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The first part of task 5.1 has consisted in setting up the software and ancillary data sets 
required to map the GyroScope float profiles onto a regular grid for subsequent use in an 
inverse model of the ocean circulation. The objective mapping procedure of the NADA 
software developed by P. De Mey has been chosen for that purpose. This software is 
described in section 1, and its implementation and the solutions to the various problems that 
have been encountered are presented in section 2. Two problems that have been particularly 
difficult to solve are developed in section 3 (gaps in the float data coverage) and in section 4 
(determination of correlation scales). Section 5 summarizes, and concludes by presenting the 
applications of this work to the near-real time estimation of the ocean circulation in the 
northeastern Atlantic. 

 

 

 

 

 

Contents 

1 – The NADA objective mapping software 

2 - Implementation of the objective mapping package and problems encountered 

3 - Gaps in the float data coverage 

4 - Spacing of the float profiles and spatial scales of the ocean circulation 

5 - Conclusion 

 
 

Author : P. Le Grand – GyroScope task 5.1 Page 1 02/10/01  

 



Near real-time inversion of float profiles to estimate the velocity field. 
P. Le Grand – IFREMER       J.-P. Mazé – HOCER 

1 - The NADA objective mapping software 
 

The NADA software has been developed by P. De Mey at the Laboratoire d’Etudes en 
Géophysique et Océanographie Spatiale in Toulouse. It maps geophysical fields using the 
standard objective mapping procedure first described in an oceanographic context by 
Bretherton et al. (1976). The procedure looks for a linear estimator that minimizes the 
estimation errors at the points of interpolation. Provided that standard assumptions are 
verified, this estimator is optimal in a least-squares sense (Wunsch, 1996). The estimator is 
entirely determined by the statistics of the observations and the statistics of the field to be 
interpolated. The posterior uncertainty of the mapped field is also determined by these 
statistics.  

Of particular importance is the statistical information used to determine the values of the 
interpolated fields in regions where no observations are available. This information is referred 
to in this report as the “ background ” field. NADA provides several functions for setting the 
covariance of this background field as a function of the distance separating the data points 
(Figure 1). The “e-folding” scales of these functions can be tuned to best fit the statistics of 
our region of interest. Sensitivity tests have been carried out in the present task in order to 
determine the optimal statistics. It should be noticed that the actual amplitude of the 
uncertainties is not required in the objective analysis, an estimate of the ratio of the 
uncertainty in the observations relative to the background uncertainty level is sufficient. As 
will be shown in section 4, the correlations scales (decorrelation scales may be a more 
appropriate term) must be adapted to the various regions. Thus, a relatively complex 
implementation of the objective mapping software is required in the present study because: 1) 
the correlation scales must be consistent with the spacing of the float profiles, and 2) the float 
observations are complemented by climatological data in regions of large gaps in the data 
coverage. 

One originality of the NADA software is that it interpolates observations not only in the 
space domain but also in the time domain. This feature is particularly useful in the context of 
the interpolation of the GyroScope float profiles because the various floats will surface at 
different dates during a 10-day cycle. The interpolation, which is meant to provide a snapshot 
of the hydrographic variables at one specific date during the cycle, must therefore be weighted 
so that the observations that are close in time to the interpolation date are given more weight 
relative to the observations that are more remote in time. The interpolation is thus weighted in 
time in much the same way as in space using a time-correlation function (Figure 1). The “e-
folding” time scale is taken to be 30 days as a representation of the typical time scales of the 
mesoscale variability.  
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One advantage of including time in the interpolation procedure is that older data that were 
obtained during previous 10-day cycles can still contribute. The weight attributed to these 
previous data decreases as time goes on, but old data can nonetheless play an important role in 
regions that have been subsequently deserted by the instruments.  



