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In this thesis, an analysis is performed on how the tidal environment in the vicin-
ity of Aix island observatory is affecting satellite altimetry calibration and validation
activities. The study site offers in-situ tide gauges and continuous GNSS stations, al-
lowing the calibration of the satellite data, and providing relevant information on the
corrections applied to the altimeter measurements, such as wet troposphere correction
and ionosphere correction. The analysis is done to estimate the absolute calibration
biases accurately. The bias is the difference between the altimetry derived sea surface
height, and in-situ tide gauge derived height. The initial goal was to estimate the bias
by iterating the data processing with suitable corrections. In the course of the work,
it became apparent that the previously attributed to the altimetric corrections and
geoid undulations difference in sea surface height between the northern, central and
southern parts of the track, concerning mainly SARAL, track 818, could be explained
by tidal anomaly differences. Ocean tide correction is not applied to data when a direct
comparison of sea surface heights is to be made. The satellite does not directly overfly
Aix Island, so there are phase lag and amplitude variation between the sub-satellite
measurement points and the coast. The tidal anomaly at the sub-satellite points was
reconstructed by using both in-situ, and tidal atlas derived harmonic coefficients. Fol-
lowing tide difference correction that accounts for the height variations between the
coast and the measurement points, the calculated bias for SARAL, track 818 was found
to be less dispersed and closer to the zero. The results from this work can be applied
to the calibration activities on Aix Island, as well as other calibration sites charac-
terised by significant tidal anomaly, and where the satellites do not perfectly overfly
the calibration sites.
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Dans cette thèse, une analyse de l’impact des marées dans la région de l’île d’Aix
sur l’étalonnage des satellites altimétriques ainsi que la validation de leurs activités
sera développée. Le site d’étude possède des mesures continues des hauteurs de marées
grâce à des stations GNSS, permet l’étalonnage des données satellitaire et de fournir
une meilleure information pour corriger les mesures altimétriques de la troposphère
humide et de la ionosphère par exemple. L’analyse est faite pour estimer avec précision
les erreurs de l’étalonnage absolute provenants de la différence entre la hauteur de la
surface de la mer, mesurée par altimétrie, et les mesures in-situ. Le but initial étant
d’estimer correctement l’écart de mesure en relançant le processus de données avec les
corrections adéquates. Au cours de ce travail il est devenu évident que les différences
de hauteur d’eau attribuées auparavant à des ondulations du géoïde dans les portions
nord et sud de l’île d’Aix, concernant la majorité des cycles, principalement, la trace
818 du satellite SARAL, pourraient avoir une explication alternative. La correction des
marées n’ayant pas été appliquée aux données pour permettre une estimation directe
du biais, la variation de hauteur significative entre les parties Nord et Sud de la trace,
pourrait s’expliquer par l’environnement complexe des marées. Le satellite ne survole
pas parfaitement l’île d’Aix, il y a donc une différence de phase et d’amplitude entre
les points sous-satellites et la côte. L’anomalie de marée aux points de mesure sous la
trace du satellite a été reconstruite en utilisant à la fois des coefficients harmoniques
de marée dérivés d’atlas in situ et d’atlas de marée. Après correction de la différence
de marée et en tenant compte des variations de hauteur entre la côte et les points de
mesures, le biais calculé s’est avéré moins dispersé. Les résultats de ce travail pourront
être utilisés pour l’étalonnage d’autres satellites dans la région de l’île d’Aix ainsi que
pour d’autres sites possédant une anomalie due à des marées importantes.
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1 Introduction

Satellite altimetry is an essential tool in modern oceanography, providing sea surface
height (SSH) measurements for the study of climate change, ocean circulation, Earth’s
geoid, improving weather forecasts and more. Since the launch of the TOPEX/Poseidon
(T/P) altimetry mission in 1992, measuring SSH in the open oceans proved to be a
hugely successful endeavour. The achieved orbital accuracy of T/P was in the range
of 3 to 4 cm RMS [7], while following missions, such as Jason-1,2, and 3 perform even
better, resulting in a SSH measurements with a globally averaged root mean square
(RMS) accuracy of less than 3.4 cm [3]. The global mean sea level (MSL) change can
then be mapped by using altimetric data for an extended enough period.

