
   

Supplementary Material 

1 Description on the ocean prediction systems used for the observing system evaluation in 

Section 3 

Here, we present the description of the four ocean prediction (data assimilation) systems whose OSE 

outputs are used for the observing system evaluation in Section 3.   

1.1 FOAM 

Forecasting Ocean Assimilation Model (FOAM) is the UK Met Office’s (UKMO’s) analysis and 

forecast system (Barbosa Aguiar et al., 2024). FOAM is forced by atmospheric forcing from the Met 

Office NWP system and produces daily analyses and 7-day forecasts. The GOSI9 version of FOAM 

is used in this study (Carneiro et al., 2024) which consists of the NEMO 4.0.4 ocean model 

(Guiavarc’h et al., 2024), the coupled SI3 sea ice model (Vancoppenolle et al., 2023) and 

NEMOVAR data assimilation (Mogensen et al., 2009). The OSEs are performed using Global 

FOAM with a horizontal resolution of 1/12˚on a tripolar grid and 75 z-coordinate vertical. 

TS profiles from EN4 (ref), along-track SLA (CMEMS, 2023a) from four satellites (AltiKa, Sentinel-

3a, -3b, and Jason-3), in situ SST from drifter, ships, and buoys, level-2 and level-3 satellite SST data 

(GCOMW1/AMSR2, JPSS/VIIRS, METOP/AVHRR, MSG/SEVIRI, NOAA/AVHRR, Sentinel-

3/SLSTR) and satellite sea ice concentration observations from SSMI/S are also assimilated in 

FOAM using a 1-day assimilation window. The assimilation method, NEMOVAR, is a multivariate 

incremental First Guess as Appropriate Time (FGAT) 3DVAR assimilation scheme developed 

specifically for NEMO (Waters et al., 2015). Variational observation bias correction is carried out for 

satellite SST using the scheme described in (While and Martin, 2023) and for SLA using the scheme 

described by (Lea et al., 2008). When assimilating altimeter SLA, it is necessary to add a MDT to the 

observed SLA to produce an SSH relative to the geoid which can then be compared to the model 

SSH. The MDT used in the FOAM OSEs is the CNES-CLS13 MDT (Rio et al., 2014). The MDT can 

have large errors and these are corrected through the variational SLA bias correction scheme. In 

addition, we have a second variational SLA bias correction which aims to correct for discrepancies in 

high frequency processes between the model and observation at high latitudes associated with DAC 

processing in the altimetry observations (Barbosa Aguiar., 2024). BGE covariances in NEMOVAR 

are specified by defining a field of background error standard deviations and background error 

correlations for each control vector variable. These are specified through a combination of 

climatological estimates and flow dependent parameterizations. Multivariate correlations are 

incorporated in the BGE covariances through linearized balance relationships (Weaver et al., 2005). 

Water mass conservation properties are used for salinity balance, hydrostatic balance is used for SSH 

balance and geostrophic balance is used for velocity balance. The assimilation increments are applied 

to the model using a 24-hour incremental analysis update (IAU) cycle (Bloom et al., 1996). 

1.2 GIOPS 

The Global Ice Ocean Prediction System (GIOPS) is Environment and Climate Change Canada’s 

(ECCC’s) global analysis system (Smith et al., 2016; updated Smith et al., 2024).  The analysis 

system provides initial conditions for several coupled global systems: 10-day deterministic forecasts 
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through the Global Deterministic Forecast System (GDPS; Smith et al., 2018; updated Aider et al., 

2024), 16 and 39-day ensemble forecasts through the Global Ensemble Prediction System (GEPS; 

Peterson et al., 2022; updated Deng et al., 2024), and seasonal forecasts up to 6 months through the 

Canadian Seasonal and Interannual Prediction System (CanSIPS; Lin et al., 2020).  The ocean 

analysis uses a version of the Système d'Assimilation Mercator version 2 (SAM2) reduced order 

