A new observed estimate of the 3D circulation in the North Atlantic helps monitoring the Meridional Overturning circulation

A new estimate of the North Atlantic 3D circulation from altimetry and in-situ measurements.

The Meridional Overturning Circulation monitored in the North Atlantic from a new product of 3D observed ocean currents.

Abstract

A new estimate of the North Atlantic 3D circulation has been computed for the 1993-2002 period combining altimetry to temperature and salinity data through the thermal wind equation. The 3D monthly current field compares well to the Mera-11 reanalysis from the Mercator operational system. Also, the regression coefficients computed between the new field and in-situ subsurface velocities measured by RAFOS and P-ALACE floats reach 0.66 and 0.65 for the zonal and meridional components respectively. The analysis of these new 3D observed currents shows that the weakening over the 1993-2002 period of the subpolar gyre already known at the surface extends down to 1500m. Furthermore, it provides a new promising tool to monitor the Meridional Overturning Circulation of the North Atlantic.

Introduction

The knowledge of the 3-D circulation of the ocean is a key issue for a number of scientific challenges (monitoring of the Meridional Overturning Circulation, computation of ocean volume, mass and heat transports). However, the measurement of the ocean currents at depth, through the use of in-situ data (currentmeters, ADCP…), is done routinely only for specific locations and in the framework of specific national or international programs (RAPID-MOC). On the other hand general circulation models exist that provides 3D current velocities on regional or global scales but the validation of these currents is strongly dependent on the existence of independent observed currents. Moreover, for many scientific applications, long-term reanalysis are needed, that are often heavy to realize in the framework of global, high resolution 3D ocean models although some of them exist (ECCO-GODAE reanalysis, MERA-11 reanalysis…)

The altimetric height, through the geostrophic approximation, gives us access to more than 15 years of weekly ocean surface currents. On the other hand, the projection on the vertical of altimetry into temperature and salinity profiles and the subsequent combination of these synthetic profiles with in-situ profiles has been achieved in the framework of the ARMOR project . [Larnicol et al.,2006] so that weekly, gridded 3-D fields of the ocean thermohalin characteristics are routinely computed. In this paper, we present how the simple combination of the two previous existing fields, allows the computation of the ocean geostrophic currents from the surface to a reference depth of 1500m and for the 1993 to 2002 period. The obtained field is subsequently validated through the comparison to in-situ velocities from sub-surface floats as well as to modelled velocities from the Mera-11 reanalysis of the Mercator system. The analysis of the obtained 3D velocities provides a new insight into the already observed deceleration of the atlantic subpolar gyre from 1993 to 2002. It also appears to be a unique tool for the monitoring of the Meridional Overturing Circulation as measured at 26°N. 

The data used to compute the 3-D velocity field and to validate it are described in section 1. The method is described in section 2. Validation results are then given in section 3. The new analysis that are made possible using the computed 3D velocity field are then described in section 4.

Data
Four types of data are used in this study. The first two (altimetric data and ARMOR3D thermohalin field) step in the computation of the 3D velocity field while the last two (MERA-11 reanalysis and subsurface float velocities) are used for validation purpose.

Gridded maps of surface altimetric geostrophic currents

We use weekly 1/3° resolution maps of delayed-time geostrophic surface currents computed by the SSALTO/DUACS center and distributed by AVISO from January 1993 to December 2002. The altimetric data that entered into the computation of the multimission maps of Sea Level Anomaly (SLA) are from the ERS-1,2, ENVISAT, T/P, GFO, GEOSAT. The CMDT RIO05 (Rio et al, 2005) Mean Dynamic Topography is added to the SLA maps to obtain maps of absolute dynamic topography, that are then used to infer through geostrophy the ocean surface currents.

The weekly maps of geostrophic surface currents were averaged to obtain monthly fields.

3D thermohaline field (ARMOR3D)

The ARMOR3D field is a 3D thermohaline field computed at C.L.S. [Larnicol et al.,2006] by merging synthetic and in-situ T/S profiles. The synthetic profiles are derived by projecting the baroclinic component of the altimetric surface height and Sea Surface Temperature (SST) measurements onto the vertical. The in-situ T/S profiles used are Argo profiling floats, XBT and CTD distributed by the Coriolis data center.

The ARMOR-3D products are computed weekly, on a global 1/3° MERCATOR grid and on 24 Levitus levels from 0 to 1500m (0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800,900, 1000, 1100, 1200, 1300, 1400, 1500 m).). For this study, we use the reanalized T/S fields for the 1993-2002 period. The weekly maps were averaged to obtain monthly grids of temperature and salinity.
PSY1V2 reanalysis

For validation purpose, we use the 3D velocity field computed over the 1993-2002 period in the framework of the MERA-11 reanalysis of the North Atlantic (20°N-70°N).

