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A series of observing system experiments (OSEs) were conducted in order to evaluate the effects of Argo data quality control (QC), by using the three global ocean data assimilation systems. During the experimental period between 2015 and 2020, some Argo floats are affected by the abrupt salinity drifts, which caused spurious increasing trend of the global mean salinity in the reanalyses using the observations with only real-time QC applied. The spurious trend is mitigated by applying the gray list provided by the Argo Global Data Assembly Centres (GDAC), and further reduced by assimilating the delayed-mode Argo data of the Argo GDAC instead of the real-time Argo data. These impacts of the Argo QC are generally consistent among the three ocean data assimilation systems. Further investigations in the JMA’s system show that errors in the analyzed salinity with respect to the delayed-mode Argo data are smaller in the OSE with more rigorous QC, and the spatiotemporal variations in the sea-surface dynamic height are reproduced better. Additionally, QC impacts on the analyzed temperatures are shown not to directly reflect the difference in temperature observations among OSEs, and may be affected by difference in the salinity observations among OSEs through the cross-covariance relationship in the data-assimilation systems.
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1 Introduction

An Argo float drifts with the ocean currents and autonomously observes the vertical profile of water temperature, salinity, and pressure from a depth of 2,000 meters to the sea surface once every 10 days, transmitting the results via satellite. Currently, approximately 4,000 Argo floats are deployed in the global oceans, and they constitute the largest part of the in-situ ocean observing system. They have provided over two-million vertical profiles of temperature and salinity in the last 20 years since the global Argo program started (Argo, 2022). This large dataset is used for ocean and climate monitoring and initializations of ocean and coupled atmosphere-ocean predictions, including subseasonal-to-seasonal (S2S) forecasts, through ocean data assimilation. However, it is known that about 15 percent of Argo floats deployed after 2015 have experienced abrupt large salinity drifts, which are believed to be due to a conductivity sensor failure (Wong et al., 2020). Use of the data without adjustment in ocean data assimilation generally leads to spurious increasing salinity trends, which will be demonstrated in this study. The manufacturer of the sensor has changed its production line in 2018 to solve this problem (Wong et al., 2023).

Argo profiles are first reported to the Argo Data Assembly Centers (DACs). Once the DACs receive the profiles, they perform a simplified quality control (QC) called real-time QC, and then release them through the Argo Global Data Assembly Centres (GDAC) and the Global Telecommunication System (GTS) for operational use a few hours to a few days after the observation time. Subsequently, the DACs apply more rigorous QC, or delayed-mode QC, to the profiles, and release them through the GDAC for research purposes months to years later. In addition, the GDAC provides a gray list of floats reporting observation data of doubtful accuracy. The floats suffering from the abrupt salinity drifts (ASDs) are listed on the gray list and flagged as bad data by the delayed-mode QC. After ASDs were detected, the real-time QC also excludes the floats with ASDs. In the delayed-mode QC, data affected by smaller salinity drifts or reduced accuracy due to other reasons are also identified and either adjusted or flagged as unadjustable (bad) data (Wong et al., 2023).

Ocean data assimilation systems generally have their own QC procedure, by which most profiles that have suffered ASD are expected to be withheld from assimilation. However, it remains possible that the QC procedure misses to identify a small number of profiles affected by ASD and more profiles with smaller salinity drift. In this study, we, therefore, investigate the impact of those erroneous profiles on the outcome of ocean data assimilation experiments. Both the real-time and delayed-mode QCs by the Argo DACs, along with the application of the gray list, can exclude or modify the erroneous profiles and are expected to mitigate the loss of accuracy caused by those profiles. The impact of these corrections is also evaluated in this study.

A series of observing system experiments (OSEs) are conducted with Argo data from different QC stages: data without QC, data with real-time QC, data with the gray list applied, and data after the delayed-mode QC. Here, we use the global ocean data assimilation system for seasonal forecasting operations in the Japan Meteorological Agency (JMA) for the OSEs, and the results are compared with results of similar OSEs conducted by the European Centre for Medium-Range Weather Forecasts (ECMWF) and the Bjerknes Centre for Climate Research (BCCR).