Near real-time inversion of float profiles to estimate the velocity field. 
P. Le Grand – IFREMER       J.-P. Mazé – HOCER 

Author : P. Le Grand – GyroScope task 5.1 Page 3 02/10/01  

Another originality of the NADA package is that it can be implemented in a “ suboptimal 
mode ” in which only “ neighbouring ” observations are used to estimate the field at each 
gridpoint. The “ neighbouring ” observations are defined as the observations that lay within a 
radius of influence defined by the user. The use of neighbouring data points only greatly 
speeds up the interpolation procedure but it does not significantly affect its result as long as 
the radius of influence is large enough. Activating the suboptimal mode in the NADA 
package is useful in the context of GyroScope because a relatively large number of data points 
is used and the computational burden would otherwise be overwhelming. In our calculations, 
the radius of influence is uniform over the interpolation domain and taken to be the largest of 
all the spatial correlation scales used in the objective mapping procedure (300 km in the 
reference configuration).  
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2 - Implementation of the objective mapping package and 
problems encountered 

 

The NADA freeware has been implemented on a Linux PC equipped with a 1000 Mhz 
pentium III processor. The domain covered by the objective analysis is the North Atlantic 
from 26°N to 60°N. It includes the GyroScope domain, as well as the western part of the 
Atlantic in order to facilitate the calculation of zonally integrated heat fluxes during the 
operational phase of the project. Producing a map of the density field at one level requires a 
few tens of seconds of CPU time only and will therefore not be a limiting factor during the 
operational phase. The density field is mapped over 21 levels from 10 m depth to 2000 m 
depth. GyroScope floats will not go deeper than this depth, so the inverse model will simply 
be constrained by climatological estimates of the density field below 2000 m depth. The 
uncertainty in the background field is set at each level to the standard deviation of the 
climatological density field, after this field has been corrected to remove its latitudinal trend. 
From this information, the NADA package provides an estimate of the uncertainties on the 
mapped fields. These uncertainties were originally expressed relative to the background 
variance of the field that is being mapped. In our application, they are converted into absolute 
uncertainty values so that they can be directly incorporated into the inverse model 
calculations. 

Several difficulties have been encountered during the implementation of the objective 
mapping procedure. Most of these problems are related to the difficulty of producing a 
relatively high resolution map of the hydrographic fields using relatively sparse and 
irregularly spaced observations. In particular, the procedure has been found to be very 
sensitive to the background variance of the field being interpolated. The solutions to these 
difficulties are extensively treated in section 3 and section 4 of this report, but at this stage one 
should keep in mind that statistical information can be determined using the knowledge 
gathered by the oceanographic community over many years of observations of the variability 
of the ocean. These solutions are a compromise between optimality and simplicity and are 
suitable for an implementation in an operational context. Work Package 4 of the present 
project will cover in great details the issue of mapping the float profile data. Some of its 
recommendations may be implemented later on in the present task, provided that they are 
applicable in a near real-time context. 
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In our implementation of the objective mapping procedure, the observational errors are 
assumed to be decorrelated from the field that is being interpolated. This assumption appears 
to be justified since the float observational errors only depend on the precision of the sensor 
measurements. An evaluation of this precision will be provided at the end of the assessment of 
float performances in Work Package 2. In the mean time, a uniform value of 0.1 kg/m3 is 
used as a “rough guess” of the observational errors over the whole water column. The 
statistics of the observational errors will probably keep being improved even after the end of 
Work Package 2, particularly the effect of temporal drift on the conductivity/salinity sensors. 
The present task, by combining profile data with other information may contribute to this 
improvement by pointing out potential inconsistencies.  
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3 - Gaps in the float data coverage 
 