Kalman Filter assimilation system employed by Mercator Ocean International (Lellouche et al., 

2013) described in Smith et al. (2016).  Model background and final IAU ocean states are integrated 

within a NEMOv3.6/CICE6.0 ocean sea ice modeling system (Madec et al., 2008, Hunke et al., 

2018) forced by atmospheric fields provided from the IAU stage of the 4DEnVar atmospheric 

analysis providing the initial atmospheric state for the GDPS system (Buehner, 2015).   The ocean 

model uses an ORCA025 (~1 ⁄ 4°) tripolar grid with 50 levels, identical to the forward forecasting 

configurations used in the GDPS and GEPS coupled forecasts mentioned above.   

The system assimilates TS profiles from CMEMS, along track satellite altimeter observations from 5 

satellites (AltiKa, CryoSat, Sentinel-3a, -3b, and Jason-3 [until April 2022]), along with a gridded L4 

Optimal Interpolation SST analysis (Brasnett and Colan, 2016) treated as SST observations. This 

gridded SST analysis is also used as lower boundary conditions for the GDPS atmospheric analysis, 

so in effort to avoid initialization shock, the surface state of the ocean analysis is constrained tightly 

(observational error of 0.3°C) to this SST analysis.  Assimilation of sea level anomalies from 

altimeter observations requires the addition of an MDT.  The MDT used in GIOPS was updated in 

the most recent upgrade (Smith et al., 2024) to a hybrid Mercator product described in Lellouche et al 

(2018) combining the CNES-CLS13 MDT (Rio et al., 2014) with mean innovations of temperature 

and salinity profiles taken from a multi-decadal ocean reanalysis. The MDT is further iteratively 

adjusted based on the average SLA innovations from two repeated four-year GIOPS reanalyses 

produced over the period 2016- 2020 and smoothed using a Shapiro filter to roughly 5° resolution.  In 

addition to the reduced order Kalman filter data assimilation, a 3DVAR large scale bias correction 

scheme is used whereby TS innovations over the previous four weeks are employed (Lellouche et al., 

2013). Error modes (~256) for the assimilation come from an externally forced free run of the ocean 

model over the period 2001-2011 using daily anomalies with respect to the 30-day running mean.  

Additionally, a 3DVAR sea ice concentration analysis (Buehner et al., 2016) is blended into the 

ocean analysis during the IAU phase via the rescaled forecast tendency technique of Smith et 

al.(2016) to place concentration within the 10 ice thickness categories used in the CICE6 sea ice 

model.   

1.3 MOVE-G3 

MOVE/MRI.COM-G3 (MOVE-G3) is a 4DVAR global ocean data assimilation system used as a 

component of the Coupled Prediction System 3, the current operational coupled atmosphere-ocean 

prediction system for subseasonal-to-seasonal forecasts in Japan Meteorological Agency (JMA) 

(Hirahara et al., 2023), and providing oceanic initial conditions to the coupled model in the system. 

MOVE-G3 is composed of the lower-resolution (0.5˚×1˚) model, G3A, and the higher-resolution 

(0.25˚×0.25˚) model, G3F. Both models use the code sets of the Meteorological Research Institute 

Community Ocean Model Version 4 (MRI.COM Ver. 4, Tsujino et al., 2017). They have the global 

domain, use the tripolar grids (Murray, 1996) with the north poles at 64N-80E and 64N-100W and 

rescaled height coordinate system (Adcroft and Campin, 2004) with 60 levels, and are forced by the 

atmospheric forcing based on the JRA-3Q Reanalysis (Kosaka et al., 2024). 
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TS profiles in the World Ocean Database (Boyer et al., 2016; Locarnini et al., 2013; Zweng et al., 

2013), along-track SLA data (CMEMS, 2023a), and SST data drawn from Merged satellite and in 

situ Global Daily Sea Surface Temperature (MGDSST), produced by JMA (Kurihara et al., 2006), 

are assimilated into G3A through a 4DVAR scheme with 5-day observation windows, which are 

performed for every 5 days, and the data-assimilated TS fields are downscaled into G3F through IAU 