The remainder of this paper is organized as follows, Section 2 describes the configuration of the OSEs, the results are presented in Section 3, followed by the summary and discussions in Section 4.




2 Models and the OSEs



2.1 OSE setting conducted in JMA

This study mainly analyzes the results from the OSEs using JMA’s operational global ocean data assimilation system MOVE/MRI.COM-G3 (Fujii et al., 2023), which is currently used to initialize the ocean component of the JMA’s coupled atmosphere-ocean prediction system Version 3 (CPS3; Hirahara et al., 2023). CPS3 is used for the seasonal forecasting operations, and provides sea surface temperature (SST) fields for monthly atmospheric forecasting operations. The ocean data assimilation system MOVE/MRI.COM-G3 consists of a low-resolution analysis model MOVE-G3A and a high-resolution forecast model MOVE-G3F; MOVE-G3A is used exclusively here. The physical model of MOVE-G3A consists of Meteorological Research Institute Community Ocean Model Version 4 (MRI.COM Ver. 4; Tsujino et al., 2017). It adopts a tripolar grid (Murray, 1996) over the global domain with a zonal resolution of 1° and the meridional resolution of 0.3-0.5° with refinement near the equator. It adopts the rescaled height coordinate system (so-called z*-coordinate; Adcroft and Campin, 2004), and has 60 vertical levels and a bottom boundary layer (Nakano and Suginohara, 2002). A five-category sea-ice model, based on the thermodynamic formulation of Mellor and Kantha (1989) and the elastic-viscous-plastic dynamic formulation of Hunke and Lipscomb (2006) with a ridging and rheology scheme, is also incorporated. Ocean observation data including in-situ temperature and salinity profiles, SSTs, and sea surface heights (SSHs) are assimilated into the model through a four-dimensional variational (4DVAR) scheme (Usui et al., 2015) with a five-day observation window. Sea ice concentration data are also assimilated with a separated three-dimensional variational (3DVAR) scheme (Toyoda et al., 2016).

In this study, we conduct the following four OSEs in which Argo data from different QC stages are assimilated. The first OSE is the control experiment (CNTL) which assimilates temperature and salinity observation data distributed through GTS. The observation data include the Argo data to which the real-time QC is applied and in situ observation data from other observational platforms. Here, data with flags other than 0 (no QC performed), 1 (good data), and 5 (value changed) are excluded, as well as data reported more than five days after being observed. This OSE is thus expected to produce results similar to the operational analysis. The second OSE named ‘GLST’ uses the same temperature and salinity observation data as CNTL except that the Argo profiles in the gray list are excluded. The third OSE named ‘DELAY’ uses the same temperature and salinity data as GLST except that the Argo data with the real-time QC applied are replaced by the delayed-mode data when the delayed-mode data are available from the snapshot of the Argo GDAC in Oct. 2021. The fourth OSE named ‘NOQC’ uses the same temperature and salinity data as CNTL except that the Argo data with the real-time QC applied are replaced by raw observed values of Argo data in the Argo GDAC snapshot in Oct. 2021 and the flags for the Argo data are ignored. In addition, the following two OSEs, in which the 3DVAR option of MOVE-G3A is used instead of the 4DVAR to save computational resources, are conducted to examine the effect of the reduction in the amount of delayed-mode data after 2019 contained in the Oct. 2021 snapshot. One is ‘DELAY3DV’ which assimilate the same temperature and salinity observation data as DELAY. The other is ‘DELAY3DVN’ which is the same as ‘DELAY3DV’ but the delayed-mode Argo data are collected from the Argo GDAC snapshot in Mar. 2023 instead of the snapshot in Oct. 2021. In addition, the ocean model free run (‘FREE’) is also used for comparison with the assimilation experiments.

The numbers of Argo profiles used in the JMA’s OSEs are shown in Figure 1. While the total number of profiles has remained largely unchanged, the number of profiles being gray-listed has gradually increased. In contrast, the number of profiles corrected by the delayed-mode QC (202110) has been decreasing after 2019, but a significant number of profiles have been added in the newer version (202303), which was acquired after all the OSEs but DELAY3DVN were completed. This may reflect the fact that delayed-mode QC requires a certain time to be complete.




