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Editorial – July 2011 – The latest space mission : SMOS, GOCE and CRYOSAT 

Gree�ngs all, 

This month’s newsle�er is devoted to the latest space mission and their use in physical oceasnography. A focus is here put on the possible physical oceanography 

applica�ons of the SMOS, GOCE and CRYOSAT missions.  

SMOS (Soil Moisture and Ocean Salinity), launched on November 2, 2009, is the first satellite mission addressing sea surface salinity measurements from space. Realis-

�c salinity maps have been obtained and preliminary valida�on tests against in situ data indicate that the SMOS team is approaching its goals. SMOS will be a mile-

stone in the route for incorpora�ng salinity to opera�onal remote sensing.  

The GOCE (Gravity Field and Steady-State Ocean Circula�on) satellite, first core Earth Explorer mission from ESA’s Living Planet programme, was successfully launched 

on March, 17
th

 2009. One primary objec�ve of the GOCE mission is to determine the Earth geoid with an accuracy of 1-2 cm for a spa�al resolu�on of 100 km. This is 

an important supplementary step towards the be�er es�ma�on of the ocean Mean Dynamic Topography, a key reference surface for the assimila�on of al�metric Sea 

Level Anomalies into opera�onal ocean forecas�ng systems. 

ESA's CRYOSAT Earth Explorer mission was launched on 8 April 2010. Although its first mission is to provide the first satellite maps of sea-ice thickness, the CRYOSAT 

mission is also opera�ng over ocean surfaces providing a new source of valuable al�meter measurements. It represents an addi�onal al�meter ocean mission comple-

mentary to exis�ng Envisat, Jason-1 and Jason-2 missions in the opera�onal mul�mission processing chain of the SSALTO/DUACS system used in MyOcean. 

The newsle�er is presen�ng the following scien�fic ar�cles: First, Font et al. present the characteris�cs of the SMOS instrument, a summary of the sea surface salinity 

retrieval from SMOS observa�ons and shows ini�al results obtained one year and a half a>er launch. At present there are s�ll several issues being addressed by the 

SMOS team, mainly related to low level data processing but also to the retrieval of salinity from radiometric measurements, which prevent by now from reaching the 

mission objec�ves in terms of salinity accuracy. However, realis�c salinity maps have been obtained and will be presented. Second, Rio and Mulet carry out an inde-

pendent valida�on of the different GOCE geoid models, in order to assess their accuracy and determine which one is be�er suited for oceanographic applica�ons and 

Mean Dynamic Topography es�ma�on. Both the impact of the different methodologies used to compute the gravity fields as well as the contribu�on of the four 

months of supplementary data have been checked. Third, Dorendeu et al. present a dedicated experiment in order to es�mate to which extent valuable ocean al�-

metric signals can be extracted from CRYOSAT data and how this opportunity mission could be merged with exis�ng Envisat, Jason-1 and Jason-2 missions in the oper-

a�onal mul�mission processing chain of the SSALTO/DUACS system. Finally, Meinvielle et al. are wri�ng on how to op�mally improve the atmospheric forcing of long 

term global Ocean simula�ons with Sea Surface Temperature (SST) observa�ons. The objec�ve of their research is to develop a new assimila�on scheme based on 

advanced sta�s�cal methods that will use SST satellite observa�ons to constrain the surface forcing func�on of long term ocean circula�on simula�ons. 

The next October 2011 issue will be dedicated to the reanalysis and reprocessing products within MyOcean. We wish you a pleasant reading!  
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(le� panel) Ar�st’s view of SMOS in orbit with its Y-shaped antenna array 

(right panel) Global map of surface salinity (psu) generated from 10 days of SMOS measurements in August 

2010. 

Credits: Font et al. this issue. 
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4ARGANS Ltd, Plymouth, England, UK 
5ESRIN – European Space Agency, Frascati, Italy 

Abstract 

SMOS (Soil Moisture and Ocean Salinity), launched on November 2, 2009, is the first satellite mission addressing sea surface salinity measure-

ments from space. Its unique payload is MIRAS (Microwave Imaging Radiometer using Aperture Synthesis), a new two-dimensional interferome-

ter designed by the European Space Agency (ESA) and operating at the microwave L-band. This paper presents the characteristics of the instru-

ment, a summary of the sea surface salinity retrieval from SMOS observations and shows initial results obtained one year and a half after launch. 

The pioneer nature of this mission, both from the technological and data processing points of view, implies many challenges that require continu-

ous improvements even the mission was declared operational in May 2010. At present there are still several issues being addressed by the 

SMOS team, mainly related to low level data processing but also to the retrieval of salinity from radiometric measurements, which prevent by now 

from reaching the mission objectives in terms of salinity accuracy. However, realistic salinity maps have been obtained and preliminary validation 

tests against in situ data indicate we are approaching our goals. SMOS will be a milestone in the route for incorporating salinity to operational 

remote sensing. 

Introduction 

On November 2, 2009 the European Space Agency successfully launched from northern Russia the first of its Earth Explorer Opportunity Mis-

sions (EEOM): SMOS, Soil Moisture and Ocean Salinity (Kerr et al., 2001). These are small format missions aimed at demonstrating new technol-

ogies to provide relevant new information for Earth observation from space, and are proposed to ESA by the scientific community through dedicat-

ed calls. The opportunity missions are complementing the Earth Explorer Core Missions (the first one being the Gravity field and steady-state 

Figure 1: Artist’s view of SMOS in orbit with 
its Y-shaped antenna array 
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Ocean Circulation Explorer, GOCE, launched in March 2009) designed and implemented by ESA as part of the science and research component 

of its Living Planet Programme.  

SMOS was submitted to the first EEOM call in 1998, and selected for a feasibility study, and later detailed design and implementation, under the 

format of an ESA-lead mission in cooperation with France (CNES) and Spain (CDTI); Yann Kerr (CESBIO, Toulouse) and Jordi Font (ICM-CSIC, 

Barcelona) were appointed Lead Investigators for soil moisture and ocean salinity, respectively. After launch, an In Orbit Commissioning Phase 

took place for six months and in May 2010 the mission was declared operational. However, due to the exploratory nature of the mission and the 

pioneer payload and geophysical retrieval approach used, the algorithms at all levels are continuously being improved and general reprocessing 

campaigns are envisaged to generate optimised products for the community of users. 

SMOS, also known as the ESA’s water mission, is expected to be a fundamental step for the future operational provision of these two variables 

that play a key role in the Earth water cycle (http://www.esa.int/esaLP/LPsmos.html). Figure 1 is an artist’s view of SMOS in orbit with the three 

antenna arms and solar panels deployed. 

MIRAS in SMOS: a new technology 

The remote sensing of ocean salinity and soil moisture is based on a common feature of both geophysical variables: they modify the dielectric 

properties of respectively seawater and soil. All bodies spontaneously emit electromagnetic radiation in a large range of wavelengths. At low fre-

quencies, including microwaves, the brightness temperature of the body (TB, the quantity to be measured by a radiometer, and related to the emit-

ted power) is proportional to its physical temperature. The proportionality coefficient, the emissivity, is a function, among other variables, of the 

dielectric constant and as a consequence of the conductivity, and hence salinity when the emitting body is seawater (see e.g. Lagerloef and Font 

2010). SMOS was proposed to measure TB with a microwave radiometer to determine from it sea surface salinity (SSS) over the oceans and soil 

moisture over land surfaces. 

The SMOS radiometer operates at 1.413 GHz (within L-band), close to the maximum sensitivity of TB to changes in salinity and soil moisture and 

where the impact of other parameters influencing it is minimal. [1.400-1.427] GHz is a frequency band where human made emissions are banned 

by international regulations since it is kept for passive observations. The principles of SSS and soil moisture determination by microwave radiome-

try were sufficiently known for decades, but no satellite mission had attempted so far to measure these variables due to the very large scanning 

antennas required to obtain a reasonable spatial resolution (few tens of km) at this frequency.   

In order to overcome this problem SMOS is using a large number of small antennas (20 cm diameter), deployed along three 4 m arms forming a Y 

shape. This is the same principle used in radioastronomy for more than 50 years to achieve a very large synthetic antenna from an array of anten-

nas distributed on ground. This instrumental design, known as MIRAS (Microwave Imaging Radiometer using Aperture Synthesis), is the result of 

an innovative technological concept developed by ESA (McMullan et al., 2008) through the implementation in two dimensions of synthetic aper-

Figure 2: MIRAS, the SMOS two-dimensional inter-
ferometric microwave radiometer, being assembled 
at EADS CASA Espacio, Madrid 
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ture radiometry, first proposed for Earth observation by LeVine and Good (1983) and Ruf et al. (1988) as a way to increase the angular resolution 

of individual antennas.  

MIRAS (figure 2) is the first ever interferometric radiometer onboard a satellite. Cross-correlations between the signals collected by all pairs of 69 

small antennas are measured every 1.2 seconds. After a process of internal and external calibration, these correlations, together with the average 

TB measured at low spatial resolution by three dedicated radiometers on board, become the so-called complex visibility, a two-dimensional func-

tion of the relative distance between antennas in each pair. In a first-order approximation, the source TB image, as a function of the spatial direc-

tions, is equal to the two-dimensional Fourier transform of this visibility function (Corbella et al. 2004). The image is then retrieved from the cali-

brated visibility by using a suitable inversion algorithm. In the end, this can be shown to be equivalent to synthesizing a narrow antenna beam at 

each spatial direction or pixel. The principal advantage of this technique is that, unlike a classical total power radiometer, it does not require any 

mechanical scanning to achieve a complete map of brightness temperature: One full image snapshot is obtained at a time every 1.2 seconds in 

the case of SMOS. On the other hand, the image has multiple incidence angles, mixed polarisation and different radiometric quality (sensitivity 

and resolution) depending on the spatial direction.  