(Bloom et al., 1996). Inadvertently, only the SLA data of two satellites (AltiKa and Cryosat-2) are 

assimilated in the OSEs, and we plan to re-run the OSEs later with all available SLA data. In the 

4DVAR scheme, Vertical coupled TS empirical orthogonal function modes estimated from historical 

TS observation profiles are used for the BGE statistics, and the satellite SLA data are assimilated by 

including the term of the misfit of the model SLA to the data in the cost function (Fujii and Kamachi, 

2003). The model SLA is calculated from the surface dynamic height (SDH, relative to 2000 m 

depth) and the MDT estimated from historical TS profiles. The correction of SLA due to the global 

water mass change is estimated in the 4DVAR. An online bias update scheme (Balmaseda et al., 

2007) is applied to TS fields in G3A. Satellite sea ice concentration data estimated from SSMI/S and 

AMSR2 (Matsumoto et al., 2006) are also assimilated to both G3A and G3F through a separated 

3DVAR scheme (Toyoda et al., 2016). You can find the detailed description on MOVE-G3 in Fujii et 

al. (2023).  

1.4 JCOPE-FGO 

The Japan Coastal Ocean Predictability Experiments-Forecasting Global Ocean (JCOPE-FGO) is a 

semi-global ocean nowcasting and forecasting system developed and maintained at Japan Agency for 

Marine-Earth Science and Technology (JAMSTEC) (Kido et al., 2022; 2023). The OGCM used in 

JCOPE-FGO is the third-generation model of JCOPE (JCOPE-T; Varlamov and Miyazawa, 2021), and 

it covers the global ocean from 75°S to 75°N with a horizontal resolution of 0.1˚×0.1˚ and has 44 

vertical sigma layers. The model is forced by hourly atmospheric forcing taken the National Centers 

for Environmental Prediction Climate Forecast System (NCEP CFS, Saha et al., 2010; 2014) as well 

as the daily river discharge obtained from the JRA55-do dataset (Suzuki et al., 2018; Tsujino et al., 

2018). 

The first guess values of the model-forecasted TS fields are corrected by analysis values estimated by 

a 3DVAR scheme (Miyazawa et al., 2009) using the IAU scheme with the assimilation cycle of 7 days. 

In-situ and satellite data are assimilated into the JCOPE-FGO are same as MOVE-G3; in-situ TS 

profiles are taken from World Ocean Database, SLAs are drawn from the CMEMS along-track data 

combining four different satellite altimeters (Jason-3, Cryosat-2, Altika, and Sentinel-3A), and SST 

are taken from the MGDSST. Here, the time windows for the SSH and SST satellite data are set to 9 

days (from -4 days to +4 days), while the time window for the WOD TS is set to 19 days (from -9 days 

to +9 days). The satellite SLA data are assimilated by including the term of the misfit of the model 

SLA estimated from SDH (relative to 1500 m depth) to the data in the cost function, as in MOVE-G3 

(Fujii and Kamachi, 2003), with the reference MDT being constructed from the climatological T/S 

fields. Corrections for SLAs due to the global water mass expansion were not made in the present 

system. More details can be found in the reference paper by Kido et al. (2022). 

2 Description on the diagnostics for the observing system evaluation in Section 3 

Here, we describe how to calculate the diagnostics used for the observing system evaluation in 

Section 3. Let 𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖, 𝑗) be the output of SSH at location (𝑥, 𝑦) and time 𝑡 from the 𝑖-th OSE 

of the 𝑗-th system, with its global mean value removed. Then, the diagnostics for SSH are defined as 

follows: 
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RMSD of daily SSH of 𝑗-th OSE from ist annual mean (𝜎𝑆𝑆𝐻): 

𝜎𝑆𝑆𝐻(𝑥, 𝑦, 𝑖, 𝑗) = √∑ {𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖, 𝑗) − ∑ 𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡′, 𝑖, 𝑗)𝑡𝑛

𝑡′=1
}

2𝑡𝑛
𝑡=1 . 

