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Abstract

Because of sparse in situ measurements, the use of altimeter and ocean models are currently
the only options to understand the coastal variability of sea level anomalies (SLA) near the
African coasts of the Eastern Tropical Atlantic Ocean (ETAO: 35°S-25°N; 25°W-African
coasts). In this study, three SLA products derived from altimetry (X-TRACK and CMEMS)
and from a regional ocean model (NEMO) are validated near the coast using the 14 tide
gauges (TGs) available in the region. Statistical analysis (correlation, standard deviation and
root mean square) are performed to compare our three products with the TG. We then analyze
the sub-seasonal to inter-annual variability of SLAs (i.e. from 20 days up to 2 years) over the

period January 2008 — December 2014.

We found a very good agreement between altimetry, model and TGs near the coasts of
Senegal (10°N — 25°N) and Gulf of Guinea (10°S — 10°N). This is not the case near the coast
of Benguela (south of 10°S) and is mainly explained by the combined effects of the position
of TGs (located in semi-enclosed bays), the geophysical corrections used in the computations
of the SLA derived from altimetry (i.e. tide, dynamical atmospheric correction -DAC- and sea
state bias -SSB-). In addition, the low spatial resolution of the CMEMS and model data do not
allow a good description of the small scale oceanic and atmospheric variability, which
dominates in the Benguela upwelling system.

We then show, with all products, that the temporal variability of SLA is mainly seasonal
(annual and semi-annual) throughout the ETAO region. The altimetry data also show some
inter-annual (15 to 24 months) variability in the equatorial band, which can be related to
equatorial Kelvin waves. This is less pronounced with the NEMO model and does not appear
over the whole equatorial band.

We show that high spatial resolution and improved altimetric geophysical corrections near the
coast can each reduce near-shore data errors by up to 10%. However, despite these
improvements, agreements between SLA products are still unsatisfactory in the Benguela
region, suggesting that efforts need to be intensified on geophysical corrections and in
increasing the temporal and spatial resolution of data near the coast. Moreover, there exist
gaps in TG measurements, along the West African coast, especially in the Benguela region.
The TG network should thus be completed.



1. Introduction

The monitoring of the African coastal area represents a major societal challenge, from short
term economic issues (fishery is mostly artisanal) to risk assessment associated with climate
change (e.g. sea level rise). The equilibrium and high to low frequency variability of the
dynamics and of biogeochemical or ecological systems of this region is controlled by coastal
processes (river plumes, tides, topographic waves), atmospheric forcing (precipitations,
transient or permanent coastal upwelling/downwelling currents, steric effects associated with
warming) and exchange with the deep ocean. Sea-level observations represent a major source
of information to monitor the ocean evolution at different scales. For several centuries, tide
gauges (TG) have permitted to follow the sea level variations near the coast. Since 1993 sea
level is routinely measured using high-precision altimetric satellite (e.g. Topex/Poseidon,
Jason-1/2/3, Envisat). While altimetry from space has enabled us to highlight the regional
variability of sea level and meso-scale dynamics in the open ocean, it still provides
incomplete information in coastal areas in the first 50 km from the coasts, especially in the
first 15 km due to the perturbation of radar echoes by the continents (Cipollini et al., 2017). In
recent years, efforts have been made to improve altimetric data in coastal areas (Vignudelli et
al., 2011), using (1) new altimeter instrument (Veron et al., 2015), (2) new editing and post-
processing techniques dedicated to coastal zone (Birol et al., 2017) and (3) new retracking
methods using empirical models adapted to take into account non-standard radar waveform
(Passaro et al., 2017). In addition, high resolution models also allow us to study regional and
coastal variability of sea level. Before being used in specific areas, these new altimetry and
model datasets have to be validated, in particular in the coastal region using in-situ data.
Given the potentially strong biases, validation is now more focused in the coastal zone using
TGs. This has been done mostly along coasts of America (e.g. Salazar-Ceciliano et al., 2018;
Risien and Strub, 2016; Ruiz-Etcheverry et al., 2015; Tseng et al., 2014), Western Europe
(e.g. Fenoglio-Marc et al., 2015; Gomez-Enri et al., 2016 and 2018; Vu et al., 2018; Gonzalez
et al., 2019), Mediterranean sea (e.g. Bonnefond et al., 2015; Jebri et al., 2016; Marijan et al.,
2017; Birol et al., 2017), Asia and Australia (e.g. Liu and Huang 2019; Peng and Deng, 2018;
Kumar et al., 2017; Idris et al., 2017), where there are high quality TGs, covering the entire
altimetry period and equipped with GPS to correct the effect of local vertical ground motions
(Simon et al., 2013; Le Cozannet et al., 2015; Melet et al., 2016). Only few sea level
anomalies (SLA) validation studies have been conducted along the coast of the Eastern
Tropical Atlantic Ocean (ETAO: 35°S — 25°N; 25°W — African coasts). Moreover these



