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A B S T R A C T   

Dissolved oxygen concentrations in the ocean are declining on a global scale. However, the impact of climate 
change on oxygen in shelf seas is not well understood. We investigate potential future changes in oxygen on the 
northwest European continental shelf under a business as usual greenhouse gas emissions scenario 
(Representative Concentration Pathway RCP8.5). Regions of the European shelf are thermally stratified from 
spring to autumn, which can cause oxygen depletion in sub-pycnocline waters. A transient climate-forced model 
simulation is used to study how the temperature, salinity and concentration of near bed dissolved oxygen change 
over the 21st century. In warming and freshening water, the oxygen concentration declines in all shelf regions. 
The climate change signal emerges first in salinity, then in temperature and finally in near bed oxygen. Regions 
that currently experience oxygen depletion (the eastern North Sea, Celtic Sea and Armorican shelf) become 
larger in the future scenario and oxygen depletion lasts longer. Solubility changes, caused by changes in tem-
perature and salinity, are the dominant cause of reducing near bed oxygen concentrations in many regions. Until 
about 2040 the impact of solubility dominates over the effects of the evolving ecosystem. However, in the 
eastern North Sea by 2100, the effect of ecosystem change is generally larger than that of solubility. In the 
Armorican Shelf and Celtic Sea the ecosystem changes partially mitigate the oxygen decline caused by solubility 
changes. Over the 21st century the mean near bed oxygen concentration on the European shelf is projected to 
decrease by 6.3%, of which 73% is due to solubility changes and the remainder to changes in the ecosystem. For 
monthly minimum oxygen the decline is 7.7% with the solubility component being 50% of the total.   

1. Introduction 

Dissolved oxygen in the ocean is an indicator of water quality and 
low concentrations can be a threat to the health of aquatic life. Due to a 
combination of warmer temperatures, which reduce gas solubility, and 
an increase in nutrients discharged at the coast, dissolved oxygen 
concentrations have been declining globally since at least the middle of 
the 20th century [Breitburg et al., 2018]. [Schmidtko et al., 2017] es-
timate a reduction of the global oxygen inventory of more than 2% 
since 1960. Over the 21st century, the global oxygen content is “very 
likely” to decline [Bindoff et al., 2019; IPCC, 2019] by 3.2–3.7%, for 
RCP8.5 (Representative Concentration Pathway 8.5 [van Vuuren et al., 
2011]) or by 1.6–2.0% for RCP2.6. From 1870 to 2100, in the upper 
mesopelagic layer, global oxygen is projected to decline by 2–4% 
[Cocco et al., 2013]. 

At the sea surface, oxygen concentration is influenced by the 

exchange of oxygen across the air-sea interface. Marine dissolved 
oxygen is produced by photosynthesis in surface waters; as phyto-
plankton sink out of the photic zone respiration exceeds photosynthesis 
and there is net phytoplankton consumption of oxygen. The phyto-
plankton are consumed by zooplankton and bacteria, which use oxygen 
in respiration. Where the ocean is stratified, vertical mixing is inhibited 
and water below the pycnocline is isolated from atmospheric exchange. 
In the isolated part of the water column, biological processes may re-
duce oxygen concentrations to below healthy levels. 

A threshold of 2 mg l−1, representing hypoxia, is widely used in the 
literature, however, many organisms experience hypoxia impacts at 
higher oxygen concentrations [Vaquer-Sunyer and Duarte, 2008]. For 
the North Sea [OSPAR, 2003] identified a threshold of 6 mg l−1 below 
which bottom water is defined as oxygen depleted. Coastal regions with 
oxygen concentrations below 2 mg l−1 occur globally [Breitburg et al., 
2018] and, within 30 km of the coast, oxygen is currently declining 
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faster than in the open ocean [Gilbert et al., 2010]. Hypoxia also exists 
in enclosed and shelf seas (e.g. the Baltic Sea [Carstensen et al., 2014], 
Black Sea [Capet et al., 2013], North Sea [Topcu and Brockmann, 2015] 
and Gulf of Mexico [Rabalais et al., 2007]). 

The northwest European continental shelf (NWES) is a broad 
shallow region in the northeast Atlantic (Fig. 1). A northwards flowing 
slope current runs along much of the edge of the continental shelf, with 
associated secondary circulation, meanders and eddies contributing to 
ocean-shelf exchange [Huthnance et al., 2009]. In the Celtic Sea, wind- 
driven Ekman transport, cross-shelf pressure gradients and Stoke’s drift 
also generate ocean-shelf exchange [Ruiz-Castillo et al., 2019]. Further 
north, prevailing westerly winds drive on-shelf surface flow and hence 
downwelling circulation [Huthnance et al., 2009]. On the shelf, the 
Celtic Sea has a seasonal anti-clockwise circulation [Brown et al., 2003] 
with a mean flow northwards through the Irish Sea [Brown and 
Gmitrowicz, 1995; Knight and Howarth, 1999] and eastwards through 
the English Channel [Prandle et al., 1996]. North Sea circulation is anti- 
clockwise: Atlantic water enters northeast of Scotland via the Fair Isle 
Current, the East Shetland Current and along the western side of the 
Norwegian Trench, joins with inflow from the English Channel and the 
Baltic Sea, and exits along the eastern side of the Norwegian Trench 
[OSPAR, 2000; Turrell, 1992]. The transport of Atlantic waters is the 
major source of inorganic nutrients on the NWES (eg. [Lavín et al., 

2006; Ruiz-Castillo et al., 2019; Vermaat et al., 2008]). Other sources 
are riverine and direct discharge from land (eg. from industry, agri-
culture and urban wastewater) and atmospheric deposition. 

Large areas of the NWES stratify seasonally. The water column is 
well mixed in the winter, stratifies during spring in response to in-
creasing solar radiation heating surface waters, and remains stratified 
until autumn when decreasing solar radiation and increased mixing due 
to storms break down the stratification. During the stratified period 
oxygen concentrations below the pycnocline can fall to below the 
oxygen depletion threshold [OSPAR, 2003] in some regions. [Ciavatta 
et al., 2016] used a decadal model reanalysis to show that parts of the 
southern North Sea, Celtic Sea, Armorican shelf and English Channel 
along with coastal zones in Scotland and west of Ireland are vulnerable 
to oxygen deficiency. [Topcu and Brockmann, 2015] identified thermal 
stratification, water depth and nitrogen availability as controls on the 
magnitude of oxygen depletion in the North Sea. [Große et al., 2016] 
demonstrated that the regions of the North Sea most susceptible to 
oxygen deficiency are productive regions that are seasonally stratified 
but with small sub-thermocline volumes, since these store less oxygen 
than regions with large sub-thermocline volumes at the same oxygen 
concentrations. Oxygen depletion can potentially be mitigated by re-
ducing terrestrial nutrient sources: [Lenhart et al., 2010] showed that a 
50% reduction in riverine nutrient loads increased modelled oxygen 

Fig. 1. The AMM7 model domain and bathymetry (in m). The 13 regions used for analysis are also shown.  
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concentrations to above depletion threshold in the southern North Sea. 
Climate change has the potential to influence the oxygen cycle in a 

variety of ways through changes in the hydrodynamic climate (i.e. 
temperature, salinity, vertical water column structure and circulation) 
and the impact on biogeochemical cycles. Changes to circulation and 
stratification affect the nutrient supply and so control phytoplankton 
production, while changes to water column stratification impact the 
vertical mixing of oxygen. Gas solubility decreases with increasing 
temperature, reducing the capacity of water to store oxygen, whereas 
decreasing salinity increases gas solubility. Biological cycling rates in-
crease with increasing temperature affecting photosynthesis and both 
autotrophic and heterotrophic respiration. [Helm et al., 2011] estimate 
that ~15% of current total global ocean oxygen loss is due to solubility 
change and the remainder is due to increased stratification reducing 
water mass renewal. [Keeling et al., 2010] estimate that oxygen decline 
in global climate projections is 2–4 times higher than expected from 
solubility changes alone. In a model projection to 2100 in the Northern 
Gulf of Mexico [Laurent et al., 2018] projected that hypoxia would 
become more severe and prolonged with the main drivers being re-
duced oxygen solubility (60–74%) and increased stratification 
(< 40%). The oxygen depletion experienced by regions of the NWES in 
the present day is a result of combined physical and ecosystem pro-
cesses. Projected temperature changes will reduce oxygen solubility in 
the future. However, the response of the ecosystem, in particular the 
impact of changes in circulation and nutrient supply, could be equally 
important and reinforce or mitigate the solubility change. Oxygen de-
pletion in regions where oxygen changes are more sensitive to eco-
system processes could potentially be improved by applying regional 
environmental policies, such as those that limit release of anthro-
pogenic nutrients to the ocean and atmosphere. Here we investigate the 
relative impacts of solubility and ecosystem changes on oxygen con-
centrations on the NWES. 