RMSD of daily SSH between the 𝑖1-th and 𝑖2-th OSEs (𝑅𝑀𝑆𝐷𝑆𝑆𝐻): 

𝑅𝑀𝑆𝐷𝑆𝑆𝐻(𝑥, 𝑦, 𝑖1, 𝑖2, 𝑗) = √
1

𝑡𝑛
∑{𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖1, 𝑗) − 𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖2, 𝑗)}2

𝑡𝑛

𝑡=1

 

RMSE of i-th OSE against the CMEMS L4 SSH (𝑅𝑀𝑆𝐸𝑆𝑆𝐻): 

𝑅𝑀𝑆𝐸𝑆𝑆𝐻(𝑥, 𝑦, 𝑖, 𝑗) = √
1

𝑡𝑛
∑{𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖, 𝑗) − 𝑆𝑆𝐻𝑜(𝑥, 𝑦, 𝑡)}2

𝑡𝑛

𝑡=1

 

SSH multi-system ensemble spread (𝑆𝑝𝑟𝑒𝑎𝑑𝑆𝑆𝐻): 

𝑆𝑝𝑟𝑒𝑎𝑑𝑆𝑆𝐻(𝑥, 𝑦, 𝑡, 𝑖) = √
1

𝑁𝑠
∑ {𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖, 𝑗) −

1

𝑁𝑠
∑ 𝑆𝑆𝐻𝑚(𝑥, 𝑦, 𝑡, 𝑖, 𝑗′)

𝑁𝑠

𝑗′=1

}

2𝑁𝑠

𝑗=1

 

Here, 𝑡𝑛 is the number of the days in the analyzed year, 2020,  𝑁𝑠 is the number of the system whose 

outputs are available, and 𝑆𝑆𝐻𝑜 is the CMEMS L4 SSH from altimetry objective analysis (CMEMS, 

2023b), with its global mean removed. The mean difference between the SSH model outputs and 

CMEMS SSH, that is the bias, is not removed when calculating the RMSEs. The global mean is 

removed from both the OSE SSH outputs and L4 SLA because ocean models in most prediction 

systems adopt the Boussinesq approximation and hence do not usually represent the variation of the 

global mean SSH associated with thermal expansion of seawater and global fresh water mass change.   

Likewise, the RMSEs of TS against observed values of the reference Argo floats (𝑅𝑀𝑆𝐸𝑇 
and 𝑅𝑀𝑆𝐸𝑆) are calculated as follows:   

𝑅𝑀𝑆𝐸𝑇(𝑧) = √
1

𝑁
∑ {𝑇𝑚(𝑧, 𝑙) − 𝑇𝑜(𝑧, 𝑙)}2𝑁

𝑙=1 ,   𝑅𝑀𝑆𝐸𝑆(𝑧) = √
1

𝑁
∑ {𝑆𝑚(𝑧, 𝑙) − 𝑆𝑜(𝑧, 𝑙)}2𝑁

𝑙=1 , 

where 𝑇𝑚 and 𝑆𝑚 are the TS outputs from OSE at the position of the reference Argo profile, 𝑇𝑜 and 
𝑆𝑜  are the TS values observed by the reference Argo floats, and N is the number of the reference 

Argo profiles in the target region. The TS observations of the reference Argo floats are collected 

from the snapshot of the Argo GDAC in Oct. 2023. Only the data to which delayed mode quality 

control is applied and where the maximum depth with valid temperature values exceeds 100 m are 

used as the reference here. The mean difference between the TS outputs and observed values (i.e., the 

bias), is not removed when calculating the RMSEs.  



 
5 

3 References for this supplementary document 

Adcroft, A., and Campin, J.-M. (2004). Rescaled height coordinates for accurate representation of 

free-surface flows in ocean circulation models. Ocean Modell. 7, 269–284. doi: 

10.1016/j.ocemod.2003.09.003. 

