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As long-term stability of altimeter backscatter coefficient (σ0) can impact the accu-
racy of the Global Mean Sea Level (GMSL) trend through the Sea State Bias (SSB)
correction, it is important to accurately monitor its evolution in order to detect poten-
tial instabilities. This study aims to characterize long-term uncertainties from several
altimeter missions. The originality of our approach is to perform comparisons be-
tween wind speed estimations deduced from σ0 measurements and from ERA-interim
reanalysis. Thanks to the good temporal correlation between the Global Wind Speed
(GWS) evolution issued from altimeters and the atmospheric reanalysis, the detec-
tion of small drifts is possible in the altimeter time series. In particular, drifts have
been detected on Jason-1 GWS between mid-2004 and 2005 and on Envisat prior to
2004. They are associated to σ0 jumps of approximately 0.03 dB. Larger anomalies
have been detected on TOPEX σ0 data with variations reaching 0.2 dB. These low
altimeter wind speed variations originate from small σ0 changes are within the instru-
mental stability requirements. However, via the SSB calculation, their impact on the
GMSL evolution is estimated close to 0.1 mm/yr over the altimetry 20-year period.
In addition, they strongly affect inter-annual GMSL variations with associated errors
reaching 2 mm.

Keywords Altimetry, backscatter coefficient stability, ocean wind speed, global mean
sea-level

1. Introduction

The Global Mean Sea Level (GMSL) evolution is one of the most important indicators
of climate change since it reflects the response of several different components of the
climate system to climate change and variability. Precise monitoring of the GMSL, as
done by altimetry satellites, is important for understanding the underlying processes and
eventually to mitigate the socioeconomic consequences of flooding in populated coastal
zones. Satellite altimetry missions (TOPEX/Poseidon, Jason-1, and Jason-2) have allowed
calculation of the GMSL on a continual basis since January 1993. Recent studies indicate
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Instabilities on Altimeter Backscatter Coefficient 259

a GMSL rise of 3.2 mm/yr starting in 1993 (Leuliette and Willis 2011; Cazenave and
Llovel 2010) after applying the global isostatic adjustment correction (Peltier and Luthcke
2009). Combined activities such as systematic data quality assessment, cross-comparisons
between missions and comparison with in situ measurements, such as tide gauges, lead to
an error on the GMSL trend lower than 0.6 mm/yr in a confidence interval of 90% (Ablain
et al. 2009).

Among potential errors affecting the GMSL evolution, one is the long-term stability
of the backscatter coefficient (σ0). The backscattering coefficient is retrieved from the
altimeter waveforms and is related to the power of the returned radar signal. The σ0

parameter modifies the Sea Surface Height (SSH) computation through the Sea State Bias
(SSB) correction. Much effort has been put into monitoring and checking the long-term
stability of the σ0 parameter. For instance, the long-term analysis of the altimeter electronic
stability is regularly performed thanks to dedicated calibrations. Another approach is the
cross-comparison between altimeter mission data as performed among TOPEX/Poseidon,
ERS-2, Jason-1, Jason-2, and Envisat in the frame of calibration and validation activities
(Dorandeu et al. 2004; Mertz et al. 2005; Faugère et al. 2006; Ablain et al. 2010). With the
latter approach, relative σ0 biases between sets of two missions are commonly estimated.
They can help to inter-calibrate wind speed estimations between missions, which in turn
facilitates comparisons of mission specific SSB corrections (Tran et al. 2010). Small σ0

variations lower than 0.1 dB over a year period have been identified between Jason-1
and TOPEX or between Envisat and Jason-1 (see yearly calibration and validation reports
for Jason-1 (Valladeau et al. 2011) and Envisat (Ollivier and Faugère 2011)). Until now,
such variations have been considered as insignificant since they are within the altimeter
mission’s requirements. For instance, the σ0Jason-2 drift over 1 year must be measured
with an accuracy of 0.2 dB with 0.1 dB as a goal (Menard et al. 2006). Nevertheless, as
detailed further in this paper, a light σ0 drift of 0.02 dB/yr has an impact on the GMSL
trend close to 0.25 mm/yr via the SSB correction. This level of impact is significant for
the GMSL stability, as the scientist’s requirement is to measure the GMSL over a decade
with an error margin of 0.3 mm/yr (Larnicol 2011; GCOS Implementation Plan 2011).
It is therefore crucial to characterize more accurately the long-term σ0 uncertainties and
determine which missions contain such potential anomalies. This is the main objective of
this article.