Potential gaps in the spatial coverage of the float network may cause some significant 
difficulties. These gaps will certainly occur during the first phase of the observational 
program because the floats will be deployed using ships of opportunity, which cover only 
parts the GyroScope domain. Later on, the dispersion by oceanic currents may also increase 
the float density in some regions at the expense of some other regions, thereby creating new 
gaps or increasing the size of existing gaps. The reverse may of course be true, with oceanic 
currents contributing to the dispersion of floats over a more or less regular mesh. In any case, 
in order for the interpolation scheme to be robust, the eventuality of gaps must be considered. 
One major problem if such gaps occur is that a standard objective mapping procedure tends to 
set the density field in data-void regions to the averaged value over the entire basin. This 
produces anomalies in the interpolated density field which in turn result in unrealistic oceanic 
currents. In order to prevent this problem, a climatology of the Atlantic ocean (Reynaud et al., 
1998) is used to supplement the GyroScope observations. This climatology was compiled by 
averaging onto surfaces of constant pressure the hydrographic data provided by the NODC 
compilation and the WOCE sections available when the atlas was compiled. One originality 
of the Reynaud et al. (1998) atlas is that, although the averaging of the hydrographic data is 
carried out in a conventional manner within radii of influence, the radii of influence can vary 
depending on the slope of the underlying bathymetry. Where the slope is higher, i.e. near 
continental boundaries, the radii of influence are small and therefore the hydrographic fields 
are less smooth. Strong boundary currents like the Deep Western Boundary Current are 
reasonably well preserved. Where the slope is lower, i.e. in the deep open ocean, the radii of 
influence are larger and the atlas is smoother. The smoothing compensates for the sparse data 
coverage there. The other originality of the climatology is that the hydrographic 
climatological estimates (Figures 2-a&b, top left) are provided with an estimate of their 
variance (Figures 2-a&b, top-right) within the selected radii of influence. This variance 
estimate can be used to determine the confidence that we have in the climatological fields. 
Therefore, in the objective mapping procedure, the climatological estimates of the density 
field are simply treated as pseudo-observations whose error bars are given by the variance 
estimates.  
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The objective mapping procedure weighs the climatological pseudo-observations and the 
actual float observations based on their respective uncertainty estimates and the distance 
between the estimation point and the observations. Generally speaking, in areas where they 
are abundant, float data should dominate the estimation procedure because their uncertainties, 
determined by the noise level of the float sensors, is small. In other areas, the climatological 
estimates should take over because the weight of the float data, which is inversely 
proportional to the exponential of the square of their distance to the estimation point, is small. 
In practice, however, the situation can be more complicated. The uncertainties provided with 
the climatology are only a rough guess which may sometimes be unrealistic because of the 
difficulty of estimating the second order moment of the statistics using a sparse and somewhat 
incomplete historic data base. One must therefore make sure that poorly estimated weights 
neither prevent the objective mapping procedure to take into account the float data where 
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those data are available, nor cause the objectively mapped field to drift far away from the 
climatology in areas where no float data are available. The first problem can occur if the 
uncertainties in the climatology are unrealistically small compared to the variance of the 
density field at the considered depth level. In this case, the mapping procedure finds a 
compromise between the climatology and the float data whereas it should rather tend towards 
the float observations which are more representative of the instant density field. The second 
problem can occur if the uncertainties in the climatology are unrealistically large. In this case, 
the mapping procedure simply tends towards the mean of the density field at the level at 
which the interpolation is carried out. 

These problems can be illustrated by considering a simple example in which the field is 
interpolated at one grid point using one float data point and one climatological “data point”. In 
this example, the estimated field is given by the following expression (assuming that the 
covariance of the background uncertainty is a gaussian depending only on the distance 
between two points, that the mean of the field to be estimated is zero, and that the noise in the 
observation/climatology is decorrelated from the background uncertainty): 

 

φ = exp(-l1
2/L2) / [exp(-l1

2/L2) + N1] × d1 + exp(-l2
2/L2) / [exp(-l2

2/L2) + N2] × d2 (1) 

 

where φ is the parameter to be estimated, l1 and l2 are the distances between the data points 
and the estimation point, L is the correlation length scale, N1 and N2 are the ratios of the noise 
in the data points divided by the background uncertainty, and d1 and d2 are the data values.  

Assuming that the two observations are located near the estimation point, and that the 
relative noise in the float observation is << 1, equation (1) reduces to: 

 

φ = d1 + 1 / [1 + N2] × d2   (2) 

 

In this case, the objectively mapped value can differ significantly from the float 
observation if the uncertainty in the climatological observation relative to the noise in the 
background field, N2, is underestimated, even if the float observation is a perfect one, with no 
noise. This result is not desirable because the goal of the float network is to provide a quasi-
instantaneous view of the ocean rather than a climatological average of the hydrographic 
properties. One must therefore make sure that the noise in the climatology is large enough (at 
least of the same magnitude as the noise in the background field) near the location of float 
profiles.  