This reanalysis was computed by [Greiner et al,2004] using the PSY1V2 prototype of the MERCATOR operational system assimilating altimetric data and T/S profiles from the ENACT and Coriolis database. The current velocities are available on a 1/3° grid and on 43 vertical levels (from the surface to 5500m). 

As for the ARMOR3D and the altimetric data, we averaged the weekly maps in order to compute monthly 3D velocity field from January 1993 to December 2002. 

The MERA11 velocity field contains both the geostrophic and the ageostrophic components of the ocean circualtion

Subsurface float velocities

Finally, we use a dataset of subsurface velocities that were measured by 711 RAFOS and P-ALACE type floats in the North Atlantic over our study period (1993-2002) and that are collected and distributed through the WOCE Subsurface Float Data Assembly Center (WFDAC). Depths sampled by the floats range from 0 to 2000m but in our particular area and time period, most velocities are measured at depths between 500m and 1000m.

Method

The geostrophic component of the ocean circulation can be computed at all depth zi through the thermal wind equation (Eq 1):
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Équation 1
The ocean currents at the surface u(z=0), v(z=0) are derived from the altimetric maps of absolute dynamic topography, while the density at depth ρ’(z) are computed from the ARMOR3D T,S fields. We hence obtain monthly 3D grids of current velocities. The horizontal (1/3°) and vertical (24 Levitus levels from 0 to 1500m) resolution of the grids are identical to the resolution of the ARMOR3D product.

The current velocity at depth zi is the sum of the barotropic component and the baroclinic component (due to the thermohalin variation along the water column). The thermohalin contribution to the ocean velocity from 1500m to depth zi is easily computed using the ARMOR3D field only: 
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Équation 2
Paragraph on the error : In the ARMOR3D computation of the T,S gridded fields, the altimetric heights are first processed in order to extract the only baroclinic component (this is done through a correlation analysis between altimetric data and hydrographic data). If the correlation coefficient used is erroneous, part of the baroptropic component contained in the altimetric data may be projected onto the vertical, resulting in errors on the obtained 3D velocity field. Also, any error on the altimetric heights (and therefore surface geostrophic velocities) will propagate at depth.

Validation of the 3D velocity field

In order to validate the obtained 3D velocity field, we compare it to other estimates of the ocean circulation at depth issued from modelling (MERA-11) and in-situ observations (sub surface floats).

Figure 1b shows the vertical profile of the 1994 annual mean zonal velocities along a section in the Gulf Stream at 60°W from 25°N to 43°N (Figure 1a) for three different velocity fields: On top, the velocities obtained from ARMOR3D only shows the signature of the Gulf Stream at 39°N with smooth intensity (maximum velocity around 40cm/s) as well as the signature of weak westward currents at 35.5°N and 38.5°N. The deep pattern of the overall current is limited to 900m. The plot in the middle of Figure 1b shows the SUPARMOR velocities. The Gulf Stream velocity is clearly stronger than the ARMOR3D one (more than 50 cm/s). Many westward currents are resolved by SUPARMOR that were not reproduced by ARMOR3D (at 32.5°N, 35°N, 38.5°N,40.5°N and 41.2°N). The deep structure of overall SUPARMOR current reaches 1500m. At the bottom of Figure 1b , the MERA11 currents show similar structures and intensity of the currents than SUPARMOR. However, SUPARMOR velocities are stronger than MERA11 and some of the westward currents resolved by SUPARMOR are not seen on MERA11 field.

In order to validate further the SUPARMOR field, we interpolated the three previous current estimates (SUPARMOR, ARMOR3D and MERA11) to the date and position of the 711 subsurface floats available in the North Atlantic between 1993 and 1999. First, the float velocities were filtered with a 30-day low pass filter to be consistent with the monthly resolution of the gridded fields. Then, for each gridded field, statistical comparison to the in-situ velocities are computed (standard deviation of the difference, correlation and regression coefficient). Very similar results are obtained for both components of the velocity. Results obtained for the zonal velocity component are synthesized using a Taylor diagram (Figure 2). This kind of diagram, as proposed by [Taylor,2001] helps to statistically quantify the degree of similarity between each single current estimate and the in-situ observations. The black dot represents the standard deviation of the observed zonal velocity (5 cm/s). The red triangle, blue square and green circle correspond respectively to the SUPARMOR, MERA11 and ARMOR3D zonal velocities. The radial distance from the origin to the symbol represents the standard deviation of the zonal velocities (respectively 7.34, 5.495, 2.83 cm/s for SUPARMOR, MERA11 and ARMOR3D) while the angle is given by the correlation computed between the zonal currents and the in-situ zonal currents (respectively 0.45, 0.38, 0.37 for SUPARMOR, MERA11 and ARMOR3D). The distance between the black dots (observations) and the different symbols is the standard deviation of the difference between the observed and modelled currents (6.792, 5.922, 4.755 respectively for SUPARMOR, ARMOR3D and MERA11.)