The originality of this study is to indirectly analyze the long-term σ0 parame-
ter stability via the altimeter-retrieved marine wind speed evolution derived from the
main altimeter missions (i.e., TOPEX, Jason-1, Jason-2, Envisat, and ERS-2). Long-
term evolution includes not only the trend over all the period analyzed but also inter-
annual signals (signal higher than 1 year). Similar wind speed analyses have already
been performed comparing the altimetry wind data to winds from buoys (Queffeulou
et al. 2010; Zieger et al. 2009). However, these comparisons with in situ measurements
do not provide a homogenous spatial and time coverage. Here we compare altimeter
wind speeds with winds derived from a model (ERA-interim atmospheric reanalysis pro-
duced by ECMWF: Dee et al. 2011). Such a data set provides a global coverage of the
oceans over the entire altimetry era starting in the early 1990s. After a descriptive sec-
tion focusing on data and the method used, the long-term σ0 and wind speed stabili-
ties are analyzed separately thanks to σ0 and wind comparisons among TOPEX, ERS-2,
and ERA-interim from 1993 to 2005 and among Envisat, Jason-1, Jason-2, and ERA-
interim from 2002 to 2011. Then the impact of the identified anomalies on the GMSL is
discussed.
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260 M. Ablain et al.

2. Wind Speed Estimation

2.1. From Altimeter

Backscattering coefficient, near surface wind speed, and sea state are linked (Witter and
Chelton 1991). Altimeter wind speed can be computed from 1-parameter algorithms using
only the σ0 parameter (such as Witter and Chelton 1991 or Abdalla 2007) or from 2-
parameter algorithms using both σ0 and Significant Wave Height (SWH) parameters (such
as Gourrion et al. 2002 or Collard 2005). As the objective of this study is to analyze
the long-term stability of the σ0 parameter, it is important to homogenize wind speed
algorithms although retracking algorithms to retrieve σ0are not necessarily the same for
each mission. Only 1-parameter algorithms have been applied in order to avoid taking into
account potential SWH drifts on altimeter missions as described further for TOPEX.

Altimeter data derived from level 2 products (consisting of along-track altimeter derived
parameters, containing also geophysical corrections necessary to compute sea surface
height) have been used for all the missions: ERS-2, Envisat, Jason-1, Jason-2, and TOPEX.
For Jason-1, GDR-C products (Geophysical Data Records in version C; see also Aviso
and PoDaac User Handbook 2008) have been used from cycles 1 to 357 (January 2002 to
September 2011); for Jason-2, GDR-T products (Geophysical Data Records in version T; see
also OSTM/Jason-2 Products Handbook 2009) from cycle 1 to 118 (July 2008 to September
2011). Since for both missions, altimeter wind speeds provided in the products are derived
from a 2-parameter algorithm (Collard 2005), wind speeds have been recomputed using the
1-parameter Abdallah algorithm (Abdallah et al. 2007) for the purpose of the present study.
For Envisat, the recent reprocessed GDR release (Geophysical Data Records version 2.1;
see also Envisat Altimetry Data Set Version 2.1, 2011) has been used from cycles 9 to 107
(September 2002 to September 2011) where the wind speed is derived from the Abdallah
algorithm. The ERS-2 OPR products (Ocean Product; see also RA/ATSR products, User
Manual 2001) contains wind speeds retrieved with the modified Chelton-Wentz algorithm
(Witter and Chelton 1991). We used cycles 1 to 85 (May 1995 to July 2003). Data from
August 2003 until the end of life of ERS-2 mission in June 2011 have not been used since
their spatial coverage was strongly reduced (Mertz et al. 2011). Concerning the TOPEX
data, the wind speed derived from the modified Chelton-Wentz algorithm (Witter and
Chelton 1991) and contained in M-GDR products (Merged Geophysical Data Records; see
also Aviso User Handbook: Merged TOPEX/Poseidon Products 1996) has been used from
cycles 11 to 481 after removing Poseidon measurements which have not been analyzed here.
In addition, a second TOPEX wind speed solution derived from the same algorithm has
also been calculated applying external corrections to the TOPEX σ0 (Hayne and Hancock
1999; Lockwood et al. 2006). Such an update was not done in M-GDR products.

