/10.1002/2015GB005338
https://doi.org/10.5281/zenodo.8283355


G. Galli et al.: Multi-model comparison of trends and controls of near-bed oxygen concentration 2157

der scenario RCP8.5, NERC EDS British Oceanographic Data
Centre NOC [data set], https://doi.org/10.5285/0786d770-ba54-
0e57-e063-6c86abc09fdf, 2023b.

Galli, G., Artioli, Y., Wakelin, S., Harle, J., and Holt, J.: North-
west European Shelf daily and monthly physical-biogeochemical
data (1990–2099) from NEMO-ERSEM coupled physics-
biogeochemistry climate model forced by IPSL-CM5A-MR un-
der scenario RCP8.5, NERC EDS British Oceanographic Data
Centre NOC [data set], https://doi.org/10.5285/0786d770-ba54-
0e57-e063-6c86abc09fdf, 2023c.

Garnesson, M., Mangin, A., and Bretagnon, M.: QUID for
OC TAC Products OCEANCOLOUR_OBSERVATIONS,
https://doi.org/10.48670/moi-00280, 2021.

Gilbert, D., Rabalais, N. N., Díaz, R. J., and Zhang, J.:
Evidence for greater oxygen decline rates in the coastal
ocean than in the open ocean, Biogeosciences, 7, 2283–2296,
https://doi.org/10.5194/bg-7-2283-2010, 2010.

Giorgi, F.: Thirty Years of Regional Climate Modeling: Where Are
We and Where Are We Going next?, J. Geophys. Res.-Atmos.,
124, 5696–5723, https://doi.org/10.1029/2018JD030094, 2019.

Hinrichs, I., Gouretski, V., Pätsch, J., Emeis, K.-C., and Stam-
mer, D.: North Sea Biogeochemical Climatology (Version
1.1), World Data Center for Climate (WDCC) at DKRZ,
https://doi.org/10.1594/WDCC/NSBClim_v1.1, 2017.

Hofmann, A. F., Peltzer, E. T., Walz, P. M., and Brewer,
P. G.: Hypoxia by degrees: Establishing definitions for
a changing ocean, Deep-Sea Res. Pt. I, 58, 1212–1226,
https://doi.org/10.1016/j.dsr.2011.09.004, 2011.

Holt, J., Butenschön, M., Wakelin, S. L., Artioli, Y., and Allen, J. I.:
Oceanic controls on the primary production of the northwest Eu-
ropean continental shelf: model experiments under recent past
conditions and a potential future scenario, Biogeosciences, 9,
97–117, https://doi.org/10.5194/bg-9-97-2012, 2012.

Holt, J., Schrum, C., Cannaby, H., Daewel, U., Allen, I., Artioli,
Y., Bopp, L., Butenschon, M., Fach, B. A., Harle, J., Pushpadas,
D., Salihoglu, B., and Wakelin, S.: Potential impacts of climate
change on the primary production of regional seas: A compar-
ative analysis of five European seas, Prog. Oceanogr., 140, 91–
115, https://doi.org/10.1016/j.pocean.2015.11.004, 2016.

Holt, J., Polton, J., Huthnance, J., Wakelin, S., O’Dea, E.,
Harle, J., Yool, A., Artioli, Y., Blackford, J., Siddorn, J.,
and Inall, M.: Climate-Driven Change in the North At-
lantic and Arctic Oceans Can Greatly Reduce the Circula-
tion of the North Sea, Geophys. Res. Lett., 45, 11827–11836,
https://doi.org/10.1029/2018GL078878, 2018.

Holt, J., Harle, J., Wakelin, S., Jardine, J., and Hopkins, J.: Why
Is Seasonal Density Stratification in Shelf Seas Expected to In-
crease Under Future Climate Change?, Geophys. Res. Lett., 49,
e2022GL100448, https://doi.org/10.1029/2022GL100448, 2022.

Huthnance, J. M.: Physical Oceanography of the North Sea, Ocean
Shorel. Manag., 16, 199–231, https://doi.org/10.1016/0951-
8312(91)90005-M, 1991.

Ito, T., Follows, M. J., and Boyle, E. A.: Is AOU a good measure of
respiration in the oceans?: Aou and Respiration, Geophys. Res.
Lett., 31, L17305, https://doi.org/10.1029/2004GL020900, 2004.

Jones, C. D., Hughes, J. K., Bellouin, N., Hardiman, S. C., Jones,
G. S., Knight, J., Liddicoat, S., O’Connor, F. M., Andres, R.
J., Bell, C., Boo, K.-O., Bozzo, A., Butchart, N., Cadule, P.,
Corbin, K. D., Doutriaux-Boucher, M., Friedlingstein, P., Gor-

nall, J., Gray, L., Halloran, P. R., Hurtt, G., Ingram, W. J., Lamar-
que, J.-F., Law, R. M., Meinshausen, M., Osprey, S., Palin, E.
J., Parsons Chini, L., Raddatz, T., Sanderson, M. G., Sellar, A.
A., Schurer, A., Valdes, P., Wood, N., Woodward, S., Yoshioka,
M., and Zerroukat, M.: The HadGEM2-ES implementation of
CMIP5 centennial simulations, Geosci. Model Dev., 4, 543–570,
https://doi.org/10.5194/gmd-4-543-2011, 2011.

Kay, S., McEwan, R., and Ford, D.: North West European Shelf Pro-
duction Centre NWSHELF_MULTIYEAR_BIO_004_011 qual-
ity information document, Copernicus Marine Environment
Monitoring Service, https://doi.org/10.5281/zenodo.7022701,
2020.

Kearney, K. A., Bograd, S. J., Drenkard, E., Gomez, F. A., Hal-
tuch, M., Hermann, A. J., Jacox, M. G., Kaplan, I. C., Koenig-
stein, S., Luo, J. Y., Masi, M., Muhling, B., Pozo Buil, M., and
Woodworth-Jefcoats, P. A.: Using Global-Scale Earth System
Models for Regional Fisheries Applications, Front. Mar. Sci., 8,
622206, https://doi.org/10.3389/fmars.2021.622206, 2021.

Korpinen, S., Laamanen, L., Bergström, L., Nurmi, M., Ander-
sen, J. H., Haapaniemi, J., Harvey, E. T., Murray, C. J., Pe-
terlin, M., Kallenbach, E., Klančnik, K., Stein, U., Tunesi, L.,
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