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Abstract. The assessment of long-term errors in altimeterl Introduction
sea level measurements is essential for studies related to the
mean sea level (MSL) evolution. One of the main contrib- Since the early 1990s, sea level has been monitored by sev-
utors to the long-term sea level uncertainties is the correceral altimeter space missions. These measurements have be-
tion of the altimeter range from the wet troposphere path decome essential in the understanding of the impact of climate
lay, which is provided by onboard microwave radiometerschange on mean sea level (MSL) evolution at global and re-
for the main altimeter missions. The wet troposphere cor-gional scales, particularly in the coastal areas of the world
rection (WTC) derived from the operational European Cen-(Willis and Church, 2012). However, ensuring the long-term
tre for Medium-Range Weather Forecast (ECMWF) atmo-consistency and stability of altimeter measurements is chal-
spheric model is usually used as a reference for comparilenging. The rate of change of the global MSL has been de-
son with the radiometer WTC. However, due to several im-termined to be around 3.2 mmyk, with an error close to
provements in the processing, this model is not homogenou®.6 mm yr! over the 1993-2012 period (Ablain et al., 2012).
over the altimetry period (from 1993 onwards), preventing The main contributors to such an uncertainty are the orbit er-
the detection of errors in the radiometer WTC, especiallyrors, the ageing of the altimeter instrument and the correction
in the first altimetry decade. In this study, we determine theof the altimeter range path delay (PD) associated with the wa-
quality of WTC provided by the operational ECMWF atmo- ter vapor and cloud liquid water in the troposphere (Ablain
spheric model in comparison with the fields derived from theet al., 2009; Couhert et al., 2014). The wet troposphere cor-
ERA-Interim (ECMWF) and the National Centers for Envi- rection (WTC) used in the estimation of sea level is usually
ronmental Predictions/National Center for Atmospheric Re-computed from onboard nadir-looking microwave radiome-
search (NCEP/NCAR) reanalyses. Separating our analysegrs, which are well adapted for monitoring the highly vari-
on several temporal and spatial scales, we demonstrate thable wet troposphere signals at a variety of spatial scales.
ERA-Interim provides the best modeled WTC for the altim- However, the errors associated with this WTC may be the
eter sea level at climate scales. This allows us to better evaluargest contributor to the uncertainty of the global MSL esti-
ate the radiometer WTC errors, especially for the first altime-mation. Indeed, the long-term stability of the global WTC is
try decade (1993-2002), and thus to improve the altimetelestimated to be at the level &f0.3 mmyr! (Obligis et al.,
MSL error budget. This work also demonstrates the relevanc010; Ablain et al., 2009). At regional scales, the correction
of the interactions between the “altimetry” and “atmosphere” displays strong geographical variations with higher values in
communities, since the expertise of each is of benefit to theareas of strong evaporation such as the tropics, and the uncer-
other. tainty on the WTC stability may reach 1.0 mnmyrin these
regions (Brown et al., 2010; Ablain et al., 2012).
The radiometer instrumental drift that potentially affects
the long-term stability of the WTC may result from not
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only the components’ ageing but also from internal temper-these comparisons. Drift, jumps and maneuvers have already
ature variations induced by maneuvers or when the instrubeen highlighted on TOPEX, Jason-1, Jason-2 and Envisat
ment is turned off. Almost all radiometers onboard past oronboard radiometers (Obligis et al., 2010). The quality of
current altimetry missions have suffered instrumental driftSECMWF operational WTC is not, however, homogenous
(18.7 GHz channel for the TOPEX MicroWave Radiom- over the altimetry period (from 1993 onwards). This is due to
eter/TMR, 23.8 GHz channel for ERS-2/MWR, 36.5GHz several processing evolutions which produce jumps or drift,
channel for the Envisat/MWR, mainly 34 GHz channels for preventing or reducing our ability to detect errors on radi-
the Jason-1 JMR and Jason-2 Advanced AMR). The deometer WTC, especially in the first altimetry decade. Atmo-
tection of these instrumental drifts is critical for altimetry spheric reanalyses such as the ECMWF ERA-Interim (Dee
and MSL studies, especially as atmospheric water vapor it al., 2011) or that of the National Centers for Environmen-
strongly correlated with interannual El Nifio-Southern Os-tal Predictions/National Center for Atmospheric Research
cillations (ENSOs), and in the meantime, its long-term evo-(NCEP/NCAR) (Kalnay et al., 1996) have been more uni-
lution is affected by climate warming. These natural varia- formly processed than the operational model, thereby elimi-
tions represent a limiting factor for an accurate calibrationnating jumps due to changes to the processing strategy. The
of the radiometer WTC. An instrumental drift could thus be objective of this study is to better characterize the radiometer
wrongly interpreted as a geophysical trend or even the opuncertainties by comparing the instrumental correction of the
posite. Thus, a careful radiometer calibration is required tomain altimeter missions over the entire altimeter era with all
accurately measure the global and regional trends of the seaf these modeled WTC. This should determine whether one
level (Cazenave et al., 2010). of these modeled corrections can be used as a reference to as-
To reduce the risks of misinterpreting the observed drifts,sess the radiometer WTC performances. The novelty of our
different methods have been developed to detect, assess aagproach is that the assessment of the modeled and instru-
correct these instrumental drifts. Examples include comparmental WTC is performed through the analysis of altimeter
ison with other radiometers and with other independent dataea level calculation and by separating several spatial and
sets (GPS, radio sounding, etc.) (Keihm et al., 2000; Nielltemporal scales well representative of climate signals.
et al., 2001; Zlotnicki and Desai, 2004). An illustration of A description of the method of comparison and the data
this was the detection of the spurious drift of the early used in this study is described in the next section. Then the
TOPEX TMR measurements (Fu and Haines, 2012). Thequality of the modeled WTC is analyzed at short temporal
Jason-1 and Jason-2 radiometers (JMR and AMR, respecscales. In the following section, the long-term stability of the
tively) have benefited from an internal calibration thanks toWTC is discussed at global and regional scales. The ability
the noise diode system (Brown et al., 2007), but the associto reproduce annual and interannual signals is then presented
ated WTC is affected by spurious jumps (Brown et al., 2011).and a summary and discussion are provided.
The long-term survey of the measured brightness tempera-
tures over naturally stable cold or hot terrestrial targets has
provided a reduction of the JMR drift from 3to 0.1 mnryr 2 Data and methods
(Brown et al., 2007). For Jason-2, a semiautonomous radioms, 1 Models of wet tronosphere corrections
eter calibration system (ARCS) aims to remove the Iargestz' posp