Following the success of open-ocean altimetry, the idea of applying this technique
in coastal regions arises naturally. What is more, coastal areas are the most impacted
by the climate change-induced ocean level rise. Presently, about 40% of the world’s
population is estimated to live within 100 km from the ocean shores [5]. Monitoring
coastal areas is then extremely important to ensure the population’s well-being, with
satellite altimetry providing essential data for analysis.

Using altimetry near the coast poses various challenges though, such as limitations
due to the spatial and temporal sampling of altimetry missions and the contamina-
tion of the on-board radiometer and altimeter instruments by the presence of land.
Tides introduce another complication since unlike in the open ocean, tidal models, and
consequently, tidal correction near the coast requires a good knowledge of the coastal
geography. The high-frequency tidal components must also be taken into account.

Monitoring the long-term changes in global mean sea level (GMSL) within an error
of less than 1 mm/year is one of the central questions in satellite altimetry and simul-
taneously one of the most challenging objectives in space geodesy [1]. Calibration and
validation (cal/val) activities are a crucial tool in the pursuit of such a high accuracy
level. The task of the cal/val is to ensure the quality of the satellite altimetry data.
For the better understanding of the performance of an altimeter system, it is advisable
to use a geographically diverse set of calibration sites, each with their specific oceano-
graphic conditions [9]. The intended outcome is to ensure the long-term stability of the
measurements by monitoring the absolute altimeter bias and checking on instrument
drift.

The analysis made in this report is focused on how the tidal environment in the
region of Aix island impacts the estimation of the absolute bias for the altimeter on
board SARAL, for tracks 818 and 859.
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1.1 Summary of satellite altimetry principles

A nadir-looking altimeter instrument on-board of a satellite measures the distance
between the precise satellite’s location in orbit and Earth’s ocean surface. The distance
is obtained by measuring the two-way travel time of the emitted radar pulse and later
applying a set of corrections to account for pulse propagation delay and geophysical
phenomena. The resulting distance, or range, is subtracted from the satellite height
above a reference ellipsoid, called the altitude, yielding the surface height.

The principal objective of the altimetry measurement is to obtain the height of
the sea surface with relation to a terrestrial reference frame. Consistent level of orbit
accuracy within 1 cm radial RMS over time is a crucial part for delivering accurate sea
level change measurements.

1.2 Overview of geophysical and range corrections

During its passage through the atmosphere, the speed of the radar pulse is reduced
by the presence of water vapor and dry gases in the troposphere, and free electrons
in the ionosphere. This delay causes the observed range to appear longer, shifting the
sea surface height too low. The range corrections are those applied to account for the
radar pulse deceleration while crossing the atmosphere-ionosphere delay correction, dry
troposphere correction, and wet troposphere correction. The observed SSH is also to
be adjusted due to the influence of various geophysical phenomena, such as the ocean
tide, geoid height, and dynamic atmosphere pressure. The measurement of interest
for oceanographic studies is the dynamic sea surface height, or the water height after
subtracting the contribution of the dominant geophysical signals. Thus geophysical
corrections must be applied in order to isolate this aimed dynamic height. The geoid
is the most significant contributor to the SSH, so by removing the permanent geoid
signal, together with tides and dynamic atmosphere, the SSH is reduced to a meter
scale, allowing the computation of the ocean circulation.

1.2.1 Range corrections

Ionospheric correction accounts for the pulse delay due to the presence of ions and free
electrons in the ionosphere at altitudes above 100 km. The electromagnetic wave is
slowed down during its passage through this electron-abundant layer by an amount
which is proportional to the electron density. Since the medium is dispersive, most
GPS systems, as well as some altimetric missions, use this property by carrying on
board dual-frequency altimeters that can estimate the total electron content (TEC)
which allows for the correction of the ionospheric path delay.

