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Note: The section on natural thresholds and uncertainty in key indicators originally 
envisaged for this deliverable was moved to D1.3 and M2.2 in line with the timeline of the 

corresponding task T2.4. 
 
 

1. Identification of key oceanic variables and suitable datasets 
 
A set of key oceanic state variables was first identified to represent as much of the ocean 

pressures considered by CE2COAST (Table 2 in DoW Section 9) and to enable the evaluation 

of CMIP6 Earth System Models data against observations. The latter is a relevant step to fulfill 

the main objective of this deliverable, which is to investigate and evaluate the ESMs 

representations of physical and biogeochemical variables at the surface and in the interior of 

the oceans.  

Two dedicated meetings were held with the project’s partners and WP3 regional modellers in 

mid 2021 to collaboratively identify shared needs and discuss performance indicator metrics 

that could facilitate objective ESMs ranking and eventual selection for regional downscaling 

over the Atlantic (10.06.2021) and Pacific (14.05.2021) marine regions. 

A common set of oceanic variables (Table 1) was defined that includes air-sea CO2 fluxes 

(fgco2), vertically integrated primary productivity (intpp), seawater temperature (thetao), 

seawater salinity (so), nitrate (no3), dissolved oxygen (o2), dissolved inorganic carbon (dissic), 

total alkalinity (talk), and pH (ph). 

Observational datasets were selected accordingly to provide an extensive spatiotemporal 

coverage over the recent decades for the evaluation of available CMIP6 historical simulations. 

The following gridded global datasets were considered in the model-to-data analyses (Table 

1 reports the linkage between observations and oceanic variables and their availability in the 

selected Earth system models): 

- WOA2018: the World Ocean Atlas 2018 (Boyer et al., 2018) is composed by 

climatological gridded datasets at 1°x1° of horizontal resolution obtained from the 

objectively analyzed, quality controlled physical and biogeochemical variables of 

profile data from the World Ocean Database (WOD) 

- GLODAPv2: climatological gridded dataset of the marine carbonate system state 

variables at 1°x1° of resolution (Lauvset et al., 2016) obtained using the Data-

Interpolating Variational Analysis of quality controlled observations. 

- Eppley-VGPM: ocean net primary production (NPP) gridded dataset at 1/6° of 

horizontal resolution derived from the application of the VGPM algorithm (Behrenfeld 

and Falkowski, 1997) to satellite observations of chlorophyll over the period 2002-

2014. 
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- ESACCI-SST: gridded data based on remote sensing records of sea surface 

temperature over the period 1981-2014 (Merchant et al., 2019) produced in the 

framework of the European Space Agency (ESA) Climate Change Initiative (CCI). 

- Landschuetzer2016: global surface ocean gridded data of CO2 air-sea exchanges and 

partial pressure reconstructed from observations contained in the Surface Ocean CO2 

Atlas Version 2 (Landschuetzer et al., 2016) over the period 1982-2015 . 

 

Based on the available CMIP6 datasets publicly distributed through the ESGF platform 

(https://esgf.llnl.gov/), a total of 16 Earth System Models were included in the multi-model 

ensemble of historical simulations for this task (see Table 1). These models were selected by 

taking into account only concentration driven historical experiments. If more than one 

simulation member was available for each model, the choice of a specific one was made by 

considering i) the largest availability of previously identified oceanic variables and ii) the 

presence of coordinated future scenarios (at least two). The latter criteria will enable for a 

seamless integration with the following benchmark of ESMs future projections within Task 2.3. 
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Table 1. Overview of the oceanic state variables included in the evaluation of 16 CMIP6 Earth System Models (first column) historical simulations against observational 

datasets (bottom row). Acronyms in the top row refer to air-sea CO2 fluxes (fgco2), vertically integrated primary productivity (intpp), seawater temperature (thetao), 

seawater salinity (so), nitrate (no3), dissolved oxygen (o2), dissolved inorganic carbon (dissic), total alkalinity (talk), and pH (ph). The “x” mark denotes the availability 

of monthly mean simulated data and empty cells represent missing data, while “Oyr” indicate that yearly data were used instead. The historical member (variant) used 

for the analysis is reported in the second column. 