On the other hand, if no float data is available near the estimation point (l1 >> L), equation 
(1) reduces to: 

 

φ = 1 / [1 + N2] × d2    (3) 
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In this case, if the relative noise in the climatological estimate is too large, the objective 
mapping procedure tends towards zero, i.e. the mean of the background field. One would 
rather keep the climatological value d2 at the point of estimation because it is more 
representative of the region. One must therefore make sure that N2 remains small in regions 
where no float data are available. 

The following approach is thus carried out. 1) The uncertainty in the climatological field is 
provided by the uncertainty estimates of Reynaud et al. (1998) multiplied by a factor of 4 to 
ensure that the objective mapping procedure is not biased toward the climatological estimate. 
Physically, this multiplication factor can be thought of as a conversion of the uncertainty 
provided by Reynaud et al. (1998), which is the uncertainty in the climatogical mean, into an 
estimate of the uncertainty in the quasi-instantaneous density field that is being mapped in the 
present procedure. 2) The ratio of the variance of the climatology relative to the variance of 
the background field is limited to an upper bound of 0.1. This upper bound ensures that the 
objective mapping procedure does not drift too far away from the climatology in areas like the 
Gulf Stream region where the relative uncertainty in the climatology is high.  
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Figure 2 shows that the velocity adjustments relative to a climatological inversion are 
relatively well distributed over the model domain. The largest adjustments in the region where 
floats are available occur in the northwestern corner of this region (~[50°W, 50°N]) because 
these floats are assumed to sample their profiles at a date close to the estimation date. 
Conversely, small adjustments occur in the southeastern corner (~[10°W, 30°N]) because the 
date of the float profiles are assumed to be less close to the estimation date. The largest 
adjustments in the region where no float data are available occur in the Gulf Stream region 
because the uncertainty in the climatological density field is large there (Reynaud et al., 
1998). The adjustments that occur at the transition between the GyroScope region and the 
western region (50°W) indicate that the float data have an impact that goes beyond the area 
covered by the floats, presumably because large-scale mass conservations constraints play an 
active role in the inverse calculation. Those adjustments appear reasonable and produce a 
smooth transition between the regions separated by 45˚W. 
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4 - Spacing of the float profiles and spatial scales of the ocean 
circulation 
 