We use a coupled hydrodynamic ecosystem model of the northeast 
Atlantic Ocean to investigate potential changes on the NWES under a 
climate scenario of comparatively high greenhouse gas emissions (RCP 
8.5). We downscale the impacts of potential changes in atmospheric 
and oceanic climates to the NWES; where future evolution is unknown 
(e.g. atmospheric nutrient deposition and river flows and nutrient 
loads) we use present day climatological means. The aims of this study 
are 1) to estimate the potential decrease in near bed dissolved oxygen 
by 2100, 2) to investigate how regions of oxygen depletion might 
evolve and 3) to assess the relative contributions of solubility and 
ecosystem changes to the oxygen decline. In Section 2 we summarise 
the main features of the models used and describe the simulations. A 
method to separate the solubility impacts on near bed oxygen from 
those due to the ecosystem evolving under physical environment 
changes is also presented. In Section 3 and Appendix A, we assess the 
skill of the climate simulation in representing recent past conditions in 
comparison to a hindcast simulation forced by atmospheric reanalysis. 
Results are presented in Section 4 and summary and conclusions in  
Section 5. 

2. Methods 

2.1. Model descriptions 

We use the coupled hydrodynamics-ecosystem model NEMO- 
ERSEM to model the hydrodynamics and ecosystem of the northeast 
Atlantic Ocean in the ~7 km-resolution Atlantic Margin Model 
(AMM7). The domain covers 20°W to 13°E and 40°N to 65°N, including 
the NWES and the adjacent deep ocean (Fig. 1). The AMM7 model has 
horizontal resolution 1/15° latitude by 1/9° longitude and uses 32 s- 
coordinate levels in the vertical [Song and Haidvogel, 1994]. 

The simulations use version 3.2 of the Nucleus for European 
Modelling of the Ocean (NEMO) code [Madec, 2008]. A full description 
of the AMM7 setup is given by [O'Dea et al., 2012]; here we use the 
model in non-assimilative mode. Tidal forcing is from the equilibrium 
tide and tidal sea surface elevation and currents from harmonic con-
stants specified at the AMM7 Atlantic boundaries, taken from a north-
east Atlantic tidal model [Flather, 1981]. Time-varying open boundary 
temperature, salinity, surface elevation and barotropic currents are 
provided by global ocean models (see Section 2.2). Atmosphere forcing 
is included using COARE3 bulk formulae [Fairall et al., 2003] applied 
to atmospheric model data (see Section 2.2). 

The European Regional Seas Ecosystem Model (ERSEM, [Baretta 
et al., 1995; Blackford et al., 2004; Butenschön et al., 2016]) is a lower 
trophic level biogeochemical model which explicitly resolves carbon, 
nitrogen, oxygen, phosphorous and silicon cycles in a coupled pelagic- 
benthic system. ERSEM uses four phytoplankton types (flagellates, pi-
coplankton, diatoms and dinoflagellates), three zooplankton types 
(heterotrophic nanoflagellates and micro and meso zooplankton) and 
bacteria. The pelagic oxygen cycle comprises the consumption of dis-
solved oxygen through respiration by phytoplankton, zooplankton and 
bacteria and the production of dissolved oxygen through photosynth-
esis. Air–sea fluxes are calculated as the product of the gas transfer 
velocity [Wanninkhof, 1992; Wanninkhof and McGillis, 1999] and the 
difference between the oxygen concentration corresponding to satura-
tion at the surface temperature and salinity [Weiss, 1970] and the 
concentration of oxygen in the surface water. 

The coupling of NEMO to ERSEM for AMM7 is described by 
[Edwards et al., 2012], except that here we use an annual cycle of se-
diment particulate material and coloured dissolved organic matter from 
SeaWiFS climatology [Smyth et al., 2006] to calculate non-biotic light 
absorption [Wakelin et al., 2012] and determine light availability for 
the ecosystem. The same non-biotic light absorption distribution is used 
in all model simulations. 

2.2. Model experiments 

We use three simulations: a hindcast using reanalysis atmosphere 
and ocean forcing, a climate simulation forced by atmosphere and 
ocean data from global climate models, and a control run to assess 
model drift in the climate simulation. The model setups are described in  
Sections 2.2.1 and 2.2.2, and summarised in Table 1. 

Table 1 
Summary of model simulations. All simulations use the same present day climatologies of sediment particulate material/coloured dissolved organic matter and rivers.        

Simulation Analysis period Forcing data 

Atmosphere Ocean boundary Ecosystem boundary Nitrogen deposition  

hindcast 1980–2007 ERA-Interim ORCA025 climatological EMEP 
RCP8.5 1980–2099 HadGEM2-ES NEMO-MEDUSA NEMO-MEDUSA EMEP 

(to 2009 then 2009 repeat) 
CTL 1980–2099 HadGEM2-ES (1980 repeat) NEMO-MEDUSA (1980 repeat) NEMO-MEDUSA (1980 repeat) EMEP 

(1980 repeat) 
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2.2.1. Reanalysis-forced simulation 
The hindcast uses surface forcing from the ERA-Interim global at-

mospheric reanalysis [Dee et al., 2011]. Open boundary conditions for 
temperature, salinity, currents and surface elevation are taken from a 
0.25° global NEMO implementation (ORCA025-N206, [Blaker et al., 
2015]). Open-boundary nutrient (nitrate, silicate and phosphate) and 
dissolved inorganic carbon (DIC) values are derived from climatologies 
[Garcia et al., 2006; Key et al., 2004], providing an annual cycle of 
monthly values for each component. Atmospheric nutrient deposition 
data for dry and wet deposition of oxidised and reduced nitrogen are 
from the European Monitoring and Evaluation Programme (EMEP) 
Cooperative Programme for Monitoring and Evaluation of the Long- 
range Transmission of Air Pollutants in Europe, downloaded from 
http://www.emep.int/. A climatological annual cycle of freshwater 
river fluxes at daily frequency is derived from daily discharge data for 
250 rivers from 1984 to 2004 (Global River Discharge Data Base 
[Vörösmarty et al., 2000]) and from data prepared by the Centre for 
Ecology and Hydrology as used by [Young and Holt, 2007]. The Baltic 
flows at the south of the Kattegat are treated as additional rivers. An 
annual cycle of daily nutrient concentrations is derived for each river 
from data used by Lenhart et al. [2010] covering the period 1984 to 
2004, including data processed by van Leeuwen (NIOZ & Utrecht 
University, pers. comm) for the UK, Northern Ireland, Ireland, France, 
Norway, Denmark and the Baltic and by [Pätsch and Lenhart, 2004] for 
Germany and the Netherlands. 