Theoretically, the effect of using a 1-parameter or a 2-parameter wind speed algorithm
is low on the long-term evolution of the global wind speed. This has been checked for
Jason-1 and Jason-2 by comparing the evolution of the global Mean Wind Speed (MWS)
derived from the Collard’s (2-parameters) and Abdallah’s (1-parameter) algorithms; for
TOPEX, this has been checked by comparing the global MWS derived from the Gourrion’s
(2-parameters) and the modified Chelton-Wentz’s algorithms (1-parameter). As expected,
for Jason-1 and Jason-2, both wind speeds are very similar, with trend differences between
the corresponding time-series lower than 0.2 cm.s−1/yr and a consistency close to 1.5 cm/s
rms (Figure 1). For TOPEX, the estimated differences are stronger over 1997-1999 where
they can reach 10 cm/s (Figure 1). This is related to known TOPEX-A anomalies which
have been described in previous studies (Hayne and Hancock 1998). They found that a
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Instabilities on Altimeter Backscatter Coefficient 261

Figure 1. Evolution of global MWS differences for Jason-1, Jason-2 and TOPEX between wind
speeds derived from 1-parameter and 2-parameter algorithms.

systematic Point Target Response (PTR) change within the altimeter explains the strong
SWH drift around 30 cm observed from 1996 to 1999. Therefore, for TOPEX and in the
framework of this study, it is crucial to use a 1-parameter wind algorithm in order to analyze
only the stability of the σ0 parameter.

2.2. From Atmospheric Reanalysis

Altimeter wind speeds have been compared to surface winds produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF). Wind speeds issued from op-
erational ECMWF model outputs are provided in level 2 products for the more recent
altimeter missions (Envisat, Jason-1, and Jason-2), but they are not available for TOPEX
and ERS-2. Since operational models evolve over time as a result of improvements in
models, the evolution of global MWS is susceptible to be sporadically affected by jumps.
When one looks to the resulting time-series, such jumps will be seen as a drift over a long
time-period. In order to not be contaminated by such undesirable effects (which complicate
long-term analyses), we do not use operational ECMWF model wind speed as a reference
in our comparison, but rather products provided by the ERA-Interim reanalysis (Dee et al.
2011). This does not mean that ERA-Interim surface wind speed is considered as the truth.
Hereafter we use it as an external and independent reference since the reanalysis is a homo-
geneous time-series. ERA-Interim reanalysis spans from 1979 up to now and has a 6-hour
temporal resolution and a 0.5 degrees horizontal resolution. In this study, meridional and
zonal components of 10-meter wind vectors have been retrieved from the ECMWF website
(http://data-portal.ecmwf.int/data/d/interim daily/) starting January 1993. Other model es-
timations, such as the NCEP reanalysis (Kalnay et al. 1996), provide similar marine wind
speed over all the altimetry period. Comparison between NCEP and altimetry data has also
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262 M. Ablain et al.

been performed, but they do not provide results as accurate as with ERA-interim since
NCEP wind speed grids have only a 2-degree horizontal resolution, Therefore, reported
results come from the analysis based on ERA-interim data. As these both models do not
assimilate any altimetry data, models and altimetry wind speeds are independent.

