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Climate change is essentially a CO2 problem (as well as N2O, CH4) ... 

TCRE: transient climate response to CO2 emissions

→ Large uncertainty in CO2 emissions compatible
with a given climate target

→ Spread in model projections due to uncertain
physical and biogeochemical feedbacks on 
climate

→ Ongoing assessment of TCRE (led by C. Jones, 
P. Friedlingstein, T. Ilyina, R. Seferian et al.) to
develop interpretive model framework to
combine multiple lines of evidence.

– every tonne of CO2 emissions adds to global warming
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1 Gigatonne = 1,000,000,000 tonnes

IPCC AR6 WGI Summary for Policymakers



Li, Ilyina et al. 2023
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Where does the anthropogenic carbon go?

Only half of the emitted CO2 stays 
in the atmosphere;
oceans currently absorb one third 

Global Carbon Budget; Friedlingstein et al. incl. Ilyina
IPCC AR6 WG1; Ilyina – Contributing Author

Interannual changes are driven 
by the response of carbon sinks 
to climate variability

Longer-term changes follow 
emissions pace; ocean is the largest 
sink for emitted CO2 on centennial to 
millennial timescales
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Li, Ilyina et al. 2023

Global Carbon Budget; Friedlingstein et al. incl. Ilyina
IPCC AR6 WG1; Ilyina – Contributing Author

1. Indiscernible changes on decadal timescalesKnowledge gaps
2. Unknown response to rapid and strong changes in emission

Only half of the emitted CO2 stays 
in the atmosphere;
oceans currently absorb one third 

1.

2. 

Ilyina et al. 2021
Li, Ilyina et al. 2016; 2019; 2023
Spring and Ilyina 2020
Spring et al. 2020

Ilyina 2022
Li and Ilyina 2018
Fröb et al. incl. Ilyina 2020
Maher et al. incl. Ilyina 2019

Paulsen et al. 2017; 2018
Maerz et al. 2020; in prep.
Mathis et al. 2022; 2024
Liu et al. 2024

Nielsen et al. 2022; 2024
Lacroix et al. 2021a; b
Kwiatkowski et al. 2020

Longer-term changes follow 
emissions pace; ocean is the largest 
sink for emitted CO2 on centennial to 
millennial timescales

Interannual changes are driven 
by the response of carbon sinks 
to climate variability

Simulations with MPI-ESM (Li, Ilyina et al.)



Ocean is the largest climate-relevant carbon sink → small changes in ocean carbon impact climate

→ complex interactions limit our understanding
(Earth system models are powerful tools)

Figure produced with help of AI
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Biology: 
semi-empirical process parameterizations, 
extended NPZD approaches

Carbonate chemistry:
mass balance equations,
chemical fields integrated over time/space

Transport of tracers (prognostic variables):
advection and diffusion, computed by the Ocean 
General Circulation Model in the same manner as 
for temperature and salinity

G – growth F – grazing M – mortality E - exudation

accurate representation in ESMs is challenging
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Components of an ocean biogeochemical model



HAMburg Ocean Carbon Cycle model (Ilyina et al. 2013; Maier-Reimer and Hasselmann 1987) 
– a tool to test our ideas

– as interactive component of
Earth system models

Biology: 
semi-empirical process parameterizations, 
extended NPZD approaches

Carbonate chemistry:
mass balance equations,
chemical fields integrated over time/space

Transport of tracers (prognostic variables):
advection and diffusion computed by the Ocean General 
Circulation Model, same as for temperature and salinity

G – growth F – grazing M – mortality E - exudation
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Components of an ocean biogeochemical model
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Twenty-!rst century ocean warming, acidi!cation,
deoxygenation, and upper-ocean nutrient and
primary production decline from CMIP6 model
projections

Lester Kwiatkowski, Olivier Torres, Laurent Bopp, Olivier Aumont, Matthew Chamberlain, James R. Christian, John P. Dunne,
Marion Gehlen, Tatiana Ilyina, Jasmin G. John, Andrew Lenton, Hongmei Li, Nicole S. Lovenduski, James C. Orr, Julien Palmieri,
Yeray Santana-Falcón, Jörg Schwinger, Roland Séférian, Charles A. Stock, Alessandro Tagliabue, Yohei Takano, Jerry Tjiputra,
Katsuya Toyama, Hiroyuki Tsujino, Michio Watanabe, Akitomo Yamamoto, Andrew Yool, and Tilo Ziehn

Abstract

Anthropogenic climate change is projected to lead to ocean warming, acidi!cation, deoxygenation, reductions in near-surface
nutrients, and changes to primary production, all of which are expected to a"ect marine ecosystems. Here we assess projections
of these drivers of environmental change over the twenty-!rst century from Earth system models (ESMs) participating in the
Coupled Model Intercomparison Project Phase 6 (CMIP6) that were forced under the CMIP6 Shared Socioeconomic Pathways
(SSPs). Projections are compared to those from the previous generation (CMIP5) forced under the Representative Concentration
Pathways (RCPs). A total of 10 CMIP5 and 13 CMIP6 models are used in the two multi-model ensembles. Under the high-emission
scenario SSP5-8.5, the multi-model global mean change (2080–2099 mean values relative to 1870–1899) ± the inter-model SD in
sea surface temperature, surface pH, subsurface (100–600 m) oxygen concentration, euphotic (0–100 m) nitrate concentration, and
depth-integrated primary production is   C, , ,  mmol m  and  %,
respectively. Under the low-emission, high-mitigation scenario SSP1-2.6, the corresponding global changes are   C,

, ,  mmol m , and  %. Projected exposure of the marine ecosystem to these
drivers of ocean change depends largely on the extent of future emissions, consistent with previous studies. The ESMs in CMIP6
generally project greater warming, acidi!cation, deoxygenation, and nitrate reductions but lesser primary production declines
than those from CMIP5 under comparable radiative forcing. The increased projected ocean warming results from a general
increase in the climate sensitivity of CMIP6 models relative to those of CMIP5. This enhanced warming increases upper-ocean
strati!cation in CMIP6 projections, which contributes to greater reductions in upper-ocean nitrate and subsurface oxygen
ventilation. The greater surface acidi!cation in CMIP6 is primarily a consequence of the SSPs having higher associated atmospheric
CO  concentrations than their RCP analogues for the same radiative forcing. We !nd no consistent reduction in inter-model
uncertainties, and even an increase in net primary production inter-model uncertainties in CMIP6, as compared to CMIP5.
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1 Introduction

1.1 Ocean warming, acidi!cation, deoxygenation, nutrient stress, and
reduced primary production
Since the pre-industrial period the global oceans have experienced fundamental changes in physical and biogeochemical
conditions as a result of anthropogenic climate change. Although these changes re$ect the climate services that the oceans
provide through heat and carbon storage, they also have major implications for the health of marine ecosystems. Ocean
ecosystems are a"ected by the direct and indirect consequences of climate change. Atmospheric warming and rising CO
concentrations drives ocean warming and acidi!cation, while these direct factors cause changes that modulate other important
components of the ocean system, such as oxygenation, nutrient levels, and net primary production.

Temperature is a principal determinant of biological metabolism in the ocean (e.g. Eppley, 1972) and plays a major role in shaping
the global distribution of marine species (e.g. Thomas et al., 2012; Sunagawa et al., 2015). The radiative forcing associated with
greenhouse gas emissions results in an accumulation of heat in the Earth system, most of which is taken up by the oceans
(Frölicher et al., 2014). Globally averaged sea surface temperature (SST) has increased by +0.7  C over the last 100 years (Bindo"
et al., 2007), with observations indicating that the heat content trend in the upper 2000 m of the ocean has increased from 0.55 to
0.68   since 1991 (Cheng et al., 2019).