previous studies cover a very small area and usually only use a single TG (e.g. Verstraete and
Park, 1995; Rubio et al., 2009; Melet et al., 2016; Angnuureng et al., 2018). Thus, the SLA
signals associated with coastal processes remains little studied in the ETAO region, even
though this region encompasses many specific and interesting dynamics: large-scale zonal
equatorial currents and waves (Kelvin, Rossby, Tropical Instability Waves), strong coastal
currents, equatorial and coastal trapped waves as well as internal tides (Cipollini et al., 1998;
Djakouré et al., 2014 and 2017; Bachelery et al., 2016; Herbert et al., 2016; Baquet, 2018),
the presence of both equatorial and coastal upwelling cells, gyre structures such as the Guinea
and Angola domes (e.g. Schott et al., 2004; Doi et al., 2009; Doi et al., 2010). The ETAO has
been also identified as one of the key oceanic regions to improve climate simulations as there
exist persistent warm biases in climate global models in this region (e.g. Richter et al., 2014).
Indeed, the equatorial region is a major contributor for ocean/atmosphere heat and water

fluxes.

Despite these challenges, there are few in-situ measurements in this area. Only 14 TGs are
available (against more than a hundred in other regions of the globe) for the validation of
altimetry data and the time period covered by these data remains sparse and does not even
cover the entire altimetry period. The existing TG data are thus precious and it is now
essential to use them to validate altimetric data, a prerequisite to study SLA variability in this

region, and for instance estimate the meso-scale activities near the coast in the ETAO.

In the present study, the main objective is to validate the SLA data in the coastal area of the
ETAO region. We used both along track observations (using the X-TRACK data provided by
the CTOH, Birol et al., 2017, see section 2.1.1) and gridded product (CMEMS altimetry data
provided by Copernicus Marine Service, Pujol et al., 2016 and Taburet et al., 2019, see
section 2.1.2). Satellite altimetry data will be confronted to results from realistic numerical
simulations of the ETAQ region (Jouanno et al., 2011 and 2017; see section 2.2) and available
TG data between January 2008 and December 2014 (see section 2.3), analyzing sub-seasonal
(> 20 days) to inter-annual variability (<2 years). We limit our investigations to inter-annual
signals less than 2 years because the time period of the TG data is limited to 2008 — 2014,
representing only 7 years. Validation is based on the comparison with standard statistical
metrics (correlation, standard deviation and RMS -root mean square-) and the direct
comparison of temporal variability of SLA signals for each dataset, for periods between 20
days and 2 years. To better study this vast area, we considered three sub-regions having

different spatial and temporal variability (e.g. Brandt et al., 2010; Lee et al., 2012; Djakouré et



al., 2014, 2016; Ndoye et al., 2017): Senegal (10°N — 25°N), Gulf of Guinea (10°S — 10°N)
and Benguela (south of 10°S). We also study the impact of improvements of the altimetric
geophysical corrections by comparing two versions of the CMEMS product, as well as the
impact of the model spatial resolution using the NEMO model with two different spatial
resolutions (1/4° and 1/12 °).

2. Sea level data and Method

2.1 Altimetry data

For the altimeter-based sea level data, we use two different products: (1) X-TRACK the along
track data from « Centre de Topographie des Océans et de I'Hydrosphere » (CTOH) and (2)

the gridded data from Copernicus Marine Environment Monitoring Service (CMEMS).

The sea surface height (SSH) for both products is calculated by the following relation (Pujol et
al., 2016, Birol et al., 2017 and Taburet et al., 2019):

SSH = H - (R + Environmental_corrections + Geophysical_corrections) Q)

where H is the altitude of the center of mass of the satellite relative to the reference ellipsoid.
H is estimated using precise orbit determination technique. R is the nadir altimeter range
which is the distance from the mass center of the satellite to the sea surface, taking into
account instrumental corrections. Environmental _corrections is the sum of the corrections of
electromagnetic wave propagation of the altimeter radar in the inhomogeneous atmosphere

and is given by the equation:
Environmental_corrections = dry_tropo_corr + wet_tropo_corr + iono_corr 2)

where dry_tropo_corr, wet_tropo_corr and iono_corr are calculated taking into account the
observed state of the dry troposphere, wet troposphere and ionosphere crossed by the radar

electromagnetic waves.