The development and manufacturing of MIRAS has been a large technological challenge. Besides the innovative instrumental concept itself, it 

includes many state-of-the-art subsystems and some of them (for example the optical harness) provide solutions that have been implemented in 

space for the first time. Up to now, after more than one year and a half from launching, it continues to operate successfully with all parameters 

within their expected range of variation. Details on MIRAS and interferometric polarimetric radiometry can be found in Font et al. (2010), together 

with abundant bibliographic references. 

Determining salinity from SMOS measurements 

SMOS is orbiting at 755 km, has a repeat cycle of 144 days (almost repeat in 18 days), and the antenna plane is tilted 32.5º from horizontal. This 

way the spatial coverage is maximised and any point on Earth is sampled at least once every 3 days, a requirement for soil moisture observations 

(Waldteufel et al., 2003). The reconstructed SMOS TB images are curved hexagons, almost 1000 km wide, formed by pixels from 30 to 100 km, 

with varying incidence angle and radiometric resolution depending on their location with respect to the antenna boresight in each snapshot.  

At each SMOS overpass salinity is determined by comparing, for any single spot at the ocean surface, the measured TB at different incidence 

angles while the spot is inside the field of view in successive satellite snapshots, to the TB theoretically emitted by the ocean at the corresponding 

angles. The latter is computed by a forward model of the ocean emission taking into account the actual seawater conditions. A cost function is 

minimised in a convergence loop, where the value of SSS is corrected from a first guess until an optimal fit with the measured TB is reached. The 

relationship between temperature, salinity, angle of observation, frequency and the radiation polarisation state with the microwave brightness 

temperature is given, from basic principles, only for a flat-sea condition. The effect of the sea roughness upon TB, the main source of geophysical 

error in salinity remote sensing (Yueh et al. 2001), is taken into account as a correction to the flat-sea value. Information on roughness is derived 

from operational forecasts of wind and wave characteristics from the European Centre for Medium-range Weather Forecast that also provides 

other auxiliary information required as sea surface temperature or atmospheric parameters. Moreover, further corrections must be made consider-

ing that the emitted radiation is modified in its path from the surface to the satellite (attenuation by the atmosphere, polarisation mixing in the iono-

Figure 3: Salinity retrieval approach with SMOS. (left panel) Different sources of L-band radiation that can reach the radiometer; (right panel) 
Block diagram of the SMOS salinity processor, from filtering degraded measurements to recovering three different salinity values using three 
alternative roughness correction models. 
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sphere, …), and other sources of radiation at the same frequency may exist that can also reach the radiometer (emission by the atmosphere, 

galactic radiation scattered on the surface, …). The result is a quite complex algorithm implemented in the SMOS salinity processor (Zine et al. 

2008) that includes a series of sequential modules (figure 3), from filtering out erroneous or low quality TB and auxiliary data, to models of all the 

involved physical processes, and to the SSS retrieval scheme and generation of the SMOS salinity product. This output product, known as level 2 

(geophysical variable, in this case retrieved salinity, in a per orbit basis), is distributed by ESA as strips over ocean areas centered along the satel-

lite subtrack.  

The multiangular measurement characteristics of SMOS should allow for a redundant determination of SSS. However, it was estimated during the 

mission development that radiometric noise and other possible errors (mainly due to the instrument performance limitations, image reconstruction 

process, errors on auxiliary parameters, and incomplete forward model formulation) would result in accuracy in retrieved SSS of the order of 1-2 

salinity units. The high level of noise in single orbit SSS determinations should be reduced by spatial and temporal averaging, that is generating 

salinity maps from the level 2 products. The integration of several SMOS orbits in a temporal window of 10-30 days and spatial resolution of 100-

200 km can provide a product similar to present climatologies but including the temporal evolution. The goal is to achieve salinity accuracy of the 

order of 0.1 salinity units, which is relevant to the study of large scale oceanographic and climatic phenomena, like the observation and forecast of 

El Niño events, the North Atlantic thermohaline circulation, or the estimation of open ocean precipitation (Font et al., 2004). 

The ESA mandate for SMOS is to design, implement, launch, and operate the mission during its entire life (nominal 3 years, expected 5 years and 

even beyond), and to deliver products to users up to level 2, as well as maintaining a long-term archive. A near-real time processing chain has 

also been set up following the demand of operational meteorological institutions, like ECMWF or the Meteorological Service of Canada. Both cen-

tres are now monitoring and plan to assimilate soon SMOS level 1 (brightness temperature) data over land into their numerical weather systems. 

In order to generate higher level products, both France and Spain committed to design, fund, implement and operate additional SMOS data pro-

cessing centers. While these additional products are, in a first stage, global gridded maps (level 3), later products will be proposed through the 

integration of the SMOS data with other sources of information (level 4), both from Earth observation satellites, as the US-Argentina Aquarius 

salinity mission (Lagerloef et al. 2008) launched on 10 June 2011, and from in situ measurement systems. The French Centre Aval de Traitement 

de Données SMOS (CATDS) is installed in the Institut français de recherche pour l’exploitation de la mer (IFREMER, Brest), while the Spanish 

Centro de Proceso de datos SMOS de niveles 3 y 4 (CP34) is operating in the European Space Astronomy Centre (ESAC, near Madrid) next to 

the official ESA SMOS Data Processing Ground Segment. 

First results and remaining issues 

Soon after MIRAS switching-on and first calibrations, level 1 data (TB) were available from December 2009 onwards and the characteristics of the 

reconstructed images field and their impact on the level processing could be examined. As explained before, MIRAS is performing according to 

the specified requirements, or even better. Measured radiometric sensitivity over the oceans is in agreement with theory, thermal noise is negligi-

ble after calibration, and the instrument appears to be reasonably stable over several months. Therefore, from an instrumental point of view, the 

TB images are currently generated operationally with good quality. However, corrections applied to the routine radiometer calibrations and some 

aspects of image reconstruction procedures still need to be refined for an optimal SSS product, while some components of the forward model, 

Figure 4: The strong salinity 
(psu) gradient of the Amazon 
plume measured by SMOS in 

August 2010 
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mainly the roughness correction module (designed before launch), are being improved through analysis of real SMOS data. Nevertheless, the first 

salinity retrieval tests performed by the SMOS L2OS (L2 Ocean Salinity) processor showed meaningful geophysical signals, such as the expected 

latitudinal salinity variation along an ascending orbit in the Pacific Ocean and the strong gradients associated to the Amazon plume (figure 4). 

Figure 5 shows the first satellite salinity map generated in early February 2010 by combining ten SMOS ascending orbits acquired in late January 

in the Pacific without data filtering or averaging. This SSS field was retrieved using a simplified algorithm instead of the full L2OS processor, for a 

first retrieval test from the SMOS level1 products. A comparison of SMOS to the January surface salinity climatology from the World Ocean Atlas 

2005 (Antonov et al., 2006) shows a considerable coherence both in terms of spatial structure and absolute values. Degraded results are found 

near the swath borders, where the number of TB measurements for each grid point is the smallest and where the radiometric quality is poor, and 

also near the coast. The plot also shows areas of strong winds in high North and South latitudes where roughness correction models seem not to 

be reliable enough and the sensitivity of TB to SSS is minimal due to low sea surface temperatures. 

Font et al. (2011) present a summary of the main issues that are now affecting the quality of the SSS retrieved by SMOS. By May 2011 new ver-

sions of the level 1 and level 2 processors have been delivered and will be ingested in the processing chain, as well as used in autumn this year 

for a general reprocessing of all the data from the beginning of the mission. A note for the SMOS swath ocean salinity products users has been 

prepared by the authors and is being displayed in the ESA web site: 

“The present OS level 2 processor, which includes the last corrections and improvements as result of the data analysis during and beyond the 

Commissioning Phase, is ready to deliver the best salinity products available, although still not reaching the expected quality, with several issues 

under study by the development team. Details on the processing algorithms can be found in the Algorithm Theoretical Baseline Document 

(ATBD), and on the L2OS products structure in the SMOS Level 2 and Auxiliary Data Products Specifications, both available from ESA (all docu-

ments available on www.earth.esa.int/smos). Additional information, including documentation, product thumbnails and FAQs, can also be found 

on the SMOS L2OS website:  www.argans.co.uk/smos. 

Users should be aware that by now these L2OS products are to be intended more for diagnosing and improving the SMOS salinity retrieval than 

for their operational use in oceanographic research. 

The following comments have to be taken into account for a proper understanding, interpretation and assessment of the OS products: 

The released SMOS salinity products are not yet validated. They are the result of applying the algorithms described in the ATBD that will evolve 

from the experience gained with several months of data analysis, and from the feedback provided by the SMOS validations teams, which started 

working in July 2010. A general reprocessing is expected to take place summer 2011 after new corrections and improvements at all levels. 

Three different salinity values are included for each grid point of the L2OS products. These correspond to the three roughness effect model op-

tions included in the retrieval, as described in the ATBD. These models have been tuned and modified to improve retrievals, and will continue to 

be refined for the 2011 reprocessing. Hopefully in the future a unique optimal salinity value will be delivered. 