jumps of the AMR measurements before the production oftne ERA-Interim WTC is based on the ECMWE interim
geophysical data records. However, it was not designed 0fe 551y ses (Dee et al., 2011) and it corresponds to the lat-
climate-oriented calibration (Brown et al., 2011). For Jason-gg; global atmospheric reanalysis of the model. The oper-
3, planned to be launched in 2015, a periodic cold-sky 100k tional ECMWE WTC is produced by EUMETSAT using
has been propos_ed that can be achi_eved by pointing the rads_p yata from the ECMWE model to generate wet tropo-
ometer antenna into open space. This should improve the St%‘phere estimations. The NCEP/NCAR reanalysis (Kalnay
bility of the associated WTC and significantly reduce the ot 5 1996) is provided by NOAA/OAR/ESRL PSD, Boul-
time required to perform a climate-quality calibration. Fi- der, Colorado, USA, and is available from their website

nally, the radiometer drift can also be detected by compary . /aww.esrl.noaa.gov/psdrhese three data sets are
ison with the WTC derived from meteorological numerical available as 4-times-daily global grids with &8 x 0.75°

models. The instrumental WTC is preferred to the modeledgyia) resolution for ERA-Interim, an increasing resolution
correction since it provides a better estimation of the wety, o the altimetry era from.B° x 0.5° up to Q12° x 0.12°

troposphere path delay with respect to precision, sensitivy, ihe operational ECMWF model ands2 x 2.5° for the

ity and spatial sampling (Stum, 1994; Urban et al., 2001).\cER/NCAR reanalysis.

However, the modeled corrections remain one of the few in-

dependent references to assess the long-term stability of the 2  Altimeter data used

radiometer corrections. Usually, the operational model de-

rived from ECMWF (European Centre for Medium-Range The altimetry era (1993-2012) has been sampled by two time
Weather Forecasts) (Molteni et al., 1996) is used to makeseries derived from the TOPEX/Poseidon (TP), Jason-1 (J1)