model variant fgco2 intpp thetao so no3 o2 dissic talk ph 

ACCESS-ESM1-5 r1i1p1f1 x x x x x x x x  

CanESM5 r1i1p2f1 x x x x x x x x x 

CanESM5-CanOE r1i1p2f1 x x x x x x x x x 

CESM2 r4i1p1f1 x x x x x  x x x 

CESM2-WACCM r1i1p1f1 x x x x x  x x x 

CMCC-ESM2 r1i1p1f1 x x x x x x x x x 

CNRM-ESM2-1 r1i1p1f2 x x x x x x x x x 

EC-Earth3-CC r1i1p1f1 x x x x x (Oyr) x (Oyr) x (Oyr) x (Oyr) x (Oyr) 

GFDL-CM4 r1i1p1f1 x x x x  x x x x 

GFDL-ESM4 r1i1p1f1 x x x x x x x (Oyr) x (Oyr) x 

IPSL-CM6A-LR r1i1p1f1 x x x x x x x x x 

MPI-ESM1-2-HR r1i1p1f1 x x x x x x x x x 

MPI-ESM1-2-LR r1i1p1f1 x x x x x x x x x 

MRI-ESM2-0 r1i2p1f1 x x x x x (Oyr) x (Oyr) x x x 

NorESM2-LM r1i1p1f1 x x x x x x x x x 

NorESM2-MM r1i1p1f1 x x x x x x x x x 

UKESM1-0-LL r1i1p1f2 x x x x x x x x x 

OBS  Landschuetzer 
2016 

Eppley-VGPM WOA18 & 
ESACCI-SST 

WOA18 WOA18 WOA18 GLODAPv2 GLODAPv2 GLODAPv2 
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2. Evaluation of ESMs performances in CE2COAST regions 
 
The evaluation of CMIP6 ESMs was performed over four large marine regions (Fig.1) which allows 

to include all the key areas of CE2COAST regional downscaling applications and to ensure an 

adequate data coverage using coarse global scale data (mainly at 1 degree of horizontal resolution). 

ESMs data were systematically evaluated against observational datasets using the ESMValTool 

community diagnostic framework, as described in deliverable 2.1 of the project. 

In the following sections, each marine region is addressed by considering the comparison of the 

available ESMs historical data with gridded observational datasets for the set of physical and 

biogeochemical variables.  

The reference period for the derivation of climatological fields from either model or observations-

derived datasets is 2000-2014. Analyses are carried out including the sea surface and a set of 

vertical levels for three-dimensional variables, namely 100, 250, 500, 1000 meters for the Atlantic 

sub-regions and 100, 200, 300, 800, 1000 for the Pacific one. 

The evaluation of the simulated spatial patterns was carried out considering the Pearson’s 

correlation coefficient and the Root-Mean-Squared-Differences normalized using the minimum-

maximum data range of observations from the considered layer. A subset of model-data spatial 

evaluation examples for the sea-surface temperature are provided in the supplementary materials. 

Additional figures for other variables analysed in this report are available upon request. 

Finally, time-series of sea surface temperature, surface primary production, and CO2 fluxes over the 

last four decades are also provided as a supplement to illustrate the long-term trends of these 

variables as simulated by the different ESMs. These trends are plotted against long-term 

observational data, such as the satellite-based estimates for sea surface temperature and 

observation-based air-sea CO2 exchanges.  
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Figure 1. CE2COAST marine regions considered in the evaluation of CMIP6 ESMs historical simulations. 
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2.1 Atlantic Ocean (EU box) 

 
Spatial analysis of CMIP6 ESMs physical and biochemical climatological fields for the period 2000-

2014 against available observations. Pearson correlation (Tab. 2) and Root Mean Squared Deviation 

normalized using the min-max spatial range of observation at each layer (Tab. 3). 

Table 2 shows that for the Atlantic Ocean, most ESMs are able to capture the spatial variability of 

temperature and salinity quite well, with spatial correlation coefficient of >0.65. The correlation is 

generally high at the surface and noticeably low at 1000m depth. While the oxygen spatial distribution 

is well simulated, this is not the case for the other biogeochemical tracers such as nitrate, pH, 

dissolved inorganic carbon, and to some extent alkalinity. In terms of spatial bias, most models 

generally simulate low bias in their temperature and oxygen fields. Biases in the alkalinity and 

dissolved inorganic carbon indicate that the buffer capacity may not be simulated correctly in these 

models, which could have implications on the long-term carbon uptakes. For surface primary 

production, the average relative bias is relatively low in nearly all models (Tab. 3) but the spatial 

correlation is weak. This illustrates the ESMs’ weakness in simulating the high productive coastal 

regions, while in the open ocean, the observed high productivity regions are well reproduced. For 

surface CO2 fluxes the spatial correlation and bias are relatively low and high, respectively.   