The SMOS L2 OS User Data Product contains many flags and descriptors to help understanding the characteristics and circumstances of the 

salinity products generation. These are described in the above referenced documents. Missing salinity values are indicated by -999. Since March 

2011 a new algorithm for calculating the quality index (Dg_quality_SSS), and new quality flags, have been introduced into the L2OS User Data 

Product, which may be used to filter grid points, for example where good quality salinity has been retrieved, or where specific geophysical condi-

tions may have an impact on retrieval quality: for details see Fg_ctrl_poor_quality and Fg_ctrl_poor_geophysical in the Input/Output Data Defini-

tion (http://www.argans.co.uk/smos/docs/deliverables/delivered/IODD/SO-TN-ARG-GS-0009_L2OS-IODD_v2.18_101207.pdf). 

SMOS salinity retrieval is based on a comparison between measured (L1c products, at antenna level, not surface level) and modeled (ocean sur-

face emission including salinity contribution) brightness temperatures. After MIRAS being optimally calibrated, there is still a residual average 

Figure 5: First SMOS salinity (psu) 
map obtained by superposing 10 as-
cending orbits over the Pacific Ocean 
in December 2009 (by J. Tenerelli, 
CLS, Brest) compared to World 
Ocean Atlas 2005 climatology. 
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misfit between measured and modeled TB over homogeneous ocean areas probably due to instrumental and image reconstruction method imper-

fections. The resulting bias has a persistent spatial pattern as seen in the antenna cosinus-director frame that is now removed in the processor by 

introducing Ocean Target Transformation Look Up Tables) to the L1 TB before running salinity forward models. This transformation basically con-

sists in applying a constant offset (positive or negative) to the TB depending on their coordinates in the antenna frame (incidence and azimuth 

angles).  This step is now described as an appendix in the last version of the ATBD http://www.argans.co.uk/smos/docs/deliverables/delivered/

ATBD/SO-TN-ARG-GS-0007_L2OS-ATBD_v3.6_101207.pdf). Alternative bias removing methods are being tested and may be incorporated in 

future versions of the L2OS processor. 

Poorer quality retrieval can be seen near to the edges of each swath, where less TB measurements are available for each grid point and radio-

metric quality is poorer. This may be removed in further versions of the processor in case that only Alias-Free data are used, instead of Extended-

Alias-Free as implemented now. Anyway, the expected accuracy of the salinity retrieval at L2 is of the order of 1-2 psu depending on the distance 

to satellite subtrack and other environmental conditions. To reach the 0.1-0.2 salinity units at GODAE scales stated in the SMOS mission objec-

tives, further spatio-temporal averaging is needed to reduce the noise level. This is to be done by the French CATDS and Spanish CP34 high 

level SMOS data processing centres. CP34 is already operational and users can register at http://www.cp34-users.cmima.csic.es/. 

A problem that can be observed in SMOS TB and salinity data is the contamination from land as soon as land masses enter the SMOS very wide 

antenna field of view. This depends on the distribution of brightness temperature of the land masses far away from the scene for which SSS is 

retrieved. This effect impacts the quality of the retrievals in spatial bands following the world continent major coast-lines and spanning over differ-

ent distances from coast, depending on the orbit orientation. A similar effect can be observed in ice-sea transition areas. The problem is thought 

to be an image reconstruction issue and improvements are expected to be introduced in further versions of the L1 processor. 

Another problem now under study is the impact of antenna temperature in the generated brightness temperatures. Seasonal TB drifts have been 

observed, as well as differences between ascending and descending passes, and this appears to be due to the different position of the Sun with 

respect to the antennas. These small drifts (that can reach up to 1 ºK in 6 months in the Extended-Alias-Free Field-of-View) are irrelevant for soil 

moisture retrieval but not for salinity. New antenna pattern models and calibration corrections are being tested and will be incorporated in further 

versions of the L1 processors. 

Although not as dramatic as over land, SMOS ocean images can also be affected by radiofrequency interferences generated by illegal man-made 

emissions, and this is especially important in some regions as in the Northern Atlantic. This is now under investigation to find efficient methods for 

◄ Figure 6: A SMOS level 2 swath product (ascending 
semi-orbit) generated with the latest versions of the L1 
and L2 processors, not yet ingested in the production 
chain. The image evidences the noisy character of the 
retrieved salinity (psu) on a single satellite overpass, 
and the effect of filtering out pixels that have been 
found to be outliers or too close to land or sea ice. 

▲ Figure 7: Global map of surface salinity (psu) generated from 10 days of SMOS 
measurements in August 2010 reprocessed with the latest version of the level 1 and 
level 2 processors, including removal of the main land contamination effects and with 
improved roughness correction. White areas over the ocean indicate that data have 
been filtered out due to low quality. 
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identification and removal of contaminated data, as well as in the political/technical side to get the illegal sources being switched-off by the corre-

sponding national authorities (many successful actions have been achieved until now). 

It can also be noticed that salinity retrieval is worse in cold oceans (TB sensitivity to SSS decreases with decreasing SST) and also in areas of 

strong winds. The three roughness impact models now implemented in the L2OS processor (that generate three different SSS values) are per-

forming less well under strong winds. This is also being addressed by the algorithms development teams to find improved formulations, and the 

L2 algorithm version operational from March 2011 includes new roughness correction algorithms fitted to SMOS data. 

Significant differences are found between SSS retrieved in ascending and descending passes, particularly at high latitudes. Besides the drift prob-

lem mentioned above, this can also be related to sunglint effects. Although a method to flag and correct for sunglint contamination is implemented 

in the processor, it seems to introduce an artificial bias which is seasonal and latitude dependent in descending passes. This may be a source for 

the observed differences between passes, as the miss-match is dominant in the descending passes southern latitudes, for which sun glint is the 

strongest.  

Other imperfections in these products can be due to image reconstruction problems still to be solved or to the salinity retrieval process, from the 

forward models to simulate the ocean emission and its fate until reaching the instrument antenna, until the inversion technique. Feedback from the 

users in identifying problems and proposing solutions will be more than welcome.” 

Several of the above mentioned issues have been significantly mitigated in the new versions of the processors that will be operational from sum-

mer 2011, especially short term drifts linked to variability of the antennas physical temperature and the strong land contamination around the con-

tinents that was beyond theoretical expectations (figure 6). Figure 7 is a global salinity map built offline from level 2 products by the SMOS Barce-

lona Expert Centre in June 2011 using the latest versions of the processors. 

As mentioned herein, SMOS is a completely new Earth observation mission, both from the instrument and algorithmic points of view. Therefore, 

the validation of the products it provides is the fundamental step to demonstrate the feasibility of the proposed approach for future operational 

missions to regularly provide soil moisture and ocean salinity. The evolving situation, with continuous improvements of the algorithms, will allow 

soon starting systematic validation activities. Evaluation of SMOS salinity data can be better performed using averaged maps than the much noisi-

er single level 2 products distributed by ESA. In exploratory tests the SMOS derived SSS maps have been compared to equivalent products from 

in situ observations, namely the World Ocean Atlas climatologies and interpolated maps from the Argo array of drifting profiling floats. 

Figure 8 displays the 10-day averaged SMOS SSS for the period February 6, 2011 through February 16, 2011 computed with the current opera-

tional SMOS products (that is before the last land contamination correction, not operational yet) minus surface salinity from WOA 2005 monthly 

climatology. The activation of the processor error flags masks large portions of the North Atlantic, East Pacific, North Indian Ocean and Mediterra-

nean Sea that are regions systematically affected by interferences. The spatial distribution of the surface salinity displays coherent spatial struc-

tures of fresh anomalies in the open oceans in the tropical regions. Salty anomalies, too large compared with the known variability of the SSS 

field, are observed for the Southern ocean and near coastal areas, and are supposed to be mainly due to the above mentioned strong land (and 

ice) contamination effect. Analyzing for the same period the differences between SMOS and interpolated Argo data 7.5 m deep, we find that 

SMOS SSS shows globally a bias of 0.3 psu with a standard deviation of 0.8 psu. This is really encouraging, especially taking into account 

Figure 8: Field of SMOS SSS anoma-
ly (psu) with respect to World Ocean 
Atlas 2005 climatology for the period 
6 to 16 February 2011, computed 
from the level 2 products operational-
ly delivered by the SMOS Data Pro-
cessing Ground Segment. 
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(besides that SMOS samples the first cm while Argo provides subsurface information) that the recent processor modifications will allow improving 

this situation, and that once SMOS level 1 will reach an optimum calibration and image reconstruction quality, there is still room for improvements 

in the salinity retrieval through better roughness correction formulations. 