Earth system models project twenty-!rst century increases in SST under all of the Representative Concentration Pathways (RCPs;
Bopp et al., 2013). While certain marine organisms may have the potential to acclimate to rising ocean temperatures, poleward
range shifts of many species have already been observed (Gregory et al., 2009; Sorte et al., 2010), with associated declines in
tropical diversity projected (Thomas et al., 2012). Concurrently, the frequency, intensity, and duration of ocean heat waves has
increased in the observational record and is projected to substantially increase in the future (Frölicher et al., 2018). This has
already had serious impacts on marine foundation taxa such as corals, seagrasses, and kelps (Garrabou et al., 2009; Hobday et al.,
2016; Smale et al., 2019).

A consequence of ocean warming is an increase in vertical density gradients and enhanced strati!cation. This results in
a reduction in the supply of nutrients to the euphotic zone, with enhanced nutrient limitation generally leading to observed
declines in net primary production (Behrenfeld et al., 2001; Behrenfeld et al., 2006). Earth system model projections consistently
show enhanced strati!cation and associated reductions in euphotic zone nutrient concentrations under scenarios of climate
change (Bopp et al., 2001; Sarmiento et al., 2004; Cabré et al., 2014; Fu et al., 2016). This generally results in projected global
reductions in net primary production that are driven by enhanced phytoplankton nutrient limitation in the low-latitude oceans
(Steinacher et al., 2010; Bopp et al., 2013; Krumhardt et al. 2017; Kwiatkowski et al., 2017; Moore et al., 2018). The projected
magnitude of net primary production declines is highly uncertain across model ensembles (Bopp et al., 2013; Krumhardt et al.,
2017), in part due to concurrent changes in phytoplankton light and temperature limitation, as well as altered top-down grazing, all
of which can compensate for nutrient-driven production declines (Taucher and Oschlies, 2011; Laufkötter et al., 2015). However,
declines in phytoplankton primary production are consistently ampli!ed in higher trophic levels such as zooplankton (Chust et al.,
2014; Stock et al., 2014; Kwiatkowski et al., 2018) and !sh (Lotze et al., 2019).

Dissolved oxygen in the ocean exerts a strong control on marine ecosystems. At low O  levels, marine animals are unable to
sustain aerobic metabolism, which can lead to mortality (Vaquer-Sunyer and Duarte, 2008). Oxygen levels also a"ect many oceanic
biogeochemical cycles through an impact on redox reactions and microbial metabolism (e.g. on the nitrogen cycle, Gruber, 2004).
Global warming is driving a global decline of dissolved oxygen in the ocean, referred to as ocean deoxygenation, because of
a warming-induced reduction in O  solubility and increased strati!cation and reduced ventilation (Keeling et al., 2010; Oschlies
et al., 2018). A recent assessment, based on three di"erent analyses (Helm et al., 2011; Schmidtko et al., 2017; Ito et al., 2017),
concluded that the oxygen content over the !rst 1000 m of the ocean has decreased by 0.5 to 3.3 % (or 0.7 to 3.5 % between 100
and 600 m) over 1970–2010 (Bindo", et al., in press). In coastal systems, this warming e"ect is exacerbated by the e"ects of
increased loading of nutrients and organic matter, which also lead to oxygen decline and an increase in coastal ocean dead zones
(Breitburg et al., 2018). Earth System model projections consistently show continuing declines in oxygen over the twenty-!rst
century as a function of the employed scenario (Bopp et al., 2013; Cocco et al., 2013), with large uncertainties in the tropics and for
the evolution of oxygen minimum zones (Cabré et al., 2015).

The uptake of carbon by the oceans a"ects marine chemistry via ocean acidi!cation (Gattuso and Buddemeier, 2000; Orr et al.,
2005; Doney et al., 2009), a process that increases seawater concentrations of CO , H , and  and reduces pH and  ion

concentrations. The oceans have absorbed approximately 30 % of anthropogenic carbon emissions since the pre-industrial era
(Sabine et al., 2004; Khatiwala et al., 2009, 2013; Gruber et al., 2019), resulting in global surface pH declines of approximately 0.1
units (Bindo" et al., 2007). Declines in global open ocean surface pH are 0.018 units per decade over 1991–2011 (Lauvset et al.
2015), with individual time series stations exhibiting declines of 0.017 to 0.027 units per decade (Bindo", et al., in press). Earth
system models have projected twenty-!rst century global surface ocean pH declines of up to 0.33 units under previous high-
emissions scenarios (Bopp et al., 2013), with associated changes in the seasonal cycles of seawater carbonate chemistry (McNeil
and Sasse, 2016; Kwiatkowski and Orr, 2018; Landschützer et al., 2018).

The impact of ocean acidi!cation on marine species is extensive and diverse. Calcifying species, such as echinoderms, bryozoans,
and cnidarians, exhibit depressed calci!cation, growth, and survival under acidi!cation (Kroeker et al., 2010; Albright et al., 2016;
Kwiatkowski et al., 2016), altering the competitive balance in ecosystems (Kroeker et al., 2013). In teleost !sh and marine
invertebrates, ion exchange is reduced under acidi!cation, depressing protein synthesis and metabolic rates (Langenbuch et al.,
2006; Pörtner, 2008). Physiological and behavioural functioning is also sensitive to acidi!cation, with olfactory discrimination
(Munday et al., 2009) and predator–prey responses (Watson et al., 2014, 2017) shown to be impaired under more acidi!ed
conditions.

Marine organisms typically experience changes in multiple physical and geochemical conditions simultaneously, with impacts
determined by the interactions between potential stressors. For example, the combined e"ect of warming and deoxygenation is
projected to force poleward and vertical contractions of metabolically viable habitat for marine ectotherms (Deutsch et al., 2015).
At the physiological level, experimental studies indicate that synergistic e"ects between potential marine stressors are common
(Gunderson et al., 2016). Compound warming and acidi!cation has been shown to exacerbate negative impacts on
photosynthesis, calci!cation, reproduction, and survival of marine organisms (Harvey et al., 2013), while compound exposure to
acidi!cation and low oxygen can also have synergistic e"ects (McBryan et al., 2013) and may reduce the thermal tolerance of
certain species (Pörtner, 2010).

Here we assess future projections of climate-related drivers of marine impacts within the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al., 2016; O'Neill et al., 2016) simulations, evaluating how these di"er from previous CMIP5 (Taylor et al.,
2011) simulations. We focus on projected changes in ocean temperature, pH, dissolved O  and  concentration, and net
primary production across 13 CMIP6 and 10 CMIP5 Earth system models. Expanding on previous CMIP intercomparison studies
(e.g. Steinacher et al., 2010; Bopp et al., 2013; Cocco et al., 2013), which typically concentrate on upper-ocean mean state changes
in biogeochemistry, we also assess benthic impacts and changes in seasonal cycles.