Aider, R., Aparicio, J.M., Buehner, M., Caron, J-F., Caya, A. Fortin, V., et al.  (2024). Changes from 

version 8.1.0 to version 9.0.0 of the Global Deterministic Prediction System (GDPS). Meteorological 

Service of Canada, Environment and Climate Change Canada, Environment Canada, Centre 

Météorologique Canadien, division du développement. Tech. rep. 

https://collaboration.cmc.ec.gc.ca/cmc/cmoi/product_guide/docs/tech_notes/technote_gdps-

900_e.pdf. Accessed on 13-Jul-2024. 

Balmaseda, M.A., Dee, D., Vialard, A., and Anderson, D.T.L. (2007). A multivariate treatment of 

bias for sequential data assimilation: application to the tropical oceans. Q. J. R. Meteorol. Soc., 167-

179. 

Barbosa Aguiar A., Bell M. J., Blockley E., Calvert D., Crocker R., Inverarity G., et al. (2024). The 

Met Office Forecast Ocean Assimilation Model (FOAM) using a 1/12 degree grid for global 

forecasts. Q.J.R. Meteorol. Soc., 150, 3827-3852. doi:10.1002/qj.4798 

Bloom, S.C., Takas, L.L., Da Silva, A.M., and Ledvina, D. (1996). Data assimilation using 

incremental analysis updates. Mon. Weather. Rev, 124, 1256–1271. 

Boyer, T.P., Antonov, J.I., Baranova, O.K., Coleman, C., García, H.E., Grodsky, A., et al. (2016). 

NCEI Standard Product: World Ocean Database (WOD). NOAA National Centers for Environmental 

Information. Dataset. https://www.ncei.noaa.gov/archive/accession/NCEI-WOD. Accessed on 22-

Nov-2023. 

Brasnett, B., and Colan, D.S. (2016).  Assimilating Retrievals of Sea Surface Temperature from 

VIIRS and AMSR2. J. Atmos. Oceanic Technol. 33, 361–375.  doi:10.1175/JTECH-D-15-0093.1 

Buehner, M., McTaggart-Cowan, R., Beaulne, A., Charette, C., Garand, L., Heilliette, S., et al. 

(2015). Implementation of deterministic weather forecasting systems based on ensemble-variational 

data assimilation at Environment Canada. Part I: the global system. Mon. Wea. Rev. 143, 2532–

2559. doi:10.1175/MWR-D-14-00354.1 

Buehner, M., Caya, A., Carrieres, T. and Pogson, L. (2016). Assimilation of SSMIS and ASCAT data 

and the replacement of highly uncertain estimates in the Environment Canada Regional Ice 

Prediction System. Q.J.R. Meteorol. Soc. 142: 562-573. doi:10.1002/qj.2408 

Carneiro, D.M., Waters, J., Lea, D., Martin, M., While, J.,  Weaver, A., et al. (2024). Updates to the 

global FOAM system including model and data assimilation changes. Met Office technical report 

659. 

CMEMS (2023a). Global Ocean Along Track L 3 Sea Surface Heights Reprocessed 1993 Ongoing 

Tailored for Data Assimilation. Copernicus Marine Environment Monitoring Service (CMEMS). doi: 

10.48670/moi-00146. Accessed on 7-Jun-2022 



  Supplementary Material 

 6 

CMEMS (2023b). Global Ocean Gridded L 4 Sea Surface Heights And Derived Variables 

Reprocessed 1993 Ongoing. Copernicus Marine Environment Monitoring Service (CMEMS). doi: 

10.48670/moi-00148. Accessed on 16-Jul-2024 

Deng, X., Baek, S-J., Buehner, M., Du, P., Caron, J-F., Bate, T., et al. (2024). Upgrade of the Global 

Ensemble Prediction System (GEPS) from version 7.1.0 to version 8.0.0. Meteorological Service of 

Canada, Environment and Climate Change Canada, Environment Canada, Centre Météorologique 

Canadien, division du développement. Tech. rep. 

https://collaboration.cmc.ec.gc.ca/cmc/cmoi/product_guide/docs/tech_notes/technote_geps-

800_e.pdf. Accessed on 12-Jul-2024. 