Geophysical_corrections is given by the equation:

Geophysical_corrections = solidEarth_tide + pole_tide + load_tide + SSB + ocean_tide +
DAC 3)

where solidEarth_tide, pole_tide, load_tide, SSB, ocean_tide and DAC are the corrections of
solid Earth tide, pole tide, loading tide, sea state bias, ocean tide and dynamical atmospheric,

respectively. The sum of ocean tide and loading tide is the elastic ocean tide.



2.1.1 X-TRACK: a coastal along track sea level product

X-TRACK provides along-track sea level data for the coastal zones. X-TRACK data cover
the period 1993 — 2016 in the ETAO region. This product (level 3; version: DOI
10.6096/CTOH_X-TRACK 2017 _01) is provided by the CTOH (http://ctoh.legos.obs-
mip.fr/) and is based on the combination of data from Topex/Poseidon, Jason-1 and Jason-
2/0STM (Ocean Surface Topography Mission) missions. Using the 1 Hz Geophysical Data
Record (GDR) along-track data for each of the three altimetric missions, the CTOH applies
altimeter corrections based on an editing method: starting with the selection of valid ocean
data and a precise land-mask, the altimeter measurements and the geophysical and
environmental correction terms (except the solidEarth_tide and load_tide terms) are carefully
analyzed. The characteristics of each corrective term are edited along-track and statistical
outliers are detected and removed. To compensate for the missing data corrections (outliers),
interpolation or extrapolation methods are applied, using the valid data to reconstruct each
discarded correction. After the editing method, the X-TRACK software (Birol et al., 2017)
provides an along track SSH at 1Hz along the selected track with a spatial resolution of 6 to 7
km. The inter-track gap is about 300 km at the equator. Details on X-TRACK data processing
for the version used in the present paper can be found in Birol et al. (2017). X-TRACK
increases the altimetry data accuracy over coastal areas and gives more information on sea
level variation related to the ocean dynamics at the coast.

The last two terms of the geophysical corrections (ocean_tide and DAC), important in coastal
areas, are calculated using the global tide model FES2012 (Finite Element Solution 2012, see
Carrére et al., 2012) and the combination of high-frequency elevations from the global
Mog2D/T-UGOm 2D model (Carrére and Lyard, 2003) and Inverse Barometer (IB) model
(Wunsch and Stammer, 1997).

FES2012 is based on the spectral barotropic tidal model T-UGOm (Carrére et al., 2012).
FES2012 assimilates Topex/Poseidon, Jason-1, Jason-2/0OSTM, ERS-1, ERS-2 and Envisat
altimeter data to correct the model tide. It provides data on regular grids of 1/16° resolution.
MOG2D-G/T-UGOm is a high resolution nonlinear barotropic model, with unstructured grid,
forced with the European Center for Medium-range Weather Forecasting (ECMWF) pressure
and wind fields (with a temporal resolution of 6 hours). IB model provides the inverse
barometer correction, assuming a static response from the ocean to atmospheric pressure

forcing. IB fields are available with a spatial resolution of 1/4°.

2.1.2 CMEMS gridded data



The CMEMS sea level products are dedicated to the study of meso-scale activity with the best
estimate and sampling of the ocean. In addition, a lot of efforts have been made to improve
data near the coast. For the present study, we tested two gridded data versions from
Copernicus Marine Environment Monitoring Service (CMEMS, http://marine.copernicus.eu/),
available over the periods 1993-2017 (CMEMS/DT2014, see Pujol et al., 2016) and 1993—
2018 (CMEMS/DT2018, see Taburet et al., 2019). The gridded data (level 4) are based on a
larger set of altimetry missions (repeated track, geodetic and new interleaved orbits) merged
together: data of reference missions (Topex/Poseidon, Jason-1, Jason-2/OSTM and Jason-3),
complementary missions (ERS-1, ERS-2, ENVISAT, Saral/AltiKa and Sentinel-3A) and
opportunity missions (Geosat follow-on -GFO-, CRYOSAT-2 and HY-2A) are used. Data are
then cross validated, filtered from residual noise and small scale signals, sub-sampled, and an
optimal interpolation is finally applied on the along-track data to compute 2D-gridded sea
level (Pujol et al., 2016; Taburet et al., 2019). An optimized reference field (mean profiles of
SSH) is used to compute SLA for missions with a repetitive orbit. The gridded SLA data are
provided daily on a 1/4° grid.