The hindcast starts from rest in January 1970 using initial tem-
perature and salinity fields from the ORCA025 simulation and initial 
ecosystem fields from a previous AMM7 simulation where homo-
geneous initial values corresponding to the average bulk properties of 
the shelf are spun up for five years. The simulation runs to 2007, which 
is the last year of the ORCA025 simulation that supplies boundary data. 
To give the model time to adjust from initial conditions, we discard the 
first 10 years in the analysis. 

2.2.2. Climate projections 
For the climate projection simulations, the model is forced with 

atmosphere, ocean and ecosystem boundary data consistent with 
Representative Concentration Pathway (RCP) 8.5 [van Vuuren et al., 
2011], where greenhouse gas emissions continue to rise throughout the 
21st century. Atmospheric forcing is from a simulation of the UK Met 
Office’s HadGEM2-ES Earth System model used in the Coupled Model 
Intercomparison Project 5 (CMIP5) [Jones et al., 2011]. HadGEM2-ES is 
a global coupled atmosphere-ocean general circulation model with at-
mospheric resolution of 1.875°×1.25°. Ocean boundary data are 
downscaled by using data from a 1° × 1° global simulation of the 
coupled hydrodynamic-ecosystem model NEMO-MEDUSA [Yool et al., 
2013], which uses atmospheric forcing data from the RCP8.5 
HadGEM2-ES simulation above. Atmospheric pCO2 values under 
RCP8.5 for 1979 to 2100 [Riahi et al., 2007] were downloaded from the 
RCP database (http://www.iiasa.ac.at/web-apps/tnt/RcpDb). In the 
absence of climate projections for river data, the river outflows and 
nutrient loads are the same as used in the AMM7 hindcast. The atmo-
spheric nitrogen deposition dataset used for the hindcast showed steady 
decline in values from 1980 to 2009. The climate projection used the 
same nutrient deposition data as the hindcast upto 2009 and then 2009 
values for 2010 onwards. 

For the RCP8.5 simulation, the model starts from rest using initial 
temperature and salinity fields from NEMO-MEDUSA for January 1980. 
Initial ecosystem fields are the same as used in the hindcast. AMM7 is 
spun-up for 10 years using repeated forcing for 1980, and then run 
forwards from 1980 to the end of 2099. 

A control simulation is used to assess the magnitude of changes due 
to the oceanic and atmospheric climate as distinct from changes due to 
model drift over the long (120 year) simulation. Model drift is poten-
tially due to imbalances in the solution of equations (eg from approx-
imating derivatives by discrete expressions to be solved numerically) 

and parameterisations (eg deposition and resuspension of organic par-
ticulates that are not in balance because there is net transfer between 
benthic and pelagic pools). Adjustment to initial conditions can also be 
a source of model drift, which we minimised by spinning up the model 
for 10 years for the hydrodynamics and 15 years for the ecosystem. 
Model drift is the change in the model fields in the absence of changes 
in external forcing and is also partly a response to imbalances in the 
evolving marine environment. We assess model drift by forcing the 
model with a single annual cycle of forcing data and looking for trends 
in model output. The control simulation (CTL) runs for 120 years from 
the end of the spin-up period (1980) and uses repeated atmospheric 
(including nutrient deposition and pCO2) forcing and oceanic boundary 
data for the year 1980. 

2.3. Solubility and ecosystem controls on near bed oxygen 

Through their impact on oxygen solubility in water, temperature 
and salinity are strong controls on dissolved oxygen concentrations. On 
the NWES, temperature and salinity are affected by atmospheric pro-
cesses, hydrodynamics (such as ocean circulation and stratification) and 
river outflows. We use the temperature/salinity dependence of oxygen 
solubility to estimate the relative importance of solubility controls and 
ecosystem processes on near-bed oxygen concentrations. The method is 
based on the idea of apparent oxygen utilization (AOU) defined as the 
difference between oxygen concentration at saturation and the actual 
oxygen concentration which has been affected by biological activity. 

To approximate the temperature/salinity controls on the oxygen 
concentration we represent the dissolved oxygen at each model grid 
point as the product of a fixed annual cycle (representing recent past 
conditions) and a function that depends on the near-bed temperature 
and salinity as they evolve in time. 

For each month, the oxygen saturation state is calculated from 
=DO DO SO T S/ ( , )s , where DO is the oxygen concentration from the 

model simulation and SO T S( , ) is the oxygen solubility [Weiss, 1970] at 
the near-bed temperature (T) and salinity (S). The reference annual 
cycle of monthly oxygen saturation (DOs RP, ) is the oxygen saturation in 
each calendar month, DOs, averaged over 1980 to 2009. DOs RP, re-
presents the recent past (RP) oxygen saturation state due to the com-
bined impact of ecosystem processes and the physical climate. The RP 
period was chosen to be as close to the hindcast period as possible so 
that average conditions from the RP in the climate simulation could be 
compared to average hindcast conditions for model validation. 

For each month of the period 1980 to 2099, we define the oxygen 
concentration resulting from a combination of average ecosystem pro-
cesses in the RP (DO )s RP, and evolving solubility (SO) to be 

=DO DO SO T S. ( , )p s RP, (1) 

where the value of DOs RP, appropriate for the month of year is used and 
SO T S( , ) is calculated from temperature and salinity in each month 
from 1980 to 2099. DOp is the expected oxygen evolution from 1980 to 
2099, assuming that the saturation state does not change, and re-
presents the solubility component of dissolved oxygen. DOp is the 
change in oxygen concentrations from temperature and salinity changes 
alone, in the absence of any changes to the ecosystem. The difference 

=DO DO DOe p (2) 

is the time evolution of changes in the saturation state for 1980 to 2099. 
If the water mass composition does not change, DOeis associated with 
changes in the ecosystem relative to mean RP conditions. DOe includes 
the impact of changes to the ecosystem from changing hydrodynamic 
conditions, e.g. temperature (affecting metabolic rates and the carbo-
nate system), salinity (affecting the carbonate system) and circulation/ 
mixing (affecting nutrient supply). 

The dependence of annual mean oxygen concentration on tem-
perature and salinity, DO ,p

ann is calculated from (1). The change in 
DOp

ann due to temperature/salinity changes since the RP is defined by 
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=DO DO DŌp p p
ann ann ann , where DŌp

ann is the average of DOp
ann during 

the RP; the annual mean change due to ecosystem changes from the 
present day DOe

ann is calculated from (2). 
The solubility/ecosystem evolution of minimum oxygen is studied 

by selecting, for each model grid point, the month during the 1980 to 
2009 period where the mean oxygen concentration is smallest (e.g. 
October for much of the shelf, Fig. 12i). The evolution of minimum 
oxygen due to temperature/salinity changes DOp

min is calculated from  
(1) using the reference oxygen saturation, temperature and salinity for 
the chosen year-month. The impact of evolving temperature and sali-
nity is =DO DO DŌp p p

min min min , where DŌp
min is the average of DOp

min

during the RP; the ecosystem impact DOe
min is calculated from 

=DO DO DOe p
min min min

where, for each year, DOmin is the dissolved oxygen in the month of 
minimum oxygen. 

3. Model skill 

The version of AMM7 used here has been validated for hindcast 
simulations [Edwards et al., 2012; O'Dea et al., 2012] and found to 
demonstrate skill in representing physics (tides, temperature and sali-
nity) and ecosystems (nutrients and chlorophyll-a) for the NWES. For 
climate scale simulations we validate (Appendix A.1) by comparing to 
climatologies generated using observations from the World Ocean Da-
tabase (WOD) [Boyer et al., 2013] and find that the hindcast and 
RCP8.5 simulations are generally too warm and too fresh. Shelf mean 
temperature/salinity biases of 0.4 °C/−0.1 (0.8 °C/−0.2) and RMS 
differences of 1.2 °C/0.8 (1.5 °C/0.8) for the hindcast (RCP8.5) are of 
the same order as for the earlier hindcast [O'Dea et al., 2012]. Biases 
and RMS differences are generally greater in RCP8.5 than in the 
hindcast possibly due to the existence of long period natural variability 
not captured by the climate simulation and to the atmospheric climate 
model not being constrained by observations. Oxygen concentrations 
are too low in both simulations, with shelf-mean whole-water column 
biases of −0.6 mg l−1 (hindcast) and −0.5 mg l−1 (RCP8.5). 