Ocean Sci., 10, 89305, 2014 Www.ocean-sci.net/10/893/2014/


http://www.esrl.noaa.gov/psd/

J.-F. Legeais et al.: Evaluation of wet troposphere path delays 895

and Jason-2 (J2) missions, and also from the ERS-1 (El)sea level, which is relevant for climate studies. Global and re-
ERS-2 (E2) and Envisat (EN) missions. As each satellitegional trend differences between models and radiometers are
platform has its own onboard radiometer with different spa-computed over the 20 years of the altimetry era (from 1993
tial coverage and temporal resolution, both time series have@nwards) applying the MSL calculation method described on
been used for this study in order to better validate the resultsthe AVISO website Ifttp://www.aviso.altimetry.fr/fen/data/
The altimeter measurements used are the Archiving, Validaproducts/ocean-indicators-products/mean-sea-leve).htmi
tion, Interpretation of Satellite Oceanographic (AVISO) data The biases between the different radiometers are removed
(AVISO, 2013). The radiometer WTC is generally directly when calculating the temporal evolution of the differences
derived from level-2 altimeter products, usually called geo-between altimeter sea levels corrected from different WTC
physical data records (GDR). However in order to use theover the altimetry era. These biases are precisely estimated
latest and best correction available, there are some excephanks to the measurements from the verification phases
tions. For Jason-1, we have applied the enhanced Jasonvthen the satellites follow each other in close succession
Microwave Radiometer (Brown, 2010) corrections contain-and the same atmosphere is measured by the onboard
ing better wet troposphere path delay corrections along withradiometers.

better land, rain and ice flagging for coastal regions than that We also analyze interannual (signals between 2 and
found in the GDR-C release. For TOPEX, the radiometer5 years) and annual signals, which are of great interest in
WTC included in TP merged GDR products (M-GDR) has explaining the complex mechanisms of the ocean variability.
been corrected with a drift correction (Scharoo et al., 2004)Llovel et al. (2011) have shown that the interannual global
and empirical correction of yaw maneuvers (TOPEX 2005MSL variations could be linked to land water storage oscil-
annual validation report, AVISO, 2006). For Jason-2, the cor-lations, especially during ENSO events. A better description
rection is derived from the GDR-D release. Concerning ESAof these signals requires a very accurate calculation of the
missions, for Envisat, we use a very recent correction (interglobal MSL at interannual timescales, and thus it is funda-
nal technical note: reprocessing of RA2-MWR v2.1b. CLS- mental to determine WTC errors at these temporal scales.
DOS-NT-13-114.), allowing for improvement in the small  Finally, we also estimate the impact of WTC at shorter
temporal scales< 20 days) of sea level. For ERS-2, we scales (lower than 10 days). These scales are indirectly linked
use an updated correction derived from a neural algorithnwith climate scales since high temporal frequency errors in-
(Obligis et al., 2006). For the ERS-1 mission, the correctioncrease the formal error estimation of larger temporal signals
of the ocean products (OPR, ERS equivalent of GDR prod-previously described. The impact of using various models of
uct) is used. For all radiometer WTC, an editing criterion WTC on the SSH performances is estimated by computing
is used so that the values of the correction out of the rangehe variance of the SSH differences between ascending and

[—0.50, 0.0 m] are edited. descending tracks of each altimeter. Crossover points with
time lags less than 10 days are selected so that, at each point
2.3 Strategy and method of comparison of comparison, the altimeter is considered to measure near-

identical sea state at the same place. As the atmospheric tem-

In order to accurately compare WTC between models and raporal autocorrelation scale is relatively close to a few hours
diometers, we interpolate the model’s grids in space and timg¢Stum, 1998), this allows for a good estimation of the impact
(by bilinear interpolation) on the satellite ground tracks. Note of this correction on the high-frequency part of the altimeter
that we have used the already interpolated along-track valueSSH. Moreover, in order to keep the regions where the sig-
provided in the altimeter products for the WTC derived from nal will be stronger, additional editing of the crossover points
the operational ECMWF model, whereas we have computeds performed, using only data with latitudes lower thaf,50
the WTC derived from the two atmospheric reanalyses. Webathymetry deeper thar1000 m and regions of ocean vari-
have been able to check with some 3-D output fields of theability lower than 400 crh This selection is performed only
operational ECMWF model that our computation algorithm for the crossover points analysis in Sect. 3. In this study, the
is correct and does not contribute to any difference betweerterm “SSH performances” is used to assess to what extent al-
the different modeled WTC. The comparison of along-tracktimeter sea levels are similar at the crossover points between
interpolated values reduces the effect of the spatiotemporahscending and descending tracks.
sampling of altimeters. Another main interest is to directly
calculate the altimeter sea surface height (SSH) successively
using WTC derived from models and radiometers. Through3 High frequencies of the sea level
analysis of the differences between altimeter sea level esti-
mations computed with different corrections, we are able t03.1 Global scale
assess the quality of the WTC by evaluating the primary sig-
nals that are representative of climate scales. The impact of the modeled or radiometer WTC in the calcu-