3. Comparison Methodology

Two statistical tests have been developed to analyze the long-term σ0 stability at global scale.
The first one consists of calculating the evolution of global mean σ0 differences between
two missions. This statistical diagnosis is derived from crossover measurements between
passes of the two missions (TOPEX/ERS-2 or Jason-1/Envisat). In order to reduce large
spatial and temporal variability of the σ0 parameter, crossovers with time differences less
than 3 hours are selected. After averaging every 10 days the global differences, the σ0 trend
is calculated. This provides the relative σ 0 drift between altimetry missions. However, this
does not enable to determine which mission contains the anomalies. Furthermore, the 3-hour
crossovers between two missions often have poor spatial coverage (depending on the orbits
of the two missions) preventing accurate σ0 comparisons. Therefore, a complementary
test has been developed. It consists of the comparison between the temporal evolution of
global MWS from altimeter and from reanalysis over oceans. For each altimeter dataset
(that includes also Envisat and ERS-2), the first step consists in calculating global MWS
time series from a mean grid of wind speed (2◦ × 2◦) calculated every 10 days. The global
(ocean) mean for each grid is calculated by weighting each box according to its area in
order to give less significance to boxes at high latitudes which cover a smaller area. Only
valid SSH measurements are used in order to remove areas where altimetry is contaminated
by land, ice, or rain cells (see, e.g., AVISO and PODAAC User Handbook–IGDR and
GDR Jason Products 2008). Averaging is performed between 66◦S and 66◦N in order to
homogenize spatial coverage of Envisat and ERS-2 missions with TOPEX, Jason-1, and
Jason-2, which are restricted to these latitudes. For winds derived from ERA-interim, a
similar process is applied after computing scalar wind speed from meridional and zonal
components and interpolating it to the position and time of altimeter data. This allows
the calculation of model wind speed time series at exactly the same spatial and temporal
sampling as altimeter missions. The second step consists of comparing the global MWS
time series between altimetry and reanalysis by calculating directly 10-day differences for
each altimetry mission. The global MWS time series differences are then obtained and
filtered with a low-pass filter in order to remove high frequency signals shorter than 2
months. Annual signal is also removed using a least squares adjustment. The interest of this
second test lies in the very good temporal correlation between altimeter and model MWS.
Correlations close to 0.9 are obtained between Jason-2 and ERA-interim and between
Jason-1 and ERA interim as well (Figure 2) without applying any smoothing over the
global MWS time series. Most of the global MWS variance is thus removed performing
the differences between the two time series. For instance, for altimetry and models, the
average rms of global MWS is close to 20 cm/s for Jason-1, Jason-2, and Envisat. After
calculating differences between both altimetry and model, the average rms is reduced to
less than 3 cm/s for all the missions. Therefore, thanks to this approach, small drifts or
jumps in the global MWS time series are potentially detectable. The minimal threshold to
be able to detect such anomalies is likely 3 or 4 cm/s over a year. As a +10 cm/s MWS jump
(considering that the global MWS value is close to 7.5 m/s) is approximately equivalent to
a σ0 jump of −0.03 dB, the method developed here allows the detection of σ0 instabilities
close to 0.01 dB over a year, which is well below the mission requirement. Furthermore,
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Instabilities on Altimeter Backscatter Coefficient 263

Figure 2. Evolution of Global MWS derived from Envisat, Jason-1, Jason-2 and ERA-interim from
2003 onward.

cross-comparisons of results provided by these tests between altimeter missions available
over the same period (Envisat/Jason1, Jason2/Jason1/Envisat, TOPEX/ERS-2) enable to
determine which mission could contain potential anomalies. This is the purpose of the next
section.