Dry troposphere correction must be applied due to the wave refraction from dry
atmospheric gases, mainly oxygen and nitrogen. It is the largest range correction,
having a mean value of about 230 cm in open ocean measurements [9]. The correction
varies slowly compared to the wet troposphere correction and doesn’t suffer significant
degradation close to coast, unlike the wet troposphere correction.

Tropospheric correction takes into account the pulse refraction due to the water
vapor and liquid water droplets in clouds, with water vapor dominating the correction.
The correction is complicated, especially in coastal regions, where the nadir-looking
passive microwave radiometer measurements of the columnar water vapor get contam-
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Mean (cm) Time-variable deep
ocean (SD) (cm)

Time-variable
coastal (SD) (cm)

Dry troposphere -231 0–2 0–2
Wet troposphere -16 5–6 5–8
Ionosphere -8 2–5 2–5
Sea-state bias -5 1-4 2–5
Tides 0–2 0–80 0–500
Dynamic atmosphere 0–2 5–15 0–500

Table 1: Mean and standard deviation for the corrections applied, based on six-year
altimetric observations by Jason-1, taken from Coastal Altimetry [9]

inated by the presence of land in the footprint. Typical radiometer footprint values
range between 20 and 30 km, compared to an altimeter footprint of 4 to 10 km. The
large size of the radiometer’s footprint leads to the instruments’ contamination by the
much warmer land starting at about 30 km from the coast, thus compromising the
correction accuracy.

The sea-state bias correction accounts for the fact that wave troughs are prevalent to
wave crests, and the throughs also reflect more of the radar signal. The two conditions
cause the range to become too long, thus shifting the sea surface height too low. The
correction tries to compensate for the trough signal prevalence, by taking into account
not the actual scattering surface, but the mean sea level at the measurement area. The
effect arises from three biases wich are linked together, namely an electromagnetic bias,
skewness bias and instrument tracker bias. Electromagnetic or radar scattering bias
arises from the distribution of specular facets, or the fact that the wave throughs are
predominant, while the skewness and instrument biases come from the type of tracker
used and the significant wave height estimation tracker, respectively [9].

1.2.2 Geophysical corrections

Ocean tide correction is complex in shallow coastal areas. The ocean tide together with
the loading tide, which is the small displacement of the crust due to the loading weight
of the water column, is called the geocentric, or elastic ocean tide. While mathematical
formulas describe pole tide and solid Earth tide, to correct for the ocean tide is quite
a challenging task, especially in regions with high tidal amplitudes. Since the most
significant tidal influences have diurnal and semi-diurnal repetition cycles, their signal
is aliased into the altimetric data, meaning that those high-frequency signals cannot
be isolated due to the sparse temporal sampling of the satellite. TOPEX/Poseidon
satellite overflew the same region about every ten days while SARAL had a 35-day
exact repeat cycle. The removal of the ocean tide is therefore needed for the accurate
dynamic sea surface height estimate. The dynamic atmosphere correction accounts for
the inverted barometer effect, that is, the ocean level goes down with high atmospheric
pressure, and rises when pressure is low. This correction has two components, a low-
frequency contribution with a period of more than 20 days and a high-frequency one
with a period of fewer than 20 days.
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2 Data acquisition and treatment

The satellite altimetry data was requested at the beginning of the internship, from the
Center for Topographic studies of the Ocean and Hydrosphere (CTOH) observation
service. The provided data covers a region between 5◦ and 0◦ longitude and 47◦ and
45◦ latitude. The selected area includes the islands of Re, Oleron, and Aix, part of the
mainland of the French department of Charente-Maritime, and a portion of the satel-
lite ground tracks further offshore. The altimetry data comes from several altimetry
missions, namely Jason-1, Jason-2, and Jason-3, Envisat, ERS-1, ERS-2. Data from
SARAL (Satellite with ARgos and ALtiKa) was downloaded later through the ABICE
calibration software, which will be discussed later. The provided files come in the
NetCDF format, GDR (Geophysical Data Records) versions, containing 1Hz records
and 40 Hz high-rate values. The GDR products provide the precise orbits, derived
by DORIS (Doppler Orbitography and Radiopositioning Integrated by Satellite) and
Laser POE (Precision Orbit Ephemerides). Throughout the internship, mainly SARAL
data from track 818 descendant and 859 ascendant have been used for the analysis.
SARAL is a collaborative altimetric mission between CNES and ISRO (Indian Space
Research Organization), launched on 25 February 2013. A successor to ESA’s EN-
VISAT mission, SARAL uses the same ground track, with a 35-day repeat cycle. The
altimeter on-board SARAL operates in the Ka-band (35.75 GHz, 500MHz) and it is
the first oceanographic altimeter to use such high-frequency [2]. The satellite began
its drifting phase on 4 July 2016.