The analyses are focused on the long-term evolution (trendation of SSH for high-frequency signals (lower than 10 days)
over a period longer than 10 years) of the global and regionals quantified by plotting the temporal evolution of the SSH
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Figure 1. Temporal evolution of sea surface height (SSH) variance differences at crossover§)(i|msimg different wet troposphere cor-
rections successively in the calculation of SSH: ERA-Interim and NCEP/NCAR reanalysis (top), ERA-Interim and ECMWF operational
(middle), ERA-Interim and radiometer (bottom). Statistics have been computed with TOPEX/Jason-1/Jason-2 data on the left and ERS-
1/ERS-2/Envisat on the right without any selection of the data.

variance differences at crossovers (see Sect. 2) computefdom significant improvements, mainly associated with an
successively with different WTC in the estimation of SSH increased spatial resolution, an improvement in the data as-
(Fig. 1). Compared with the use of the operational ECMWEF similation process, and evolutions of the model (Andersson
model (middle panels of Fig. 1), the altimeter SSH perfor- et al., 2005). Thus, the operational model should better solve
mances are significantly improved with the ERA-Interim re- the small spatial and temporal scales than its reanalysis. This
analysis. The improvement is greater over the first decade ofmaller impact than expected could be related to coastal areas
the altimetry era, with a variance reduction of 6<hefore  which are not included in these statistics (bathymetry deeper
1995 and close to 2 chraround 2002. Note that a strong de- than —1000 m), but this remains to be investigated. Charts
terioration is observed in 1994 (a relative 4coecrease) in the top panels of Fig. 1 indicate that the ERA-Interim re-
for ERS-1 crossovers, which is not detected with the TPanalysis provides a significant improvement in the altimeter
measurements in the same period. This most likely high-SSH performances compared with the NCEP/NCAR model
lights an anomaly in the operational ECMWF WTC avail- (negative variance differences). The variance reduction re-
able in the ERS-1 products. Over the second decade, thmains relatively constant over the altimeter era, regardless of
improvement is lower than 2 chand becomes insignificant whether it is computed with the TP/J1/J2 time series (3)cm
from 2006 onwards (lower than 0.5énbut no deteriora-  or with the E1/E2/EN measurements (69nThanks to this

tion is measured with ERA-Interim. This result is not ex- gain in performance with the ERA-Interim WTC, the impact
pected, since the operational ECMWF model has benefitedf using this reanalysis is now estimated by comparison with
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Figure 2. Map of SSH variance differences at crossovers (ir?—)cnsing the ERA-Interim and radiometer wet troposphere corrections
(bottom) and the ERA-Interim and ECMWF wet troposphere correction (top) successively in the calculation of SSH. Statistics have been
computed over the first altimetry decade (from 1993 to 2002) using TOPEX data (left) and the second altimetry decade (from 2002 to 2011)
using Jason-1 data (right).

radiometer WTC at crossovers. The bottom panels of Fig. laltimeter SSH performances are deteriorated with the model
display the temporal evolutions of the variance differencesby a relatively homogeneous magnitude over the altimeter
and clearly indicate better performances of the radiometerperiod. Slightly higher differences are observed in the west-
(positive variance differences) at these timescales. The inern part of the Atlantic and Pacific oceans, with values up to
crease in variance is relatively constant over the 20 years o5 cn? in this latter basin.

both altimeter time series (between 1 and Zgm Thus, at short temporal scales and as expected, improved
altimeter SSH performances are obtained with the use of
3.2 Regional scales microwave radiometers, demonstrating the importance of the

availability of such instruments onboard satellite altimeters.

Figure 2 displays the spatial distribution of the crossoverHowever, the radiometer WTC performances are better char-
SSH variance differences. The period of study is separate@cterized at small temporal scales with the ERA-Interim re-
over the two decades of the altimetry era (1993-2002, 2002-analysis since it provides significantly improved results com-
2011) in order to take into account the evolution of the oper-pared with the use of the operational ECMWF model (no-
ational ECMWF model's quality. The better results obtainedtably over the first altimetry decade) and the NCEP/NCAR
with ERA-Interim compared with the operational ECMWF reanalysis (over the entire altimetry era). The quality as-
model over the first decade are spatially homogeneously dissessment of the WTC at longer timescales will benefit from
tributed between 50S and 50 N, with a variance reduction improved precision at shorter ones. Indeed, reduced high-
of 10 cn? at low latitudes. This constitutes a drastic improve- frequency errors will decrease the formal error estimation of
ment in the SSH estimations. Over the second decade (uppéhe signals at longer wavelengths such as the annual cycle or
right panel of Fig. 2), the SSH variance reduction obtainedthe trend.
with the reanalysis is restricted to latitudes lower thah, 30
where the wet troposphere physical content is higher, with
differences less than 3 &nNo impact is observed at these
timescales at higher latitudes.