To assess the oxygen concentrations, a WOD climatology was gen-
erated by binning observations for 1980 to 2009 onto the model grid 
and averaging according to the month of year. Regional averages of the 
hindcast near bed oxygen concentrations show similar seasonal varia-
tions as the WOD climatology (Fig. 2), although modelled oxygen 
concentration are generally too low and the minimum oxygen con-
centration occurs generally later in the year. The climatology of near 
bed oxygen from the RCP8.5 RP is similar to the hindcast in most re-
gions; largest differences are in the more coastally dominated regions of 
the southern North Sea, English Channel, Skagerrak/Kattegat, Irish Sea 
and Armorican Shelf. For the shelf region, the mean difference in near- 
bed oxygen concentrations between the WOD climatology and the 
RCP8.5 simulation in the RP is 0.31 mg l−1, for the hindcast the dif-
ference is 0.30 mg l−1. We correct the biases in the hindcast and 
RCP8.5 near bed oxygen concentrations by adding 0.30 mg l−1 and 
0.31 mg l−1, respectively, to the simulated concentrations. For RCP8.5 
we assume that the bias does not change during the simulation. 

The impact of model drift is assessed by comparing time series of 
regional averages of the RCP8.5 and CTL simulations. Ideally, over the 
120-year simulation, each year of the CTL simulation would be iden-
tical, with annual means of all variables constant. In practice, however, 
we expect that the CTL simulation will vary over time. 

In the CTL simulation, regional averages of sea surface and near bed 
temperature and salinity (Figs. 3 and 4) have no significant trends 
(Appendix A.2). Trends in regional averages of near bed oxygen con-
centrations in CTL (Fig. 5) are significant (95% confidence) in many 
regions. However, except in the Celtic Sea and Armorican Shelf, the 
trends are at least an order of magnitude smaller than those of RCP8.5 
(Appendix A.2). Since the changes in CTL are small compared to those 

in the RCP8.5 simulation, we consider that the spin up time for the 
RCP8.5 simulation is sufficiently long, that the simulation is not unduly 
influenced by model drift and changes are due primarily to the evolving 
atmospheric and oceanic forcing. Since the hindcast simulation had the 
same spin up length as CTL we assess that the hindcast is also suffi-
ciently spun up from initial conditions. In all regions the CTL oxygen 
trend has opposite sign to the RCP8.5 trend, indicating that RCP8.5 
might underestimate the impact of climate-forced changes. 

4. Results 

4.1. Projected changes to 2100 

Averaged over regions of the NWES, near bed and surface tem-
perature and salinity and near bed oxygen concentrations all show 
significant trends from 1980 to 2100 (Figs. 3–5): the NWES becomes 
fresher and warmer and near bed oxygen declines with time. The 
average regional warming over the 21st century of between 1.5 and 
4.0 °C in NBT and between 2.7 and 4.0 °C in SST is similar to other 
modelling studies of the European shelf. [Tinker et al., 2016] calculate 
shelf-wide increases of 2.71  ±  0.75 °C and 2.90  ±  0.82 °C respec-
tively from their model ensemble under the SRES A1B medium emis-
sions scenario, which is less severe than the RCP8.5 scenario used here. 
Also under the A1B scenario, [Holt et al., 2010] calculate SST increases 
of 1.4–4.0 °C for the European Shelf and [Gröger et al., 2013] calculate 
SST warming of 1.6–3.2 °C on the European Shelf and 2 °C in the North 
Sea. The change of −0.7 to −1.9 in NBS compares to published esti-
mates for the European shelf of −0.33  ±  0.38 [Tinker et al., 2016]. 
The SSS changes of −0.9 to −2.8 are also larger than published values 
of −0.41  ±  0.47 [Tinker et al., 2016], −0.2 [Holt et al., 2010] and 
−0.75 [Gröger et al., 2013]. [Gröger et al., 2013] attribute the fresh-
ening in their model to a combination of an intensifying hydrological 
cycle reducing salinity in the North Atlantic and an increase in fresh-
water run off from land. In our model, the freshening of Atlantic water 
affects much of the shelf and the impact is intensified by circulation 
changes in the North Sea, where a shutdown in Atlantic exchange leads 
to reduced circulation and decreased freshwater flushing from the 
North Sea [Holt et al., 2018]. 

The duration of seasonal stratification progressively increases over 
the NWES and adjacent Atlantic (Fig. 6a-d) in the near future (NF, 
2025–2054) and far future (FF, 2070–2099) compared to the RP. By the 
FF, most of the North Sea is stratified for an additional month per year 
compared to the RP and the open Atlantic is stratified for an extra two 
months each year. The stratification also becomes stronger in the future 
with the open ocean, the shelf edges, the Celtic Sea and the eastern and 
northern North Sea being most affected (Fig. 6e-h). 

By the end of the 21st century, net primary production (netPP) in-
creases in all areas except for the western and central North Sea and the 
outer shelf regions north and west of Scotland and Ireland (Fig. 7b). The 
change in netPP largely reflects the change in dissolved inorganic ni-
trogen [Holt et al., 2018]. The FF increase in the strength of stratifi-
cation in the off-shelf region inhibits the mixing of nutrients from below 
the pycnocline and decreases the nutrient supply to surface waters. This 
contributes to a reduction in netPP in the open Atlantic and in shelf 
regions affected by on-shelf nutrient transport (the Irish and Scottish 
shelves and the western North Sea). In the RCP8.5 simulation, a de-
crease in the North Sea circulation in the 2040 s ([Holt et al., 2018]) 
increases the retention time of riverine water in the North Sea and leads 
to an increase in winter nutrient concentrations in the eastern North Sea 
and Norwegian Trench even though river nutrient sources are held at 
present day values. This fuels an increase in netPP. NetPP also increases 
in the Irish Sea, Celtic Sea and the western English Channel due to an 
increase in winter nutrient concentrations. A regional POLCOMS- 
ERSEM simulation under the SRES A1B medium emissions scenario 
[Holt et al., 2012] shows that nutrient availability is a major control on 
primary production which, by the end of the 21st century, leads to 

S.L. Wakelin, et al.   Progress in Oceanography 187 (2020) 102400

5



reduced netPP in the open ocean and the northern North Sea and higher 
netPP elsewhere on the NWES. In a global MPIOM-HAMOCC simulation 
under the A1B scenario [Gröger et al., 2013] finds a strong decline 
(~30%) in the productivity of the whole NWES by 2100 due to reduced 
nutrient supply from the deep Atlantic. 

Bacterial respiration is the main process that consumes oxygen near 
the sea bed. Respiration rates are higher in coastal regions and in the 
southern half of the North Sea and reduce towards the open ocean 
(Fig. 7c). By the end of the 21st century (Fig. 7d), respiration has in-
creased everywhere except for the Norwegian Trench, along the whole 
shelf edge and in the western North Sea. Changes between FF and RP 
mirror spatially those of netPP except for in the Norwegian Trench 
where bacterial respiration is reducing even though netPP increases, 
and west of Denmark where respiration increases despite a weak re-
duction in netPP. The Norwegian Trench is a deep and highly advective 
region so we would not necessarily expect the change in surface netPP 
to be reflected in the near bed bacterial respiration. West of Denmark 
there is a reduction in the strength of the southern North Sea current 
([Holt et al., 2018]), so that a larger proportion of detritus produced in 
this region reaches the sea bed, offsetting the decrease in netPP. 