The main differences between the two CMEMS products are: the number of satellites used,
the implementation of the new GDR-E orbit standard (for missions: Jason-1, Jason-2,
Cryosat-2, AltiKa, Jason-3 et Sentinel-2A), the improvement of the geophysical corrections
(especially the ocean_tide correction) and the interpolation technique (especially in the
coastal zones) in DT2018 compared to DT2014. This previous version uses the GDR-D orbit,
which is less accurate than the GDR-E orbit, and does not include Sentinel-3A data (Taburet
et al., 2019). The DT2018 errors at meso-scales are reduced by nearly 3 to 4% for regional
products (up to 10% in coastal areas) compared to the DT2014. For the detailed descriptions
of these two products, the reader is referred to the CMEMS web site, as well as to Pujol et al.
(2016) and Taburet et al. (2019).

2.2 Realistic numerical model data

The numerical model used for our study is the oceanic component of the Nucleus for
European Modeling of the Ocean program (NEMO3.6 STABLE, rev8019, see Madec, 2016).
It solves the three dimensional primitive equations discretized on a C-grid with fixed vertical
levels and a nesting capacity allowed by the AGRIF package (Adaptive Grid Refinement In
Fortran; see Debreu and Blayo, 2002).

Sea level data from two NEMO configurations of the Tropical Atlantic Ocean have been
used: (1) NEMO.1/4, available on 1/4° grids throughout the ETAO region and called the



parent grid (a very similar configuration is described in Hernandez et al., 2017), and (2)
NEMO.1/12, with a fine resolution of 1/12° available in the tropical Atlantic ocean over a
smaller domain (31°S-16°N; 25°W-African coasts), called the child grid. At each time step,
the parent grid provides boundary conditions for the child grid and variables from the child
grid are updated to the parent grid (see details in Jouanno et al. 2008). The coarse grid
NEMO.1/4 is forced at its lateral open boundaries with daily outputs from the global
GLORYS2V4 reanalysis from MERCATOR-OCEAN (https://www.mercator-ocean.fr/). The

open boundary conditions radiate perturbations out of the domain and relax the model

variables to 1 day averages of the global experiment. The tidal forcing is not taken into
account. Atmospheric fluxes of momentum, heat, and freshwater are provided by bulk
formulae (Large and Yeager, 2009): the model is forced with DRAKKAR Forcing Sets
product (DFS5.2; Dussin et al., 2016) which is based on ERA-interim reanalysis and consists
of 3-hour fields of wind speed, atmospheric temperature and humidity, and daily fields of
long wave and short wave radiations and precipitation. The monthly climatological runoffof
Dai and Trenberth (2002) is prescribed near the river mouths as a surface fresh-water flux
with increased vertical mixing in the upper 10 m. The simulations are initialized with
temperature and salinity from GLORYS2V4 on the 1st of January 1993 and performed over
the period 1993 — 2015 with daily outputs.

2.3 Tide gauge data

The TG data come from the version 4.2 of the University of Hawaii Sea level Center database
(UHSLC; https://uhslc.soest.hawaii.edu/). We used the hourly data, using a more rigorous
data quality control and dedicated to research (Caldwell et al., 2015), which are available for
14 stations along the coast of the ETAO area (see the list in Table.1 and in Fig.1 showing the
position of TGs along the West African coast). We have applied the ocean_tide and DAC
corrections using a spectral analysis method from the detidor function and MOG2D-G/T-
UGOm, respectively. The TGs present a lot of missing data over the altimetry period (1993 —
present), before 2008 and especially before 2000 (see Table.1. Half of the TGs in the region
are available only after 2000). Given the missing data on the time series of the 14 TGs before
2008, we decided to limit our study to the period January 2008 — December 2014,
(corresponding also to the Jason 1 and 2 altimeter period), where TGs have the least amount
of missing data. In addition, the data of recent altimeter missions (e.g. Jason-2) presents fewer
errors (e.g: orbital error or instrumental errors) than their predecessors (e.g. Topex/Poseidon)
(Watson et al., 2015; Dieng et al., 2017; Ablain et al., 2017).