The bottom panels of Fig. 2 show the impact of using
the ERA-Interim reanalysis WTC compared with the use of
the radiometer WTC. The positive values indicate that the
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Figure 3. Temporal evolution of global mean differences between altimeter SSHs corrected from wet troposphere corrections computed
with several models and the radiometers (in cm): ERA-Interim reanalysis (top), NCEP/NCAR reanalysis (middle) and ECMWF operational
(bottom). Statistics have been computed with TOPEX/Jason-1/Jason-2 data on the left and ERS-1/ERS-2/Envisat on the right without any
geographical selection of the data. The biases between the radiometer measurements of the altimeter missions have been removed.

4 The long-term stability of the altimeter sea level Figure 3 presents the temporal evolution of differences
between altimeter sea levels corrected from different WTC,
4.1 Global mean sea level where the biases between the different radiometers have been

) . . _ removed, as described in Sect. 2. The differences between the
The impact of using the modeled WTC instead of the radi- 5 herational ECMWF model and the radiometer correction
ometer correction is now analyzed in terms of the global drift ,5t1om panels) present a high variability (standard deviation
of the altimeter SSH anomalies. The suitability of reanal- 5¢ 1 1 and 0.6 cm for the TP/J1/32 and E1/E2/EN time series
yses to charaqteriz_e tren.ds and the drift of the we_t trOpO'respectiver) with some jumps as in 2002 (1 cm). This evolu-
sphere correction in pgrtlcular has already bee'n discusseflyn js attributed to the upgrades of the operational model and
(Bengtsson et al., 2004; Dessler and Davis, 2010; Thorne anh s trates that the stability of the operational model's outputs
Vose, 2010); those studies suggest a strong sensitivity 10 thggn ot he guaranteed (Fernandes et al., 2014). Similar to the
computational methods and to the data assimilation (changes,se of the ERS-1 anomaly observed in 1994 (see Sect. 3)
in the global observing system). Here, we want to determingy e pelieve that the 2 cm jump observed in 1998 with TP data
whether a modeled WTC can be used to detect a drift of thg, s related to the update of the correction in the altim-

radiometers and which model is the most adapted for suchyer products. The variability of the global MSL differences
a detection. is drastically reduced when the ERA-Interim (upper panels)

and NCEP/NCAR (middle panels) reanalyses are compared
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B A SRR ARAY A ALK AR AN AR AR independent, this suggests that the error could be relateq to
O RN | 1199320011040 mmiyr | (200520101207 iy 3 the modeled WTC. On the other hand, as the consecutive lin-
3 E ear signals are similarly detected with both ERA-Interim and
oeF E NCEP/NCAR reanalyses, and as both of these reanalyses are