We define the time of emergence of the climate change signal from 
average RP conditions as the mid-year of a 30-year period where the 
30-year mean differs from the 1980–2009 mean by more than twice the 
standard deviation of the 1980–2009 annual means. In all regions ex-
cept for the English Channel and the Irish and Celtic Seas, salinity is the 
first to differ from the RP (Fig. 8). In general, the SST change emerges 
before the NBT change. Except for in the eastern North Sea, the Ska-
gerrak/Kattegat and Norwegian Trench, near-bed oxygen change 
emerges later than that of temperature and salinity; on the Shetland 
shelf, oxygen change emerges at the same time as NBT change. Years of 

the emergence of annual mean oxygen change vary from 2033 in the 
Norwegian Trench to 2072 on the Irish shelf. The generally later 
emergence of the climate change signal in near-bed oxygen con-
centrations could be due to larger interannual oxygen variability or 
might indicate that other factors (e.g. ecosystem processes) mitigate 
temperature and salinity impacts on oxygen concentrations. 

In addition to trends in annual mean oxygen, the seasonality of the 
oxygen cycle also changes. Near bed oxygen in the FF is generally lower 
throughout the year than in the RP (Fig. 2) but the amplitude and 
timing of the seasonal cycle changes. In general, the amplitude change 
corresponds to the change in netPP (Fig. 7); regions with reduced or 
small increases in netPP have reduced amplitudes while regions with 
larger increases in netPP have increased amplitudes. In the western 
Central North Sea and the Celtic Sea the amplitude reduces by 7–10% in 
the FF compared to RP. In all other regions, except for the Norwegian 
Trench, the amplitude of the seasonal cycle increases in the FF, with 
amplitudes in the Irish Sea and eastern Central and northern North Sea 
increasing by more than 25%. The month of minimum oxygen con-
centration changes in the western northern North Sea, the English 
Channel and the Celtic Sea from October in the RP to November in the 
FF. Between the RP and FF, the peak regional mean SST and NBT (not 
shown) also occur later in the year. This affects oxygen solubility, 
which contributes to the delay in the month of minimum oxygen in the 
FF. 

4.2. Minimum near bed oxygen 

Near bed oxygen minimum concentrations that fall below healthy 
values, especially where such conditions persist, can be damaging to the 
ecosystem. Monthly mean oxygen concentrations output from the 

Fig. 2. Mean annual signal of near bed oxygen averaged over the 13 regions shown in Fig. 1 from the RCP8.5 simulation recent past (RP, 1980–2009) and far future 
(FF, 2070–2099), the hindcast simulation and the climatology derived from the World Ocean Database (WOD) observations. Error bars are one standard deviation of 
the monthly-mean climatologies in each region. 
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NEMO-ERSEM simulations are not suitable for studying short periods of 
oxygen depletion but can be used to study the spread of low-oxygen 
areas and changes in the duration and frequency of low-oxygen epi-
sodes. 

The hindcast shows a broad area in the eastern North Sea where 
minimum monthly-mean oxygen concentrations below 5 mg l−1 oc-
curred during 1980–2007 (Fig. 9a), with regions west to east at 
55–57°N through the central North Sea, in the Celtic Sea, Armorican 
Shelf and Norwegian Trench experiencing values less than 6 mg l−1. 
Minimum oxygen concentrations for the RCP8.5 RP (Fig. 9b) are 
slightly higher but show the same regions of oxygen depletion as the 
hindcast, with similar minimum concentrations. In a decadal (1998 to 
2009) reanalysis of the NWES [Ciavatta et al., 2016] show large areas 
vulnerable to near-bed oxygen deficiency. They identify the same re-
gions of low oxygen concentrations in the recent past as in this study, 
namely, the eastern North Sea, the Celtic Sea and Armorican shelf. 
However, using the definition of vulnerability to be a day with mean 
concentration falling below 6 mg l−1, they additionally identify po-
tential oxygen depletion areas to the west of Ireland, in coastal zones of 
Scotland and in the eastern English Channel. 

In the near future (2025 to 2054, Fig. 9c), the region in the eastern 
North Sea with minimum oxygen below 5 mg l−1 grows and includes a 
region below 4 mg l−1 while the area with 6 mg l−1 and below has 
extended into the Irish Sea and English Channel. By the end of the 
century (Fig. 9d), minimum oxygen in the eastern North Sea is widely 
below 2 mg l−1, and only coastal areas, the outer shelf regions and the 

western North Sea are above 6 mg l−1. 
To study the evolution of regions with low oxygen concentrations 

we define a threshold O2T = 6 mg l−1 using the “oxygen depletion” 
concentration for the North Sea [OSPAR, 2003]. In more than 40% of 
years in the hindcast and RCP8.5 RP simulations, regions of the eastern 
North Sea, Celtic Sea and Armorican shelf experience at least one 
month with mean oxygen concentrations below the threshold 
(Fig. 9e,f). In the Skagerrak/Kattegat and the southern Norwegian 
Trench, values are below the threshold for more than 20% of years in 
the RCP8.5 RP simulation. By the NF (Fig. 9g), more than 60% of years 
are below the threshold in the eastern North Sea, Celtic Sea and 
southern Norwegian Trench and, by the end of the century (Fig. 9h), 
large parts of these areas go below the threshold in more than 80% of 
years. By the same time, parts of the Armorican shelf have concentra-
tions below the threshold in more than 80% of years and the Irish Sea 
and English Channel have regions with low oxygen in more than 40% of 
years. By 2100, minimum oxygen concentrations in the western English 
Channel, Irish and Shetland shelves and the western North Sea remain 
above the threshold (Fig. 9m); regions of low oxygen concentration 
spread north-westward in the North Sea with time, and north-eastwards 
and south-eastwards in the Celtic Sea. The average number of months 
each year affected by low oxygen concentrations is small in the RP 
(Fig. 9i,j), the eastern North Sea is most affected but in less than one 
month every two years. By the 2025–2054 NF period, oxygen is low in 
the eastern North Sea for up to two months per year on average 
(Fig. 9k) and, by the FF (Fig. 9l), more than four months per year. In the 

Fig. 3. Time series of annual mean near bed temperature (NBT) and sea surface temperature (SST) averaged over shelf regions (Fig. 1) for the RCP8.5 and CTL 
simulations. 
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Celtic Sea and Armorican shelf, oxygen is low in up to one month every 
two years in the NF and up to twice as long in the FF. The area of the 
NWES with oxygen below the threshold concentration increases by 
~240% between the RP and the FF. 

4.3. Controls on near bed oxygen 

All regions experience the same general temperature and salinity 
trends from 1980 to 2100, with the climate becoming warmer (Fig. 3) 
and fresher (Fig. 4). The impact of warming dominates over that of 
decreasing salinity and the effect of the temperature/salinity changes is 
to reduce oxygen concentrations in all shelf regions by 2100 (Fig. 10). 
By the end of the century, the average reduction in annual oxygen 
concentration from solubility changes ranges from 0.20  ±  0.09 mg l−1 

on the Shetland shelf to 0.60  ±  0.10 mg l−1 in the southern North Sea 
(Table 2). Differences in oxygen concentration between FF and RP time 
slices (Fig. 11b) show that the impacts are smaller near the shelf edge 
coinciding with deeper areas where temperature increases are smaller 
(Fig. 12a). The freshening of the shelf (Fig. 12b) acts to increase oxygen 
solubility and mitigates the impact of increasing temperature particu-
larly in the North Sea where the reduction in salinity is strongest. The 
relative impacts of the temperature and salinity changes are estimated 
by calculating the change in oxygen solubility [Weiss, 1970] due to the 
change in temperature/salinity with the salinity/temperature at con-
stant RP values (Fig. 12e,f). On average the magnitude of the salinity 
effect is ~20% of the temperature effect, ranging from < 10% in the 
Norwegian Trench to > 30% north and northwest of Scotland. 