4. Analysis of the Long-Term Stability of Backscatter Coefficient

4.1. Detection of Drifts on Jason-1 and Envisat

The temporal evolution of global mean σ0 differences between Jason-1 and Envisat derived
from 3-hour crossovers has been performed and plotted in Figure 3 from 2003 to 2011. It
shows a significant drift from 2003 to 2006 whereas the differences are more stable after
this period. This drift corresponds to a jump close to 0.06 dB with an error of ±0.01 dB
due to the high-frequency signals observed on σ0 differences. In order to determine
which mission contains this drift, the temporal evolutions of the global MWS differences
between Jason-1 and ERA-interim, and between Envisat and ERA-interim have been
plotted in Figure 4. Focusing on the 2003 to 2006 period, a drift is clearly detected on
the Jason-1/ERA-interim MWS differences from mid-2004 to late 2005. Another one is
also detected on the Envisat/ERA-interim MWS differences during year 2003. Both drifts
correspond to a wind speed jump of about +10 cm/s for Jason-1 and −10 cm/s for Envisat.
As they are not observed on the same period, they are very likely due to altimeter missions
and not to the ERA-interim model. Therefore the σ0 drift previously described between
Envisat and Jason-1 from 3-hour crossovers is explained by two similar anomalies on both
missions corresponding to an Envisat σ0 jump of +0.03 dB in 2003 and a Jason-1 σ0 jump
of −0.03 dB from mid-2004 to 2005. From 2006 onwards, larger oscillations are observed
on Jason-1/ERA-interim MWS differences. These oscillations reach 15 cm/s of amplitude
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264 M. Ablain et al.

Figure 3. Evolution of global mean σ0differences derived from 3-hour crossovers between Jason-1
and Envisat.

in 2010 preventing the detection of drifts during this period. For Envisat, MWS differences
with ERA-interim are more homogenous at short temporal scales allowing the detection of
variations at longer temporal scales with a low increase from 2006 to 2010 and a decrease
beyond. Due to the strong oscillations observed on Jason-1, it is not possible to determine
if these variations are due to Envisat or to the ERA-interim model. Cross-comparisons
with Jason-2 from mid-2008 (described in next section) provide additional information
useful to construe the evolution of MWS differences from 2010 onward.

The origin of these σ0 instabilities for both missions remains unknown. However, some
potential sources of error can be proposed. For Jason-1, the rise of mispointing (square of
the off nadir angle computed from Ku waveforms) values due to the low availability of
star-trackers (Valladeau et al. 2011) could have an impact on the global mean σ0 value.
It likely explains the large oscillations observed in 2010 where mispointing values are
especially strong (Valladeau et al. 2011). But the relationship between the σ0 drift from
mid-2004 to 2005 and the mispointing rise during the same period is not demonstrated. For
Envisat, the σ0 evolution detected in 2003 could be linked to the global Envisat MSL drift
already reported over this period (Ollivier et al. 2012), although the origin of this MSL drift
remains currently unknown.

4.2. Instability of ERA-Interim Wind Speed on the Jason-2 Period

The analysis of the Jason-2 σ0 stability is less relevant than for Jason-1 and Envisat due to
the relative short period of the mission (up to now only 3 years from mid-2008 to mid-2011).
But, three satellites are available during this period which provide σ0 and wind speed cross-
comparisons more reliable to detect anomalies on the wind speed evolution. The evolution
of σ0 differences derived from 3-hour crossovers between Envisat and Jason-2 as well as
between Jason-1 and Jason-2 has been plotted in Figure 5. Neither drift nor jump is detected
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Instabilities on Altimeter Backscatter Coefficient 265

Figure 4. Evolution of global MWS differences between Jason-1 and ERA-interim after filtering
out signals lower than 2 months and removing residual annual and semi-annual signals.

between Envisat and Jason-2, showing only small σ0 differences of 0.012 dB rms (rms dif-
ferences of 10-day averages). Over the same period, Jason-1 and Jason-2 display larger σ0

differences close to 0.023 dB rms with variations lower than −0.05 dB in 2010. This result
highlights Jason-1 σ0 instabilities. As mentioned previously, they are due to the strong mis-
pointing values observed on Jason-1 especially in 2010. To complete this analysis, MWS
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266 M. Ablain et al.