Figure 1: Location of the Aix Island study site

As mentioned in the introduction, one of the principal issues in coastal altimetry is
the radiometer contamination by land. The land proximity degrades the quality of the
tropospheric correction, hence rendering the SSH estimation incorrect. By carefully
examining the applied corrections though, and comparing the results with in-situ data
recorded by the tide gauge (TG) located on the Aix island, some of the corrections could
likely be improved. The dedicated ABICE software for calibration was introduced with
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the goal to proceed with the corrections study and possibly identify the steps leading
to SSH estimation improvement near the land.

The final goal of the tropospheric correction examination is to accurately estimate
the bias, i.e., the systematic error, between the satellite SSH measurement and the tide
gauge in situ measurement. During the initial work with ABICE, the idea was to try
to use different values for tropospheric correction, not the ones directly observed by
the radiometer in the time of the passage. For instance, if values from further offshore
are used, they would not be land-contaminated and theoretically would not introduce
error. While working on the tropospheric correction iterations, it was noticed that the
Aix Island site is characterized by complex tidal environment, unlike other calibration
sites. The satellites do not directly overfly Aix island, as seen in Figure 1 and there is a
lag in the tidal amplitude and phase between the island and the satellite ground tracks.

2.1 ABICE calibration software

ABICE is a calibration software (written by Pascal Bonnefond and Olivier Laurain),
dedicated to the comparison of altimetry SSH data with in-situ SSH data from tide
gauges. The raw altimetric data is cleaned from outliers, and a correction to account for
the influence of the geoid is applied. The geoid grid is based on the Earth Gravitational
Model 2008 (EGM2008)1. Further, once the geoid height at each measurement location
is subtracted, the difference between the geoid height at Aix Island tide gauge and the
track (or more precisely the point of closest approach on the track) is added to this
altimetric height. This addition is done in order to minimize the geoid signal influence
for the comparison of altimetric and tide gauge data. It should be noted that EGM2008
is a global model, so it cannot provide an accurate estimation of the small-scale local
geoid undulations. For example, variations in the geoid slope in the Corsica calibration
site are in the range of several cm/km on average [1].

In the course of the work, it became apparent that the difference in sea surface height
between the track portions north and south of Aix island concerning the majority of the
passes may not be due solely to the applied corrections or small-scale geoid undulations,
as previously considered [8]. During a discussion on the possible reasons, it was noticed
that since ocean tide correction had not been applied to data in order to allow for a
direct estimation of the bias, the significant height variation between the northern and
southern parts of the track, could be explained by the complex tidal environment in
the region. If the satellite happens to overfly in time of high or low tide, the difference
of tidal phase and amplitude between the north and the southern portions of the track
could account for the observed discrepancy in the height measurements.

The point of closest approach for track 818 is significantly further from the tide
gauge location, standing at about 13 km, compared to track 589, which passes closer,
at about 3-4 km. The tracks are visible in Figure 2 and Figure 3. The altimetric data
is also corrected for all range and geophysical corrections, except ocean tide correction.
This is done in order to allow direct comparison between the altimetric and tide gauge
data.

1See http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008
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Figure 2: ABICE output for SARAL track 818, cycle 31. The high-rate data is repre-
sented by crosses and the 1 Hz data by diamonds. The red line corresponds to a 1 Hz
low-pass filter of altimetric data. The lower plot is the data corrected for geoid differ-
ences between the tide gauge location and the location of altimetric measurement. The
black and blue squares are the height of the tide gauges, black for Aix island and blue
for La Rochelle-La Palice. A black triangle indicates the point of closest approach[1].
The SSH difference between the northern, central and southern parts of the track is
evident in both the raw data in the upper plot and the geoid corrected data in the
bottom one.