02F

a priori independent, this leads to the opposite conclusion:
errors will be due to radiometers. Therefore, an immediate
conclusion can not be made on the origin of the errors be-
tween radiometer and models at these timescales.
Furthermore, the hypothesis that radiometers are com-
o pletely independent might be inappropriate. On the one hand,
1992 1994 1996 1995 2000 2002 2004 2006 2008 2010 2012 some similarities exist between the algorithms that restitute
yer the WTC from the brightness temperatures, and, on the other
Figure 4. Temporal evolution of global mean differences between hand, similar channels are exploited by the radiometers (as
altimeter SSHs corrected from wet troposphere corrections comthe 23.7 Hz) to measure the wet troposphere content. There-
puted with ERA-Interim and the radiometers (in cm). Statistics fore, even if the instruments are independent, a correlated
are computed with TOPEX/Jason-1/Jason-2 data (in red) and ERSsignal error could be introduced by these potential depen-
1/ERS-2/Envisat data (in blue) without any geographical selection.dences. In the same way, the independence of ERA-Interim
The drifts between ERA-Interim and radiometer WTC have beengnd NCEP reanalyses could also be questioned since a com-
computed according to decades (19932001 and 2002-2010) fqfyon data assimilation anomaly has been introduced in both
both time series and are indicated at the top. reanalyses (Dee et al., 2011; Kalnay et al., 1996). Thus, the
determination of the origin of these parabolic signals requires
further investigations on the processing of radiometer WTC
with the instrumental correction since the reanalyzed timeas well as on the data assimilation in models.
series are much more stable than the outputs of the opera-
tional model. A stronger annual signal is observed in the dif-4.2 Regional mean sea level
ferences with ERS-1 and 2 and Envisat than with TOPEX
and Jason-1 and 2, which is mainly associated with the dif-As strong differences can be distinguished in the spatial dis-
ference of spatial coverage. The standard deviation of the diftribution of the water vapor troposphere content (30 cm path
ferences is slightly smaller with ERA-Interim compared to delay differences between low and high latitudes), the re-
the NCEP/NCAR reanalysis, regardless of the altimeter datagional MSL trends may be significantly affected by the altim-
used (0.1cm vs. 0.2cm for the TP/J1/J2 time series). Thester WTC. At high latitudes, the radiometer measurements
ERA-Interim WTC has the closest long-term behavior to theare deteriorated in the ice-covered regions, which should ex-
radiometers, which suggests that the stability of the instrusplain major discrepancies with the modeled WTC. The im-
mental WTC can be analyzed in more detail by comparisonpact of the modeled or radiometer WTC on the regional MSL
with this reanalysis. is analyzed in terms of the spatial distribution of the sea level
From thorough analysis of the temporal evolution of the trend differences (Fig. 5), and we focus on low and midlati-
differences between the modeled and the instrumental WTCtudes.
a “parabolic” signal is highlighted (Fig. 3, top panels) forthe  Firstly, when comparing the operational ECMWF model
TP/J1/32 time series as well as for the E1/E2/EN one. Simwith the radiometer correction, strong differences of several
ilar evolution is depicted with the NCEP/NCAR reanalysis millimeters per year in absolute values are obtained over the
but not as significantly (middle panels). To better highlight first altimetry decade (middle left panel). Over the second pe-
this signal, the temporal evolution of the former difference riod (middle right), the MSL trend differences reach almost
is shown in Fig. 4 with a reduced range of the ordinate+1.0mmyr? in the equatorial Indian and Pacific oceans
axis, with both altimeter time series and the associated trendand they are relatively homogeneously distributed elsewhere,
computed separately for the two decades. The drift of thewith an average of-0.5 mmyr L. This confirms that the op-
ERA-Interim reanalysis compared with the radiometer cor-erational model is not adapted to assess the regional MSL
rection is of+0.4 mmyr over the first period and0.5and  trends, particularly with the first altimeter records. Secondly,
—0.7mmyr ! over the second period with the TP/J1/J2 andthe MSL trends obtained with the WTC derived from the
E1/E2/EN time series, respectively. We would like to know NCEP/NCAR reanalysis and the radiometer (bottom panels)
whether this evolution is attributed to the radiometers or todepict differences of more thah3.0 mmyr!, with a strong
the reanalyzed fields. spatial variability at low and midlatitudes over the global al-
The answer to this is not obvious. On the one hand, as théimeter period. Finally, the ERA-Interim WTC provides the
two consecutive linear signals are similarly observed whensmallest differences in regional altimeter MSL trends com-
using the two different radiometer time series, and as thepared to those derived from the radiometer (Fig. 5, upper
onboard microwave radiometers are different and a prioripanels). The discrepancies are mainly distributed along the
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TOPEX [1993-2002] Jason-1[2002,2011]

Centered trend differences (mm/yr): NCEP - Radiometer Centered trend differences (mm/yr): NCEP - Radiometer
E— | I

-2 -1 0 1 2 -2 -1 o 1 2

Figure 5. Map of the regional differences (centered on the mean, in nTrﬁ)ybetween the trends of altimeter sea levels, successively
corrected from modeled wet troposphere corrections and the radiometer corrections: ERA-Interim reanalysis (top), ECMWF operational
(middle) and NCEP/NCAR reanalysis (bottom). Statistics have been computed over the first altimetry decade (from 1993 to 2002) with
TOPEX data (left) and over the second altimetry decade (from 2002 to 2011) with Jason-1 data (right).