1.2 Ocean biogeochemical model development since CMIP5
A comprehensive assessment of changes between CMIP5 and CMIP6 in the ocean biogeochemical components of Earth system
models (ESMs) and their associated skill is provided in Séférian et al. (2020). Since CMIP5, CMIP6 has seen a general increase in the
horizontal grid resolution of physical ocean models and a limited increase in vertical resolution. The latter may be particularly
important for ecosystem projections as it directly a"ects simulated strati!cation, a key factor in$uencing changes in ocean impact
drivers (Capotondi et al., 2012; Bopp et al., 2013; Laufkötter et al., 2015; Kwiatkowski et al., 2017) and their impact on higher
trophic levels (Stock et al., 2014; Chust et al., 2014; Kwiatkowski et al., 2018; Lotze et al., 2019). Updates in the representation of
ocean biogeochemical processes between CMIP5 and CMIP6 have generally included increases in model complexity (Séférian
et al., 2020). Speci!cally, CMIP6 models provide more widespread inclusion of dissolved oxygen, micronutrients, such as iron,
variable stoichiometric ratios, and improved representation of lower trophic levels including heterotrophic bacteria and the cycling
and sinking of organic matter (Séférian et al., 2020).

Relative to CMIP5, the CMIP6 Earth system models display an improved ability to reproduce the modern mean-state distribution of
a number of key biogeochemical tracers (Séférian et al., 2020). Although global-scale totals of ocean carbon $ux and net primary
production estimates have been improved in CMIP6 with respect to CMIP5, the simulated geographical distribution of present-day
mean state air–sea CO  $uxes and surface chlorophyll concentrations show only moderate improvements between CMIP5 and
CMIP6. There are also moderate improvements in the representation of subsurface dissolved oxygen concentrations in most
ocean basins. Model skill in the representation of surface macronutrient concentrations in CMIP6 has improved for dissolved
silicate but declined slightly for nitrate.

2 Methodology

The analysis of projected multiple ocean impact drivers presented here focuses on three key depth levels: the upper ocean, the
thermocline, and the benthic zone. The surface zone is where most biological activity is concentrated in the oceans and where
impacts from climate change are typically the greatest. Speci!cally, we assess projections of surface ocean temperature, surface
ocean pH, subsurface dissolved O  concentration (averaged between 100 and 600 m), upper-ocean  concentration (averaged
between 0 and 100 m) and net primary production (depth integrated over the full water column). The choice of vertical range for
O  re$ects the potential importance of the expansion of oxygen minimum zones, which are more prominent at such depths. The
choice of vertical range for  re$ects its importance as a critical macronutrient supporting primary production in the euphotic
zone. Both vertical ranges are chosen to be compatible with the recent assessment of marine drivers in the IPCC Special Report on
the Ocean and Cryosphere (Bindo", et al., in press). Additionally, for the CMIP6 models we assess benthic ecosystem drivers,
focussing on projections of bottom temperature, pH, and O  concentration. The benthic level is de!ned as the bottom-ocean
model layer at each grid point. As such, its exact depth depends on vertical discretisation and bathymetry, which di"ers across the
CMIP6 ensemble. All benthic model outputs were corrected for potential drift at the grid cell level (e.g. Gehlen et al., 2014; Séférian
et al., 2016) using coincident pre-industrial control simulations.

2.1 Processing and analysis of model outputs
All ESMs assessed in the CMIP5 and CMIP6 ensembles (Tables 1 and 2) include physical ocean models and coupled ocean
biogeochemistry schemes that account for some or all of the potential ocean impact drivers: temperature, pH, O , , and net
primary production. A total of 10 CMIP5 and 13 CMIP6 models are assessed with the model ensemble size di"ering among
scenarios depending on contributions from each model group. The CMIP5 ensemble is the same as that used in the
comprehensive assessment of projected ocean drivers provided by Bopp et al. (2013). Only one ensemble member per model is
used for a given scenario. That is, in CMIP terminology we typically use ensemble member “r1i1p1” from each CMIP5 model and
“r1i1p1fx” from each CMIP6 model (where “fx” is the recommended set of external forcings employed by the various modelling
groups). Consequently, we do not assess the role of internal variability in the emergence of climate-related changes in marine
ecosystems drivers (e.g. Frölicher et al., 2016; Lovenduski et al., 2016; Krumhardt et al. 2017; Freeman et al., 2018). Two of the
CMIP6 models included in our analysis (GFDL-CM4 and ACCESS-ESM1.5) do not include  as a prognostic tracer. Hence, their

 concentrations were calculated from modelled total dissolved inorganic phosphorus assuming a constant Red!eld ratio of
16:1.

Table 1 The CMIP6 Earth system models used in this study; their individual components used to represent ocean, sea ice, and
marine biogeochemistry; and the ocean impact drivers and simulations that were assessed.
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Table 2 The CMIP5 Earth system models used in this study; their individual components used to represent ocean, sea ice, and
marine biogeochemistry; and the simulations that were assessed. All models provided temperature, pH, oxygen, nitrate, and
NPP outputs, as in Bopp et al. (2013).

Download Print Version  | Download XLSX

To facilitate intercomparison, model output on each native grid was regridded to the same regular  horizontal grid using
distance weighted average remapping (climate data operators; remapdis). Model outputs were kept on their native vertical grids,
with vertical discretisation ranging from 40 (MPI-ESM1.2) to 75 (IPSL-CM6A-LR, CNRM-ESM2-1 and UKESM1-0-LL) levels, except for
models using hybrid or isopycnic vertical coordinates for which model outputs were vertically regridded to 35 (GFDL-ESM4, GFDL-
CM4) and 70 (NorESM2-LM) levels. Following generally adopted practice (e.g. Bopp et al., 2013), all models were given equal
weighting in the respective CMIP6 and CMIP5 ensemble mean. However, within the CMIP6 ensemble two modelling groups
contributed two ESMs and within the CMIP5 ensemble three modelling groups contributed two ESMs, which is likely to in$uence
the extent of model independence (Masson and Knutti, 2011; Knutti et al., 2015; Sanderson et al., 2015; Lovenduski and Bonan,
2017).

The CMIP5 historical simulations had variable start dates between 1850 and 1861, all of which !nished in 2005; the subsequent
RCP simulations started in 2006 and were run until at least 2099. In CMIP6, there is greater temporal consistency. All CMIP6
historical simulations were made over 1850–2014, while the subsequent SSP scenarios started in 2015 and ran until at least 2100.
To facilitate comparison between CMIP5 and CMIP6, the historical and future projections of ocean impact drivers in both phases of
CMIP are presented as anomalies relative to 1870–1899 mean values of their respective historical simulations. When solely
evaluating twenty-!rst century projections in the SSPs, however, the last 20 years of the CMIP6 historical simulations (1995–2014)
are used as a baseline period. Throughout the analysis, the uncertainty associated with global mean projections is assessed using
the inter-model SD (given ± uncertainties). At regional scales, projection robustness is evaluated using previously adopted
approaches (e.g. Bopp et al., 2013), including whether the magnitude of the multi-model mean anomaly exceeds the inter-model
SD or if there is at least 80 % model sign agreement. The interquartile range of regional projections is given in the annexes.

2.2 From Representative Concentration Pathways to Shared
Socioeconomic Pathways
Aside from changes in ESMs, a fundamental di"erence between CMIP5 and CMIP6 is that they di"er in the future scenarios used
for anthropogenic emissions and land use change. Those scenarios are derived from integrated assessment models and based on
plausible future pathways of societal development. In CMIP6, the Shared Socioeconomic Pathways (SSPs) provided via the Scenario
Model Intercomparison Project (ScenarioMIP) are used instead of the RCPs that were used in CMIP5 (O'Neill et al., 2016). The SSPs
provide revised emission and land use scenarios relative to the RCPs (Riahi et al., 2017).