Due to the smoothness of the ARMOR3D currents, the standard deviation of the differences with the observations is the smallest whereas the actual variability of the ocean circulation is badly resolved. This is the “double penalty” phenomena: A high resolution solution that does resolve a given spatial structure but slightly shifted, due to model errors, with respect to observations, will differ from the reference observed field both at the actual position of the structure and at the shifted position, while the smooth field will differ only at the actual position. In order to compare the different velocity fields taking into account this phenomena, we use the skill score defined in [Taylor,2001] and whose isolines are depicted by dashed lines on Figure 2. The skill tends to 1 when the method standard deviation approaches the observed standard deviation. Conversely, the skill decreases when the correlation tends to 0 or when the method standard deviation approaches 0 or infinity. For fixed standard deviation, the skill increases linearly with the correlation. Therefore, the skill decreases when the standard deviation of the difference increases, but at low correlation, methods with low variability like ARMOR3D field are penalized. The higher skill is obtained with MERA11 (0.69) followed by SUPARMOR (0.63) and ARMO3D (0.5). SUPARMOR currents have a strong standard deviation (7.34 cm/s) compared to MERA11 (5.5 cm/s) and the observations (5 cm/s) that explains the higher skill obtained with MERA11. To complete this analysis we also computed regression coefficients between the modelled currents and the observations. The SUPARMOR velocity field has a better regression slope (0.65 and 0.64 for the zonal and meridional velocities respectively) than MERA11 (0.41 and 0.36) and ARMOR3D (0.21 and 0.19). All values are lower than 1, which means that the three current estimates underestimate the observed velocity but SUPARMOR velocity is closer to reality.
Monitoring the Meridional Overturning Circulation

The availability, on a multi year period, of 3D estimates of the ocean currents is a unique tool to monitor and better understand the ocean variability at those time scales.

[Hakkinen and Rhines, 2004] used sea surface height (SSH) data based on altimeter record to compute for the period May 1992 to April 2002 a linear trend in the surface geostrophic velocity field. Trend vectors suggest a weakening of the gyre circulation since the subpolar pattern resembles the general mean gyre circulation but with opposite sign. Moreover, using current-meter records in the Labrador Sea, they suggest that this decadal weakening reaches 2750m. The variability of the North Atlantic sub-polar gyre has strong impact on the transport of mass and heat across the entire ocean through the so-called meridional overturning circulation (MOC) and the close relation between the two has been highlighted for instance by (Boning et al, 2006). Concepts for continuously monitoring the MOC have been developed (Hirschi et al, 2003, Baehr et al, 2004, Kanzow et al, 2008), and a number of studies have been done based on the observation of the RAPID-MOC array along 26.5°N (Cunningham et al, 2008) 

The 3D current field computed in this study provides a unique analysis tool to better understand this long-term variability of the ocean.

First, we applied the same analysis than [Hakkinen and Rhines, 2004] on our 3D velocity field. At the surface, it is deduced by geostrophy from altimetry and we therefore find (not shown) the identical map of linear trend from 1992 to 2002 as in Figure 1 from [Hakkinen and Rhines, 2004]. We then computed a linear trend of the velocity at all 24 depths from the surface to 1500m. Results are shown at 500m and 1500m on Figure 3. Vector colors represent Student test value. Values above 1.980 are significant at 95% level At each level,  the geographical pattern of the trend has an opposite direction compared to the general mean circulation and the resulting distribution of Student test values shows the trend is significant at the 95% level. This shows that the weakening of the gyre circulation during the period 1993 to 2002 takes place down to 1500m. However, this slowdown is stronger at the surface than at 1500m. For example, in the East Groenland current, the weakening value at the surface is about 2.5cm/s per decade while it is 1cm/s/dec at 1500m.