Figure 5. Evolution of global mean σ0 differences derived from 3-hour crossovers between Envisat
and Jason-2 and between Jason-1 and Jason-2.

differences between ERA-interim and Jason-1, Jason-2 and Envisat have been plotted in Fig-
ure 6. As already mentioned above, a decrease of global MWS is observed between Envisat
and ERA-interim from mid-2009 to 2011 close to −5 cm/s, followed by a +5 cm/s rise after
2011 (Figure 6, bottom panel). It is interesting to observe that similar global MWS variations
are observed between Jason-2 and ERA-interim (Figure 6, top panel). Between Jason-1 and
ERA-interim (Figure 6, middle panel), this signal seems still visible although oscillations at
short time scales due to the Jason-1 σ0 instabilities prevent an accurate detection. Therefore,
this cross-comparison analysis based on three different satellites indicates that these varia-
tions on global MWS between mid-2009 and mid-2011 do not result from altimeter instabil-
ities but are likely due to the ERA-interim model. To check this, a comparison with NCEP
model has also been performed (not shown here). The evolution of global MWS differences
with the three altimetry missions does not reveal any similar variation confirming that the
ERA-interim wind speed is not as stable as altimetry over the Jason-2 period. Due to these in-
stabilities, the detection of σ0 drifts over this period is thus not as relevant as it is from 1993 to
2009.

4.3. Detection of Strong TOPEX Sigma-0 Instabilities

Currently, the GMSL evolution during the first decade of the altimetry era (1993 to 2002)
is mainly provided by TOPEX. The analysis of TOPEX instrumental parameter stability
such as the σ0 parameter is thus crucial for climate applications. In order to detect potential
anomalies in the long-term evolution of the TOPEX σ0, 3-hour crossovers between ERS-2
and TOPEX have been calculated from 1995 to 2003. The evolution of global σ0 differences
is plotted in Figure 7. The time series reveals strong differences between both missions.
A σ0 increase of about 0.15 dB is estimated over all the period with very large variations

D
ow

nl
oa

de
d 

by
 [

19
3.

42
.1

51
.2

19
] 

at
 0

7:
30

 0
4 

Ja
nu

ar
y 

20
13

 



Instabilities on Altimeter Backscatter Coefficient 267

Figure 6. Evolution of global MWS differences between Jason-2 and ERA-interim (top), Jason-1
and ERA-interim (medium) and Envisat and ERA-interim (bottom) after filtering out signals lower
than 2 months and removing residual annual and semi-annual signals.
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268 M. Ablain et al.

Figure 7. Evolution of global mean σ0 differences derived from 3-hour crossovers between TOPEX
and ERS-2.

between 1997 and 1999 (of the order of 0.1 dB) and between 2000 and 2002 (∼0.2 dB). As
previously indicated, the evolution of global MWS comparison between both missions and
ERA-interim (Figure 8) has been performed in order to determine which mission contains
anomalies. Differences are especially strong between TOPEX and ERA-interim. A global
MWS increase close to 40 cm/s is found from 1993 to 2005 with large variations ranging
from 40 to 50 cm/s between 1997 and 1999 and between 2000 and 2002. These variations
are very well correlated with the σ0 differences previously described between ERS-2
and TOPEX. In the meantime, the ERS-2 and ERA-interim global MWS differences are
significantly more stable. A low drift is observed close to −0.8 cm.s−1/yr, with oscillations
lower than 10 cm/s most of the time. To confirm these analyses, comparisons with global
MWS derived from NCEP model have also been performed, providing very similar results
(not shown here). These cross-comparisons between TOPEX, ERS-2 and ERA-interim
clearly demonstrate that the TOPEX σ0 instabilities are strong with a drift of about −0.1 dB
from 1993 to 2002 associated with variations at short time scales between 0.1 and 0.2 dB.
Such a level of instabilities has a significant impact on the GMSL evolution as described
in next section.