In this study, we con!ne our assessment of ocean impact drivers to concentration-driven simulations, focussing on Tier 1 SSPs of
ScenarioMIP (O'Neill et al., 2016), that is SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, which result in end-of-century approximate
total radiative forcing levels of 2.6, 4.5, 7.0, and 8.5 W m , respectively. The SSPs have generally higher associated concentrations
of atmospheric CO  and lower associated atmospheric concentrations of CH  and N O relative to their RCP counterparts (O'Neill
et al., 2016; Meinshausen et al., 2019). This is particularly the case for SSP5-8.5, which in comparison to RCP8.5 assumes that coal
constitutes a greater proportion of the primary energy mix in the second half of the twenty-!rst century (Kriegler et al., 2017).
Given that di"erences among projections of surface ocean acidi!cation are dominated by scenario uncertainty, with relatively little
inter-model uncertainty and internal variability (e.g. Bopp et al., 2013; Frölicher et al., 2016), such changes in atmospheric
concentrations of CO  are expected to have a large impact on projections of ocean pH and related carbonate system variables.

Alongside the assessment of the SSP concentration-driven model outputs, outputs from models forced under the four RCPs
(RCP2.6, RCP4.5, RCP6.0 and RCP8.5) are also assessed in parallel. This allows some comparison with past CMIP5 assessments (e.g.
Bopp et al., 2013). However, RCP6.0 has no direct SSP analogue, while SSP3-7.0 has no direct RCP analogue.

3 Results and discussion

3.1 Comparison with historical global trends
Observed historical trends in global mean surface ocean temperature, pH, and subsurface oxygen were compared with the multi-
model mean of the CMIP6 ensemble over the corresponding years of historical simulations (Table 3). Global observations of
historical trends in euphotic-zone nitrate concentrations and integrated primary production were deemed insu%ciently robust,
given the associated interannual–decadal variability, to be assessed in the models (Elsworth et al. 2020). The observed 1901–2012
SST warming of +0.06  C per decade is well reproduced in the CMIP6 ensemble, although SST warming between 1979 and 2012 is
warm-biased in the multi-model mean. Global surface ocean acidi!cation of −0.018 units per decade between 1991 and 2011 is
also well reproduced by the CMIP6 models, particularly considering that the observed trend is a reconstruction based on discrete
surface ocean fCO  measurements and alkalinity estimates that are derived from temperature and salinity (Lauvset et al., 2015).
Finally, with respect to subsurface deoxygenation, the observed dissolved oxygen trend of −0.30 to −1.52 mmol m  per decade
from 1970 to 2010 (90 % con!dence range; Bindo", et al., in press) encompasses the CMIP6 multi-model mean response over the
corresponding years. Given the performance of the CMIP6 models at reproducing ocean biogeochemical mean conditions
(Séférian et al., 2020) and trends, they are deemed appropriate to project future trends in biogeochemistry under the SSPs.

Table 3 Historical trends in ocean impact drivers in observations and CMIP6 models. Observed multi-decadal historical trends
in global mean sea surface temperature, surface pH, and subsurface O  (averaged between 100 and 600 m) and the
corresponding trend in the CMIP6 ensemble. Uncertainty estimates are the inter-model SD.
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3.2 Global upper-ocean projections
Under all SSPs, global multi-model mean sea surface temperature is projected to increase, while surface pH, subsurface dissolved
oxygen concentration, euphotic-zone nitrate concentration and net primary production are projected to decline during the twenty-
!rst century (Fig. 1). The projected change in the !ve ocean impact drivers increases with associated radiative forcing across the
four SSPs. Under the high-mitigation SSP1-2.6 scenario, the end-of-century model mean changes (2080–2099 mean values relative
to 1870–1899) in sea surface temperature, surface pH, subsurface oxygen concentration, euphotic nitrate concentration, and net
primary production are   C, , ,  mmol m , and  %, respectively. Under
the high-emissions scenario SSP5-8.5, the corresponding changes are 3.47± 0.78  C, , ,  mmol 
m , and  % (Table 4), respectively. Across these two scenarios, the separation between CMIP6 projections of sea
surface temperature and pH and to a lesser extent oxygen and nitrate, further demonstrate the e"ectiveness of intense mitigation
strategies in limiting twenty-!rst century marine ecosystem exposure to potential stress. This is in agreement with assessments of
previous multi-model projections (e.g. CMIP5; Bopp et al., 2013).

Table 4 Global mean changes in multiple ocean impact drivers across the CMIP6 and CMIP5 ensembles. Global mean
anomalies of sea surface temperature, surface ocean pH, subsurface dissolved O  concentration (averaged between 100 and
600 m), upper-ocean  (averaged between 0–100 m), and depth-integrated net primary production for the CMIP6 SSPs and
CMIP5 RCPs. Anomalies are given as 2080–2099 mean values relative to the 1870–1899 mean. Uncertainty estimates are the
inter-model standard deviation.
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Figure 1 Global mean projections of upper-ocean impact drivers. Global mean projections of (a) sea surface temperature ( C),
(b) surface ocean pH, (c) subsurface dissolved O  concentration (averaged between 100–600  ), (d) euphotic-zone

 (averaged between 0–100  ), and (e) depth-integrated net primary production ( %). Values are anomalies
relative to the 1870–1899 reference period. CMIP6 mean anomalies for the historical and SSP simulations are shown as solid
lines with shading representing the inter-model SD. CMIP5 projections only show the multi-model mean. The model ensemble
size for each scenario is given in parentheses.
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Following previous assessments (Bopp et al., 2013), inter-model uncertainty is estimated as the inter-model SD. Although some of
this model spread is due to internal variability, this contribution is limited for global averages and its relative contribution to inter-
model uncertainty is expected to decline throughout the twenty-!rst century (Frölicher et al., 2016). Relative to scenario
uncertainty, which is estimated as the maximum di"erence between mean SSP projections, inter-model uncertainty is extremely
low for surface pH projections, which show distinct separation between the SSPs prior to 2050. The low inter-model uncertainty
associated with projections of surface ocean pH is well characterised and associated with the identical CO  forcing used by all
ESMs in concentration-driven SSP and RCP projections (Lovenduski et al., 2016), a weak climate–pH feedback (Orr et al., 2005;
McNeil and Matear, 2007), limited interannual variability, and consistently adopted standards for ESM ocean carbonate chemistry
equations (Orr et al., 2017). Surface ocean pCO  and corresponding carbonate chemistry generally follow changes in atmospheric
CO  with a global mean equilibration time of approximately 8 months (Gattuso and Hansson, 2011). The di"erences between
projected surface pH across the SSPs therefore re$ect the divergence of prescribed atmospheric CO  concentrations, i.e. the
di"erent scenarios.

In comparison to pH, projections of SST exhibit greater inter-model uncertainty (Fig. 1). This uncertainty is likely to result from
di"erences in climate sensitivity between models. Historically, such di"erences have been attributed to diversity in cloud
feedbacks and to a lesser extent water vapour and lapse-rate feedbacks (Andrews et al., 2012; Vial et al., 2013). For projections of
subsurface oxygen and euphotic-zone nitrate concentrations, inter-model uncertainty is greater still and can exceed scenario
uncertainty. This greater inter-model uncertainty is a result of oxygen and nitrate concentrations being strongly in$uenced by both
physical changes (e.g. changes in solubility, circulation, and mixing) and changes in biological sources and sinks (Stramma et al.,
2012; Fu et al., 2016; Bopp et al., 2017; Oschlies et al., 2018).