Fujii, Y., and Kamachi, M. (2003). Three-dimensional analysis of temperature and salinity in the 

equatorial Pacific using a variational method with vertical coupled temperature-salinity empirical 

orthogonal function modes. J. Geophys. Res. 108(C9), 3297. doi:10.1029/2002JC001745 

Fujii, Y., Yoshida, T., Sugimoto, H., Ishikawa, I, and Urakawa, S. (2023): Evaluation of a global 

ocean reanalysis generated by a global ocean data assimilation system based on a four-dimensional 

variational (4DVAR) method. Front. Clim. 10:1019673. doi: 10.3389/fclim.2022.1019673 

Guiavarc'h, C., Storkey, D., Blaker, A.T., Blockley, E., Megann, A., Hewitt, H.T., et al. (2024) 

GOSI9: UK Global Ocean and Sea Ice configurations, EGUsphere [preprint], doi:10.5194/egusphere-

2024-805 

Hirahara, S., Kubo, Y., Yoshida, T., Komori, T., Chiba, J., Takakura, T., et al. (2023). Japan 

Meteorological Agency/Meteorological Research Institute Coupled Prediction System Version 3 

(JMA/MRI–CPS3), J. Meteorol. Soc. Jpn. 101, 149-169. doi: 10.2151/jmsj.2023-009  

Hunke, E., Allard, R., Bailey, D., Blain, P., Craig, T., Damsgaard, et al. (2018). CICE 

Consortium/CICE Version 6.0.0 (CICE6.0.0). Zenodo. doi:10.5281/zenodo.1893041 

Kido, S., Nonaka, M., and Miyazawa, Y. (2022). JCOPE-FGO: An eddy-resolving quasi-global 

ocean reanalysis product. Ocean Dyn. 72(8), 599–619. doi:10.1007/s10236-022-01521-z 

Kido, S., Nonaka, M., and Miyazawa, Y. (2023). Skillful multiyear prediction of the Kuroshio and 

Gulf Stream jets and eddy activity. Geophys. Res. Lett. 50, e2023GL103705. 

doi:10.1029/2023GL103705 

Kurihara, Y., Sakurai, T., and Kuragano, T. (2006). Global daily sea surface temperature analysis 

using data from satellite microwave radiometer, satellite infrared radiometer and in-situ observations. 

Weath. Serv. Bull., 73, s1–s18 (in Japanese).  

Kosaka, Y., Kobayashi, S., Harada, Y., Kobayashi, C., Naoe, H., Yoshimoto, K., et al. (2024). The 

JRA-3Q Reanalysis. J. Meteorol. Soc. Jpn. 102, 49-109. doi: 10.2151/jmsj.2024-004 

Lea, D.J., Drecourt, J.-P., Haines, K., Martin, M.J. (2008). Ocean altimeter assimilation with 

observational- and model-bias correction. Q. J. R. Meteorol. Soc. 134:1761-1774. 



 
7 

Lellouche, J.-M., Le Galloudec, O., Drévillon, M., Régnier, C., Greiner, E., Garric, G., et al. (2013). 

Evaluation of global monitoring and forecasting systems at Mercator Océan. Ocean Sci. 9, 57–81. 

doi:10.5194/os-9-57-2013 

Lellouche, J.-M., Greiner, E., Le Galloudec, O., Garric, G., Regnier, C., Drevillon, M., et al. (2018). 