 
Table 2. Spatial correlation between CMIP6 ESMs and observational datasets in the Atlantic marine region 
(see Fig.1) for the key oceanic state variables. Note that three-dimensional fields are reported for different 
depth levels below the surface. 
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Table 3. Normalized Root-Mean Squared Differences (RMSD) between CMIP6 ESMs and observational 
datasets in the Atlantic marine region (see Fig.1) for the key oceanic state variables. Note that three-
dimensional fields are reported for different depth levels below the surface. RMSD values were normalized 
using the minimum-maximum range from observations. 
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2.2 Arctic Sea (EU box) 

 
Comparison of CMIP6 ESMs physical and biochemical climatological fields for the period 2000-2014 

and over different depth levels against available observations. Spatial analysis included the 

computation of the Pearson correlation coefficient (Tab. 4) and Root Mean Squared Deviation 

normalized using the minimum-maximum spatial range of observation from each layer (Tab. 5). 

Except for surface temperature and surface oxygen, the spatial correlation of the evaluated variables 

in the Arctic Sea are at the lower end. At 1000m depth, the temperature and salinity correlation are 

negatives in almost all ESMs. As the surface salinity, the simulated surface alkalinity has reasonably 

spatial correlation across the ESMs. Nevertheless, the surface DIC correlation is relatively low, which 

partly explains the low surface pH correlation. 

With regards to the RMSD assessment, there is also relatively large uncertainty in the simulated 

temperature and salinity in the deep ocean (1000m depth). For the biogeochemical tracers, GFDL-

ESM4, GFDL-CM4, and MRI-ESM2-0 models have noticeably larger bias than the other ESMs. 

Biases in the surface primary production and CO2 fluxes are also noticeably low across the ESMs in 

this region. 

 
Table 4. Spatial correlation between CMIP6 ESMs and observational datasets in the Arctic marine region (see 
Fig.1) for the key oceanic state variables. Note that three-dimensional fields are reported for different depth 
levels below the surface. 
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Table 5. Normalized Root-Mean Squared Differences (RMSD) between CMIP6 ESMs and observational 
datasets in the Arctic marine region (see Fig.1) for the key oceanic state variables. Note that three-dimensional 
fields are reported for different depth levels below the surface. RMSD values were normalized using the 
minimum-maximum range from observations. 
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2.3 Mediterranean Sea 

 
Comparison of CMIP6 ESMs physical and biochemical climatological fields for the period 2000-2014 

and over different depth levels against available observations. Spatial analysis included the 

computation of the Pearson correlation coefficient (Tab. 6) and Root Mean Squared Deviation 

normalized using the minimum-maximum spatial range of observation from each layer (Tab. 7). 

The majority of ESMs satisfactorily reproduce the spatial variability of physical variables across the 

water column. However, the spatial correlation with observed sea surface salinity is poorly 

reproduced in most of the models despite the rather low RMSD values. 

Among the considered biogeochemical variables, only total alkalinity is well represented in ESMs 

while individual model skills differ substantially for dissolved inorganic nitrogen, oxygen and the other 

carbonate chemistry variables. In particular, the spatial distribution of dissolved inorganic carbon 

simulated below 100 meters of depth is negatively correlated to observations, which is also reflected 

in the poor pH representation. Surface CO2 fluxes were not included as the Landschuetzer2016 

dataset does not cover the Mediterranean basin. Biases in the surface primary production are 

comparatively low across the ESMs in this region, whereas the spatial correlation remarkably varies 

across the different ESMs. 

 
 
Table 6. Spatial correlation between CMIP6 ESMs and observational datasets in the Mediterranean Sea region 
(see Fig.1) for the key oceanic state variables. Note that three-dimensional fields are reported for different 
depth levels below the surface. 
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Table 7. Normalized Root-Mean Squared Differences (RMSD) between CMIP6 ESMs and observational 
datasets in the Mediterranean Sea region (see Fig.1) for the key oceanic state variables. Note that three-
dimensional fields are reported for different depth levels below the surface. RMSD values were normalized 
using the minimum-maximum range from observations. 
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2.4 Pacific Ocean (Humboldt box) 

 
Spatial analysis of models for climatological fields obtained over the period 2000-2014.  Pearson 

correlation and normalized RMSD (using min-max spatial range of observation from each layer). 