Conclusion 

Salinity microwave remote sensing has limitations due to the weak TB sensitivity to SSS that requires an excellent accuracy and stability of a radi-

ometer. For a fixed incidence angle, the entire range of salinity in the world oceans corresponds to about 5 ºK in TB, while this is up to 100 ºK for 

the soil moisture range. SMOS is the first attempt to obtain this information from space with a novel technology, L-band interferometric radiometry, 

never used before onboard a satellite. After one year of regular operations, the SMOS MIRAS instrument has demonstrated to comply with the 

strict technical requirements and deliver the planned radiometric information. The complexity of the image reconstruction process that integrates 

large area total power measurements with high angular resolution demands a very accurate low level data processing, still being refined. The 

pioneer geophysical modeling, plus additional problems like the impact of illegal man-made emissions within the forbidden band or the effect of 

external natural radiation (e.g. galactic noise) reaching the radiometer through scattering on the ocean surface, is also a real challenge. However, 

we have been able to obtain realistic salinity retrievals and are significantly advancing into the generation of products useful for large scale ocean-

ographic studies, even the mission requirements may not be reached in some specific ocean areas. We expect demonstrating this is an adequate 

approach for future missions to regularly deliver SSS information to complement the existing in situ observing systems (Lagerloef et al., 2011) and 

hence improving our present capability to diagnose and forecast the state of the world oceans.  
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AN OCEANOGRAPHIC ASSESSMENT OF THE PRELIMINARY GOCE  GEOID 
MODELS ACCURACY 

By Marie-Hélène Rio (1) and Sandrine Mulet (1) 

(1)CLS / Space Oceanography Division, Ramonville Saint-Agne, France 

INTRODUCTION 

The GOCE (Gravity Field and Steady-State Ocean Circulation) satellite, first core Earth Explorer mission from ESA’s Living Planet programme, 

was successfully launched on March, 17th 2009. One primary objective of the GOCE mission is to determine the Earth geoid with an accuracy of 1

-2 cm for a spatial resolution of 100 km. After the success of the GRACE mission (launched in March 2005, and still operating), which exploitation 

has allowed to improve the geoid knowledge at scales greater than 300km, this is an important supplementary step towards the better estimation 

of the ocean Mean Dynamic Topography, a key reference surface for the assimilation of altimetric Sea Level Anomalies into operational ocean 

forecasting systems. 

Two years after launch, six preliminary GOCE geoid models have been made available, based on three different computational approaches. For 

each approach, two releases have been made, the first one in June 2010, based on 2 months of GOCE data, and the second one in March 2011, 

based on more than 6 months of data. 

In this study, an independent validation of the different GOCE geoid models has been carried out in order to assess their accuracy and determine 

which one is better suited for oceanographic applications, if any. Both the impact of the different methodologies used to compute the gravity field 

as well as the contribution of the four months of supplementary data have been checked. 

Section 2 gives more details about the different GOCE geoid models available. The assessment method developed to assess the accuracy of the 

different solutions is presented in section 3 and the results are analyzed in section 4. Section 5 gives the main conclusions and perspectives of 

this study. 

GOCE data 

The ESA HPF (High Processing Facility) has used three different approaches to compute the GOCE geoid models (Pail et al, 2011). The time-

wise (Pail et al, 2010) and the space-wise (Migliaccio et al, 2010) approaches have been especially developed for the GOCE mission while the 

direct approach (Bruinsma et al, 2010) is more classical. Two releases computed from respectively 2 months and 6 months of GOCE data are 

available for each geoid models based on the time-wise and the direct approaches. Only one release based on the space-wise approach is availa-

ble and uses 2 months of GOCE data. 

The two releases based on the direct approach (EGM_DIR_R1 and EGM_DIR_R2) are developed to order and degree 240 of spherical harmon-

ics (83 km resolution). EGM_DIR_R1 results from 2 months of GOCE data constrained toward Eigen_51C that combines surface and GRACE 

data (Bruinsma et al, 2010) while EGM_DIR_R2 results from 6 months of GOCE data constrained toward ITG_Grace2010s that is a GRACE 

(Gravity Recovery And Climate Experiment) only solution (Kurtenbach et al, 2009). The first release based on the time-wise approach 

(EGM_TIM_R1) is developed to order and degree 224 of spherical harmonics (89 km resolution) while the second release (EGM_TIM_R2) is de-

veloped to order and degree 250 (80 km resolution). EGM_SPW is based on the space-wise approach and is developed to order and degree 210 

of spherical harmonics (95 km resolution). 

METHOD 

In order to investigate the quality of the new GOCE geoid models we have first computed MDTs from EGM_DIR, EGM_SPW and EGM_TIM. To 

quantify the improvement of GOCE relative to GRACE mission we have also computed MDT from ITG-Grace2010s developed to order and de-

gree 180 and using seven years of GRACE data (Kurtenbach et al, 2009). 

The MDTs are computed by subtracting the different geoid models from an altimetric Mean Sea Surface. The Mean Sea Surface (MSS) used in 

this study is the MSS_CNES_CLS10 estimated for the 1993-1999 period (Schaeffer et al, 2010). The MSS resolves spatial scales as short as 10-

20 km while the geoid models are developed up to degree and order 210-250 (i.e. 95-80 km resolution) for the GOCE solutions and up to degree 
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and order 180 (i.e. 111 km resolution) for the GRACE solution. Further filtering is hence needed. We applied a gaussian filter using for the resolu-

tion scales six different values (100, 125, 150, 200, 250 and 350 km).  

In this study, we have mainly focused on the geostrophic currents deduced from the MDTs that are an estimation of the MDT gradients and thus 

are more sensible to noise than the MDT itself. Moreover it is more convenient to have a reliable estimate of geostrophic currents from in-situ data 

than an estimate of height above geoid. The estimate of the mean geostrophic currents (called ‘synthetic’ currents in the following) is deduced 

from all the 15 meter drogued drifting buoy data collected from 1993 to 2008 in the framework of the international WOCE and TOGA Surface Ve-

locity Program. These data are distributed by AOML where they first have been quality controlled and krigged (Hansen and Poulain, 1996) in or-

der to provide 6-hourly velocity measurements. In order to extract from the drifting buoy velocities only the geostrophic component, the Ekman 

current was first modelled (Rio and Hernandez, 2003) and substracted. Then, a 3 day low pass filter was applied to the velocities to remove iner-

tial and tidal currents as well as residual high frequency ageostrophic currents. Finally the geostrophic velocity anomalies deduced from the Sea 

Level Anomalies relative to the 1993-1999 period are interpolated along the drifter’s trajectories and subtracted from the associated instantaneous 

geostrophic currents to have an estimate of the mean geostrophic currents relative to the same 7 year period. The altimetric SLAs used in this 

study are computed by the SSALTO/DUACS centre and distributed by AVISO (SSALTO/DUACS User Handbook, 2006). The synthetic currents 

obtained as described above are then filtered at the same resolution scales and using the same Gaussian filter than the MDTs computed from 

geoid models. 

Standard deviations of the differences between the geostrophic currents associated with MDTs computed from geoid models and synthetic geo-

strophic currents deduced from independent observations are computed at different resolution scales. The results will be discussed in the follow-

ing sections.  

IMPROVEMENT OF GOCE OVER GRACE 

Figure 1 shows, at different resolution scales, the standard deviation of the difference 

between synthetic geostrophic current and geostrophic velocities estimated from GRACE and GOCE MDTs. In this part, only the first releases of 

the GOCE geoid models computed with 2 months of data are used.  

At scales smaller than 200 km, the standard deviations of the difference are much smaller with MDTs computed with GOCE geoid models (blue 

lines) than with GRACE geoid model (pink lines). At 100km, GOCE improves a lot the comparisons to independent observations; the gain of 

EGM_TIM_R1 compared with ITG_Grace2010s  is 72% for the zonal velocities and 68% for the meridional 

velocities. In the Gulf Stream area (Figure 2) the circulation is well described by MDTs computed with GOCE data while MDT computed with 
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Figure 1: Standard deviation (cm/s) over the global 
ocean of the difference between the synthetic geo-
strophic currents and geostrophic currents associated 
with MDTs computed from (pink circles) 
ITG_GRACE2010s, (blue squares) EGM_TIM_R1, 
(blue diamonds) EGM_SPW_R1 and (blue stars) 
EGM_DIR_R1. The top plot (resp. bottom) shows 
results for the zonal (resp. meridional) component.  
The red dash line shows the standard deviation of the 
synthetic estimate of the mean geostrophic velocities.  
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ITG_Grace2010s is very noisy. At 150 km GOCE geoid models give standard deviations of the difference (Figure 1) smaller by more than 1.5cm/s 

than ITG_Grace2010s and smaller than the synthetic variability itself (red dash lines) for both components. At these scales, only 2 months of 

GOCE data improve a lot the mean oceanic circulation compared with 7 years of GRACE data. 

At scales larger than 200km, the difference between geoid heights estimated from GRACE data and GOCE data are less than 1.5 cm. Thus, it is 

difficult to see this difference studying MDTs. At theses scales GOCE and GRACE have similar performances for the computation of Mean Dy-

namic Topography.  

Figure 2 :Intensity of the mean geo-
strophic currents (cm/s) in the Gulf 

Stream area from the 100km-filtered 
MDTs computed from (a) ITG-

GRACE2010s, (b) EGM_SPW_R1, (c) 
EGM_DIR_R1 and (d) EGM_TIM_R1  

Figure 3 : Standard deviation (cm/s) over the global 
ocean of the difference between the synthetic currents 
and currents associated with MDTs computed from 
(blue squares) EGM_TIM_R1 and (green squares) 
EGM_TIM_R2. The red dash line shows the standard 
deviation of the synthetic currents. 
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IMPACT OF MORE GOCE DATA  

In this part we will compare the first HPF releases computed with 2 months of GOCE data and the second HPF releases computed with 3 times 

more GOCE data.  

First, the comparison between the first and the second releases of EGM_TIM permit to quantify the impact of using more GOCE data in a GOCE 

Figure 4 : Mean Dynamic Topography (cm) filtered 
at 100 km and computed from (a) EGM_TIM_R1 
and (b) EGM_TIM_R2.  