3. Validation of altimetry and NEMO model data along the western African

coast using the TG

3.1 Calculation of the sea level anomaly: SLA

The mean dynamic topographic (MDT) of Fig.1 was obtained by removing the geoid from the
X-TRACK mean sea surface height (MSSH) calculated over the period 2008-2014. It shows
strong sea-level rise in the equatorial band, more marked between 0 and 7°N, in connection
with the Northern branch of the South Equatorial Current (Schott et al., 2004) and offshore
below 20°S, influenced by the Southern branch of the South Equatorial Current (Schott et al.,
2004). In the present paper, the main goal is to study the variability of the SLA using different
data sets after the validation of these data over the same time period 2008-2014. The different
datasets provide mean sea level fields based on different reference ellipsoid, geoid or local
reference over land. [1] X-TRACK provides SLA time series between February 1993 and
September 2016 and a MSSH calculated between cycles 17 and 868 (i.e., over the period
February 1993 - April 2016). We reconstructed the SSH signal over this period by summing
the MSSH and the SLA, the latter being calculated with respect to the Topex/Poseidon
reference ellipsoid. [2] CMEMS provides a Dynamic Topographic (DT) which corresponds to
the sea level relative to the geoid (GOCE geoid model; Mulet et al., 2013; Rio et al., 2014).
[3] The NEMO model, like the CMEMS product, provides the DT with respect to a geoid.
However, they do not use the same geoid data, the NEMO assuming a spherical earth (i.e., the
geopotential surfaces are assumed to be spheres so that gravity is parallel to the earth’s radius).
Due to incomplete knowledge of the geoid at small-scale, the choice of the latter may lead to
differences in regional and local DT (Dibarboure et al., 2011). [4] The TG observations track

changes in sea level with a reference over land.

To overcome the different choices for sea level reference, we decided to consider SLA for the
four datasets, obtained by removing the time average of SSH-or-DT, called MSSH-or-MDT,
calculated over the period 2008 — 2014:

SLA= SSH-MSSH = DT - MDT (4)

where DT is the difference between the SSH and the geoid.
Similar methods for the SLA estimation have already been used in previous studies (e.g.,
Fenoglio-Marc et al., 2015; Jebri et al., 2016; Gomez-Enri et al., 2016, 2018 and 2019; Birol
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et al., 2017; Salazar-Ceciliano et al., 2018; Taburet et al., 2019). Some are studies also
compare the different products of DT by applying an additional offset to each sea level time
series, chosen so that the average value is zero for the strating year (e.g., Risien and Strub,
2016; Idris et al., 2017). This allows to estimate sea level rise with respect to the reference

year (in our case, the reference year would be 2008).

3.2 Comparison between the SLA products along the African coasts

In this section we compare X-TRACK, CMEMS/DT2014 and NEMO.1/4 SLA to TG using
several standard statistical criteria or metrics such as correlation, standard deviation and RMS.
We used the Taylor diagrams (Taylor, 2001) to represent these metrics on the same diagram.
Taylor diagrams (Taylor, 2001) are designed to graphically indicate the degree of
correspondence between different data sets, one taken as a reference (here the TG). It allows
to represent three statistics (correlation, standard deviation and RMS error) on a single graph
(see Fig.2 caption for detailed description). For better comparisons, we applied temporal and
spatial optimal interpolation on grided data (CMEMS/DT2014 and NEMO.1/4) to match the
position and time of X-TRACK measurements. A temporal interpolation is also applied to TG
data to match the X-TRACK measurement dates. The three sub-regions are considered
separately.

Fig.2a, Fig.2b and Fig.2c show the comparisons between the SLAs of X-TRACK,
CMEMS/DT2014 and NEMO.1/4 model and the SLAs of the TGs (taken as references) from
Dakar (Senegal region), Pointe Noire (Gulf of Guinea region) and Walvis Bay (Benguela
region), respectively. We consider the track that passes closest to the TG and data are taken
from the coast to 300 km offshore. For TGs located on islands (this is the case of the TGs of
Palmeira and Sao Tome) we consider the altimetry data closest to the TG whereas for
continental TGs we consider the altimetry data closest to the coast even if the altimetry track
do not necessarily pass over the TG. Table 2 summarizes the results for all TGs. When
comparing altimetry products and in-situ data, the products are considered to agree with the
TGs when the correlation > 0.6, normalized standard deviation between 0.7 and 1.3 and
normalized RMS < 0.8 (Ablain et al., 2016; Birol et al., 2017). For example, for the case of
Dakar (see Fig.2a) these criteria correspond to a standard deviation of 6 cm and 8.5 cm for X-
TRACK and TG, respectively and an RMS of the difference between X-TRACK and TG
between 4 and 6 cm.

We note a good agreement of altimetry products and NEMO.1/4 model with TGs near the

coast in the Senegal and Gulf of Guinea regions with correlations above 0.7 and normalized
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RMS mainly lower than 0.8. Some of the areas are at the limit of our criteria (correlations
slightly higher than 0.6 and normalized RMS slightly lower than 0.8), but this is most
probably due to higher distances that separate the TGs to the nearest altimeter tracks. This is
the case for example of Palmeira (see Table 2) where this distance can go up to more than 100
km (see the track and TG locations in Fig.1).