Figure 1 | Monthly number of the all GDAC Argo profiles (blue), profiles listed as gray (orange), profiles subjected to delayed-mode QC (gray), a newer version of the delayed-mode profiles (yellow).



All OSEs except FREE also assimilate the reprocessed along-track sea level anomaly data from Copernicus Marine and Environment Monitoring Service (CMEMS, 2023a) and SST and sea ice concentration data from Merged satellite and in situ Global Daily Sea Surface Temperature (MGDSST), produced by JMA (Kurihara et al., 2006). All OSEs are conducted for the years from 2015 to 2020. The initial conditions at the beginning of 2015 for all OSEs and FREE run are the same, and come from the ocean reanalysis (‘4DVAR’ run) conducted by Fujii et al. (2023). Atmospheric forcing at the ocean surface comes from the JRA-3Q (Kosaka et al., 2024) atmospheric reanalysis.

In all OSEs, the following QC procedures are applied to temperature and salinity profiles to be assimilated into G3A. First, the profiles are interpolated to the model standard levels, and observations of temperature below -1.8°C or above 50°C and salinity below 0 psu or above 50 psu are discarded. Next, the temperature profiles are approximately converted to the potential temperature profiles using temperature and depth values. Then, the potential temperatures and salinities that deviate from the background values by more than four times the standard difference between background and the observed values are discarded as bad data. Each set of temperature and salinity profiles with more than five bad data is also discarded. Furthermore, the variational QC scheme proposed by Fujii et al. (2005) has also been incorporated in G3A, in which the weight is reduced (nullified) for the temperature and salinity observations that deviate from the analysis by more than 1.5 (3) times the prescribed standard difference between background and observed values.




2.2 OSE setting conducted in ECMWF

Only the equivalent to the CNTL and DELAY OSEs have been conducted using the ECMWF OCEAN5 system (Zuo et al., 2019). OCEAN5 is based on the NEMO3.4 framework (Madec, 2008) at a 1/4° horizontal resolution and 75 vertical levels with level spacing increasing from 1 m at the surface to 200 m in the deep ocean. The data assimilation is conducted using the NEMOVAR system (Weaver et al., 2005; Mogensen et al., 2012) in its 3D-Var FGAT configuration and 5-day assimilation window. Observation used in data assimilation includes temperature and salinity profiles, sea-ice concentration from near-real-time OSTIA dataset (Donlon et al., 2012) and altimeter derived along-track sea-level anomalies (SLA) data (Pujol et al., 2016). The sea surface temperature (SST) from OSTIA is also used to constrain ocean upper temperature through a simple nudging scheme. The atmospheric forcing comes from the ECMWF NWP operations. In CNTL, the assimilated in-situ temperature and salinity profiles come from the GTS with real-time QC. In DELAY, the assimilated profiles come from the reprocessed EN4 dataset (Good et al., 2013).




2.3 OSE setting conducted in BCCR

NorCPM1 (Bethke et al., 2021) is used to conduct OSEs in this study. NorCPM1 is developed with BCCR and combines the Norwegian Earth System Model (Bentsen et al., 2013) with an ensemble Kalman filter (Evensen, 2003). It has been developed for climate reanalysis and has been employed for the Decadal Climate Prediction Project (DCPP) as part of the sixth Coupled Model Intercomparison Project (CMIP6) (Bethke et al., 2021). The atmosphere and land components have a horizontal resolution of 1.9° of latitude and 2.5° of longitude. The ocean and sea ice components have a horizontal resolution of approximately 1°. The ocean component comprises a stack of 51 isopycnic layers, with a bulk mixed layer representation on top consisting of two layers with time-evolving thicknesses and densities. NorCPM1 comprises 30 ensemble members.

The data assimilation implementation of NorCPM1 has been documented in Bethke et al. (2021). In this study, NorCPM1 conducts four OSEs as follows:

	CNTL: NorCPM1 assimilates temperature and salinity observation data with real-time QC from the Argo GDAC (Oct. 2021). Data with flags other than 0 (no QC performed), 1 (good data), and 5 (value changed) are excluded.