During the month of minimum oxygen concentration, the impact of 
temperature/salinity changes ( DO ,p

min Fig. 13) is less than for the an-
nual mean and varies between 0.11  ±  0.09 mg l−1 on the Shetland 
Shelf and 0.54  ±  0.06 mg l−1 in the southern North Sea (Table 2). 
There is little seasonal signal in the salinity change between FF and RP 
(Fig. 12b,d). However, the temperature change in the month of 
minimum oxygen (Fig. 12c) is more spatially variable than the annual 
signal (Fig. 12a) with larger increases in the southern North Sea, Irish 
Sea and English Channel, and smaller increases in the western Northern 
North Sea and the Shetland and Irish Shelves. On most of the shelf, the 
changes act to reduce the oxygen concentration. However, in parts of 
the eastern Central North Sea, the temperature in the month of 
minimum oxygen concentration (mostly September in this region,  
Fig. 12i) is actually decreasing into the future (Fig. 12c), while the 
salinity also falls. Thus the physical driver is increasing oxygen con-
centrations here (Fig. 11g). There is also an increase in oxygen con-
centrations in the region of weak warming east of Scotland. The salinity 
effect is on average ~20% of the temperature effect (Fig. 12g,h) but 
exceeds the impact of temperature in regions of small temperature 
changes. 

In many regions, the impact on oxygen concentrations of changing 
the solubility is larger than the ecosystem impact (Fig. 10 and Fig. 13). 
By about 2030 in the Skagerrak/Kattegat and Norwegian Trench, and 
from 2050 onwards in the eastern Central North Sea and the Northern 
North Sea, changes to ecosystem processes act to reduce both annual 
mean and annual minimum oxygen concentrations. At the end of the 
century, in the eastern Northern North Sea, Skagerrak/Kattegat and 

Fig. 4. Time series of annual mean near bed salinity (NBS) and sea surface salinity (SSS) averaged over shelf regions (Fig. 1) for the RCP8.5 and CTL simulations.  
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Fig. 5. Time series of annual mean near bed oxygen concentrations averaged over shelf regions (Fig. 1). The solid line is the RCP8.5 simulation and the dotted line is 
the CTL run. 

Fig. 6. Average number of seasonally stratified days (with surface to bottom density difference greater than that equivalent to a 0.5 °C temperature decrease, and a 
surface mixed layer shallower than 50 m) and the average potential energy anomaly (PEA, the energy required to mix the water column from the surface to the bed or 
400 m depth) for the hindcast (column 1) and the RCP8.5 recent past (RP, 1980–2009) simulation (column 2). Also shown (column 3) is the change between the 
RCP8.5 near future (NF, 2025–2054) and RP and (column 4) the change between RCP8.5 far future (FF, 2070–2099) and RP. 
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Norwegian Trench, the ecosystem effect is larger than the solubility 
one, with annual reductions of 0.48  ±  0.21 to 0.70  ±  0.20 mg l−1 

(Table 2). In the eastern parts of the central and Northern North Sea, 
the oxygen reduction due to ecosystem processes in the month of 
minimum oxygen (1.21  ±  0.51 and 1.05  ±  0.36 mg l−1, respectively) 
is particularly strong and is 77% and 61%, respectively, of the total 
change. In the Southern North Sea, English Channel, Irish Shelf and 
Irish Sea, changes in ecosystem processes mitigate oxygen reductions 

due to solubility changes and annual mean oxygen concentrations by 
the end of the century are higher than are projected from solubility 
changes alone. However, ecosystem processes act to reduce minimum 
oxygen concentrations in all regions except for the Irish Shelf. 

The ecosystem contribution to oxygen change by the FF (Fig. 11 d, 
h) is particularly strong in the eastern North Sea and the Skagerrak and 
acts to decrease both annual and minimum near bed oxygen. In the 
eastern North Sea, the water is cooling in the month of minimum 
oxygen concentration (Fig. 12c), while the salinity also falls. Thus, the 
solubility change (Fig. 11g) is increasing oxygen concentrations here 
while ecosystem processes (Fig. 11h) act to reduce it. 

Decreasing oxygen concentrations on the Shetland and Irish shelves 
are primarily due primarily to changes in the temperature/salinity 
climate (Fig. 11). Near the shelf edge west of Ireland, in the Celtic Sea 
and on the northern part of the Armorican Shelf, oxygen concentration 
increases due to ecosystem changes. 

Changes in minimum oxygen concentrations (Fig. 13) are a lower 
bound on the actual changes since the month of minimum oxygen al-
tered during the RCP8.5 simulation, occurring later in the year by the 
end of the 21st century (Fig. 12j). Thus oxygen decreases are likely to 
be underestimated and oxygen increases to be overestimated. 

Averaged over the shelf the projected change in mean (minimum) 
oxygen concentrations by the FF compared to the RP is 6.3% (7.7%) of 
which the solubility component is 73% (50%) of the total. 

4.4. Biogeochemical controls on near bed oxygen 

Minimum monthly oxygen concentrations in the RP (Fig. 11e) re-
flect the spatial distribution of netPP (Fig. 7a), being generally lower in 
the southern and eastern NWES where netPP is higher, and higher in 
the northern North Sea, in the Norwegian Trench and North of Scotland 

Fig. 7. Depth integrated mean annual net primary production from a) the RCP8.5 recent past (RP, 1980–2009) simulation and b) the difference between the RCP8.5 
far future (FF, 2070–2099) and RP; mean near bed bacterial respiration (shelf only) in c) the RP and d) the difference between FF and RP. 

Fig. 8. Time of emergence of the climate change signal compared to the 1980 to 
2009 period for sea surface (SST) and near bed (NBT) temperature, sea surface 
(SSS) and near bed (NBS) salinity, and near bed oxygen concentrations (NBO) 
from annual means averaged over shelf regions (Fig. 3-Fig. 5). 
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where netPP is lower. The FF increase in netPP (Fig. 7b) prompts a 
general decrease in near-bed oxygen concentrations (Fig. 11 d, h). An 
estimate of the net phytoplankton growth contributing to oxygen 
change in the water column is calculated for each year by integrating 
the netPP from January (when the water column is well-mixed on the 
shelf and oxygen concentrations are in near-equilibrium with the at-
mosphere) to the month of minimum oxygen. To suppress the climate 
change signal that would otherwise dominate correlation statistics, a 
linear trend is removed from the time series. The change in minimum 
oxygen due to ecosystem changes ( DO )e

min is negatively correlated (at 
99% significance) with this seasonal netPP (Fig. 14a) over much of the 
NWES. However, there is no significant correlation in the Southern 
Bight of the North Sea, the Irish Sea and near the shelf edge in the Celtic 
Sea and Armorican Shelf. 

Whilst netPP is at the start of the chain of ecosystem processes 

affecting oxygen in the water column, other processes, such as transport 
and mixing of organisms, mean that regions of maximum phyto-
plankton growth in the top of the water column (where sun light pe-
netrates and fuels primary production) are not necessarily where lowest 
near-bed oxygen concentrations occur. This is particularly true near the 
shelf edge where there is exchange with the deeper North Atlantic and 
in the Norwegian Trench where there is strong advection. 

DOe
min correlates negatively with near-bed bacterial respiration 

(integrated from January to the month of minimum oxygen) every-
where on the NWES except for isolated regions and between Northern 
Ireland and Scotland where the correlation is not significant (Fig. 14b). 
Regions of decreasing/increasing respiration (Fig. 7d) correspond to 
areas where the ecosystem change acts to increase/decrease oxygen 
concentrations (Fig. 11h); there is also a clear contrast in the respiration 
change between the western and eastern North Sea that mirrors the 

Fig. 9. Bias-corrected near bed oxygen: hindcast simulation in column 1; RCP8.5 recent past (RP, 1980–2009) in column 2; RCP8.5 near future (NF, 2025–2054) in 
column 3 and RCP8.5 far future (FF, 2070–2099) in column 4. a) – d) Minimum monthly mean near bed oxygen during the simulation periods. e) – h) Percentage of 
years during each period when monthly mean near bed oxygen falls below the threshold concentration O2T. i) – l) Average duration of monthly mean near bed 
oxygen below O2T. m) First year when monthly mean near bed oxygen in the RCP8.5 simulation falls below O2T. Off-shelf regions and regions in e) – m) where the 
threshold concentration is not reached are coloured grey. 
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ecosystem impact. In the regions where the ecosystem impact on 
oxygen is largest, increasing netPP in the future leads to larger accu-
mulation of particulate detritus near bed, fuelling bacterial respiration. 