Figure 5 : Intensity of the mean geo-
strophic currents (cm/s) in the Kuroshio 

area from the 100km-filtered MDTs com-
puted from (a) EGM_TIM_R2,  (b) 

EGM_TIM_R1, (c) EGM_DIR_R2 and (d) 
EGM_DIR_R1.  
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only geoid model. Figure 3 shows that using 3 times more GOCE data improve a lot the comparison to independent observations. At 100km, the 

standard deviation of the difference for the zonal (resp. meridional) velocities decreases by about 2 cm/s (resp. 2.5 cm/s) with EGM_TIM_R2 com-

pared with EGM_TIM_R1, the gain is 36 % (resp. 46 %). Figure 4b illustrates the improvement. The MDT computed with the second release of 

EGM_TIM is globally less noisy than the first release (Figure 4a); the improvement is especially visible in the interior and east of the subtropical 

gyres and south of Australia. Figure 5a and Figure 5c show the improvement in the Kuroshio area.  

Then, Figure 6 shows results of the comparison to independent observations for the different geoid models using the direct approach. 

EGM_DIR_R1 and R2 are both constrained toward an apriori geoid model but not the same. EGM_DIR_R1 is constrained toward Eigen_51C that 

combines surface and GRACE data while EGM_DIR_R2 is constrained toward ITG_Grace2010s (GRACE only solution). To quantify the impact of 

more GOCE data, we should compare EGM_DIR_R1 (blue stars on Figure 6) and exactly the same model but with more GOCE data (yellow stars 

on Figure 6). The improvement is less significant than for the time-wise approach (about 1cm at 100 km) because the surface data including in 

Eigen_51C give already information about small scales. However, the comparison between the two releases of EGM_DIR is very interesting and 

permits to quantify the impact of GOCE data in a geoid model that include surface data. At 100km, EGM_DIR_R1 gives better results than 

EGM_DIR_R2 thanks to the surface data. Figure 5c and Figure 5d illustrate that EGM_DIR_R2 is noisier than EGM_DIR_R1 in the Kuroshio area 

at 100 km resolution scale. But between 120 and 200 km, EGM_DIR_R2 is slightly better (Figure 6). Thus, GOCE improves mostly scales be-

tween 120 and 200 km compared with model that combines surface and GRACE data.  

COMPARISON BETWEEN THE DIFFERENT APPROACHES  

In this section, we investigate the influence of the different approaches (time-wise, space-wise and the direct one) in the computation of the mean 

oceanic circulation.  

The blue lines on Figure 1 show the results of the comparison to independent observations for the different approaches used in the first HPF re-

leases. EGM_DIR_R1 is constrained toward Eigen51C, a geoid model that combines GRACE and surface data. The surface data help to improve 

small scales compared with the satellite only geoid models. Thus, it is not surprising that the direct approach gives smaller standard deviations of 

the difference than the other approaches. EGM_SPW_R1 and EGM_TIM_R1 give almost similar results, the space-wise approach give slightly 

Figure 6 : Standard deviation (cm/s) 
over the global ocean of the difference 
between the synthetic estimate of 
mean geostrophic velocities and geo-
strophic currents associated with MDTs 
computed from (blue stars) 
EGM_DIR_R1, (green stars) 
EGM_DIR_R2 and (yellow stars) a 
geoid model equivalent to 
EGM_DIR_R1 but with 6 months of 
GOCE data. The top plot (resp. bottom) 
shows results for the zonal (resp. me-
ridional) component.  The red dash line 
shows the standard deviation of the 
synthetic estimate of the mean geo-
strophic velocities.  

Figure 7 : Intensity of the mean geostrophic currents (cm/s) in the 
New Zealand area from the 150km-filtered MDTs computed from 
(a) EGM_SPW_R1 and (b) EGM_TIM_R1. 
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smaller standard deviations. Figure 7 illustrates that the space-wise approach is a bit noisier than the time-wise approach in the North-East of New 

Zealand. In this area, the high gravity gradients on the boundary between the Pacific and the Indo-Australian Plates are hardly resolved in the 

geoid models. On the contrary the Mean Sea Surface has higher resolution and resolves these kinds of structures. Thus, the high gravity gradi-

ents introduce artifacts in the MDT computed by subtracting the MSS and the geoid height.  

Figure 8 : Standard deviation (cm/s) over the global 
ocean of the difference between the synthetic geo-

strophic currents and geostrophic currents associated 
with MDTs computed from (green  squares) 

EGM_TIM_R2 and (green stars) EGM_DIR_R2 .The top 
plot (resp. bottom) shows results for the zonal (resp. 

meridional) component.  The red dash line shows the 
standard deviation of the synthetic estimate of the mean 

geostrophic velocities.  

cm/s 

Figure 9 : Root Mean Square 
differences (cm/s) of zonal 
(top) and meridional (middle) 
synthetic velocities computed 
by 60° by 30° boxes for the 
EGM-TIM-R2 (left) and the 
EGM-DIR-R2 (right) solutions. 
The bottom plot shows for 
each box which geoid model 
gives the best comparison to 
observations (light blue: the 
EGM-TIM-R2, light green: the 
EGM-DIR-R2, yellow: the EGM
-SPW-R1 , dark blue: the EGM
-TIM-R1)  
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On Figure 8, we compare the geoid models from the second HPF releases. EGM_DIR_R2 and EGM_TIM_R2 give globally similar results, with 

slightly better performance on the meridional component of the velocity for the direct approach. To further investigate the relative accuracy of the-

se models and try characterizing regional differences, we have repeated the comparison dividing the global ocean into 60° longitude by 30° lati-

tude boxes (Figure 9). Differences are seen depending on the areas. In the Kuroshio area (Figure 5a and Figure 5c) MDT computed with 

EGM_DIR_R2 is less noisy than the one computed with EGM_TIM_R2. However, it is the contrary south of Australia (Figure 10) where the com-

putation of the geoid models is difficult because of the influence of the magnetic pole. The bottom plot of Figure 9 shows for each box which geoid 

model gives the best comparison to observations. The use of the time-wise approach gives the best results in most parts of the ocean. The space-

wise approach shows less agreement to observations than the two other methods. However, only one release is available (based on 2 months of 

GOCE data). The second release should be made available shortly to update the comparison.  

CONCLUSIONS  

The computation of Mean Dynamic Topographies from different geoid models and the comparisons with independent data from in-situ oceano-

graphic measurements and altimetry permit to carry out an independent validation of the preliminary GOCE Level-2 products at different resolution 

scales. Using only 2 months of GOCE data improves the scales smaller than 200 km (DO 100) compared with ITG-Grace2010s, geoid computed 

with seven years of GRACE data. Using three times more GOCE data also improves the GOCE only geoid models but the improvement is less 

significant when using a geoid model that combines surface and satellite data. In a combined geoid model, GOCE improves mostly scales be-

tween 120 km (DO 166) and 200 km (DO 100). Among the different methods that have been used by the GOCE HPF (High Processing Facility) 

from ESA, the time-wise approach gives better comparison results to observations in most areas of the ocean. The direct approach gives slightly 

better results in the Kuroshio current area. A third release of GOCE geoid models will be made available in October 2011, based on almost one 

year of GOCE data. The accuracy of these new geoids will be tested using the approach described in this paper. Due to the increased number of 

data, further improvements are already expected for the estimation of the ocean MDT at 100km resolution.  

For data assimilation into ocean forecasting systems, even higher resolution is needed and the use of GOCE data may be complemented with 

other independent observations of the ocean mean circulation. For that purpose, combination methods of geodetic MDTs with drifter measure-

ments and/or ARGO floats and altimetry (Rio and Hernandez, 2004, Maximenko et al, 2005, Rio et al, 2011) will be required. 

Figure 10 : Mean Dynamic Topography (cm) fil-
tered at 100 km south of Australia computed from 
(a) EGM_DIR_R2 and (b) EGM_TIM_R2. 
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PROCEEDINGS OF THE CRYOSAT VALIDATION WORKSHOP, 1-3 FEBRUARY 2 011, FRASCATI, ITALY  

ABSTRACT  

The CryoSat mission is operating over ocean surfaces providing a new source of valuable altimeter measurements. It represents an additional 

altimeter ocean mission complementary to existing Envisat, Jason-1and Jason-2 missions in the operational multi-mission processing chain of the 

SSALTO/DUACS system used in MyOcean. The crucial importance of this new mission is particularly evidenced in the frame of the Near Real 

Time processing contributing to the GMES MyOcean project. Indeed in the current altimetry context, both ENVISAT and Jason-1missions have 

extended their nominal duration: redundancy of some components does not exist anymore onboard Jason-1. ENVISAT, having lost its S-band 

measurements, is now moved to another ground track inducing lower accuracy measurements. Consequently, the previous multi-mission configu-

ration would have been degraded without the complementary CryoSat measurements. Though not fully suited for ocean signals (single altimeter 

frequency, no radiometer wet troposphere measurement) and not committed to operational oceanography, the CryoSat mission is clearly a great 

opportunity for improving the multi-mission ocean products. Results of the benefit of the CryoSat mission are shown from actual situations in 

which Near Real Time CryoSat data improve the ocean circulation mapping. 

INTRODUCTION 

Cryosphere studies are the priority of the Cryosat-2 mission which is therefore not optimised for operational oceanography: its orbit can be consid-

ered as non repetitive (the repeat cycle period is 369 days). This means that no time series will be available to compute a precise mean track, 

inducing reference errors when computing Sea Level Anomalies (SLA). In addition, there is no radiometer onboard to accurately retrieve the wet 

troposphere correction which, instead, will be computed from ECMWF model outputs. Ionosphere errors will also probably be added due to lack of 

accuracy of interpolated ionosphere estimates from GPS Ionosphere Maps (GIM) compared to the ones that could be derived from a dual fre-

quency altimeter measurement (the SIRAL altimeter is single frequency). Finally the mesoscale sampling pattern is not optimal: with no sub-cycle 

between 2 and 30 days, the geographical sampling is not homogeneous at typical mesoscale periods. Finally, this Earth Explorer mission is devot-

ed to cryosphere studies and not to operational oceanography. 