	GLST: similar to CNTL, but the Argo profiles in the gray list are excluded.

	DELAY: similar to GLST, but the Argo data with the real-time QC are replaced by the delayed-mode data when the delayed-mode data are available.

	NOQC: similar to CNTL, but the QC flags are ignored.



In all experiments, NorCPM1 assimilates SST data from the OISSTV2 dataset in addition to profile data assimilation. The observations of temperature below -2.5°C or above 35°C and salinity below 1 psu or above 50 psu are discarded, which is applied to all experiments.





3 Results



3.1 Impacts of the QCs on the salinity field

First, we examine the time series of the global mean salinity from the sea surface to 2000 m depth (the depth sampled by the Argo floats) over the 2015-2020 period for each OSE (Figure 2). In the MOVE-G3A results, CNTL indicates an overall increasing trend, especially in the first half of the six-year period. GLST shows a slightly smaller tendency to increase than CNTL, and in DELAY, the increasing salinity trend is even smaller. On the other hand, NOQC shows a larger increasing salinity trend than CNTL, especially in the latter half of the experimental period. The OCEAN5 results are consistent with those of MOVE-G3A in that both OSEs also show an increasing salinity trend and the trend in DELAY is smaller than in CNTL.




Figure 2 | Time-series of the global mean salinity in the upper 2000m. Upper left panel: OCEAN5; upper right panel: NERSC; lower panel: MOVE-G3A. Black line indicates CNTL; red line GLST; green line DELAY; blue line NOQC. For MOVE-G3A, DELAY3DV (green dashed line) and DELAY3DVN (green dotted line), FREE (gray line) are also shown.



The NorCPM system is originally an anomaly-field assimilation system, which assimilates observation anomalies. The OSEs, however, switched to the full-field assimilation, resulting in an overall increasing salinity drift much larger than the salinity trends seen in the OSEs with the other systems (note that the values on the vertical axis are out of alignment with the other panels, and there are lower salinity values in the NorCPM’s OSEs than the other systems; the scales of the vertical axes are adjusted so that the magnitude of change can be compared among the systems). While most of this drift is unrelated to the observation data, the impacts of assimilating different data, which can be seen through comparison between OSEs, are consistent with other systems, as they are NOQC, CNTL, GLST, and DELAY, in order of magnitudes of the increasing salinity trend.

It should be noted that the global mean salinity in FREE of MOVE-G3A (OGCM free run without data assimilation) remains almost constant over the experimental period, which is because, in the ocean model formulation, there is no salinity input and the freshwater inflow in the global ocean (here, sea ice is regarded as part of the global ocean) is adjusted to zero. Salt exchange between the layers above and below 2000 m depth can change the global mean salinity, but the exchange is too small to cause no-negligible change in the model. The stable global mean salinity in FREE indicates that the increase in salinity in the OSEs is due to data assimilation.

It is valuable to examine the effect of the data assimilation system as well as the reduction in the amount of delayed-mode data toward the end of the experimental period. In order to examine that effect, we compare the time-series of the global mean salinity between DELAY and the two 3DVAR OSEs that use MOVE-G3A (DELAY3DV and DELAY3DVN). There are only small differences between DELAY and DELAY3DV, meaning that the difference in the data assimilation schemes do not have a significant impact on the global mean salinity. Then, the small difference between DELAY3DV and DELAY3DVN indicates that the reduction of the delayed-mode data toward the end of the experimental period has only a small impact. It can, thus, be assumed that the decrease in the difference between CNTL and DELAY at the end of the experimental period is not due to the reduction in the amount of delayed-mode data.