2.2 Tide gauge data to account for SSH differences

The first test on the hypothesis of whether tidal contribution could explain the discrep-
ancy in SSH between the different portions of the track consisted of obtaining data from
the tide gauge stations at La Cotiniere, situated at the south coast of Oleron Island,
and from Aix Island. Since La Cotiniere TG is the one closest to the southern part of
the track, the idea was to use the recorded in-situ data for Aix Island and La Cotiniere
and calculate the difference in water height. Tide gauge data can be requested from
the SHOM website2, and it comes in either hourly data, ten minute, or high-frequency
minute data. It turned out that the data from La Cotiniere was missing for most of
the needed periods, so there was the need for tide reconstruction for the desired time

2https://data.shom.fr/donnees/refmar
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windows of each satellite pass.

Figure 3: ABICE output for SARAL track 859, cycle 30 and track 859. It is noticeable
on the lower plot that the in-situ and altimetric measurements differ significantly for
both parts of the pass. The high-rate data is represented by crosses and the 1 Hz data
by diamonds. The red line corresponds to a 1 Hz low-pass filter of altimetric data. The
lower plot is the data corrected for geoid differences between the tide gauge location
and the location of altimetric measurement. The black and blue squares are the height
of the tide gauges, black for Aix island and blue for La Rochelle-La Palice. A black
triangle indicates the point of closest approach[1].

2.2.1 Python utide package

Utide (Unified Tidal Analysis and Prediction) [6] is a Python package dedicated to
tide prediction by harmonic analysis of tidal time series. The tidal time series is de-
composed into sinusoids of given period, amplitude, and phase. The solver extracts
the amplitude and phase for the most significant harmonic coefficients and uses this
information to reconstruct the tide at any time sought. The utide solver uses tide
gauge data for an extended enough period so that it could accurately estimate all of
the harmonic constituents, as they have a different tidal period. The harmonic con-
stituents are the tide-generating motions, which could be described by a simple cosine
curve. In most locations, about 37 constituents could describe most of the perturbating
forces accurately, and mainly in complex areas, such as inside estuaries, the number of
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the constituents could go to above 100 [4]. Utide includes 35 constituents in the tidal
reconstruction.

2.2.2 Using in-situ tide gauge data

The package was used to reconstruct the tidal height at the time of each satellite
passage. Then a tidal correction was applied in order to determine whether a tidal dif-
ference could indeed account for the observed height differences between the northern,
central and southern parts of tracks 818 and 859.

Figure 4: Observed values, tidal reconstruction and residual signal for La Cotiniere for
April-May 2018

Firstly, the mean of the obtained from SHOM data was subtracted from each data
point to shift the mean sea level to zero. The results from the utide solver include the
predicted water level for the desired period, as well as the residuals, that is, the differ-
ence between the observed data points and the predicted ones. The residuals contain
information about the non-tidal part of the signal, such as the inverted barometer ef-
fect and winds (Figure 4). The residuals are essential, since the tidal prediction cannot
account for the non-tidal signal, and for an accurate reconstruction of the water level
at a given position, additional sensors are needed, such as atmospheric pressure gauge,
as used in the Bass Strait, Australia calibration site [11].
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After extracting the coefficients for each constituent, a prediction was made for
both Aix and La Cotiniere, at each time of the satellite passage. The next step was
to calculate the water level difference between Aix and La Cotiniere and apply this
difference to the southern part of the track below Oleron Island, with a corresponding
sign depending which site has higher waters. It turned out, that by merely subtract-
ing the heights and applying to the SSH did not yield good results, because of the
mentioned issue with the non-direct overfly (Figure 1). It was further noticed, that
since the track itself is long, more than 10 km, there is variation in the tide amplitude
and phase between the starting and ending points of the track. Applying the simple
water level difference between Aix Island and La Cotiniere did not account for those
effects. A tidal atlas was used as a tool to address the obstacle with the phase lag and
amplitude variations.