The origin of these anomalies is not explained although some hypotheses can be
proposed. The first one concerns the degradation of instrumental parameter on TOPEX-A
altimeter (change of the PTR, impacting especially the significant wave height). This could
explain the σ0 variations between 1997 and 1999 before the TOPEX-A/TOPEX-B altimeter
switch in February 1999. The second source of instability could be related to the method used
to a-posteriori calibrate σ0 during the TOPEX data processing. Currently, the σ0 contained
in TOPEX M-GDR products has not been corrected from additional corrections provided
separately for the TOPEX-A period (Hayne and Hancock 1999) and for the TOPEX-B
period (Lockwood et al. 2006). These corrections consist of deltas of σ0 which have to
be applied to the original M-GDR σ0. As already mentioned, for the present study a new
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Figure 8. Evolution of global MWS differences between TOPEX and ERA-interim (on top) and
ERS-2 and ERA-interim (on bottom) after filtering out signals lower than 2 months and removing
residual annual and semi-annual signals.

TOPEX wind speed has been computed after correcting the M-GDR σ0 with these additional
corrections. Global MWS differences with ERA-interim are plotted in Figure 9. They show
a reduction of the TOPEX wind instabilities previously described. The global MWS drift
is now much lower over the whole TOPEX period (0.3 cm.s−1/yr), and some differences
have been removed such as between 2000 and 2002. However, strong discrepancies remain
between TOPEX and ERA-interim with global MWS variations close to 40 cm/s between
1997 and 1998. In addition, a 15 cm/s jump during the TOPEX-A/TOPEX-B altimeter
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Figure 9. Evolution of global MWS differences between TOPEX and ERA-interim after applying
TOPEX σ0 corrections on the TOPEX-A period (Hayne and Hancock 1999) and on the TOPEX-B
period (Lockwood and Hancock 2006).

switch in February 1999 is noticed, as well as a significant drift on the TOPEX-B period of
about 3 cm.s−1/yr.

5. Impact on the GMSL Evolution

As mentioned in the introduction, σ0 instabilities detected and described in the previous
sections are a source of error for the GMSL evolution via the SSB correction. The objective
of this section is to estimate their impacts for TOPEX and Jason-1, which are currently
the reference missions (with Jason-2) used for computing the GMSL (see Aviso website,
http://www.aviso.oceanobs.com/msl). The method consists of calculating a SSB correction
using the wind speed derived from ERA-interim instead of the altimeter wind speed as
an input in the SSB algorithm (Jason-1: Labroue 2008; TOPEX: Tran et al. 2010) and
reprocessing the GMSL with this new correction. This choice is justified by the good
confidence we have on the long-term stability of the global ERA-interim MWS shown in
the previous sections (excepted after 2010 where a strange behavior has been detected). The
comparison of this updated GMSL with the reference one is presented in Figure 10 for Jason-
1 and TOPEX. For both missions, the variations of MSL differences are as expected similar
(in terms of timing) to the global MWS differences already described in Figure 4 (Jason-1)
and in Figure 8 (TOPEX). For Jason-1, the σ0 drift of −0.3 dB from mid-2004 to 2006
corresponds to a GMSL anomaly of +0.5 mm over the same period. Oscillations of around
0.5 mm are also observed in 2010 in relationship with strong mispointing values on Jason-1
as previously mentioned. Finally, the impact of the Jason-1 σ0 instabilities produces a small
positive drift of +0.05 mm/yr from 2002 to 2011. For TOPEX, the impact is significantly
stronger when the additional σ0corrections are not applied, as plotted in Figure 10. The
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Figure 10. Evolution of GMSL differences for Jason-1 (top) and TOPEX (bottom) between the
reference MSL and the reprocessed MSL with SSB derived from ERA-interim.

comparison with the reference GMSL highlights a positive drift of +0.13 mm/yr from
1993 to 2002 with variations at inter-annual time scales close to 2 mm as between 1997
and 1999. Finally, considering the whole altimetry period from 1993 to 2011, the GMSL
trend derived from TOPEX, Jason-1 and Jason-2 is likely overestimated by 0.1 mm/yr due
to these σ0 instabilities.
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Figure 11. Derivative of the global TOPEX MSL evolution for the reference one (in grey) and the
reprocessed one (in black) calculated with SSB derived from ERA-interim. The derivative of GMSL
is calculated over a 2-year sliding window by steps of 10 days.