To illustrate the spatial pattern of the salinity trend, we show the maps of vertical mean salinity differences between the years 2015-16 and 2019-2020 for the DELAY with the three assimilation systems (Figure 3). There are only small differences in the salinity trend patterns among OSEs using MOVE-G3A that are not visually apparent, as shown by comparing results from NOQC and DELAY from MOVE-G3A in Figure 3. The patterns are also consistent between OCEAN5 and MOVE-G3A, in that the relatively large increasing trends are found in the northwestern part of the North Pacific and the North Atlantic and the western part of the tropical Pacific, near the Californian coast and in the subtropical Indian Ocean. The significant large increasing trend is also found in those regions for the DELAY of NorCPM although it has much larger increasing trends in many regions than the other two systems, which is considered due to the experimental setting mentioned above. The DELAY OSEs of MOVE-G3A and OCEAN5 also have common significant decreasing trends in the northeastern part of the North Pacific and the western and central part of the North Pacific subtropical band, and smaller decreasing trends are found in these regions in the OSEs of NorCPM. The horizontal patterns of the increasing and decreasing trends are consistently represented by the three systems.




Figure 3 | Horizontal distribution of difference in salinity averaged for upper 2000m between 2019-20 and 2015-16 in the DELAY OSE: upper left: OCEAN5, upper right: NERSC, lower left: MOVE-G3A. The result from NOQC OSE with MOVE-G3A is shown for comparison in the lower right panel.



QC impacts on mean salinities in 2019-2020 represented by differences between the CNTL and DELAY are compared among the three systems in Figure 4. Positive values in many areas of the ocean are common across the systems, reflecting that the delayed mode QC corrects for smaller salinity drift across the global ocean in all of the systems. It should be noted that, however, the horizontal patterns are not as consistent among the three systems as those of salinity trends shown above (Figure 3). This may be because the observation data input to each OSE are not necessarily the same among the systems (e.g. satellite altimetry data are not assimilated in NorCPM), and/or because of differences in data assimilation schemes (e.g. de-correlation length-scales used in OCEAN5 covariance formulation is clearly shorter than those used by the NorCPM system) In addition, different settings about the relative importance of various observing systems are also considered to potentially affect the Argo observation impacts on assimilation results.




Figure 4 | QC impacts (CNTL-DELAY) on mean salinity for 0-2000m in 2019-2020 for OCEAN5 (top-left), NorCPM (top-right), and MOVE-G3A (bottom-left).



In the following, the impact of QC is shown as the difference between the NOQC and the other OSEs, to examine how the higher QC stages affect the analysis. QC impacts on the salinity in the MOVE-G3A’s OSEs in 2019-20 are shown in Figure 5. The reduction of the analyzed salinity resulting from the QC are stronger in the low latitudes, except in the equatorial Pacific. The QC is however shown to increase the analyzed salinity in places in the Arctic Ocean and marginal seas. As the QC level is getting higher, the lowering of the analyzed salinity is getting stronger, and spreading to higher latitudes. Thus, it is considered that QC reduces the spurious positive salinity trend by lowering the analyzed salinity values in the latter period over wide regions, especially at low latitudes. These characteristics of QC impacts are roughly consistent with NorCPM1 (not shown), although the horizontal patterns are different as mentioned above.




Figure 5 | Horizontal distribution of differences in 0-2000m mean salinity in 2019-2020 of CNTL (top-left), GLST (bottom), and NOQC (top-right) compared to DELAY from MOVE-G3A.



In order to examine the QC impacts on the analysis quality, the root-mean-square difference (RMSD) of the analyzed salinity values relative to the Argo observations used in DELAY is calculated at each level in 10°×5° (zonal×meridional) boxes for each MOVE-G3A’s OSEs. Differences of the RMSD among the OSEs are shown in Figure 6. The figure indicates that the RMSD decrease of the DELAY from NOQC is generally larger than the decrease from CNTL and GLST, which suggests that the delayed-mode QC, including the corrections of spurious drifts of Argo salinity observations, has led to an improved analysis for 2019-2020.




Figure 6 | Difference of RMSDs of the MOVE-G3A salinity relative to the delayed-mode Argo float data (assimilated in DELAY OSE) between NOQC and each of the other OSEs at the 100m depth in the years from 2019 to 2020; upper-left: RMSD(CNTL)-RMSD(NOQC), upper-right: RMSD(GLST)-RMSD(NOQC), lower-left: RMSD(DELAY)-RMSD(NOAC). For this figure, the values of the ‘preparation run’ of MOVE-G3A, in which simultaneous observations have not yet been assimilated are used as the analysis. Blue colors mean that the RMSD is smaller than NOQC. Units in PSU.