Figure 5: The tidal anomaly at the locations of Aix Island and La Cotiniere at the
time of each passage of SARAL, track 818

2.3 Tidal atlas

The tidal atlas provided the amplitude and phase of 17 principal harmonic constituents,
namely M2, S2, N2, M4, K2, MN4, MS4, O1, K1, MU2, M6, M3, 2MS6, MK4, P1,
2MN6 and Q13. To reconstruct the tide as from the tidal atlas, the given amplitudes
and phases of those 17 harmonic constituents were used together with the utide package.
In order to validate the accuracy of the tidal atlas, two predictions were computed for
the same period and same location of Aix Island. The first water level anomaly is
predicted by using amplitude and phase derived from the atlas, and the second one
using amplitude and phase derived by in-situ TG data. As seen in Figure 6, the two
predictions are very close in both amplitude and phase, so the tidal atlas was deemed
suitable to be used.

3Description can be found at https://tidesandcurrents.noaa.gov/harcon.html?id=9410170
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Figure 6: Comparison of tidal prediction for Aix Island with coefficients obtained from
in-situ data and coefficients obtained from tidal atlas

Figure 7: Amplitude map from tidal atlas
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2.4 Adding tidal correction

The first step was to find the nearest tidal atlas point for each sub-satellite measurement
point, as depicted in Figure 8. Python Scipy cKDTree proved to be faster than the
haversine distance and Scipy cdist algorithms for distance computation. cKDTree can
be used to quickly find the nearest neighbors of any point.

Figure 8: Nearest point extraction from tidal atlas grid (red points). In blue, the
satellite track.

Then the amplitude and phase lists taken from the tidal atlas were substituted into
the code, to use the capabilities of the utide solver to reconstruct the tide. To do
this, first, a prediction was made for Aix Island and the amplitude and phase arrays
that were predicted for Aix Island were just switched with the tidal atlas ones. The
substitution was done for all the cycles, all passage times. The phase derived from the
tidal atlas had to be corrected for a 1 hour lag with respect to the UTC standard used
by utide. The obtained tide correction was subtracted from each point along the track,
as seen in Figure 10 and Figure 12 Tracks 3, 8 and 34 were discarded, as they do not
provide enough data to apply correction between the different track portions.
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Figure 9: Predicted tidal anomaly for Aix Island and each sub-satellite point for each
cycle of track 818.

Since the different cycles in Figure 10 are not distinguishable enough, the plots in
Figure 13 and Figure 14 show how the applied tidal correction improves the height
differences between the northern, central and southern parts of each track.

Figure 10: SSH before (up) and after applying tidal correction (down) for each cycle
of track 818.
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Figure 11: Predicted tidal anomaly for Aix Island and each sub-satellite point for each
cycle of track 859

Figure 12: SSH before (up) and after applying tidal correction (down) for each cycle
of track 859

16



Figure 13: SSH plots before and after tidal correction for cycles 1, 4, 19, 20, 21 and 27,
track 818, and the predicted water level at Aix Island and the locations of the altimetric
measurements. The dispersion of the data can be seen in Table 2.The uppermost plots
shows the predicted tide anomaly.
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Cycle
Non-corrected
data (SD)
(cm)

Tide corrected
(SD)(cm)

Maximal tide
difference
(cm)

1 16.596 5.222 35.83
2 8.783 5.221 8.98
4 15.235 6.678 27.99
5 6.850 6.035 7.963
6 13.892 8.888 14.59
7 10.891 9.626 19.29
9 14.440 10.057 31.51
10 14.350 9.499 12.07
11 11.486 4.396 37.65
12 14.328 7.228 19.02
13 7.443 5.361 9.56
14 3.429 4.151 17.2
15 12.798 9.162 23.58
16 5.033 3.930 8.0
18 7.413 4.930 9.32
19 13.588 3.740 46.82
20 11.789 4.692 21.17
21 8.192 4.046 08.45
22 3.716 4.906 17.03
23 8.739 7.407 10.91
24 2.660 2.722 5.137
25 3.927 3.641 14.94
26 9.160 5.514 21.17
27 12.733 4.630 25.06
28 14.174 7.656 24.12
29 7.254 4.470 12.75
30 8.680 4.178 29.05
31 14.393 9.441 20.33
32 9.104 7.130 06.19