Despite the above drawbacks, the Cryosat mission should be in theory a valuable source of information for oceanography, given hereafter pay-

load characteristics: the SIRAL altimeter is operated almost everywhere over the ocean, the payload characteristics are not too far from the cur-

rent extended phase of Envisat and the CNES Near Real Time (NRT) orbit is very good. Therefore Cryosat data could very likely provide one 

more altimeter source of data for operational oceanography especially at high latitudes where the ocean sampling is sparser. Then this additional 

source of altimeter data could mitigate the increasing risk of loss of the now ageing Jason-1 and Envisat missions. 

In this study, a dedicated experiment has been put in place in order to estimate to which extent valuable ocean signals can be extracted from 

Cryosat data and how this opportunity mission could be merged with others.   

THE CRYOSAT EXPERIMENT FOR OPERATIONAL OCEANOGRAPHY  (MYOCEAN) 

This experiment has been carried out in the frame of the 2011 Cryosat workshop. It has been carried out using the facilities developed within the 

Sea Level Thematic Assembly Centre (SL TAC) of MyOcean (main current component of the GMES Marine Service). 
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Input data and processing 

Since very limited amount of data was available at the time of the workshop, a dedicated processing has been put in place using the CNES Cry-

osat Processing Prototype (CPP) (Boy et al., 2011). Though this processor is still experimental, as developed in the frame of the validation of the 

Sentinel-3 algorithms, good performances over ocean have been demonstrated using the Low Resolution Mode (LRM) mode (Labroue et al., 

2011). 

30 days of Cryosat data have been acquired and processed through the CPP, with the objective of comparing and merging them with actual data 

from other missions, simulating a NRT processing. Cryosat data have been first updated with standard geophysical corrections and reference 

fields, then post-processed in order to remove remaining spurious data and finally cross-calibrated taking Jason-1 as a reference for long wave-

length error reduction. From this dataset, different multi-satellite merging scenarii could be tested and the performance of Cryosat data could be 

assessed in a multi-mission context. 

Quality of Cryosat along-track L3 data 

After the above processing has been applied to the input dataset, cryostat data can be compared with other concurrent altimeter missions, namely 

Envisat and Jason-2. Results are shown on Figure 1. This experiment shows that in the Gulf Stream region which is one of the most energetic 

areas, very consistent mesoscale signals are observed by all sensors. This is thus promising for operational oceanography. 

Merging Cryosat with Envisat 

As part of the ESA HERACLES project which was dedicated to the merging of the Envisat and Cryosat-1 mission, the final task of merging the two 

kinds of data could not be done due to the loss of the Cryosat-1 mission. This is now possible with Cryosat-2, as shown on Figure 2. These results 

show that adding Cryosat to Envisat makes significant differences in terms of ocean signals. The right figure where both ground tracks have been 

plotted clearly exhibits signals that are not present with Envisat alone (left figure).In order to estimate to which extent these differences represent a 

Figure 1 :Sea Level Anomalies from Cry-
osat, Envisat and Jason-1.  Longitudes 
(deg.) on x-axis, latitudes (deg.) on y-axis.  

▲Figure 2 : Sea Level Anomalies from Envisat alone(left)  
and Envisat+Cryosat (right). Scales range from -40 to +40 
cm. Longitudes (deg.) on x-axis, latitudes (deg.) on y-axis. 

▼ Figure 3 : Comparison of Envisat-alone (blue) and Envi-
sat+Cryosat (green) SLA (m) after interpolation along inde-
pendent Jason-1 data.  
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real improvement, independent Jason data have been taken as a reference. Interpolating both Envisat-alone and Envisat+Cryosat maps along the 

reference Jason tracks leads to an estimation of whether differences brought by adding Cryosat are an improvement or not. This has been done 

on Figure 3. The reconstruction of ocean signals observed along particular Jason tracks is clearly better when adding Cryosat to Envisat (green 

curve). Envisat alone (blue curve) is less able to fit “true” independent data. Differences are as large as several tens of cm in this mesoscale re-

gion. Thus using Cryosat to complement Envisat qualitatively improves the mesoscale features.After repeating the above exercise on a larger 

number of Jason-1 and Jason-2 tracks, on can have access to significant statistics allowing to quantitatively compare Envisat-alone and Envi-

sat+Cryosat configurations. Results have been obtained from about 15 Jason-1 and Jason-2 tracks in the Gulf Stream area. The average im-

provement ranges from 7 to 15 cm RMS when adding Cryosat to Envisat in a region where the typical ocean variability is on the order of 23 cm 

RMS. Consequently, the impact of Cryosat data is very significant with respect to the Envisat-alone configuration. 

In order to assess that Cryosat brings true mesoscale features not seen in a mono-mission configuration, two-satellite maps from Envisat+Cryosat 

on the one hand and Jason-1+Jason-2 on the other hand have been compared. These datasets are completely independent and the Jason-

1+Jason-2 configuration represents the most favourable case since this configuration has been optimised for mesoscale estimation. Figure 4 

shows that very similar, though not identical, mesoscale features are detected in both cases.  This demonstrates the benefit of using Cryosat in a 

multi-mission altimeter processing such as the one of MyOcean. 

Cryosat in the multi-mission altimeter context 

Different configurations can be tested from the actual and current altimeter context, computing multi-mission altimeter maps by optimal analysis. 

Taking the 4 mission configuration (Envisat+Cryosat+Jason-1+Jason-2) as a reference, one can compute differences obtained with one, two and 

three satellites. The RMS of differences gives an estimate of the ranking between these different configurations, as on Figure 5.  

The four-satellite configuration remains obviously the best one, proving that Cryosat brings valuable information in the multi-mission context for 

ocean operational applications. In a one-mission configuration, Envisat leads to the best results due to its more optimised sampling with respect to 

the mesoscale estimation (spatial/temporal sampling), compared to both Jason and Cryosat. With two missions, as expected, the Jason-1+Jason-

2 configuration is the best one because it has been specifically optimised moving the Jason-1 ground track after the Jason-2 commissioning 

phase. Though its payload characteristics are not optimised for ocean applications, Cryosat could efficiently mitigate the lack of either Jason-1 or 

Envisat in case of failure of one of these two missions. Indeed on both two and three satellite configurations, good results are obtained with Cry-

osat. However, these results are not at the same level as the one obtained with Envisat or Jason because of the particular sampling of Cryosat. 

Considering  the typical 15-day ocean signal decorrelation scales in the mapping process, the ocean sampling by Cryosat is not homogeneous 

within this time duration. Innovative data brought by Cryosat are thus concentrated around a typical 15-day Cryosat sampling, as shown on Figure 

6.  

Figure 4 : Comparison of Cryosat+Envisat (left) and 
Jason-1+Jason-2 (right) maps of SLA. The two da-
tasets are independent. Longitudes (deg.) on x-axis, 
latitudes (deg.) on y-axis.  

Figure 5 : Statistical performance (RMS 
of differences to the 4-satellite map, 
cm) of various sampling configurations: 
one mission configuration (left), two-
mission (middle) and three-mission 
(right)  
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CONCLUSION 

Cryosat does not have the accuracy nor the sampling capability of a mission dedicated to oceanography, but Cryosat has the ability to provide 

oceanography with datasets of opportunity. This mission could already complement current missions in MyOcean and provide a valuable source 

of observations at high latitudes. Furthermore, the upcoming loss of Envisat or Jason-1 mission could be mitigated, since 3 altimeters is the mini-

mum to resolve mesocale in NRT. Thus the usefulness of Cryosat for operational oceanography is above all important in NRT.  

Though cryosphere remains the priority, this experiment shows that Cryosat could be highly useful as an Opportunity mission for operational 

oceanography. From this experiment which was carried out with dedicated mockup processors, no doubt that the same results could be obtained 

as soon as improved ocean data from an upgraded processing chain will be available. 
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Figure 6 : SLA Differences between maps 
from Jason-2 + Jason-1 + ENVISAT and 
maps where Cryosat is added to the trio. 
Range of SLA differences is -5/+5 cm.  
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Abstract 

Sea surface temperature (SST) is more accurately observed from space than the near surface atmospheric variables used for the computation of 

air-sea fluxes. In spite of this, ocean general circulation models for operational forecasting or hindcasts of the recent ocean variability use surface 

boundary conditions which do not directly involve the observed SST. In brief, models do not benefit in their forcing from one of the best observed 

ocean surface variable, except when explicitly assimilated. The objective of this research is to develop a new assimilation scheme based on ad-

vanced statistical methods that will use SST satellite observations to constrain (within observation-based air-sea flux uncertainties) the surface 

forcing function of ocean circulation simulations. The idea is to estimate a set of corrections to the atmospheric input data as obtained from the 

ERAinterim reanalysis, over the period from 1989 to 2007 with a sequential analysis method based on the SEEK filter, and an ensemble experi-

ment to evaluate the impact of uncertain atmospheric forcing on the ocean state. The control vector is extended to correct the following atmos-

pheric input forcing variables: air temperature, air humidity, longwave and shortwave radiations, precipitation and wind velocity. The results show 

that we can produce in a realistic case, on a global scale, and over a long time period, an optimal flux correction that leads to a better agreement 

between a free run model SST and observations. Moreover, the objective corrections obtained with this method over the period from 1989 to 2007 

are comparable, for the net heat flux, to empirical corrections applied in a previous study (DFS4, Brodeau et al., 2010). The method makes it pos-

sible to learn more about the partitioning of the corrections between the various components of the net heat flux. For example, this method reduc-

es the net heat flux in the intertropical band by modifying the wind velocity; empirical corrections in DFS4 yielded the same heat flux reduction but 

via the solar radiation. 