We also calculate averages of analyzed salinity values at the locations of Argo observations at each level in the same 10°×5° boxes for each OSE, along with averages of observed salinity values used in each OSE for each box. Time-depth plots of changes from the first year (2015) of the global means of the box averages for salinity analyses and observations are shown in Figure 7. The figure indicates that the observed spurious increasing salinity trends seen below 150 m depth are reduced by QC, and it is indicated that the higher the QC level, the larger the correction to reduce the false salinity trends. Comparison among the OSEs of the global mean of the analyzed salinity at the sites corresponding to the observations indicates that the impact of the QC on the analysis generally reflects the differences in the input observations.




Figure 7 | Analyzed and observed annual global mean salinity differences from the year 2015 plotted on the depth-time cross section for NOQC (upper-left), CNTL (upper-right), GLST (lower-left), and DELAY (lower-right). In each panel, left part shows analyzed values, and right part shows observed values. Note that the shallower levels than 500m are expanded vertically, and color scales are different from those at the deeper levels. Units in PSU.






3.2 Impacts of the QCs on the temperature field

This subsection investigates how the changes in the salinity field due to the Argo QCs affect the temperature field. As shown in Figure 8, the global mean ocean temperature has an increasing trend for all OSEs of all three systems. This trend is not considered spurious as for salinity because it is assumed that there is a real warming trend due partly to anthropogenic global warming. The trend represented by the OSEs seems plausible since the temperature increases over the six-year period by roughly 0.02-0.03°C in all the OSEs from the different systems. They are, however, significantly larger than the trend represented by the MOVE-G3A FREE. This discrepancy can be attributed to errors in the atmospheric forcing; for example, cloud processes, which play important roles in the Earth’s energy budget and have significant predictive uncertainty (Wong and Minnett, 2018; Liu et al., 2023), in the atmospheric reanalysis could lead to a bias in long-wave radiation at the sea surface. The possibility that the trend in the OSEs is excessive cannot be ruled out.




Figure 8 | Same as Figure 2 but for the global mean temperature.



The differences of the global mean temperature among the different OSEs of a given system are much smaller than the difference between the OSEs and the FREE run from MOVE-G3A. Using Argo data with a more rigorous QC has only a minor impact on the warming trend. The OSEs with MOVE-G3A indicate that using the data with a rigorous QC generally reduces the warming trend slightly (Figure 8). NOQC indeed shows the highest temperature for almost the entire period, and differences among the other OSEs are relatively small. It is also true for OCEAN5, where the OSE (DELAY) with the more rigorous QC suppresses some of the warming trend compared with the other one (CNTL) with moderate QC. As for NorCPM, the order is opposite, that is, the DELAY OSE has the fastest warming trend and the NOQC has the slowest. The range of the warming trend for the NorCPM’s OSEs is greater than the range for the other two systems, which may have been influenced by the switch from anomaly assimilation to full-field assimilation, similar to what was noted for salinity.

The impacts on temperatures among the OSEs shown above may directly reflect the temperature observations, or may be affected by the salinity observations through the cross-covariance relationship in the data-assimilation systems. To investigate this point, Figure 9 compares the global mean temperature trends between the assimilation results and the observations in MOVE-G3A. The warming trends of analyzed temperatures in the OSE (DELAY) with the more rigorous QC are generally smaller than the other OSEs especially at the deeper levels, while the corresponding differences among the other OSEs is unclear. It should be noted that the observed temperature trends have no clear differences among the OSEs, but are generally smaller than those analyzed. It is thus suggested that the QC impacts on temperatures, which have been shown also in Figure 8, do not reflect changes in temperature observations directly. Since the data-assimilation procedure of MOVE-G3A uses amplitudes of the vertical coupled temperature-salinity EOF modes as control variables (Fujii and Kamachi, 2003; Usui et al., 2015), the impacts on assimilated temperatures can be affected by changes in salinity observations through the statistical TS relationship.