Such a level of error on the GMSL trend is small but not negligible for climate studies.
For instance, recent studies (Llovel et al. 2011) have shown that the inter-annual GMSL
variations could be linked to land water storage oscillations, especially during ENSO events.
In order to properly describe these complex mechanisms, a very accurate calculation of
GMSL at inter-annual time scales is required. A way to estimate these temporal signals is to
compute the derivative of the GMSL evolution calculating the GMSL trends over a 2-year
sliding window by steps of 10 days. In Figure 11, the derivative has been computed for
the reference TOPEX GMSL in grey and the reprocessed one in black. Both curves have a
similar behavior exhibiting GMSL trend variations between 1 mm/yr and 5 mm/yr (related
to the ENSO oscillations). However significant trend differences higher than 0.5 mm/yr are
also observed. Such a level of error due to TOPEX σ0 instabilities is higher than the GMSL
stability requirement defined at inter-annual time scale: 0.5 mm within a 1 year period
(Larnicol 2011; GCOS Implementation Plan 2011). Furthermore, these errors are maximal
during the 1996-1998 period (0.8 mm/yr) when the strong 1998 El Niño event occurred.
They could reduce the interpretation of mechanisms at the origin of these inter-annual
signals.

5. Conclusion and Discussion

The main result of this study is the detection of long-term σ0 instabilities on altimetry
missions. Thanks to a thorough cross-comparison between global MWS derived from
altimetry and atmospheric reanalysis, σ0 drifts or abnormal variations have been detected
and described accurately. The major interest of estimating these instrumental errors concerns
their impact on the GMSL evolution. As far as the GMSL is concerned, the impact of the
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small σ0 drifts (+0.03 dB in 2003 for Envisat, −0.03 dB for Jason-1 from mid-2004 to 2005
and −0.1 dB from 1993 to 2002 for TOPEX) is low but not negligible since they translate
to an overestimation of the GMSL trend (AVISO approach) of about 0.1 mm/yr over the
1993 to 2011 period. On the other hand, the σ0 abnormal behaviors detected at annual or
inter-annual time scales especially on TOPEX time-series have a significant impact on the
GMSL evolution since they lead to errors close to 2 mm (in 1997–1999 and in 2000–2002).
Such a level of error is higher than the requirement provided at inter-annual time scale that
is of 0.5 mm. It could impact the interpretation of geophysical processes at the origin of
these inter-annual signals.

It is also important to keep in mind that wind speed models used in this study are not the
truth. For instance, the behavior of ERA-interim concerning the global MWS between mid-
2009 and mid-2011 is not in agreement with the NCEP model or the altimeter missions. This
information could interest the meteorological community in order to improve their models.

Another interest of estimating long-term σ0 concerns the ability of altimetry and models
to measure the long-term evolution of surface winds over oceans. This subject has not been
described in this paper but in a recent study (Young et al. 2011), an increase of the global
MWS from altimetry has been estimated over all the altimetry period. Taking into account
σ0 drifts detected here but also the ERA-interim trends detected from mid-2009, this could
refine the estimation of the global MWS trend which is another indicator of climate change.

Finally, results from this study lead us to recommend the improvement of the σ0 stability
derived from altimetry mission for GMSL and global MWS applications. All temporal
scales are concerned from a few months to several years, although inter-annuals signals
are of great interest for the GMSL. The σ0 stability has to be improved for all altimetry
missions with a strong and priority effort on TOPEX data since they display the strongest
errors. Furthermore, analyses performed here should be extended to regional scales in order
to detect potential spatial variations of drifts. The best way to correct these σ0 anomalies
could first consist in understanding the source of errors in the ground data processing or
limitations due to the instrument specifications, and then trying to correct them. If this is
not possible, empirical σ0 corrections should be developed and new recommendations for
future altimeter missions could be foreseen.
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