Introduction 

To understand the climate system, we need to be able to simulate numerically its past variability. Even though fully coupled models would be ideal 

for that purpose, these applications still need further developments to prove their efficiency. Ocean models forced using bulk formulations can be 

considered as an intermediate step to simulate the oceanic part of the coupled ocean-atmosphere system. In such models all surface heat flux 

components are computed with empirical bulk formulae using a prescribed atmosphere coming from reanalysis data and observations (air temper-

ature and humidity, wind velocity, radiation and precipitation), and the sea surface temperature (SST) of the ocean model (Large and Yeager, 

2004 ; Brodeau et al., 2010). However errors still exist between the observed ocean and its model equivalent, partly because of errors in the at-

mospheric data that are used in the computation of air-sea fluxes. 

On the other hand, the SST is one of the most accurately observed ocean variables, which is not used in the forcing function of the model. Since 

SST reflects the surface signature of air-sea interactions, the quality of atmospheric variables involved in the forcing of ocean models could cer-

tainly be improved using this information.  

The possibility of improving an atmospheric forcing dataset by sequential SST data assimilation has already been explored in idealized test cases 

by Skachko et al. (2009), and by Skandrani et al. (2009). The comparison between the two studies (Brankart et al., 2009) shows that the latter, 

involving MERCATOR reanalysis data (PSY2G2) to control atmospheric parameters, is more realistic than the twin experiments of Skachko et al. 

(2009). These studies both assimilate synthetic observations (temperature and salinity profiles in the first 200 meters in the first case, and sea 

surface temperature and salinity in the second) to estimate a correction of the forcing function parameters. The method used is derived from the 

singular evolutive extended Kalman (SEEK) filter (Pham et al., 1998), where the state vector is augmented to contain the forcing parameters that 

must be corrected, in addition to the observed oceanic variables. In order to compute sequential corrections of the extended state vector, the 

background error covariance matrix in the augmented space is estimated by performing ensemble experiments characterized by various values of 

the forcing parameters.  

Since these previous studies have shown the capacity of this scheme to compute optimal forcing parameters corrections using SST observations 
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and a sea surface salinity (SSS) seasonal climatology, the idea of this work is to adapt the techniques that have been developed to fit a more 

realistic case. We shall no longer use synthetic observations but observed monthly SST satellite products (Hurrel, 2008) and a SSS climatology 

(Levitus, 1998) to correct atmospheric variables (air temperature and humidity, zonal and meridional wind velocity, longwave and shortwave radia-

tions and precipitation) from the ECMWF (European Center for Modeling and Weather Forecasting) reanalysis ERAinterim (1989-2006). We as-

sume here that the atmospheric data used as input for the bulk formulae are more important to correct than the turbulent Bulk coefficients (also 

part of the extended state vector in the previous studies). Furthermore, with respect to Skachko et al., 2009) and Skandrani et al. (2009) who had 

a short term forecast objective, we focus here on the improvement of the long term behavior of the model, and estimate parameters corrections 

that we can use in a subsequent free model run for the period between 1989 and 2006. Through this approach, we can look at the results with a 

climate point of view, improving our understanding of inter-annual and seasonal variability of the forcing, and not only focusing on the short-time 

impact of a parameter. As in the previous studies, we use here the coarse resolution global ocean model NEMO (Madec, 2008) in its global con-

figuration at 2° resolution ORCA2 with 46 vertical levels like simulations performed by the DRAKKAR consortium (Penduff et al., 2010). 

An important aspect to realize is that the increase of the realism of the case study introduces a variety of error sources in the problem. For in-

stance, the longer time-scales do not ensure any more that the impact of the forcing remains where we have observations (i.e. at the surface). 

Other model errors are present leading to possible compensation effects and model-dependent corrections that should be avoided. For example, 

we don’t want to correct artificially, through the forcing, errors induced by the coarse resolution of the model. Finally, we need to prevent imperfect 

initial conditions which represent an irreducible error in the assimilation system. These difficulties, which will be discussed in more detail later, 

were minimized in the idealized cases of Skachko et al. (2009) and Skandrani et al. (2009), but need now to be addressed to preserve the effi-

ciency and the robustness of the method. 

In the first part, we present the forcing function of the model, the SEEK filter assimilation method and the specific hypothesis that we have made to 

fit our case. In the second part, we evaluate the efficiency of the method in this realistic case by looking at two aspects of the results: the impact of 

the new parameters in the model by comparing to the observations, and then the corrections themselves in terms of components of the net heat 

flux with respect to the current version of the DRAKKAR forcing dataset DFS4 (Brodeau et al., 2010). 

Method  

Computation of air-sea fluxes with the bulk formula tion 

The model used in this study is forced at the air-sea interface by heat, freshwater and momentum fluxes. The computation of air-sea fluxes involve 

the model SST and the near-surface atmospheric variables that we aim to correct, i.e. the 2m air temperature and humidity (  and ), 

the 10m relative wind velocity ( ), the shortwave and longwave downward radiation ( and ), and the precipitation ( ). 

The relative wind velocity is the norm of the wind velocity resulting from the zonal and meridional wind (  and ), minus the velocity of 

the sea-surface current. We can briefly describe the forcing by its three main components:  

the surface momentum flux or wind stress,  in kg/s²/m: 

                                                                                                                        (1) 

the surface heat and freshwater fluxes, respectively  in W/m², and in mm/s, can be written as the sum of different contributions esti-

mated separately : 

                                              (2) 

                                                                                   (3) 

where Qrad is the radiative heat flux corresponding to the sum of the longwave and shortwave radiative fluxes, and Qtrb is the turbulent heat flux 

corresponding to the sum of the latent and sensible heat fluxes, E is the evaporation, P the precipitation, and R the runoff and other continental 

freshwater contributions. 
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The turbulent fluxes (sensible and latent heat fluxes, evaporation, and momentum flux) are estimated with the empirical Bulk formulae, while the 

other fluxes (radiative fluxes, precipitation) are directly given by the atmospheric reanalysis data or satellites. For further details about the compu-

tation of the different fluxes, see the description for the Common Ocean-Ice Reference Experiment (CORE) forcing set in Large and Yeager 

(2004). 

Parameter estimation with the SEEK filter 

The system that we try to optimize by the assimilation scheme contains the observed ocean variables (SST and SSS), and is extended to the 

atmospheric variables involved in the estimation of air-sea fluxes. The corresponding augmented control vector is: 

 

Since we do not assimilate observations of the atmospheric parameters, we use specific correlations between observed and non-observed varia-

bles to estimate parameters corrections. Considering a given control vector containing the result in SST and SSS of the integration of the 

model over one month and the atmospheric forcing data used for this integration, and the corresponding SSS and SST observation vector , the 

SEEK filter method permits to estimate an optimal correction of the state vector (non-observed atmospheric variables included) , using the 

linear formula : 

                                                                                                              (4) 

where  is the observation operator to map from the model space to the observation space, and the Kalman gain matrix  (constant over 

each assimilation window) given by : 

                                                                                                        (5) 

where  is the observation error,  is the transposed  matrix, and  is the forecast error covariance matrix.  is constructed in 

such a way as to reflect the impact of forcing errors in the model.  

The estimation of  matrix is essential in the assimilation scheme. We use here a Monte-Carlo method consisting in the construction of  

as the covariance of a 200-member ensemble of model forecasts characterized by Gaussian random forcing perturbations, with a zero mean and 

a covariance matrix derived from the ERAinterim variability. However, we want this matrix to represent only the model response to errors in the 

forcing variables. Since other errors are still present in the model, they have to be minimized as much as possible. We shall see in the next para-

graph what we did to limit model dependency of the forcing corrections. 

Setup of the experiments 

Eq. (5) indicates that  is crucial to ensure efficiency of the filter and a great care must be given to its estimation. Indeed, in addition to the 

dependence of the different ensemble members to the forcing errors, there will be also a contribution of the initial condition errors and other model 

errors as we can see in its expression below, deduced from the Kalman filter principal formulation (Pham et al., 1998):  

                                                                                                                    (6) 

with  the model operator,  the initial condition error, and  the model errors containing those due to the forcing but also to various 

parameterizations or to the limited resolution of the model. 
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Since we are in a realistic case, we cannot extract a complete perfect initial state from the “real” ocean to limit the importance of initial condition 

errors. We thus construct initial conditions by running the model with a strong relaxation toward the observed SST and SSS that makes it possible 

to obtain an ocean state consistent with the surface observations. In order to partially limit the other errors, the idea is to constrain the model ap-

plying a three dimensional relaxation toward a temperature and salinity climatology below the layer influenced by air-sea fluxes over the period of 

interest. This relaxation is also applied in the estimation experiments and in the ensemble forecast, considering that what is happening below this 

specific layer is not (or little) impacted by air-sea interactions during the forecast range considered here (one month). Finally, to ensure that we 

obtain atmospheric variables corrections consistent with what we know about the actual errors on these data, the prior probability distribution for 

the parameters is truncated within a realistic interval of variability, in a way similar that described by Skandrani et al., 2009. 