Figure 9 | Same as Figure 7, except for temperature.






3.3 Impacts of the QCs on the steric height

Spurious salinity trends are expected to lead to errors in the estimated steric height variations. Sea-surface dynamic height (SDH) is a proxy for the steric height and can be estimated from the analyzed temperature and salinity fields (Fujii and Kamachi, 2003) in the ocean data assimilation system. Time-series of the global mean SDH relative to 2000 m depth in the OSEs with the MOVE-G3A are shown in Figure 10, along with the time series of the global means of the SSH and the steric height from satellite observations. Here, the global mean SSH is calculated from the CMEMS L4 sea level anomaly data (CMEMS, 2023b) and the global mean steric height is calculated by removing from the global mean SSH the global mean SSH change due to the change in the global water mass estimated from the gravity satellites (Landerer, 2022). It should be noted that the global mean SDH change is mostly equivalent to the global mean steric height change but the effects of the density change below 2000 m depth, which is included in the steric height change, is ignored.




Figure 10 | Time series of the global mean sea-surface dynamic height anomaly in CNTL (black), GLST (red), DELAY (blue), and NOQC (green); dynamic height is referenced to 2000m, and anomalies are differences from 2015-2020 average, seasonal variation not removed. Sea level anomaly (SLA) from the satellite altimetry (light blue), and estimated steric height anomaly (purple; SLA - fresh water input) are also plotted. SLA and estimated steric height anomaly are aligned to match the value of DELAY at the beginning of 2015.



While NOQC shows a decreasing trend in SDH, QC corrects it to an increasing trend, and DELAY especially shows an increasing trend, which is the nearest among the OSEs to the estimated steric height trend from satellite observations. While there is still a gap between assimilation results and satellite estimation regarding the magnitude of seasonal variation and interannual variability, it should be noted that the estimation is difficult because the SDH changes are out of phase between the southern and the northern hemispheres and are offset when global averages are taken. Lack of satellite SSH observations in the Arctic Ocean and the errors in the global water mass estimate are other factors causing this discrepancy.

QC impacts on SDH in MOVE-G3A OSEs are shown in Figure 11. Difference of SDH between CNTL and NOQC indicates that the real-time QC results in higher SDH over a wide area of the global ocean, especially in the South Indian Ocean due to the removal of high salinity bias by the QC. When Argo data with real-time QC are replaced by those with the delayed-mode QC, the increase in SDH is further spread globally, while impacts in the equatorial Pacific regions are relatively small. These features are consistent with impacts on salinity mentioned in Subsection 3.1 (Figure 5).




Figure 11 | Differences of mean sea surface dynamic height during 2019-2020 between CNTL and NOQC (upper panel), and between DELAY and NOQC (lower panel). Units in cm.



QC impacts on the reproducibility of temporal variation of the steric height in the data assimilation are shown by the differences between the OSEs of the time correlations between the SDH and satellite steric height in each location in Figure 12. It should be noted that the pressure anomaly at 2000 m depth owing to the temperature and salinity variations in the deeper layer and the barotropic modes is counted in the satellite steric height but ignored in the SDH calculated from the OSE outputs. Real-time QC increases the correlations in large parts of the global ocean, and they are further increased by using the Argo data with the delayed-mode QC, especially in the Atlantic and South Pacific, although impacts in the equatorial Pacific are shown again to be relatively small. These results suggest that as a more rigorous QC is applied, the reproducibility of the steric height variations also improves through correction of both spurious positive salinity trend and other spurious salinity signals.




Figure 12 | Differences between OSEs (upper: CNTL-NOQC; lower: DELAY-NOQC) of time correlations during 2015-2020 between SDHAs in ocean data assimilation and the steric height anomaly estimated from satellite altimetry.