The inter-model uncertainty associated with CMIP6 net primary production projections is consistently larger than the scenario
uncertainty. Indeed, for each SSP, individual models project both increases and decreases in global primary production, with the
inter-model SD encompassing positive and negative anomalies (Fig. 1). This is a consequence of net primary production changes
re$ecting a diverse and delicately balanced suite of bottom-up and top-down ecological processes, which are variously
parameterised across models. Bottom-up changes in phytoplankton growth rates are typically driven by a combination of
enhanced nutrient limitation and reduced temperature and light limitation (Doney, 2006; Steinacher et al., 2010; Taucher and
Oschlies, 2011), while top-down changes in zooplankton grazing rates can simultaneously in$uence the stock of phytoplankton
biomass (Laufkötter et al., 2015). The accurate simulation of many of the biogeochemical tracers upon which net primary
production (NPP) depends (e.g. the distribution of iron; Tagliabue et al., 2016) represents a signi!cant and ongoing challenge to
ESMs (Séférian et al., 2020).

3.3 Regional patterns of upper-ocean change

https://doi.org/10.5194/bg-17-3439-2020
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to date 
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Two approaches to address knowledge gaps:

• Unraveling response to climate variability: Spring et al. 2020

• N2 fixation by Trichodesmium: Paulsen et al. 2017; 2018 
• Structure of marine aggregates: März et al. 2020; 2025

Indiscernible changes on decadal timescales
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Spring et al. Environ. Res. Letters 2020
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years (faster than for temperature)
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Tschitschko et al. 2024

Co-limitation of Trichodesmium growth by iron and phosphate:

→ less biomass in a warmer stratified ocean 
→ decreased biological carbon storage under climate change
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Particle sinking following Martin curve

Maerz et al. 2020: Improvements by including measurable properties of marine aggregates (e.g. size, 
porosity, microstructure, excess-density) from microscale modeling and lab work (Ahmerkamp et al. 2022)

Including aggregates properties

→ increased biological carbon sequestration efficiency under climate change (Maerz et al. 2025)
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→ the primary vehicles of organic carbon transport into the deep ocean

Transfer efficiency of organic carbon
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Abstract

Anthropogenic climate change is projected to lead to ocean warming, acidi!cation, deoxygenation, reductions in near-surface
nutrients, and changes to primary production, all of which are expected to a"ect marine ecosystems. Here we assess projections
of these drivers of environmental change over the twenty-!rst century from Earth system models (ESMs) participating in the
Coupled Model Intercomparison Project Phase 6 (CMIP6) that were forced under the CMIP6 Shared Socioeconomic Pathways
(SSPs). Projections are compared to those from the previous generation (CMIP5) forced under the Representative Concentration
Pathways (RCPs). A total of 10 CMIP5 and 13 CMIP6 models are used in the two multi-model ensembles. Under the high-emission
scenario SSP5-8.5, the multi-model global mean change (2080–2099 mean values relative to 1870–1899) ± the inter-model SD in
sea surface temperature, surface pH, subsurface (100–600 m) oxygen concentration, euphotic (0–100 m) nitrate concentration, and
depth-integrated primary production is   C, , ,  mmol m  and  %,
respectively. Under the low-emission, high-mitigation scenario SSP1-2.6, the corresponding global changes are   C,

, ,  mmol m , and  %. Projected exposure of the marine ecosystem to these
drivers of ocean change depends largely on the extent of future emissions, consistent with previous studies. The ESMs in CMIP6
generally project greater warming, acidi!cation, deoxygenation, and nitrate reductions but lesser primary production declines
than those from CMIP5 under comparable radiative forcing. The increased projected ocean warming results from a general
increase in the climate sensitivity of CMIP6 models relative to those of CMIP5. This enhanced warming increases upper-ocean
strati!cation in CMIP6 projections, which contributes to greater reductions in upper-ocean nitrate and subsurface oxygen
ventilation. The greater surface acidi!cation in CMIP6 is primarily a consequence of the SSPs having higher associated atmospheric
CO  concentrations than their RCP analogues for the same radiative forcing. We !nd no consistent reduction in inter-model
uncertainties, and even an increase in net primary production inter-model uncertainties in CMIP6, as compared to CMIP5.
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1 Introduction

1.1 Ocean warming, acidi!cation, deoxygenation, nutrient stress, and
reduced primary production
Since the pre-industrial period the global oceans have experienced fundamental changes in physical and biogeochemical
conditions as a result of anthropogenic climate change. Although these changes re$ect the climate services that the oceans
provide through heat and carbon storage, they also have major implications for the health of marine ecosystems. Ocean
ecosystems are a"ected by the direct and indirect consequences of climate change. Atmospheric warming and rising CO
concentrations drives ocean warming and acidi!cation, while these direct factors cause changes that modulate other important
components of the ocean system, such as oxygenation, nutrient levels, and net primary production.

Temperature is a principal determinant of biological metabolism in the ocean (e.g. Eppley, 1972) and plays a major role in shaping
the global distribution of marine species (e.g. Thomas et al., 2012; Sunagawa et al., 2015). The radiative forcing associated with
greenhouse gas emissions results in an accumulation of heat in the Earth system, most of which is taken up by the oceans
(Frölicher et al., 2014). Globally averaged sea surface temperature (SST) has increased by +0.7  C over the last 100 years (Bindo"
et al., 2007), with observations indicating that the heat content trend in the upper 2000 m of the ocean has increased from 0.55 to
0.68   since 1991 (Cheng et al., 2019).

Earth system models project twenty-!rst century increases in SST under all of the Representative Concentration Pathways (RCPs;
Bopp et al., 2013). While certain marine organisms may have the potential to acclimate to rising ocean temperatures, poleward
range shifts of many species have already been observed (Gregory et al., 2009; Sorte et al., 2010), with associated declines in
tropical diversity projected (Thomas et al., 2012). Concurrently, the frequency, intensity, and duration of ocean heat waves has
increased in the observational record and is projected to substantially increase in the future (Frölicher et al., 2018). This has
already had serious impacts on marine foundation taxa such as corals, seagrasses, and kelps (Garrabou et al., 2009; Hobday et al.,
2016; Smale et al., 2019).

A consequence of ocean warming is an increase in vertical density gradients and enhanced strati!cation. This results in
a reduction in the supply of nutrients to the euphotic zone, with enhanced nutrient limitation generally leading to observed
declines in net primary production (Behrenfeld et al., 2001; Behrenfeld et al., 2006). Earth system model projections consistently
show enhanced strati!cation and associated reductions in euphotic zone nutrient concentrations under scenarios of climate
change (Bopp et al., 2001; Sarmiento et al., 2004; Cabré et al., 2014; Fu et al., 2016). This generally results in projected global
reductions in net primary production that are driven by enhanced phytoplankton nutrient limitation in the low-latitude oceans
(Steinacher et al., 2010; Bopp et al., 2013; Krumhardt et al. 2017; Kwiatkowski et al., 2017; Moore et al., 2018). The projected
magnitude of net primary production declines is highly uncertain across model ensembles (Bopp et al., 2013; Krumhardt et al.,
2017), in part due to concurrent changes in phytoplankton light and temperature limitation, as well as altered top-down grazing, all
of which can compensate for nutrient-driven production declines (Taucher and Oschlies, 2011; Laufkötter et al., 2015). However,
declines in phytoplankton primary production are consistently ampli!ed in higher trophic levels such as zooplankton (Chust et al.,
2014; Stock et al., 2014; Kwiatkowski et al., 2018) and !sh (Lotze et al., 2019).