For the Pacific domain, we have added two additional variables into the assessments: phosphate 

concentration and surface partial pressure of CO2 (spco2), as requested by the regional modeling 

partner. The model-data spatial correlation for temperature and salinity fields are generally high in 

the upper ocean across the ESMs. While the correlation for phosphate is generally high, this is not 

the case for nitrate, which could be attributed to the bias in the simulated denitrification in this region. 

All models seem to simulate well the spatial distribution pattern of oxygen and DIC across the water 

column. 

 
Table 8. Spatial correlation between CMIP6 ESMs and observational datasets in the Pacific Humboldt region 
(see Fig.1) for the key oceanic state variables. Note that three-dimensional fields are reported for different 
depth levels below the surface. 
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With respect to RMSD assessment, all models simulate relatively low bias for temperature, salinity, 

and oxygen across the water column. The RMSD for the carbon chemistry variables: DIC, alkalinity, 

and pH are generally low at surface but increasing with depth. For nutrients, the models simulate 

lower bias for phosphate than nitrate, reiterating uncertainties related to the nitrogen cycle in this 

domain.  

 

 
Table 9. Normalized Root-Mean Squared Differences (RMSD) between CMIP6 ESMs and observational 
datasets in the Pacific Humboldt region (see Fig.1) for the key oceanic state variables. Note that three-
dimensional fields are reported for different depth levels below the surface. RMSD values were normalized 
using the minimum-maximum range from observations. 
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Supplementary Materials 
 

Decadal trends within CE2COAST marine regions 

 
Table S1. Decadal trends from area-weighted timeseries as simulated in ESMs and from long term 
satellite observations over the period 1982-2014. Data for sea surface temperature (tos) are from 
ESACCI-SST (v2.2) and for air-sea CO2 fluxes (fgco2) from Landschuetzer et al. (2016). 

Trends  
per  

decade 

Atlantic Ocean  
(EU box) 

Arctic Sea  
(EU box) 

Mediterranean 
Sea 

Pacific Ocean 
(Humboldt box) 

tos 
(K) 

fgco2 
(g m-2 yr-1) 

tos 
(K) 

fgco2 
(g m-2 yr-1) 

tos 
(K) 

tos 
(K) 

fgco2 
(g m-2 yr-1) 

OBS 0.28 1.77 0.28 1.66 0.33 0.01 -0.87 

ACCESS-ESM1-5 0.38 0.64 0.38 0.84 0.48 0.27 0.43 

CESM2-WACCM 0.27 1.15 0.26 1.23 0.45 0.04 0.87 

CESM2 0.26 0.90 0.31 0.44 0.38 0.41 0.36 

CMCC-ESM2 -0.13 -0.51 0.31 -1.31 0.19 0.13 0.59 

CNRM-ESM2-1 0.28 0.39 0.24 1.45 0.38 0.12 0.41 

CanESM5-CanOE 0.32 -0.23 0.79 3.66 0.47 0.18 0.81 

CanESM5 0.32 -0.37 0.79 4.09 0.47 0.18 0.92 

EC-Earth3-CC 0.37 0.16 0.55 1.44 0.39 0.18 0.22 

GFDL-CM4 0.29 1.30 0.43 2.25 0.40 0.14 0.84 

GFDL-ESM4 0.14 1.21 0.17 1.23 0.36 0.08 0.73 

IPSL-CM6A-LR 0.25 0.05 0.18 1.13 0.30 0.14 0.97 

MPI-ESM1-2-HR 0.03 0.26 0.41 2.07 0.23 0.08 0.57 

MPI-ESM1-2-LR 0.16 0.58 0.46 1.45 0.20 0.04 0.57 

MRI-ESM2-0 0.26 1.26 0.44 2.00 0.50 0.16 1.79 

NorESM2-LM 0.14 1.44 0.16 0.08 0.46 0.15 0.50 

NorESM2-MM 0.14 1.07 0.15 0.14 0.28 0.16 1.02 

UKESM1-0-LL 0.55 -0.33 0.42 1.88 0.53 0.13 1.34 

CMIP6 Mean 0.24 0.53 0.38 1.42 0.38 0.14 0.67 

CMIP6 StDev 0.15 0.66 0.19 1.28 0.11 0.10 0.52 
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Atlantic Ocean (EU box) 

 
Figure S1. Temporal evolution of sea surface temperature (tos) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from ESACCI-SST (v2.2) observations within the 
marine region (see Fig.1 for location). 