4 Summary and discussion

Impacts of Argo data QC on the ocean data assimilation results are evaluated through OSEs with the multiple ocean assimilation systems, including the operational systems in JMA and ECMWF for seasonal forecast and ocean climate monitoring, and the BCCR system for climate predictions. Results show consistent QC impacts among the different systems on salinity analyses. The use of the raw data or the real-time data in the data assimilation systems results in an increasing trend of the global mean salinity, and the correction of the Argo data in the delayed mode QC acts to make the trend in the analysis smaller. Direct reflections on temperature analyses by correction to temperature observations are less clear in QC impacts, and analyzed temperatures can be affected by the correction to salinity observations through the statistical assumptions in the systems. In fact, MOVE-G3A results show that the higher the QC level, the lower the global mean temperature and salinity. As shown by the evaluation of analyzed sea-surface dynamic height compared with estimation from satellite altimetry, it is likely that the delayed mode QC of Argo data results in the improved temperature/salinity analyses, as a whole. The similarity of the QC impacts among three systems suggests little sensitivity to the characteristics of the ocean prediction system or the data assimilation scheme.

This study demonstrated the significant benefit of the QC conducted by the Argo DACs. However, it indicates that the real-time QC and application of the gray list are definitely not sufficient for a reliable estimate of the change in global mean ocean salinity. The increasing trend of the global mean salinity which remains in the OSE assimilating the data with the delayed-mode QC may suggest that even the delayed-mode QC does not completely eliminate systematic salinity observation errors because the global salt content is assumed to be more strictly conserved, as discussed later. On the other hand, this study clarifies that the QC incorporated in each ocean prediction system cannot avoid degradation by systematic errors sufficiently, and the support of the QC by the DACs was indispensable. However, it should be noted that QCs incorporated in ocean prediction systems can use information from ocean prediction results, which may have a potential to remove systematic errors more effectively. It is also desirable to provide ocean prediction outputs to the Argo DACs for more effective detection of systematic errors.

Since determination of the global ocean salinity trend remains a challenge, it is unclear how close to reality the result of the DELAY OSE has come. We can reasonably assume that changes in the global salt content are negligibly small, and a long-term increase in freshwater volume due to global warming should result in a decreasing trend in salinity. This is approximately the case for the global ocean shallower than 2000 m, assuming that the salinity exchange with the ocean deeper than 2000 m is small; the FREE experiment shows the small changes in global mean salinity for upper 2000m (Figure 2), meaning that the exchange is actually small in the model (the ocean model does not show a decreasing salinity trend, because the volume of the model ocean is essentially invariant). However, for a shorter period (e.g. 2015-2020), we cannot rule out the possibility that the global mean salinity actually increased.

Ponte et al. (2021) compared estimates of the global mean salinity based on the five different gridded salinity products derived from in situ measurements, and found that they showed little consistency in variability over various time scales. Ponte et al. (2021) also found an unrealistic increase in the global mean salinity after 2015 in all these products, except the Roemmich and Gilson (2009) reconstruction, in which stricter QCs are applied. The gravimetry (GRACE and GRACE-FO) based estimate in Ponte et al. (2021) showed a clear decreasing trend in global mean salinity, and much smaller seasonal and interannual variabilities than the estimates based on in-situ data. Bagnell and DeVries (2023) estimated salinity changes in the global ocean based on interpolated subsurface salinity data using an autoregressive artificial neural network, and they showed the similar trend and variability to the gravimetry based estimate. As Ponte et al. (2021) pointed out, better coverage of deep ocean, high latitudes, and ice-prone regions is expected to provide better consensus among various estimates of global ocean salinity, and gravimetry-based estimates may provide a way to calibrate the in situ estimates. In the future, it is important to expand the global ocean in-situ observation network below 2000 m, and to utilize satellite gravimetry data in order to reduce uncertainty in global ocean salinity estimation.

It should be also emphasized that careful monitoring of the ocean prediction outputs may help detect incidents occurring in the ocean observing system at an early stage. Indeed, one of the United Nations Ocean Decade Project, SynObs (Synergistic Observing Network for Ocean Prediction) promotes sharing information of ocean predictions among the ocean prediction and observation communities in the near-real-time, which is useful for monitoring the status of ocean observing networks. These communities are encouraged to be more co-operative in monitoring the status of ocean observing networks and responding immediately to incidents in ocean observing networks.
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