For the Benguela region (see Fig.2c and Table 2 in green color), there is a poor agreement
between the altimetry products, the NEMO.1/4 model and the TGs. Indeed, correlations are
well below 0.5 and normalized RMS are higher than 0.8. The further we go pole-ward, the
more the agreement between the products and TGs decreases. Comparison of products with
Granger Bay and Simon's Town TGs shows very weak agreements with correlations <0.3 or
negative beyond a few tens of km. This result is not improved when the SLAs of X-Track,
CMEMS/DT2014 and NEMO.1/4 model are compared to each other. This disagreement could
be related to the combined effects of the position of the TGs (located in semi-closed bays), the
altimeter geophysical corrections (e.g. ocean_tide and DAC) or the low spatial resolution of
the NEMO.1/4 model.

Over the ETAO region, for the normalized standard deviation, we observe a better result for
the X-TRACK data near the coast, as compared to CMEMS/DT2014 and NEMO.1/4,
especially in the first 75 km (except for the first point along the track, less than 7 km away,
due to the disturbance of the radar echoes of the satellite by land). However this is not the
case for correlation and normalized RMS, because X-TRACK product is not filtered spatially

along-track.

4. Spatial patterns of regional SLA correlation and RMS between different
products and TGs

In this section, we will limit our analysis to one TG per region, selected for their quality with
fewer missing data: Dakar’s TG for the Senegal area, Pointe Noire’s TG for the Gulf of

Guinea and Walvis Bay for the Benguela area.

Fig.3 shows the correlation and the RMS of the difference between the SLA of X-TRACK
and selected TGs, calculated over the 2008 — 2014 period. For both correlation and RMS,
spatial patterns are different between the 3 study areas, denoting different dynamical behavior
of each area. However, areas with strong correlations present also a low RMS. In the Gulf of
Guinea, we observe a spatial coherence of X-TRACK SLA compared to TG over large

distances, with correlations > 0.7 and RMS < 6 cm up to distances greater than 1000 km. This
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can be related to rapidly propagating physical processes, such as equatorial Kelvin wave
propagating eastward along the equator. For the Senegal region, the high correlations have
very limited spatial patterns (< 300 km to the coast) compared to those of the Gulf of Guinea.
In contrast, the correlation is low between the SLA of X-TRACK and Walvis Bay TG in the
Benguela region (Fig.3). Interestingly, the best agreement is for track number 122, located
along the coast but not the closest to the TG, with correlations reaching 0.45 to 0.55 over long
distance northward of the TG (> 500 km from TG). We can deduce that this TG, located in a
semi-closed bay (open to the north), only captures the part of the oceanic dynamics which is
propagating southward, such as coastal trapped Kelvin waves, and that influences the coastal

bay through its northern oceanic entrance.

To better observe and explain spatial patterns of correlation and RMS with the TGs in the
three studied regions, we also considered the two other SLA data products from
CMEMS/DT2014 and NEMO.1/4 non-interpolated on X-TRACK tracks. Figures 4a and 4b
give the maps of correlation and RMS between the CMEMS/DT2014 and TG and between
NEMO.1/4 and TG, respectively. These figures (Fig.3, Fig.4a and Fig.4b) show that the signal
picked up by the Pointe Noire TG is mainly equatorial and homogeneous over very long
distances (> 1000 km) and this signal is also observed in the altimeter products and the
NEMO.1/4 simulation. On the other hand, the SLA signals captured by the Dakar and Walvis
Bay TG are mainly coastal processes (over a width of less than 400 km from the coasts), such
as coastal upwelling systems. We also note that the correlation along the coast is better
between X-TRACK and Walvis Bay TG (for the track number 122, see Fig.3) compared to
CMEMS/DT2014 (Fig.4a) and NEMO.1/4 (Fig.4b), however the agreement between all the
products remains weak in the Benguela region. To take into account the possible lag in time
associated with the distant locations of the TGs and the altimetric data, we also applied a 10-
t0-30 days lag-correlation between the SLA data from altimetry products (X-TRACK and
CMEMS/DT2014) and NEMO model and the TG. This did not improve the agreement
between altimetric products and TGs in the Benguela (the correlation remains below 0.6) or
the Senegal and Gulf of Guinea regions (for which the agreements were already good). Time
lag-correlation analysis were also performed to determine the direction of propagation of the
physical signals around the TGs in the three studied regions. In the Senegal region, the SLA
signal captured by the Dakar TG (which is mainly seasonal, see section 6) originates from
North of the TG position and moves along the coast equator-ward, from 25°N to 6°N via
Dakar within a coastal band of about 200 km to 300 km width, then moves westwards at
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about 6°N. The NEMO.1/4 model and CMEMS/DT2014 product show that the signal
correlated with the Dakar TG comes from the open ocean between 20°N and 25°N before
moving along the coast equator-ward, which is not visible with X-TRACK. The ocean
circulation that we describe with the altimetry and the NEMO model along the Senegalese
coastlines between 20°N and 10°N is in agreement with the article by Nyoye et al. (2017) on
the circulation of the Canary Current System based on a modeling approach. We observed
that the signal picked up by the Pointe Noire TG (which is mainly seasonal and interannual,
see section 6) comes from the equator and spreads eastward over a very large distance (>
1000 km) over a short time (< 20 days), then a part of the signal moves along the coast
southward and can go up to 15°S. However, the altimeter shows that part of the signal goes
also northward along the coast before encountering the Guinea Current near the coasts of
Ghana. This northward signal is less marked with the NEMO model. This signal is very
coherent with equatorial Kelvin waves propagating eastward toward African coasts and then
transformed into coastal trapped waves propagating southward and northward (e.g. Cipollini
et al., 1998; Bachelery et al., 2015, lllig et al., 2018). Near Walvis Bay, the three products
show that the correlated SLA signal captured by the TG is mostly coastal and propagates from
the equator southward at least up to 30°S, the limit of our region.