 
Figure S2. Temporal evolution of primary organic carbon production (intpp) from area-weighted 
annual mean values simulated in selected CMIP6 ESMs and from Eppley-VGPM-MODIS satellite-
based estimates within the marine region (see Fig.1 for location). 
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Figure S3. Temporal evolution of air-sea CO2 fluxes (fgco2) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from Landschuetzer et al. (2016) observation-based 
reconstruction within the marine region  (see Fig.1 for location). 

 
 

Figure S4. Spatial distribution of sea temperature (thetao) at the surface from WOA2018 
observation-based reconstruction (top panel) and differences obtained from the comparison of the 
climatological fields computed over the period 1980-2014 for each ESM. 
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Figure S5. Taylor diagram based on the spatial statistics for sea temperature (thetao) at the surface 
obtained from the comparison between WOA2018 data and the climatological fields computed over 
the period 1980-2014 for each ESM. 
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Arctic Sea (EU box) 

 
Figure S6. Temporal evolution of sea surface temperature (tos) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from ESACCI-SST (v2.2) observations within the 
marine region (see Fig.1 for location). 

 
Figure S7. Temporal evolution of primary organic carbon production (intpp) from area-weighted 
annual mean values simulated in selected CMIP6 ESMs and from Eppley-VGPM-MODIS satellite-
based estimates within the marine region (see Fig.1 for location). 
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Figure S8. Temporal evolution of air-sea CO2 fluxes (fgco2) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from Landschuetzer et al. (2016) observation-based 
reconstruction within the marine region  (see Fig.1 for location). 

 
 

Figure S9. Spatial distribution of sea temperature (thetao) at the surface from WOA2018 
observation-based reconstruction (top panel) and differences obtained from the comparison of the 
climatological fields computed over the period 1980-2014 for each ESM. 
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Figure S10. Taylor diagram based on the spatial statistics for sea temperature (thetao) at the surface 
obtained from the comparison between WOA2018 data and the climatological fields computed over 
the period 1980-2014 for each ESM. 
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Mediterranean Sea 

 
Figure S11. Temporal evolution of sea surface temperature (tos) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from ESACCI-SST (v2.2) observations within the 
marine region (see Fig.1 for location). 

 
Figure S12. Temporal evolution of primary organic carbon production (intpp) from area-weighted 
annual mean values simulated in selected CMIP6 ESMs and from Eppley-VGPM-MODIS satellite-
based estimates within the marine region (see Fig.1 for location). 
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Figure S13. Spatial distribution of sea temperature (thetao) at the surface from WOA2018 
observation-based reconstruction (top panel) and differences obtained from the comparison of the 
climatological fields computed over the period 1980-2014 for each ESM. 

 
Figure S14. Taylor diagram based on the spatial statistics for sea temperature (thetao) at the surface 
obtained from the comparison between WOA2018 data and the climatological fields computed over 
the period 1980-2014 for each ESM. 
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Pacific Ocean (Humboldt box) 

 
Figure S15. Temporal evolution of sea surface temperature (tos) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from ESACCI-SST (v2.2) observations within the 
marine region (see Fig.1 for location). 

 
 

Figure S16. Temporal evolution of primary organic carbon production (intpp) from area-weighted 
annual mean values simulated in selected CMIP6 ESMs and from Eppley-VGPM-MODIS satellite-
based estimates within the marine region (see Fig.1 for location). 
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Figure S17. Temporal evolution of air-sea CO2 fluxes (fgco2) from area-weighted annual mean 
values simulated in selected CMIP6 ESMs and from Landschuetzer et al. (2016) observation-based 
reconstruction within the marine region  (see Fig.1 for location). 

 
 
Figure S18. Spatial distribution of sea temperature (thetao) at the surface from WOA2018 
observation-based reconstruction (top panel) and differences obtained from the comparison of the 
climatological fields computed over the period 1980-2014 for each ESM. 
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Figure S19. Taylor diagram based on the spatial statistics for sea temperature (thetao) at the surface 
obtained from the comparison between WOA2018 data and the climatological fields computed over 
the period 1980-2014 for each ESM. 

 