Another difficulty associated with the mapping of float profile data is that the spacing 
between the data points is to some extent inconsistent with the spatial scales of the large scale 
ocean circulation. Indeed, even if a perfect network of floats could be deployed (i.e. the 
“ ideal ” float distribution of Figure 2), the distance between the data points would still be of 
the order of  2.5° to 3°. With such a spacing, intense oceanic jets like the North Atlantic 
extension of the Gulf Stream or the Azores Current cannot be resolved. The use of ancillary 
information like the Reynaud et al. (1998) climatology can hardly compensate for this lack of 
resolution because it does not capture the variable components of the ocean circulation. This 
problem will be solved as the number of floats deployed in monitoring experiments following 
GyroScope increase, but in the mean time this lack of resolution is at the origin of several 
estimation problems. The first one is the existence of gaps, as discussed in the previous 
section. The second one, which is the object of the present section, is directly related to the 
objective mapping procedure. Specifically, the decorrelation scale of the covariance function 
of the background field specified by the user may not match the spatial resolution of the 
network. Indeed, in an ideal situation the decorrelation scale is determined from the physics of 
the ocean circulation and from past observations of the region, independently of the resolution 
of the float network. In practice, however, problems arise if the decorrelation scale is much 
smaller than the spacing between floats. In this case, the objective mapping procedure tends to 
represent the float observations as anomalous density structures in the neighbourhood of float 
data points because each float profile is decorrelated from neighbouring profiles (Figure 3). 
Worse, the float data have little impact on the large scale fields because their distribution is 
not dense enough to really affect those scales. The poor representation of the density field 
results in unrealistic currents around the data points (Figure 3). The only way to remove these 
structures is too use larger spatial decorrelation scales in the mapping procedure. The resulting 
density field is then smoothed and oceanic currents are more realistic (Figure 4). The Gulf 
Stream Current, however, is significantly affected by this smoothing, which is not a desirable 
effect. The correlation scales must therefore be a compromise between the resolution at which 
the estimation is carried out and the resolution of the network of float profiles. 
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In the present study, two regions are distinguished: the region west of 45°W which will not 
have any float at the beginning of the experiment, and is unlikely to receive any during the 
course of the experiment because the fast currents in the area tend to be eastward; the region 
east of 45°W which will be constrained by the GyroScope observations. In the western region, 
there is no reason to smooth the climatological estimates. The correlation scale is thus chosen 
to be small in order to keep the local climatological estimate unaffected by neighbouring 
pseudo-data points. In practice, the correlation scale is taken to be the local radius of influence 
used by Reynaud et al. (1998) to construct the climatology (Figure 5). In the eastern region, 
the interpolated density field must have a resolution consistent with the resolution of the 
GyroScope float network in order to ensure that the float observations constrain the large-
scale properties of the hydrographic fields. The decorrelation scale is therefore set to 300 km 
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in this region. Physically, one may justify this choice of decorrelation scales as a 
representation of the scales at which the smoothing of properties takes place, this smoothing 
being confined in the West to areas of high dissipation caused by the underlying bathymetry 
(corresponding to small radii of influence in the Reynaud et al. (1998) climatology), while 
being more spread in the East because the long time scales of motion there allow smoothing to 
be more effective. 
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It should be kept in mind that the choice of spatial decorrelation scales adopted in this 
work is somewhat artificial and is not everywhere consistent with the actual scales of the 
ocean circulation. In the eastern Atlantic, for instance, currents like the Azores Current exhibit 
spatial scales that are much smaller than 300 km. This current will therefore be smoothed out 
by the objective mapping procedure. This effect is not obvious in Figure 2 because the 
artificial data set used in this study is constructed from climatological information only and 
does not contain a strong signal in the Azores Current anyway, but it nonetheless exists. Thus 
the fact that float networks like the GyroScope one, or any other ARGO type of network, do 
not fully resolve all the scales of the ocean circulation cannot be completely overcome. 
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5 - Conclusion 
 

The NADA objective mapping software has been successfully implemented for a 
subsequent application to the analysis of the GyroScope profiling float data in the North 
Atlantic. Because gaps are expected in the float network, these data are supplemented by the 
climatology of Reynaud et al. (1998). The combination of these two different types of 
information has required a careful evaluation of the weights that should be given to each data 
set so that the objectively mapped fields are in close agreement with the float observations in 
the GyroScope region, and in agreement with the climatology in the areas where no float data 
are available. The correlation scales of the statistics of the background field have also been 
adjusted to ensure that the resolution of the climatology is maintained in the western region 
whereas the fields are smoothed in the eastern region in order to be consistent with the spatial 
scales resolved by the float network. These adaptations of the NADA software are a 
compromise between the resolution required to fully capture the large-scale ocean circulation 
and the resolution of the network of profiling floats. Several parameters in the objective 
mapping procedure were thus subjectively chosen, but they can easily be modified as 
experience builds-up during the course of the GyroScope experiment. A comparison of the 
objectively mapped density field with the Reynaud et al. (1998) climatology at 10m and 
1000m depths (Figure 2) shows that, as required, the main differences are located near the 
position of the pseudo-float profiles, and that there are only smalls differences in the western 
part of the basin. 