Equator and are in the range &f0.5mmyr?! over both  to the instrument. However, these comparisons contribute
altimetry decades. No significant geographical bias is ob4o better estimation of the errors in the radiometer at these
served. However, smaller differences do not necessarily contimescales.
stitute an improvement. From looking at the spatial variabil-
ity of the MSL trend differences, a more homogeneous dis-
tribution will suggest an improved quality. This spatial vari- 5 Annual and interannual signals
ability is reduced the most with the ERA-Interim reanalysis,
especially for the first altimetry decade. 5.1 Annual signals
The performances of both reanalyses could not really

be distinguished with regard to the impact on the globalThe annual signal of the atmospheric water vapor content
MSL trend (see previous section), but the regional approactiNedoluha et al., 1996; Seele and Hartogh, 1999) directly af-
reveals that the WTC derived from the ERA-Interim re- fects the sea level estimation at this temporal scale through
analysis is substantially better for assessing the radiometere altimeter range correction of the path delay. Over the
stability and thus the long-term evolution of the altimeter first altimetry decade (TP measurements), the WTCs derived
MSL. We can not determine whether the remaining MSL from both the ERA-Interim reanalysis and the operational

trend differences obtained when comparing the ERA-InterimeCMWF model provide altimeter SSH with amplitudes of
reanalysis and the radiometer are attributed to the model ofhe annual signal of about 3cm (Fig. 6, top). This is very
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close to the one obtained with the radiometer correction A — T

(difference of less than 1 mm). With the NCEP/NCAR re- : ]
. . . . . . + — SLA with Era-interim g

analysis, this amplitude is significantly reduced, by more ] S =, .

than 6 mm, over this period. When considering Jason-1 ¢ i " P ]

records over the second altimetry decade (Fig. 6, bottom), the < 2F L

small difference previously observed between the operational 3
ECMWF model, its reanalysis and the instrumental correc- T;z
tion has now disappeared. A 3cm amplitude of the annual <
signal is observed with all the associated corrections. The
NCEP/NCAR reanalysis still provides significantly reduced E
amplitude compared with the others. These comparisons sug T T T T e T T T e
gest that less confidence in the estimation of the annual sig-

nal derived should be attributed to this model. Similar results

(not shown here) have been obtained with ESA missions (E1,

E2, EN). Contrary to the high frequencies and long-term evo- T S with RadiomErar”
lution previously discussed, the corrections derived from the b LA with Eradinterim ]
ERA-Interim reanalysis and the operational ECMWF model 3:‘ LA with ECWME /7@;&& ]
have similar performances to all the instrumental corrections R B

in order to estimate the annual signal of the global altimeter
MSL.

1-year period

Period (days)

Amplitude (cm)

5.2 Regional annual signals

1-year period

When considering the global ocean, the impact of the WTC _

on the annual signal amplitude has been discussed in term: Y S ———
of altimeter SSH anomalies, but at regional scales, the impact
will be less pronounced and it is more relevant to estimate it
through the WTC itself. The bottom panels of Fig. 7 reveal Figure 6. Amplitude of the annual signal (in cm) of the global al-
significant differences of more than 1cm between the andtimeter mean sea level derived with different wet troposphere cor-
nual signal amplitudes estimated with the WTC derived fromrections over the first (top, TP data) and the second (bottom, Jason-1
the NCEP/NCAR reanalysis and from the radiometers, withdata) altimetry decade.

a strong spatial variability at low and midlatitudes regard-

less of which period is considered. Secondly, the difference

in amplitude obtained with the ECMWF operational model to 30 days). There is no evidence to attribute the remain-
vs. the radiometer (Fig. 7, middle panels) is large (1cm)ing differences between ERA-Interim and the radiometer to
over the first altimetry decade and displays significant dis-the model or to the instrument. However, like for the MSL
crepancies until 50latitude. Improved results are observed trends, these results contribute to better estimation of the
over the second decade, with differences less than 5mntadiometer errors for the estimation of the annual signals
Finally, the smallest differences and the most reduced spaand thus refine the altimeter sea level budget error at these
tial variability is detected with the ERA-Interim reanalysis timescales.

over the first decade (top left panel of Fig. 7), with differ-

ences in the radiometer of less than 5mm, mainly zonally5.3 Interannual signals

distributed at low and midlatitudes<(30°). The reanalysis

provides slightly greater amplitude along the Equator and reAs explained previously, MSL variations at interannual
duced at 10-30latitude. After the year 2000, the results are timescales (2-5 years) are of main interest for climate stud-
similar to those obtained with the operational model but theies. Thus, very good knowledge of the altimetry errors is
consistency with the radiometer is slightly deteriorated with required at these timescales, especially for the water vapor
ERA-Interim in some regions. The ERA-Interim reanalysis in the atmosphere, whose natural variations may be on the
is thus considered to have the best performances for the resame order as that of the global MSL (a few millimeters)
gional estimation of the annual signal of the WTC. This (Lagerloef et al., 1999; Cazenave et al., 2010). In both cases,
result is confirmed by the analysis of the phase of the anfor the MSL and wet troposphere contents, these interannual
nual signal (Fig. 8): very low phase differences are obtainedevolutions are strongly correlated with interannual ENSOs
with ERA-Interim reanalysis< 5 days) over the whole al- (Nerem et al., 1999).

timetry period, whereas the ECMWF operational model and To analyze the differences at these timescales, we com-
the NCEP/NCAR reanalysis provide stronger differences (uppare time series of different WTC over a few years (Fig. 9).