Dissolved oxygen in the ocean exerts a strong control on marine ecosystems. At low O  levels, marine animals are unable to
sustain aerobic metabolism, which can lead to mortality (Vaquer-Sunyer and Duarte, 2008). Oxygen levels also a"ect many oceanic
biogeochemical cycles through an impact on redox reactions and microbial metabolism (e.g. on the nitrogen cycle, Gruber, 2004).
Global warming is driving a global decline of dissolved oxygen in the ocean, referred to as ocean deoxygenation, because of
a warming-induced reduction in O  solubility and increased strati!cation and reduced ventilation (Keeling et al., 2010; Oschlies
et al., 2018). A recent assessment, based on three di"erent analyses (Helm et al., 2011; Schmidtko et al., 2017; Ito et al., 2017),
concluded that the oxygen content over the !rst 1000 m of the ocean has decreased by 0.5 to 3.3 % (or 0.7 to 3.5 % between 100
and 600 m) over 1970–2010 (Bindo", et al., in press). In coastal systems, this warming e"ect is exacerbated by the e"ects of
increased loading of nutrients and organic matter, which also lead to oxygen decline and an increase in coastal ocean dead zones
(Breitburg et al., 2018). Earth System model projections consistently show continuing declines in oxygen over the twenty-!rst
century as a function of the employed scenario (Bopp et al., 2013; Cocco et al., 2013), with large uncertainties in the tropics and for
the evolution of oxygen minimum zones (Cabré et al., 2015).

The uptake of carbon by the oceans a"ects marine chemistry via ocean acidi!cation (Gattuso and Buddemeier, 2000; Orr et al.,
2005; Doney et al., 2009), a process that increases seawater concentrations of CO , H , and  and reduces pH and  ion

concentrations. The oceans have absorbed approximately 30 % of anthropogenic carbon emissions since the pre-industrial era
(Sabine et al., 2004; Khatiwala et al., 2009, 2013; Gruber et al., 2019), resulting in global surface pH declines of approximately 0.1
units (Bindo" et al., 2007). Declines in global open ocean surface pH are 0.018 units per decade over 1991–2011 (Lauvset et al.
2015), with individual time series stations exhibiting declines of 0.017 to 0.027 units per decade (Bindo", et al., in press). Earth
system models have projected twenty-!rst century global surface ocean pH declines of up to 0.33 units under previous high-
emissions scenarios (Bopp et al., 2013), with associated changes in the seasonal cycles of seawater carbonate chemistry (McNeil
and Sasse, 2016; Kwiatkowski and Orr, 2018; Landschützer et al., 2018).

The impact of ocean acidi!cation on marine species is extensive and diverse. Calcifying species, such as echinoderms, bryozoans,
and cnidarians, exhibit depressed calci!cation, growth, and survival under acidi!cation (Kroeker et al., 2010; Albright et al., 2016;
Kwiatkowski et al., 2016), altering the competitive balance in ecosystems (Kroeker et al., 2013). In teleost !sh and marine
invertebrates, ion exchange is reduced under acidi!cation, depressing protein synthesis and metabolic rates (Langenbuch et al.,
2006; Pörtner, 2008). Physiological and behavioural functioning is also sensitive to acidi!cation, with olfactory discrimination
(Munday et al., 2009) and predator–prey responses (Watson et al., 2014, 2017) shown to be impaired under more acidi!ed
conditions.

Marine organisms typically experience changes in multiple physical and geochemical conditions simultaneously, with impacts
determined by the interactions between potential stressors. For example, the combined e"ect of warming and deoxygenation is
projected to force poleward and vertical contractions of metabolically viable habitat for marine ectotherms (Deutsch et al., 2015).
At the physiological level, experimental studies indicate that synergistic e"ects between potential marine stressors are common
(Gunderson et al., 2016). Compound warming and acidi!cation has been shown to exacerbate negative impacts on
photosynthesis, calci!cation, reproduction, and survival of marine organisms (Harvey et al., 2013), while compound exposure to
acidi!cation and low oxygen can also have synergistic e"ects (McBryan et al., 2013) and may reduce the thermal tolerance of
certain species (Pörtner, 2010).

Here we assess future projections of climate-related drivers of marine impacts within the Coupled Model Intercomparison Project
Phase 6 (CMIP6; Eyring et al., 2016; O'Neill et al., 2016) simulations, evaluating how these di"er from previous CMIP5 (Taylor et al.,
2011) simulations. We focus on projected changes in ocean temperature, pH, dissolved O  and  concentration, and net
primary production across 13 CMIP6 and 10 CMIP5 Earth system models. Expanding on previous CMIP intercomparison studies
(e.g. Steinacher et al., 2010; Bopp et al., 2013; Cocco et al., 2013), which typically concentrate on upper-ocean mean state changes
in biogeochemistry, we also assess benthic impacts and changes in seasonal cycles.

1.2 Ocean biogeochemical model development since CMIP5
A comprehensive assessment of changes between CMIP5 and CMIP6 in the ocean biogeochemical components of Earth system
models (ESMs) and their associated skill is provided in Séférian et al. (2020). Since CMIP5, CMIP6 has seen a general increase in the
horizontal grid resolution of physical ocean models and a limited increase in vertical resolution. The latter may be particularly
important for ecosystem projections as it directly a"ects simulated strati!cation, a key factor in$uencing changes in ocean impact
drivers (Capotondi et al., 2012; Bopp et al., 2013; Laufkötter et al., 2015; Kwiatkowski et al., 2017) and their impact on higher
trophic levels (Stock et al., 2014; Chust et al., 2014; Kwiatkowski et al., 2018; Lotze et al., 2019). Updates in the representation of
ocean biogeochemical processes between CMIP5 and CMIP6 have generally included increases in model complexity (Séférian
et al., 2020). Speci!cally, CMIP6 models provide more widespread inclusion of dissolved oxygen, micronutrients, such as iron,
variable stoichiometric ratios, and improved representation of lower trophic levels including heterotrophic bacteria and the cycling
and sinking of organic matter (Séférian et al., 2020).

Relative to CMIP5, the CMIP6 Earth system models display an improved ability to reproduce the modern mean-state distribution of
a number of key biogeochemical tracers (Séférian et al., 2020). Although global-scale totals of ocean carbon $ux and net primary
production estimates have been improved in CMIP6 with respect to CMIP5, the simulated geographical distribution of present-day
mean state air–sea CO  $uxes and surface chlorophyll concentrations show only moderate improvements between CMIP5 and
CMIP6. There are also moderate improvements in the representation of subsurface dissolved oxygen concentrations in most
ocean basins. Model skill in the representation of surface macronutrient concentrations in CMIP6 has improved for dissolved
silicate but declined slightly for nitrate.