The objectively mapped density field will be used in the finite difference inverse model of 
the LPO to estimate snapshots of the ocean circulation in the North Atlantic for each float 
cycle. Figure 2 shows estimates of the ocean circulation derived from an “ideal” network of 
floats, with the assumption that all the floats measure a uniform increase in density (3 % at 10 
m and 50 m depths, 2 % at 100 m, and 1 % everywhere else). These pseudo-measurements 
can be thought of as a schematic representation of the cooling of the surface layers in winter 
conditions. The differences between the velocity field estimated using the objectively mapped 
density field and the velocity field estimated by the inverse model constrained by the Reynaud 
et al. (1998) climatology (Figure 2) are significant (the same scale is used in the velocity maps 
and in the map of velocity differences).  
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The next objective of this task will be to thoroughly investigate the circulation estimated 
by the inverse model using the Clipper model-generated float profiles. By comparing this 
circulation with the actual circulation calculated by the Clipper model, one will get an idea of 
how well the present procedure can estimate the near-real time circulation of the North 
Atlantic. It is unlikely that the actual details of the circulation can be reproduced, because the 
inverse model selects one particular solution among an infinite set of potentials solution and 
one would have to be very lucky to pick the actual solution, but it is hoped that the large scale 
evolution of the velocity field will be captured to some extent. In particular, it is hoped that 
the large-scale dynamical constraints implemented in the inverse model will provide some 
information on the circulation in the western area of the basin, despite the fact that this area 
will probably not be reached by the GyroScope floats during the duration of the experiment. 
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The velocity field produced by the inverse model will then allow the diagnostic of various 
quantities relevant to the study of climatic fluctuations. Zonally integrated meridional heat 
fluxes, for instance, will be diagnosed in near-real time and will be used to monitor how the 
ocean responds to seasonal and interannual changes in the climate system. 
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Figure captions: 
 

Figure 1. Correlation functions available in the NADA software to represent the 
background uncertainties in the interpolated fields. (top) Spatial correlations as a function of 
the distance between two points. (bottom) Temporal correlation as a function of the time lag 
between the estimation date and the observation date. 

 

Figure 2.a. (1st row) Climatological estimate (Reynaud et al., 1998) of the density field 
(l.h.s.) and its variance (r.h.s.) at 10 m depth over the inverse model domain. (2nd row) The 
density field (l.h.s.) and its variance (r.h.s.) estimated by objective mapping. (3rd row) On the 
l.h.s, the locations of hypothetical float profiles assumed in the present calculations are 
indicated. On the r.h.s., are indicated: the float observational noise which is 0.1 kg/m3; the 
decorrelation distance used in the objective mapping procedure, which is equal to the radii of 
influence used to compute the climatology west of 45°W, and equal to 300 km east of 45°W; 
the increase in density by a factor of 1.03 over the GyroScope domain which is meant to 
simulate winter conditions. (4th row) Climatological velocity field estimated by constraining 
the inverse model with the climatological density field (r.h.s), and modifications in this 
velocity field obtained when the climatology is replaced by the objectively mapped 
GyroScope density field (l.h.s.). (5th row) Velocity field estimated by the inverse model using 
the objectively mapped GyroScope density field. Arrows that are larger than 10 cm/s are 
shown in red, their size being fixed so that the smaller velocity vectors in the East can still be 
seen. The underlying pixels indicate the direction of the flow (red to the North and blue to the 
South). 2.b. Same as 2.a. but for a depth of 1000 m. 

 

Figure 3. Same as Figure 2, but with a background field that is assumed to have a uniform 
decorrelation radius of 50 km. 

 

Figure 4. Same as Figure 2, but with a background field that is assumed to have a uniform 
decorrelation radius of 300 km. 
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Figure 5. Radii of influence used by Reynaud et al. (1998) to construct the climatology of 
the density field. 
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Constraints on eta

enoise clim max = 0.1 ; variance of field : Moy x 4
Correlation radii -> in time : 30 days ;

in space : local west of 45W, 300 km east of 45W

Climatology -> density and error of the Th. Reynaud atlas

Observations -> density of the Th. Reynaud atlas x 1.03
standard deviation = 0.1

dated from NW (time 0) to SE (time 10)
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	Near real-time inversion of float profiles to estimate the velocity field