Period (days)
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Figure 7. Regional differences in the annual signal's amplitude of the wet troposphere corrections (in cm) comparing each model (top:
ERA-Interim; middle: operational ECMWF; bottom: NCEP/NCAR) with the radiometers over the first (left, TP data) and the second (right,
Jason-1 data) altimetry decade. Contrary to other figures, we compare here the annual signal of the WTC itself.

Differences between the modeled and a radiometer WTG Discussion and conclusions
reveal distinct behaviors during the ENSO La Nifa event
of 2008. Except for the one derived from the operational The radar altimeter range needs to be corrected from the
ECMWF model, all corrections display a decrease in the wetpath delay associated with water vapor content of the tropo-
troposphere path delay from the end of 2007 (dryer atmo-sphere. Onboard microwave radiometers are preferred to pro-
sphere) followed by an increase after mid-2008. A globalvide the associated WTC since they remain the most precise
difference of 3mm is observed compared with the radiom-and sensitive solution for estimating the highly variable wet
eter and the other modeled corrections. As it corresponds t@roposphere signals with enough spatial and temporal sam-
the order of magnitude of the signals that we want to detectpling. The aim of this study was to determine to which extent
this illustrates the difficulty in providing an appropriate refer- a modeled correction could be used as a reference to assess
ence to assess the performances of the microwave radioméhe quality of the instrumental WTC, which further enables
ters at the interannual timescales. This also highlights thaMSL climate estimations. To do this, the instrumental correc-
the associated variations of the water cycle in the atmosphertions of main altimeter missions have been compared with
are better reproduced with global reanalyses rather than witlmodeled WTC over the whole altimeter era. This has been
operational models. The estimation of the interannual signalglone after interpolating the grids of the models on the satel-
could thus constitute an improvement target in these modeldite ground tracks in order to accurately compare both types
of corrections through the estimation of the altimeter SSH.
This also allows for the separation of different wavelengths
representative of climate scales. The WTC derived from the
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TOPEX [1993-2002] Jason-1[2002- 20121
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Figure 8. Regional differences in the annual signal’'s phase of the wet troposphere corrections (in days) comparing each model (top: ERA-
Interim; middle: operational ECMWF; bottom: NCEP/NCAR) with the radiometers over the first (left, TP data) and the second (right, Jason-1
data) altimetry decade. As in Fig. 8, we compare here the annual signal of the WTC itself.

ERA-Interim reanalysis appears to be the most adapted mod:zould be related to an anomaly detected in global atmo-
eled reference to perform this quality assessment, particuspheric reanalyses such as ERA-Interim. Indeed, in the con-
larly over the first altimetry decade: it provides a significant text of the so-called “rain assimilation”, the greater the num-
improvement in the altimeter SSH performances at smallber of total column water vapor retrievals from SSM/I satel-
scales (less than 10 days) compared with the ECMWEF oplites, the greater the drying induced by the analysis incre-
erational modeled correction and it is substantially better forments. This results in the atmosphere being represented in
assessing the radiometer’s stability and thus the long-ternERA-Interim as more dry (wet) whenever an SSM/I satel-
evolution of the altimeter MSL at regional scales. These re-lite is introduced (withdrawn) in the rain assimilation pro-
sults help to better characterize the altimeter sea level unceeess (P. Poli, personal communication, 2013). As several in-
tainties associated with the wet troposphere path delay. Thisreases in the number of PWC (precipitable water content)
directly contributes to the refinement of the altimeter MSL retrievals occurred before 2001 and some decreases occurred
error budget, which is fundamental for answering the user'sfrom 2002 onwards, this could contribute to the observed
requirements for climate applications. evolution in Fig. 4.

However, some errors remain, particularly for the rep- This study demonstrates the benefit of using indepen-
resentation of the low-frequency variability of the water dent altimeter measurements to validate some fields of atmo-
cycle in atmospheric reanalyses. The two linear evolutionsspheric reanalyses, such as the water vapor content of the wet
observed over both altimetry decades when comparing théroposphere. Similar work has also recently been performed
modeled WTC with the instrumental correction (Fig. 4) for the pressure and wind fields derived from ERA-Interim
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