Recent updates to the Copernicus Marine Service global ocean monitoring and forecasting real-time 

1⁄12° high-resolution system. Ocean Sci. 14, 1093–1126. doi:10.5194/os-14-1093-2018, 2018 

Lin, H., Merryfield, W.J., Muncaster, R., Smith, G.C., Markovic, M., Dupont, F., et al. (2020). The 

Canadian Seasonal to Interannual Prediction System version 2 (CanSIPSv2). Weather and 

Forecasting, 35, 1317–1343. doi:10.1175/WAF-D-19-0259.1 

Locarnini, R.A., Mishonov, A.V., Antonov, J.I., Boyer, T.P., García, H.E., Baranova, O.K., et al. 

(2013). World Ocean Atlas 2013, Volume 1: Temperature. S. Levitus, Ed., A. Mishonov, Technical 

Ed., NOAA Atlas NESDIS 73, 40 pp. 

Madec, G. (2008). NEMO ocean engine. Institut Pierre-Simon Laplace (IPSL). Tech. rep. Note du 

Pole de modélisation No. 27. 

Matsumoto, T., Ishii, M., Fukuda, Y., and Hirahara, S. (2006). Sea Ice Data Derived from 

Microwave Radiometer for Climate Monitoring. 14th Conference on Satellite Meteorology and 

Oceanography, Amer. Meteor. Soc., P2.21. 

Miyazawa, Y., Zhang, R., Guo, X., Tamura, H., Ambe, D., Lee, J.-S., et al. (2009). Water mass 

variability in the western North Pacific detected in a 15-year eddy resolving ocean reanalysis. J. 

Oceanogr. 65(6), 737–756. doi:10.1007/s10872-009-0063-3 

Mogensen, K. S., Balmaseda, M.A., Weaver, A., Martin, M.J., and Vidard, A. (2009). NEMOVAR: 

A variational data assimilation system for the NEMO ocean model. ECMWF Newsl. 120, 17–21. 

Murray, R.J. (1996). Explicit generation of orthogonal grids for ocean models. J. Comput. Phys. 126, 

251-273. doi: 10.1006/jcph.1996.0136 

Peterson, K.A., Smith, G.C., Lemieux, J.-F., Roy, F., Buehner, M., Caya, A., et al. (2022). 

Understanding sources of Northern Hemisphere uncertainty and forecast error in a medium-range 

coupled ensemble sea-ice prediction system. Q. J. R. Meteorol. Soc. 148, 2877–2902. 

doi:10.1002/qj.4340 

Rio, M.-H., Mulet, S., Picot, N. (2014). Beyond GOCE for the ocean circulation estimate: Synergetic 

use of altimetry, gravimetry, and in situ data provides new insight into geostrophic and Ekman 

currents. Geophys. Res. Lett. 41, 8918–8925. doi:10.1002/2014GL061773 

Saha, S., Moorthi, S., Pan, H. L., Wu, X., Wang, J., Nadiga, S., et al. (2010). The NCEP climate 

forecast system reanalysis. Bull. Am. Meteorol. Soc. 91, 1015-1058. doi:10.1175/2010BAMS3001.1 

Saha, S., Moorthi, S., Wu, X., Wang, J., Nadiga, S., Tripp, P., et al. (2014). The NCEP climate 

forecast system version 2. J. Clim. 27, 2185-2208. doi:10.1175/JCLI-D-12-00823.1 

https://doi.org/10.1175/WAF-D-19-0259.1


  Supplementary Material 

 8 

Smith, G.C., Roy, F., Reszka, M., Surcel Colan, D., He, Z., Deacu, D., et al. (2016). Sea ice forecast 

verification in the Canadian Global Ice Ocean Prediction System. Q. J. R. Meteorol. Soc., 142: 659-

671. doi:10.1002/qj.2555 

Smith, G.C., Bélanger, J.-M., Roy, F., Pellerin, P., Ritchie, H., Onu, K., et al. (2018).  Impact of 

coupling with an ice–ocean model on global medium-range NWP forecast skill. Mon. Wea. Rev. 