This observed weakening of the subpolar gyre must have an impact on the MOC strength. To investigate this point, we then used our 3D velocity field to compute the meridional geostrophic transport per unit depth from the surface to 1500m through the 25°N latitudinal section. (Figure 4). The SUPARMOR velocities are defined on a 1/3° resolution grid and we found out that the mean transport value was significantly dependent on the chosen latitude, mainly due to the differences in circulation at the western part of the section. The black line shown on Figure 5 therefore corresponds to the mean value obtained across 5 sections around 25°N (24°46, 24°76,25°07, 25°37 and 25°67). The dashed lines shows the uncertainty on the values as given from the standard deviation (from 0.4 to 1.0 104 m²/s depending on the year The computation of the integrated geostrophic transport from 0 to 1000m through 25°N computed using the SUPARMOR field, together with the estimate of the Florida current transport (white squares on Figure 5) and the Ekman transport (white circles on Figure 5) allow to monitor the MOC strength throughout the 1993-2002 period (Black triangles on Figure 5). The dashed envelope around the mid geostrophic transport shows the uncertainty on the values as given from the standard deviation around 25°N (from 4.2 to 6.6 Sv depending on the year). This uncertainty value is in good agreement with the 6 Sv uncertainty mentionned by (Bryden et al 2005) due to the sampling of eddies at the western tip of the section. The Florida current transport has been continuously monitored daily from 1982 using cable measurements (Larsen et al, 1992). On the other hand, we computed the meridional Ekman transport across the section using ECMWF wind stress data from 1993 to 2002. For the year 1998, the value obtained is in good agreement with (Bryden et al, 2005). Althouth the linear trend computed for the 10 year period is slightly negative (-0.3 Sv per year for the geostrophic transport above 1000m and -0.2 Sv per year for the MOC strength) we clearly highlight that the MOC strength is subject to a strong interannual variability.
Conclusion

A new observed estimate of the 3D geostrophic circulation of the North Atlantic has been computed by merging altimetric surface data and a 3D gridded T,S field. Comparison to a model reanalysis from the Mercator system as well as to subsurface float velocities gives very consistent results. The analysis of this current field has allowed to characterize the extension at depth of the weakening of the North Atlantic subpolar gyre over the period 1993-2002. This weakening is directly linked to the strength of the so-called MOC. We computed using our 3D current field a negative trend of -0.2 Sv per year of the MOC for the 1993-2002 period with a very strong inter-annual variability. 

The use of this new 3D current field based on observations therefore gives very promising results and many exciting perspectives are already identified. First we plan to complete the computation from 2002 to 2008. This will allow to compare the MOC strength to the results from the RAPID-MOC array in place since 2004. We will also extend the computation to the global ocean, in order to analyse the volume transport of the currents at different key sections of the conveyor belt (Ganachaud et al, 2003). Finally, the simultaneous knowledge of T, S u and v at all depth down to 1500m will give us access to heat transport values whose accurate estimate and monitoring is a key issue in the present context of climate change.
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Figure 1 a) 1994 annual mean circulation at 500m depth in the Gulfstream area. The black line shows the studied section along 60°W. b) 1994 annual mean velocity section at 60°W for ARMOR3D, SUPARMOR, MERA11.
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Figure 2:a)Taylor diagram for the zonal velocity component. Green dot correspond to ARMOR3D, blue dot to MERA11 and red dot to SUPARMOR. The black dot is the mean float standard deviation. Dashed lines represent skill values=cst. b) Dispersion diagram where zonal velocity method against zonal float velocity is plotted for each interpolated point. The color represents the density of points. The black line is the linear trend and the blue line is linear trend with regression coefficient =1. 
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Figure 3 a)Trend of the geostrophic velocity (cm/s/dec) derived from SUPARMOR data for the period January 1993 to December 2002 at 500m. Vector colors represent the Student test value. Values above 1.980 (yellow, orange, red) are significant at the 95% level. Vector scale is 5cm/s/dec.b)Trend of the geostrophic velocity(cm/s/dec) at 1500m.
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Figure 4 : Transport per unit depth computed from the SUPARMOR velocity field along the 25°N section between 280°E and 345°E.
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Figure 5a) Black circles: Integrated transport from the surface to 1000m computed from the SUPARMOR velocities at 25°N from 275°E to 345°E. The dashed envelope is obtained from the standard deviation of the results obtained by changing the latitude by +- 2 grid points (+- 0.66°). The red dots show the values obtained in Bryden et al, 2005 White circles: Ekman transport computed from ECMWF wind stress data White squares: Florida current transport Black triangles: Strength of the MOC obtained adding the integrated SUPARMOR velocities from 0 to 1000m to the Florida current transport and to the Ekman transport. The red dots show the values obtained in Bryden et al, 2005
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