Near-bed phytoplankton and zooplankton respiration do not have 
the same coherent shelf-wide correlations with DOe

min (not shown) as 
bacterial respiration and are not such primary controls on near-bed 
minimum oxygen concentration. In regions where oxygen depletion is 
apparent, phytoplankton and zooplankton respiration are positively 
correlated with oxygen concentrations. Away from regions prone to 
oxygen depletion, zooplankton and phytoplankton respiration, similar 
to bacterial respiration, correlate negatively with DOe

min, that is, there 
is a straightforward relation with more respiration consuming more 
oxygen. 

Stratification is important for oxygen dynamics in regulating pri-
mary production through controlling nutrient supply and in isolating 
near-bed waters from gas-exchange with the atmosphere. In the stra-
tified regions, generally DOe

min is correlated to both the duration of 
stratification and the strength (PEA) in the month of minimum oxygen 
(Fig. 14 c, d). However, there is no significant correlation with strati-
fication strength in much of the Celtic Sea where stratification is pos-
sibly always sufficiently strong to isolate bottom waters, although the 
duration of stratification is significantly correlated here. The strongest 

correlation with stratification strength is in the area that experiences 
oxygen depletion south of Dogger Bank in the North Sea. 

In isolated regions of the shelf, DOe
min is positively correlated with 

netPP and the strength and duration of stratification (Fig. 14). In the 
more dynamic environments: the Norwegian Trench, near the shelf 
edge and in frontal regions between areas that seasonally stratify and 
areas that remain vertically mixed, local mixing and transport processes 
disrupt the relationship between DOe

min and netPP and stratification. 

5. Summary and conclusions 

We used the coupled physics-biogeochemical model NEMO-ERSEM 
to study the evolution to 2100 of near-bed oxygen concentrations for 
the Northwest European Continental shelf under a high greenhouse gas 
emissions scenario (RCP8.5). Comparisons with a hindcast simulation 
confirm that the recent past climate of the RCP8.5 simulation gives a 
reasonable estimate of temperature, salinity and near-bed oxygen cli-
mates. A combination of time series of regional averages and time-slice 
maps were used to study both time evolution and spatial patterns of 
change. While the responses to climate change on the shelf are gen-
erally coherent (warming, freshening and decreasing near-bed dis-
solved oxygen), the oxygen change is a combination of responses to 

Fig. 10. Changes relative to the RP of the annual mean near bed oxygen (from Fig. 5) due to temperature/salinity changes ( DO ,p
ann black line) and evolving 

ecosystem processes ( DO ,e
ann grey line) for the 13 regions defined in Fig. 1. 
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temperature, salinity and ecosystem changes that varies over the shelf 
with large differences even within the sub-regions studied here. In most 
regions of the NWES, the climate change signal emerges first in salinity 
(generally before 2020), then in temperature and finally (between 2033 
and 2072) in near bed oxygen concentrations. 

Regions of the eastern North Sea, the Celtic Sea and the Armorican 
shelf were found to experience near-bed oxygen depletion in the recent 
past. Under the RCP8.5 scenario, these regions are projected to increase 
in size and to experience more sustained oxygen depletion periods by 
2100. Other regions, namely the western North Sea, the western English 
Channel and shelf regions west and north of Scotland, are projected not 
to experience low oxygen concentrations. The seasonality of the oxygen 
cycle also changes, with the month of minimum oxygen generally oc-
curring later in the year by 2100 than in the recent past. 

Water temperature and salinity, oxygen replenishment from the 
atmosphere and ecosystem processes all affect dissolved oxygen. Under 
projected changes in temperature, salinity and ecosystem function there 
are complex competing (warming/freshening) and interacting (eco-
system and the physical climate) processes influencing oxygen 

concentrations. Using a coupled hydrodynamic-ecosystem model si-
mulation, the impact of changing temperature and salinity has been 
decoupled from the impact of the evolving ecosystem so that the re-
lative importance of solubility versus ecosystem processes can be as-
sessed. The driving force behind the ecosystem change is netPP (con-
trolled by nutrient availability) combined with seasonal stratification, 
which isolates sub-pycnocline waters from atmospheric exchange and 
also retains detritus in the lower part of the water column. For the 
NWES, the ecosystem component of near bed minimum oxygen corre-
lates significantly on inter-annual (de-trended) timescales with netPP 
and the duration and strength of stratification. However, it is more 
widely correlated with near bed bacterial respiration, and this corre-
lation extends into areas that are not affected by seasonal stratification. 
The correlation with bacterial respiration indicates that the derived 
ecosystem components of oxygen change ( DO DO,e e

ann min) represent 
the impacts of changes in the near bed ecosystem. 

Until about 2040, the impact of solubility, generally acting to re-
duce near bed oxygen, dominates over the effects of the evolving eco-
system. After 2040, changes in the ecosystem in the eastern Northern 

Table 2 
Change in near bed oxygen concentration from 1980–2009 to 2070–2090 due to temperature/salinity changes 
( DOp

ann, DOp
min) and evolving ecosystem processes ( DOe

ann, DOe
min) for the 13 regions defined in Fig. 1. All 

changes except for those in grey are different from zero with 95% confidence, determined using a one-sample t- 
test. The variability of the changes is given by  ±  their standard deviation during 2070–2090.   

Fig. 11. Bias-corrected near bed oxygen concentration in the recent past (RP, 1980–2009) for a) annual mean and e) the monthly minimum. b) The change in annual 
and f) the change in monthly minimum near bed oxygen from the RP to the far future (FF, 2070–2099). c) The contribution of temperature/salinity changes DOp

ann

to b), and d) the contribution of changes in the ecosystem DOe
ann to b). g) The contribution of temperature/salinity changes DOp

min to f), and h) the contribution of 
changes in the ecosystem DOe

min to f). 
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North Sea, Skagerrak/Kattegat and Norwegian Trench have an impact 
as large as the solubility effect and also act to reduce oxygen con-
centrations due to increasing netPP fuelling increased near-bed bac-
terial respiration. These regions are strongly impacted by a reduction in 
the North Sea circulation at around 2040 which increases the nutrient 
concentrations from river sources. In more western regions of the 
NWES, the ecosystem mitigates the effect of the temperature/salinity 
changes and acts to increase oxygen concentrations; increasing oceanic 
stratification reduces nutrient supply here and leads to reduced primary 
production. Changes in the minimum monthly concentration is more 
strongly influenced by the ecosystem than is the annual mean oxygen. 

In some regions of the NWES, the reduction in minimum near bed 
oxygen concentrations due to temperature and salinity climate changes 
was mitigated by ecosystem effects. The impact of climate change on 
oxygen concentrations could potentially be reduced by management 
policies affecting the ecosystem. For example, under the SRES A1B 
climate scenario, [Wakelin et al., 2015] found that reducing river ni-
trate and phosphate loads by 50% changed a projected increase in 
netPP by 2098 to a situation where there was either no significant 
change or a reduction in netPP in the southern half of the North Sea. In 
the eastern part of this area (region 3 in Fig. 1), the minimum near bed 
oxygen change is dominated by the ecosystem component (77% of the 
total change) so that cutting river nutrient loads thereby reducing netPP 
could potentially significantly impact the minimum oxygen con-
centration. 