2 Methodology

The analysis of projected multiple ocean impact drivers presented here focuses on three key depth levels: the upper ocean, the
thermocline, and the benthic zone. The surface zone is where most biological activity is concentrated in the oceans and where
impacts from climate change are typically the greatest. Speci!cally, we assess projections of surface ocean temperature, surface
ocean pH, subsurface dissolved O  concentration (averaged between 100 and 600 m), upper-ocean  concentration (averaged
between 0 and 100 m) and net primary production (depth integrated over the full water column). The choice of vertical range for
O  re$ects the potential importance of the expansion of oxygen minimum zones, which are more prominent at such depths. The
choice of vertical range for  re$ects its importance as a critical macronutrient supporting primary production in the euphotic
zone. Both vertical ranges are chosen to be compatible with the recent assessment of marine drivers in the IPCC Special Report on
the Ocean and Cryosphere (Bindo", et al., in press). Additionally, for the CMIP6 models we assess benthic ecosystem drivers,
focussing on projections of bottom temperature, pH, and O  concentration. The benthic level is de!ned as the bottom-ocean
model layer at each grid point. As such, its exact depth depends on vertical discretisation and bathymetry, which di"ers across the
CMIP6 ensemble. All benthic model outputs were corrected for potential drift at the grid cell level (e.g. Gehlen et al., 2014; Séférian
et al., 2016) using coincident pre-industrial control simulations.

2.1 Processing and analysis of model outputs
All ESMs assessed in the CMIP5 and CMIP6 ensembles (Tables 1 and 2) include physical ocean models and coupled ocean
biogeochemistry schemes that account for some or all of the potential ocean impact drivers: temperature, pH, O , , and net
primary production. A total of 10 CMIP5 and 13 CMIP6 models are assessed with the model ensemble size di"ering among
scenarios depending on contributions from each model group. The CMIP5 ensemble is the same as that used in the
comprehensive assessment of projected ocean drivers provided by Bopp et al. (2013). Only one ensemble member per model is
used for a given scenario. That is, in CMIP terminology we typically use ensemble member “r1i1p1” from each CMIP5 model and
“r1i1p1fx” from each CMIP6 model (where “fx” is the recommended set of external forcings employed by the various modelling
groups). Consequently, we do not assess the role of internal variability in the emergence of climate-related changes in marine
ecosystems drivers (e.g. Frölicher et al., 2016; Lovenduski et al., 2016; Krumhardt et al. 2017; Freeman et al., 2018). Two of the
CMIP6 models included in our analysis (GFDL-CM4 and ACCESS-ESM1.5) do not include  as a prognostic tracer. Hence, their

 concentrations were calculated from modelled total dissolved inorganic phosphorus assuming a constant Red!eld ratio of
16:1.

Table 1 The CMIP6 Earth system models used in this study; their individual components used to represent ocean, sea ice, and
marine biogeochemistry; and the ocean impact drivers and simulations that were assessed.

Download Print Version  | Download XLSX

Table 2 The CMIP5 Earth system models used in this study; their individual components used to represent ocean, sea ice, and
marine biogeochemistry; and the simulations that were assessed. All models provided temperature, pH, oxygen, nitrate, and
NPP outputs, as in Bopp et al. (2013).
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To facilitate intercomparison, model output on each native grid was regridded to the same regular  horizontal grid using
distance weighted average remapping (climate data operators; remapdis). Model outputs were kept on their native vertical grids,
with vertical discretisation ranging from 40 (MPI-ESM1.2) to 75 (IPSL-CM6A-LR, CNRM-ESM2-1 and UKESM1-0-LL) levels, except for
models using hybrid or isopycnic vertical coordinates for which model outputs were vertically regridded to 35 (GFDL-ESM4, GFDL-
CM4) and 70 (NorESM2-LM) levels. Following generally adopted practice (e.g. Bopp et al., 2013), all models were given equal
weighting in the respective CMIP6 and CMIP5 ensemble mean. However, within the CMIP6 ensemble two modelling groups
contributed two ESMs and within the CMIP5 ensemble three modelling groups contributed two ESMs, which is likely to in$uence
the extent of model independence (Masson and Knutti, 2011; Knutti et al., 2015; Sanderson et al., 2015; Lovenduski and Bonan,
2017).

The CMIP5 historical simulations had variable start dates between 1850 and 1861, all of which !nished in 2005; the subsequent
RCP simulations started in 2006 and were run until at least 2099. In CMIP6, there is greater temporal consistency. All CMIP6
historical simulations were made over 1850–2014, while the subsequent SSP scenarios started in 2015 and ran until at least 2100.
To facilitate comparison between CMIP5 and CMIP6, the historical and future projections of ocean impact drivers in both phases of
CMIP are presented as anomalies relative to 1870–1899 mean values of their respective historical simulations. When solely
evaluating twenty-!rst century projections in the SSPs, however, the last 20 years of the CMIP6 historical simulations (1995–2014)
are used as a baseline period. Throughout the analysis, the uncertainty associated with global mean projections is assessed using
the inter-model SD (given ± uncertainties). At regional scales, projection robustness is evaluated using previously adopted
approaches (e.g. Bopp et al., 2013), including whether the magnitude of the multi-model mean anomaly exceeds the inter-model
SD or if there is at least 80 % model sign agreement. The interquartile range of regional projections is given in the annexes.

2.2 From Representative Concentration Pathways to Shared
Socioeconomic Pathways
Aside from changes in ESMs, a fundamental di"erence between CMIP5 and CMIP6 is that they di"er in the future scenarios used
for anthropogenic emissions and land use change. Those scenarios are derived from integrated assessment models and based on
plausible future pathways of societal development. In CMIP6, the Shared Socioeconomic Pathways (SSPs) provided via the Scenario
Model Intercomparison Project (ScenarioMIP) are used instead of the RCPs that were used in CMIP5 (O'Neill et al., 2016). The SSPs
provide revised emission and land use scenarios relative to the RCPs (Riahi et al., 2017).

In this study, we con!ne our assessment of ocean impact drivers to concentration-driven simulations, focussing on Tier 1 SSPs of
ScenarioMIP (O'Neill et al., 2016), that is SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, which result in end-of-century approximate
total radiative forcing levels of 2.6, 4.5, 7.0, and 8.5 W m , respectively. The SSPs have generally higher associated concentrations
of atmospheric CO  and lower associated atmospheric concentrations of CH  and N O relative to their RCP counterparts (O'Neill
et al., 2016; Meinshausen et al., 2019). This is particularly the case for SSP5-8.5, which in comparison to RCP8.5 assumes that coal
constitutes a greater proportion of the primary energy mix in the second half of the twenty-!rst century (Kriegler et al., 2017).
Given that di"erences among projections of surface ocean acidi!cation are dominated by scenario uncertainty, with relatively little
inter-model uncertainty and internal variability (e.g. Bopp et al., 2013; Frölicher et al., 2016), such changes in atmospheric
concentrations of CO  are expected to have a large impact on projections of ocean pH and related carbonate system variables.

Alongside the assessment of the SSP concentration-driven model outputs, outputs from models forced under the four RCPs
(RCP2.6, RCP4.5, RCP6.0 and RCP8.5) are also assessed in parallel. This allows some comparison with past CMIP5 assessments (e.g.
Bopp et al., 2013). However, RCP6.0 has no direct SSP analogue, while SSP3-7.0 has no direct RCP analogue.