146, 1157–1180. doi:10.1175/MWR-D-17-0157.1 

Smith, G.C., Liu, Y., Lemieux, J.-F., Chikhar, K., Colan, D.S., Gauthier, A-A, et al. (2024). Global 

ice ocean prediction system (GIOPS): update from version 3.4.1 to version 3.5.0. Meteorological 

Service of Canada, Environment and Climate Change Canada, Environment Canada, Centre 

Météorologique Canadien, division du développement. Tech. rep. 

https://collaboration.cmc.ec.gc.ca/cmc/cmoi/product_guide/docs/tech_notes/technote_giops-

350_e.pdf 

Suzuki, T., Yamazaki, D,, Tsujino, H., Komuro, Y., Nakano, H., Urakawa, S. (2018). A dataset of 

continental river discharge based on JRA-55 for use in a global ocean circulation model. J Oceanogr 

74, 421–429. doi:10.1007/s10872-017-0458-5 

Toyoda T., Fujii, Y., Yasuda, T., Usui, N., Ogawa, K., Kuragano, T., and Kamachi, M. (2016). Data 

assimilation of sea ice concentration into a global ocean–sea ice model with corrections for 

atmospheric forcing and ocean temperature fields. J. Oceanogr. 72, 235-262. doi:10.1007/s10872-

015-0326-0 

Tsujino, H., Nakano, H., Sakamoto, K., Urakawa, S., Hirabara, M., Ishizaki, H., et al. (2017). 

Reference manual for the meteorological research institute community ocean model version 4 

(MRI.COMv4). Tech. Rep. Meteorol. Res. Inst. Jpn. 80, 306. doi: 10.11483/mritechrepo.80 

Tsujino, H., Urakawa, S., Nakano, H., Small, R.J., Kim, W.H., Yeager, S. G., et al. (2018). JRA-55 

based surface dataset for driving ocean–sea-ice models (JRA55-do). Ocean Model. 130, 79–139. 

doi:10.1016/j.ocemod.2018.07.002 

Vancoppenolle, M., Rousset, C., Blockley, E., Aksenov, Y., Feltham, D., Fichefet, T., et al. (2023). 

SI3, the NEMO Sea Ice Engine (4.2release_doc1.0), Zenodo, 

https://doi.org/10.5281/zenodo.7534900. 

Varlamov, S.M., and Miyazawa, Y. (2021). High-performance computing of ocean models for Japan 

Coastal Ocean Predictability Experiment: a parallelized sigma-coordinate ocean circulation model 

JCOPE-T. Annu. Rep. Earth Simulator, April 2020-Feb 2021, 1–3. 
https://www.jamstec.go.jp/es/jp/output/publication/annual/annual2020/pdf/2project/chapter2/II-

3_miyazawa.pdf. accessed on 05-Aug-2024. (in Japanese) 

Waters, J., Lea, D.J., Martin, M.J., Mirouze, I., Weaver, A. and While, J. (2015). Implementing a 

variational data assimilation system in an operational 1/4 degree global ocean model. Q. J. R. 

Meteorol. Soc. 141, 333–349. doi:10.1002/qj.2388 

Weaver, A.T., Deltel C., Machu E., Ricci S., and Daget N. (2005). A multivariate balance operator 

for variational ocean data assimilation. Q.J.R. Meteorol. Soc. 131, 3605–3625. doi:10.1256/qj.05.119 



 
9 

While, J, and Martin, M.J (2019). Variational bias correction of satellite sea‐surface temperature data 

incorporating observations of the bias. Q.J.R. Meteorol Soc. 145, 2733– 2754. doi:10.1002/qj.3590. 

Zweng, M.M., Reagan, J.R., Antonov, J.I., Locarnini, R.A., Mishonov, A.V., Boyer, T.P., et al. 

(2013). World Ocean Atlas 2013, Volume 2: Salinity. S. Levitus, Ed., A. Mishonov, Technical Ed., 

NOAA Atlas NESDIS 74, 39 pp. 