Our results on the direction of propagation of SLA signals in the Gulf of Guinea and
Benguela regions agree with the study of Bachelery et al. (2016). They demonstrated using an
oceanic model that, along the south-west coast of Africa (0° — 30°S), the dominant variability
is associated with coastal trapped waves and is mainly controlled by the equatorial remote
forcing (equatorial Kelvin waves) up to 15°S — 20°S at intra-seasonal time scale and up to
30°S at inter-annual time scales.

5. Impact of high resolution of NEMO model and CMEMS new version

In this section, we evaluate the performance of a 1/12 degree NEMO model (NEMO.1/12)
and improved altimetry geophysical corrections for the latest version of CMEMS altimeter
multi-mission product (CMEMS/DT2018, see section 2 for details). Table 3 compares the
statistical analysis of the previous products (CMEMS/DT2014 and NEMO.1/4) and the new
products (CMEMS/DT2018 and NEMO.1/12, indicated in red in table 3) with the TGs of
Dakar, Pointe Noire and Walvis Bay. The given statistics were calculated by taking the

average of the correlations and RMS over a distance of 100 km of the coast around the TGs.
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Thanks to a better representation of coastal processes achieved with improved corrections and
higher resolutions, we observe better correlations and lower RMS between the new products
and TGs, throughout the ETAO region. However, these improvements are not of the same
order of magnitude in our three study zones. In the Gulf of Guinea, NEMO.1/12 model and
CMEMS/DT2018 allow for a slight improvement in the agreement with the TG as compared
to NEMO.1/4 and CMEMS/DT2014, with an increase in correlation of 4% and a decrease in
RMS of 5% near the coast. In the Senegal region, we note, with NEMO.1/12 (available below
16.75°N) and CMEMS/DT2018, a correlation increase of 4% and 6% and an RMS decrease
of 18% and 20% near the coast, respectively. For the Benguela region, we observed on
average over the whole area a correlation increase of 15% and 5% with NEMO.1/12 and
CMEMS/DT2018, respectively. In terms of RMS the average improvement is of 8% with
NEMO.1/12 and very low with CMEMS/DT2018 (less than 2%).

In summary, a higher spatial resolution and improved geophysical altimetry corrections near
the coast improve the inter-comparison between the different products and TG in the ETAO

region.

6. Spatio-temporal variability of SLA

In this section, the goal is to determine and understand the dominant spatio-temporal
variability of the SLA in the ETAO region. As in the previous sections, we will limit our
analysis to the three sub-regions (Senegal, gulf of Guinea, Benguela) and using TGs from

Dakar, Pointe Noire and Walvis Bay.

Fig.5a, Fig.5b and Fig.5¢c show the Hovmuller diagrams (distance to the coast / time) of X-
Track SLA tracks (track number 174, 185 and 235, respectively; see their positions on Fig.1)
closest to the three TGs above, over 2008 — 2014 and for the first 500 km. These figures
exhibit a clear seasonal signal for the 3 tracks, even if it is more marked for track 174 near
Dakar (Fig.5a) with an annual variability visible from 500 km offshore up to the coast. In
addition to the annual signal, track 185 near Pointe Noire (Fig.5b) shows semi-annual signals
within the first 400 km from the coast and high frequencies (short periods) between 400 and
500 km from the coast. The track number 235 around Walvis Bay (Fig.5c) exhibits a lot of
high frequencies mainly within the first 300 km from the coast.