The method to separate temperature/salinity effects on near-bed 
oxygen from those due to the changing ecosystem gives an insight into 
the magnitudes and time evolutions of the different components of 
oxygen response to climate change. In the climate projection to 2100, 
the physical changes (temperature and salinity) affecting gas solubility 
are the dominant component of near bed oxygen reductions in many 

regions of the NWES. However, in the eastern North Sea changing 
ecosystem processes, acting to reduce oxygen concentrations, dominate. 
The Armorican Shelf and Celtic Sea also experience increasing oxygen 
depletion in the future but here the ecosystem processes partially mi-
tigate the reductions due to solubility changes. Over the 21st century 
the mean oxygen concentration on the NWES is projected to decline by 
6.3%, solubility changes forced by warming and freshening of the shelf 
water contribute 73% of the total change and the remainder is due to 
changes in the ecosystem. For monthly minimum oxygen the decline is 
7.7% of which the solubility component is 50% of the total. These 
oxygen reductions might underestimate the impact of climate changes 
since oxygen concentrations increased in the CTL simulation testing for 
model drift. 

In this study we used a single simulation of the northwest European 
shelf and surrounding ocean under a ‘business as usual’ future climate 
scenario. Where climate change impacts could not readily be estimated, 
e.g. in river flows and nutrient loads and atmospheric nitrogen de-
position, we used values consistent with the present day so that po-
tential impacts of climate variability from these sources are not in-
cluded. Oxygen was not used as an open boundary condition so that 
changes in open ocean oxygen are not included. Potential adaptation of 
the ecosystem to changing climate is also not considered. The feasibility 
and likelihood of the results can only be determined by generating an 
ensemble of simulations under different climate scenarios and addres-
sing other sources of model uncertainty, such as those due to model spin 
up, and model parameter setup. This is the subject of on-going work. 
However, this study produced a plausible and consistent climate pro-
jection for the northwest European shelf which was used to project 
changes in near bed oxygen concentrations and estimate the relative 
solubility/ecosystem contributions to that change. 

Fig. 12. The change in mean near bed a) temperature and b) salinity between the far future (FF, 2070–2099) and the recent past (RP, 1980–2009); the change in c) 
near bed temperature and d) near bed salinity between FF and RP in the calendar month for which near bed oxygen concentrations are minimum; e), f), g) and h) 
changes in oxygen solubility corresponding to a), b), c) and d), respectively, with salinity (e and g) or temperature (f and h) constant at RP values; and the month of 
year when the near bed oxygen minima occur in i) the RP and j) the FF. 
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Appendix A. Model skill 

A.1 Model validation 

For climate models, a direct comparison with contemporary data is not possible because such models do not reproduce the actual phase of natural 
variability. Here we assess the mean conditions for the hindcast and the recent past (1980–2009) of the RCP8.5 climate simulation compared to 
climatologies generated using observations from the World Ocean Database (WOD) [Boyer et al., 2013]. Model climatologies for temperature, 
salinity and oxygen are calculated as annual cycles of mean monthly values on the model grid. Observations are gridded to the model grid and 
averaged over the model periods (1980–2009 for RCP8.5 and 1980–2007 for the hindcast) to give annual cycles of mean monthly values for 
comparison. Averaging over the model period maximises the number of data points that are available for comparison but may introduce biases in 
regions that are not frequently sampled (e.g. if for a particular month the observations in a grid cell do not span the whole month). 

In all regions of the shelf (1–13, Fig. 1), both the hindcast and RCP8.5 temperature fields are warm compared to observations (Table A1); shelf- 
mean biases are 0.4 °C and 0.8 °C, respectively. Except for the Norwegian Trench and Skagerrak/Kattegat regions, the simulations are generally too 
fresh with shelf-mean biases of −0.1 (hindcast) and −0.2 (RCP8.5). Oxygen concentrations are mostly too low in both simulations, with shelf-mean 
biases of −0.6 mg l−1 (hindcast) and −0.5 mg l−1 (RCP8.5). Root-mean-square (RMS) differences for RCP8.5 are generally greater than those of the 
hindcast; the climate model is not constrained by observations and is unable to capture long period natural variability that might be present. RMS 
differences in the Skagerrak/Kattegat are higher than in the other regions due to the proximity of the model Baltic boundary; results in this region are 
therefore less certain than in the rest of the domain. Shelf-mean RMS differences for temperature are 1.2 °C (hindcast) and 1.5 °C (RCP8.5) and for 
salinity 0.8 (both simulations). 

Fig. 14. Correlation between the ecosystem-related annual minimum oxygen DOe
minand a) water column integrated net primary production, b) near bed bacterial 

respiration, c) the annual number of stratified days and d) the potential energy anomaly (PEA). Net primary production and bacterial respiration are integrated from 
January to the month that the oxygen minimum occurs and PEA is averaged over the month of minimum oxygen concentration. Linear trends are removed from the 
time series at each point. The dark grey colour denotes off-shelf regions and shelf regions that do not seasonally stratify; areas where the correlation is not 99% 
significant are coloured light grey. 
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The correlation between model data and observations measures both the spatial agreement and the ability of the model to represent timing and 
change during a mean annual cycle. In all regions (Table A1) both simulations had very high (> 0.9) correlations for temperature and high (> 0.7) 
correlations for salinity. For oxygen, correlations were not significant for the Irish Sea and Irish shelf for RCP8.5, although all other regional 
correlations of 0.2–0.7 were significant. 

A.2 Trends in temperature, salinity and oxygen 

In the CTL simulation, regional averages (Fig. 3) of sea surface temperature (SST) and near bed temperature (NBT) are almost constant in time, 
with average linear trends of −2.1 × 10−4 to 4.7 × 10−4 °C decade−1 (SST) and −9.1 × 10−5 to 8.0 × 10−4 °C decade−1 (NBT). These trends are 
three orders of magnitude smaller than those of the RCP8.5 simulation, which are 0.24–0.45 °C decade−1 (SST) and 0.17–0.44 °C decade−1 (NBT). 
Using the Mann-Kendall non-parametric test for trend analysis [Kendall, 1975; Mann, 1945] the regional mean SST and NBT trends are significant for 
RCP8.5 but not for CTL at the 95% confidence level. 

Regional averages of near bed salinity (NBS) and sea surface salinity (SSS) for CTL (Fig. 4) have no significant trends (with range −3.2 × 10−4 to 
1.4 × 10−3 decade−1 for NBS and −2.4 × 10−4 to 1.4 × 10−3 decade−1 for SSS), whereas the RCP8.5 trends of −0.20 to −0.07 (NBS) and −0.30 
to −0.10 decade−1 (SSS) are significant in each region with 95% confidence. 

Regionally averaged near bed oxygen concentrations (Fig. 5) have trends with smaller magnitudes in CTL (3.3 × 10−5 to 1.6 × 10−2 mg l−1 

decade−1) than in RCP8.5 (−1.2 × 10−1 to −2.8 × 10−2 mg l−1 decade−1). In all regions the CTL trend is positive while the RCP8.5 trend is 
negative, indicating that RCP8.5 might underestimate the impact of climate-forced changes. Using the Mann-Kendall non-parametric test for trend 
analysis, RCP8.5 trends are significant in all regions and, except for in the southern North Sea, the English Channel and the Irish Sea, the CTL trends 
are also significant. The significant CTL trends in some regions are probably due to aggregating errors in the ecosystem model, but could also be a 
consequence of a long-term slow process occurring in the benthos. The Celtic Sea (13% of the magnitude of RCP8.5) and Armorican Shelf (39% of 
RCP8.5), are additionally affected by close proximity to and transport from the open ocean, where the ecosystem model is still adjusting to the initial 
condition in the deeper water. The magnitudes of the CTL trends are less than 2% of those of RCP8.5 in eight of the regions and ~6 to 8% in the final 
three regions, and so are generally small compared to the RCP8.5 trends.  
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