Moreover, to be consistent with the objective of improving the long term behavior of the model, we run independent assimilation experiments of 

one month duration to obtain monthly parameters corrections for every individual month. To this aim, we shall always work with monthly means of 

the system (atmospheric and oceanic variables), and treat each month of the reanalysis period independently.  For a given month, a monthly ob-

servation of SST and SSS is considered, and we want to estimate from it a monthly correction for each atmospheric variable involved in the forc-

ing function. We can summarize the main steps of an experiment as follows:  

• Initial conditions as consistent as possible with the observed field are constructed, to ensure, as seen before, that the forecast error 

covariance matrix represents mainly the impact of the forcing on the model. 

• Then the  matrix is estimated using ensemble experiments. 

• Finally, the analysis step of the SEEK filter is applied to estimate monthly atmospheric parameters corrections. 

With this method, a correction of the parameters is estimated for each month of the period, and can be used afterwards to run a free simulation 

over the whole reanalysis period. 

Results 

Effect of parameters corrections on the sea surface  temperature 

A first important step for the validation of the method is to diagnose the results in term of consistency between observed SST and its counterparts 

resulting from the analysis step on the one hand, and from the use of corrected forcing parameters in the model on the other hand. Indeed we 

want to know if we can reduce the difference between the model SST and the observation through optimized air-sea fluxes, and if the direct imple-

mentation of the corrected parameters into the model has the same impact on SST as the analysis step itself. 

Figure 1 shows the efficiency of the system to correct the SST for January 2004. We can see that the direct use of corrected parameters to force 

the model yields a reduction of the difference with the observed SST comparable to that done by the analysis step. We can also observe (figure 

1b), that the assimilation does not correct the SST in several locations where model errors are known to be more important than forcing errors, 

like in the core of the western boundary currents (Gulf Stream, Kuroshio…), or in the regions of Agulhas current system. In these regions, the 

persistence of the SST misfit results from the limitation of the parameters corrections within a realistic range of variability, in order to not correct 

other model errors (e.g. problems of the advection scheme at this coarse resolution…) via the forcing. Polar regions are also less influenced by 

the correction of forcing parameters because ocean/sea-ice interactions are not taken into account in our optimization method. 

In terms of convergence to the observed SST, the direct use of the corrected parameters in the forcing function of the model is slightly less effi-

cient than the assimilation itself as we can see in figure 1c. The remaining difference can be attributed to other model errors, hopefully not com-

pensated by the forcing correction. 

In figure 2, we can see that the assimilation step and the direct use of the corrected forcing parameters in the model impact in the same way the 

“false” SST (i.e. the SST resulting from forcing the model with the original ERAinterim). Indeed the differences between the SST directly resulting 

from the SEEK analysis and the “false” SST (figure 2a) on the one hand, and the SST produced by the use of corrected forcing parameters in the 

model (figure 2b) on the other hand, present the same positive and negative patterns. This is an important result for the validation of the method, 

because it shows that the construction of the  matrix is consistent with the actual model response to parameter variations. Indeed, we can 

imagine a case where both the analysis step and the corrected parameters in the model yield a better agreement with observed SST, but by a 

different increment. That would mean that the error covariance matrix does not reflect the impact of the forcing in the model, and thus that the 

estimated corrections are not consistent with the reality and correspond to another error mode that can be corrected artificially through the forcing. 
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This first set of results built confidence in the estimation of atmospheric parameters by this method, and confirms the capability to improve the 

forcing function of the model by sea surface data assimilation in a realistic case. 

Figure 1: Monthly mean SST differences (in °C) for January 2004  between (a) the model forced by the original ERAinterim forcing set and 
observations (Hurrel, 2008), (b) the SEEK analysis and observations, and  (c) the model forced by the corrected forcing and observations. 
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Effect on the air-sea fluxes over 1989-2004 

To evaluate the quality of the parameters corrections, we chose the forcing set DFS4 (Drakkar Forcing Set; Brodeau et al., 2010) as a reference. 

It is also based on reanalysis data, with ad hoc adjustments of the parameters. Widely used in the community, it gives pretty good results in the 

model for the following reasons: 

• Calibrations have been guided by comparison with observations and correction of discontinuities in the time series of the atmospheric 

data. 

• It has been evaluated with the same configuration of the model as used in our study (NEMO-ORCA2). 

• Each of the proposed correction contributes to improve the representation by the model of central features of the ocean circulation. 

• It contains reanalysis data, but also involves satellites products like QUICKSCAT winds, known to be more accurate.  

• Over the period between 1958 and 2007, the global imbalances of heat and freshwater are near-zero.  

Since the adjustments made to construct the DFS4 dataset are, for most of them, empirical physically-based modifications, it is interesting to com-

pare it to our parameter corrections resulting from the application of a statistically-based, optimal estimation scheme. 

Because air-sea flux errors can be thought to be quite homogeneous zonally, we chose to look at the differences between zonal means of the net 

heat flux components computed with DFS4 dataset, ERAinterim dataset, and our corrected dataset. First of all, if we compare the zonal mean of 

the net heat fluxes corresponding to the three dataset for the period between 1989 and 2004 (figure 3), we observe that our optimal corrections 

Figure 2: Monthly mean SST differ-
ences (in °C) for January 2004  

between (a) the SEEK analysis and 
the model forced by the original 

ERAinterim forcing set (reference), 
and (b) the model forced by the 
corrected forcing and the model 

forced by the original ERAinterim 
forcing set (reference). 
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(ERAcor) yield the same kind of net heat flux reduction with respect to ERAinterim data as the empirical corrections of DFS4, at least in a large 

inter-tropical band (40°N-40°S). The effect of the ice cover and its special forcing is not taken into account in our method. For that reason, little 

credit is given to our results at high latitudes. We chose to focus our validation on the latitudes band 20°N-20°S) in the following discussion. 

◄ Figure 3: Long term mean (1989-2004) of the zonally averaged 
net heat flux in W/m², calculated with ERAinterim atmospheric 
variables (black), with DFS4 forcing dataset (red), and with our 
corrected forcing data (dashed line). 

▼ Figure 4: Long term mean (1989-2004) of the zonally averaged 
radiative heat flux (a), and absolute value of turbulent heat flux (b) 
in W/m², as computed from the ERAinterim atmospheric variables 
(black), the DFS4 forcing dataset (red), and our corrected forcing 
data (dashed line).  

◄ Figure 5: Long term 
mean (1989-2004) of the 
zonally averaged atmos-
pheric forcing variables, 
with (a) the air tempera-
ture at 2m (in ºK), (b) the 
air specific humidity (in 
kg/kg), and (c) the norm 
of the wind velocity (in m/
s), for ERAinterim (black), 
DFS4 (red), and our cor-
rected forcing (dashed 
line). 
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Since both empirical (for DFS4) and optimal (for ERAcor) corrections yield comparable net heat flux reduction in this range of latitudes, it is now 

interesting to look at the repartition of these modifications between the different components of the net heat flux for the two cases. Figure 4 shows 

that the radiative flux is barely modified by our optimal corrections with respect to ERAinterim, while the one obtained with DFS4 dataset is 10W/

m² weaker. On the other hand, our corrections yield a turbulent heat flux that is stronger than with DFS4 dataset. This result is important because 

it will result in a different freshwater forcing: the turbulent component of the net heat flux is always negative, and it is the principal heat sink of the 

ocean; this means that our method enhances heat loss by evaporation and sensible heat flux and increase the sea surface salinity, instead of 

reducing the radiative input as in the DFS4 dataset.  

Temperature, humidity and wind are involved in the computation of the turbulent heat flux. When we compare, in the figure 5, the zonal means of 

these variables between 1989 and 2004, we can observe that both temperature and humidity are very similar in the three datasets, while DFS4 

and our corrected forcing have stronger winds than ERAinterim reanalysis. Given that DFS4 winds have been recalibrated with QUICKSCAT sat-

ellite data, which are known to provide a better wind estimation than the reanalysis, the fact that the wind has been shifted by our optimal method 

to fit DFS4 adjustments is a very positive result.   

Conclusion 

In this work, data assimilation experiments in a global ocean circulation model have been carried out in order to estimate corrections to the original 

ERAinterim atmospheric forcing variables using real SST observations. With respect to previous similar studies, the realism of the experiments 

has been improved, applying the method to the global ocean and over a much longer time period (15 years). The first results show that it is still 

possible to optimally adjust forcing parameters to reach a better agreement between model and observed SSTs. The possible compensation ef-

fects have been minimized, and we have shown that the increments of the data assimilation are comparable to the impact of corrected forcing in 

the model. Furthermore, the resulting atmospheric dataset yields the same net heat flux reduction in the inter-tropical band as the empirical adjust-

ments that were made to construct the DFS4 forcing dataset. By looking in more detail at the repartition of the corrections between different flux 

components and variables, we have seen that with our optimal method, the wind is the most impacted parameter: it is enhanced and becomes 

more consistent with DFS4. Since DFS4 wind has been calibrated with accurate satellite data, this last result confirms the capability of the method 

to identify error sources in the forcing.   

Even if these first results are very encouraging, there are still many diagnostics to carry out before a full assessment of the method. It is necessary 

for example to look at the inter-annual variability of the corrected forcing, and to evaluate its relevance, by comparing it to a larger panel of atmos-

pheric dataset. Another important step is to diagnose the behavior of the model forced by the corrected dataset over the whole reanalysis period. 

In a long term view, it would also be directly conceivable to include real Sea Surface Salinity observations (SMOS, AQUARIUS) in the method, in 

order to improve the efficiency of the data assimilation scheme. This last point is certainly the next important step forward to improve the results 

provided by this method. 
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