Table 2: Standard deviation of non-corrected for ocean tide and tide corrected data
for track 818. Maximal tide difference refers to the difference between the highest and
the lowest value of the tide prediction, mainly the tide height difference between Aix
Island and the furthest sub-satellite point (indicated in the water level plots in Figure
13)

.
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Figure 14: SSH plots before and after tidal correction for cycles 1, 11, 13, 30, 31 and
32, track 859, and the predicted water level at Aix Island and the locations of the
altimetric measurements. The dispersion of the data can be seen in Table 3. The
uppermost plots shows the predicted tide anomaly.
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Cycle Raw data
(SD) (cm)

Tide corrected
(SD)(cm)

Maximal tide
difference
(cm)

1 5.38 4.71 3.03
11 5.39 3.11 2.72
13 4.48 4.13 3.25
30 4.26 3.17 7.51
31 3.99 3.83 6.283
11 3.84 3.47 3.37

Table 3: Standard deviation of non-corrected for ocean tide and tide corrected data
for track 859, for cycles 1, 11, 13, 30, 31 and 32. Maximal tide difference refers to
the difference between the highest and the lowest value of the tide prediction for the
measurement points (indicated in the water level plots from Figure 3)

.

2.5 Absolute bias estimation

The absolute bias is the difference between the SSH measured by the satellite and the
in-situ tide gauge SSH measurement, as seen in the equation below [9]

Bias = SSHaltimeter − SSHtide gauge − ∆hgeoid

SSHaltimeter = H −Rcorrected

Rcorrected = Robserved − ∆Rdry − ∆Rwet − ∆Riono − ∆Rssb − ∆Rtides − ∆Ratm

where H is the altitude from the satellite’s center of mass to the reference ellipsoid;
the range corrections are explained in more detail in the introduction. The reference
ellipsoid for SARAL is the same one used for the Jason-1, Jason-2 and the T/P missions.
It has an equatorial radius of 6378.1363 km and a flattening coefficient of 1/298.257.
∆Rtides is the sum of the load tide, solid Earth tide and pole tide, excluding the ocean
tide.

For the bias estimation, both measurements should be taken in the same reference
frame and referenced to the same ellipsoid. The difference in geoid height between the
two measurement locations should be taken into account; otherwise, it would introduce
a constant error for all the biases that would not affect the bias dispersion, but only
the value relative to zero.

Absolute bias refers to the fact, that the tide gauge measurements are the real SSH
observed, and if altimeter onboard or the corrections applied to the range introduce
an error or the orbit is not precise enough, the altimetric SSH measurements will be
biased.

The bias time series were calculated for both track 818 and 859. Tide gauge data
was obtained from ABICE files, meaning that the two measurements - the altimetric
one and the in-situ, did not need any additional correction to be compared. The tide
gauge data was pre-processed into ABICE for geoid correction and referencing. To use
tide gauge data from SHOM to compare the SSH, processing needs to be performed,
in order to ensure that the ellipsoidal heights are comparable. Aix Island tide gauge
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data is referenced to hydrographic zero (ZH). The measured tide gauge water height
above ZH is added to the ellipsoidal height.

The measurement points used in for the bias calculation are between 46◦ and 46.1◦
latitude, as these are the nearest ones to the TG location. Then a tidal difference
correction was applied, but this time only the height between the water level prediction
for Aix Island and the sub-satellite point was subtracted or added, depending on which
site had the higher tidal anomaly. Then the comparison points were leveled. This
approach proved to be very good for track 818, as seen in Table 4. While for track 859
the bias was closer to zero, the standard deviation (SD) was found to be bigger after tide
difference correction. A possible explanation could be that tidal differences between
the three parts of the track, as well as between the track and Aix Island are much
smaller than those observed for track 818. Also the already mentioned tropospheric
correction near the land problem needs to be examined more closely. A comparison was
made with the article Multi-Satellite Altimeter Validation along the French Atlantic
Coast in the Southern Bay of Biscay from ERS-2 to SARAL [10]. The calculated in
the paper biases were found to be significantly bigger, -0.37 m for 818 and -0.47 m for
859, with SD of 0.98 m and 1.22 m, respectively. The cause could be that for the bias
calculation all of the points along the track in the vicinity of Aix were used, and there
was not a dedicated tidal difference correction applied.