3 Results and discussion

3.1 Comparison with historical global trends
Observed historical trends in global mean surface ocean temperature, pH, and subsurface oxygen were compared with the multi-
model mean of the CMIP6 ensemble over the corresponding years of historical simulations (Table 3). Global observations of
historical trends in euphotic-zone nitrate concentrations and integrated primary production were deemed insu%ciently robust,
given the associated interannual–decadal variability, to be assessed in the models (Elsworth et al. 2020). The observed 1901–2012
SST warming of +0.06  C per decade is well reproduced in the CMIP6 ensemble, although SST warming between 1979 and 2012 is
warm-biased in the multi-model mean. Global surface ocean acidi!cation of −0.018 units per decade between 1991 and 2011 is
also well reproduced by the CMIP6 models, particularly considering that the observed trend is a reconstruction based on discrete
surface ocean fCO  measurements and alkalinity estimates that are derived from temperature and salinity (Lauvset et al., 2015).
Finally, with respect to subsurface deoxygenation, the observed dissolved oxygen trend of −0.30 to −1.52 mmol m  per decade
from 1970 to 2010 (90 % con!dence range; Bindo", et al., in press) encompasses the CMIP6 multi-model mean response over the
corresponding years. Given the performance of the CMIP6 models at reproducing ocean biogeochemical mean conditions
(Séférian et al., 2020) and trends, they are deemed appropriate to project future trends in biogeochemistry under the SSPs.

Table 3 Historical trends in ocean impact drivers in observations and CMIP6 models. Observed multi-decadal historical trends
in global mean sea surface temperature, surface pH, and subsurface O  (averaged between 100 and 600 m) and the
corresponding trend in the CMIP6 ensemble. Uncertainty estimates are the inter-model SD.
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3.2 Global upper-ocean projections
Under all SSPs, global multi-model mean sea surface temperature is projected to increase, while surface pH, subsurface dissolved
oxygen concentration, euphotic-zone nitrate concentration and net primary production are projected to decline during the twenty-
!rst century (Fig. 1). The projected change in the !ve ocean impact drivers increases with associated radiative forcing across the
four SSPs. Under the high-mitigation SSP1-2.6 scenario, the end-of-century model mean changes (2080–2099 mean values relative
to 1870–1899) in sea surface temperature, surface pH, subsurface oxygen concentration, euphotic nitrate concentration, and net
primary production are   C, , ,  mmol m , and  %, respectively. Under
the high-emissions scenario SSP5-8.5, the corresponding changes are 3.47± 0.78  C, , ,  mmol 
m , and  % (Table 4), respectively. Across these two scenarios, the separation between CMIP6 projections of sea
surface temperature and pH and to a lesser extent oxygen and nitrate, further demonstrate the e"ectiveness of intense mitigation
strategies in limiting twenty-!rst century marine ecosystem exposure to potential stress. This is in agreement with assessments of
previous multi-model projections (e.g. CMIP5; Bopp et al., 2013).

Table 4 Global mean changes in multiple ocean impact drivers across the CMIP6 and CMIP5 ensembles. Global mean
anomalies of sea surface temperature, surface ocean pH, subsurface dissolved O  concentration (averaged between 100 and
600 m), upper-ocean  (averaged between 0–100 m), and depth-integrated net primary production for the CMIP6 SSPs and
CMIP5 RCPs. Anomalies are given as 2080–2099 mean values relative to the 1870–1899 mean. Uncertainty estimates are the
inter-model standard deviation.
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Figure 1 Global mean projections of upper-ocean impact drivers. Global mean projections of (a) sea surface temperature ( C),
(b) surface ocean pH, (c) subsurface dissolved O  concentration (averaged between 100–600  ), (d) euphotic-zone

 (averaged between 0–100  ), and (e) depth-integrated net primary production ( %). Values are anomalies
relative to the 1870–1899 reference period. CMIP6 mean anomalies for the historical and SSP simulations are shown as solid
lines with shading representing the inter-model SD. CMIP5 projections only show the multi-model mean. The model ensemble
size for each scenario is given in parentheses.

Download

Following previous assessments (Bopp et al., 2013), inter-model uncertainty is estimated as the inter-model SD. Although some of
this model spread is due to internal variability, this contribution is limited for global averages and its relative contribution to inter-
model uncertainty is expected to decline throughout the twenty-!rst century (Frölicher et al., 2016). Relative to scenario
uncertainty, which is estimated as the maximum di"erence between mean SSP projections, inter-model uncertainty is extremely
low for surface pH projections, which show distinct separation between the SSPs prior to 2050. The low inter-model uncertainty
associated with projections of surface ocean pH is well characterised and associated with the identical CO  forcing used by all
ESMs in concentration-driven SSP and RCP projections (Lovenduski et al., 2016), a weak climate–pH feedback (Orr et al., 2005;
McNeil and Matear, 2007), limited interannual variability, and consistently adopted standards for ESM ocean carbonate chemistry
equations (Orr et al., 2017). Surface ocean pCO  and corresponding carbonate chemistry generally follow changes in atmospheric
CO  with a global mean equilibration time of approximately 8 months (Gattuso and Hansson, 2011). The di"erences between
projected surface pH across the SSPs therefore re$ect the divergence of prescribed atmospheric CO  concentrations, i.e. the
di"erent scenarios.

In comparison to pH, projections of SST exhibit greater inter-model uncertainty (Fig. 1). This uncertainty is likely to result from
di"erences in climate sensitivity between models. Historically, such di"erences have been attributed to diversity in cloud
feedbacks and to a lesser extent water vapour and lapse-rate feedbacks (Andrews et al., 2012; Vial et al., 2013). For projections of
subsurface oxygen and euphotic-zone nitrate concentrations, inter-model uncertainty is greater still and can exceed scenario
uncertainty. This greater inter-model uncertainty is a result of oxygen and nitrate concentrations being strongly in$uenced by both
physical changes (e.g. changes in solubility, circulation, and mixing) and changes in biological sources and sinks (Stramma et al.,
2012; Fu et al., 2016; Bopp et al., 2017; Oschlies et al., 2018).

The inter-model uncertainty associated with CMIP6 net primary production projections is consistently larger than the scenario
uncertainty. Indeed, for each SSP, individual models project both increases and decreases in global primary production, with the
inter-model SD encompassing positive and negative anomalies (Fig. 1). This is a consequence of net primary production changes
re$ecting a diverse and delicately balanced suite of bottom-up and top-down ecological processes, which are variously
parameterised across models. Bottom-up changes in phytoplankton growth rates are typically driven by a combination of
enhanced nutrient limitation and reduced temperature and light limitation (Doney, 2006; Steinacher et al., 2010; Taucher and
Oschlies, 2011), while top-down changes in zooplankton grazing rates can simultaneously in$uence the stock of phytoplankton
biomass (Laufkötter et al., 2015). The accurate simulation of many of the biogeochemical tracers upon which net primary
production (NPP) depends (e.g. the distribution of iron; Tagliabue et al., 2016) represents a signi!cant and ongoing challenge to
ESMs (Séférian et al., 2020).

3.3 Regional patterns of upper-ocean change
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The real frontier: reimagining the modeling of coean biosphere dynamics
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From modeling what we know to building models 
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Vision for future work: from discovery to prediction—and back again



Concurrent representation of obgc tracers:

• Increased turnaround achieved by concurrent integration 
of tracer transport; porting onto GPUs

• Enabled high resolution coupled simulations (5km and 
1km in testing)

• Heterogeneous hardware (GPU+CPU) opens opportunity 
for increasing complexity (larger number of tracers)Linardakis et al., 2022 

• Emerging technology, i.e. software engineering and AI offers new ways to address challenges of computing 
and storage resources 

• DKRZ (German Climate Computing Center; MPG owns 55%) is a major partner
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New perspective

The Blue Marble

Original NASA Blue Marble photo and graphic from the ICON model 
Credit: MPI-M, DKRZ, NVIDIA

The Marble is Green

Image credit: NASA

– boost the representation of marine life and ist feedbacks in ESMs to
predict the health of our planet under anthropogenic pressures
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