Figure 15: Bias time series for SARAL, track 818, cycles 1, 2, 6, 7, 9, 10, 11, 12, 13,
14, 15, 16, 20, 21, 22, 23, 25, 26, 28, 29, 30, 31, and 32
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Figure 16: Comparison between altimetric and in-situ data for SARAL, track 818, for
un-corrected (left) and tide difference corrected (right).

Figure 17: Bias time series for SARAL, track 859, cycles 1, 2, 7, 9, 10, 11, 12, 14, 15,
16, 20, 21, 22, 23, 25, 26, 27, 28, 29, 31, 32, and 33
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Figure 18: Comparison between altimetric and in-situ data for SARAL, track 818, for
un-corrected (left) and tide difference corrected (right).

Track Number of
cycles Bias (m) SD (m)

818 no tidal diff. 23 -0.09 0.09
818 with tidal diff. 23 -0.04 0.06
859 no tidal diff. 22 -0.11 0.04
859 with tidal diff. 22 -0.02 0.05
818 all datapoints 24 -0.21 0.13
859 all datapoints 24 -0.10 0.03

Table 4: Comparison of estimated bias and SD for non-corrected for tidal difference
and tidal difference corrected data. Last two rows are the estimated bias calculated for
the measurement points along the whole track in the study region, not only the points
of closest approach, both uncorrected.
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3 Conclusions and perspectives

This report describes the steps taken towards the goal to accurately estimate the abso-
lute bias between satellite altimetry and in-situ SSH in a coastal area with a complex
tidal environment, such as the Aix Island observatory. The tidal amplitude variance
and phase lag between the north, central and south measurement points of the ground
track lead to significant differences in the observed altimetric SSH. Furthermore, there
is a significant tidal difference between the ground track and the in-situ tide gauge
observations, and together those tidal variations are included in the absolute bias esti-
mation. Applying a tidal difference correction to the measurements taken during Aix
Island overfly proved to level the SSH for a significant part of the cycles, while the
dispersion was found to be smaller for all cycles. After proceeding with the bias esti-
mation, it was found that the applied tidal corrections yield better results for track 818
resulting in lower SD and minimized bias. For track 859, the SD did not get smaller,
only the bias did. This tidal difference correction can be seen as the first step before
proceeding with tropospheric and ionospheric corrections examination that is made in
order to improve the possibilities for using satellite altimetry in coastal regions. An
array of various attempts is made in this direction, consisting in improving ionospheric
and tropospheric models, developing better waveform retracking algorithms or using
SAR (Delay-Doppler) altimetry.

As mentioned in the introduction, coastal regions will benefit from the advance of
the monitoring data provided by current and future altimetric missions such as Sentinel-
3, Jason-CS and SWOT (Surface Water and Ocean Topography). SWOT is a French-
US altimetric mission planned for 2021 that will provide wide-swath ground coverage.
ESA’s Sentinel-3 was launched in 2016, while Jason-CS A and B scheduled for 2020
and 2026, respectively. All those missions require calibration and validation activities
as a crucial part of mission preparation and lifetime, providing means to monitor the
altimeter bias and check on instrument errors. No dedicated calibration site is located
on the European Atlantic coast, still Aix Island offers good observation conditions,
with many several satellite tracks, ascendant and descendant, passing near. Since this
coastal reagion is characterised by significant tidal anomalies, the work presented here
could be used for the improvement of the tidal correction.

This work was been performed at the LIENSs (LIttoral, ENvironment and Societies)
Laboratory in La Rochelle, between 26 March 2018 and end of August 2018.
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