To refine our analysis, we considered SLA time series at a point near the coast (about 15 km
from the coast, where the series has the least possible missing data) for X-TRACK and
NEMO.1/12 and CMEMS/DT2018. Both gridded products are interpolated on X-TRACK
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tracks 174, 185 and 235. These time series as well as those of the 3 TGs are shown in Fig.6,
which confirms the agreement between the different products near Dakar (with positive SLA
between August and November and negative towards February) and Pointe Noire (with
positive SLA between October and November then between February and March and
negative towards June-July), but also their low correlation near Walvis Bay. We made a
spectral analysis of these time series using FFT (Fast Fourier Transform) in order to observe
the dominant signals for periods less than 2 years. This is illustrated in Fig.7 and the values of
the maximum amplitudes and associated periods are listed in Table 4. We observe near Dakar
that the signal is mainly annual for all 4 products (with amplitudes of about 8 to 9 cm which
constitutes nearly half of the signal), even if there is a lower semi-annual and 122 days signal.
Near Pointe Noire coast, the signal is annual and semi-annual for the 4 products, although the
NEMO.1/12 model has a semi-annual signal higher than the annual one. We also observe a
significant part of inter-annual variability and a signal at 120 days around Pointe Noire
notably with altimetry and TG. In the case of Walvis Bay, unlike other regions, with the
exception of the dominant annual signal, we note several strong high frequency signals near
the coast with periods less than 100 days. These high frequency signals are more marked with
X-TRACK and the NEMO.1/12 model.

To evaluate the spatial structure of the amplitude and time periods of the main variability
modes over the whole ETAO region, we calculated the FFT of SLA time series from X-
TRACK, CMEMS/DT2018 and NEMO.1/12 (with NEMO.1/4 above 16°N) at each point of
the satellite tracks available in the ETAO region. Fig.8a, Fig.8b and Fig.8c respectively give
the 1st, the 2nd and the 3rd dominant signal (in terms of amplitude) and their associated
periods. We also added the FFT calculated from the SLA time series of the Dakar, Pointe
Noire and Walvis Bay TGs. This confirms that SLA variations are primarily annual and semi-
annual in the region, even if we observe a low interannual variability at the equator and high
frequencies south of 10°S. The annual signal constitutes nearly half of the total signal
variability near Dakar, against about 25% near Pointe Noire and less than 10% near Walvis
Bay. We also note a good agreement between the 2 altimetry products (X-TRACK and
CMEMS/DT2018) for amplitudes and periods of the dominant signals in the region. Fig.8a
shows that the annual SLA signal is dominant throughout the region except in the northern
Gulf of Guinea where the semi-annual cycle dominates (although it is only slightly higher
than the annual cycle). Unlike altimetry data, the NEMO.1/12 model has a much wider semi-

annual spatial pattern in the Gulf of Guinea and up to 10°S near the coast. In addition, the
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NEMO.1/12 model also has smaller amplitudes. Altimetry and the NEMO.1/12 model also
show interannual variability (400 to 650 days) on the equatorial band, although the amplitude
is small with the NEMO.1/12 model (Fig.8c). Moreover this interannual variability is visible
with NEMO only on a small part of the equatorial band contrary to the altimetry. This signal
could be related to equatorial Kelvin waves that propagate eastward along the equator, as
shown in several publications (e.g. Cipollini et al., 1998; Bachélery et al., 2015; Illig et al.,
2018).

7. Discussion

7.1 Validation of SLA products near the ETAO coasts

Compared to previous studies in the ETAO region, the originality of our work is the large
number of TGs used.For instance, Verstraete and Park (1995) focus on a small area and use a
single TG to validate the altimetry data near the Sao Tome island. Our results offer a more
synoptic view of the dynamics in the ETAO region. However, there are large areas along the
ETAO coast not covered by the TG network (no TG between Dakar and Takoradi and
between Pointe Noire and Walvis Bay, distant of more than 1500 km). In the Senegal region,
our study is the first to compare and validate different SLA products including altimetry data
near the coast. Studies on the sea level trend have been conducted in this region (e.g., Thoreux
et al., 2018; Le Cozannet et al., 2015) but due to the limited number of TG available along the
ETAO coast, more studies validate altimetry using video camera data installed near coastal
cities in the region (e.g., Angnuureng et al., 2018; Abessolo-Ondoa et al., 2019). However,
their time series remain short and present significant missing data due to maintenance
problems of these facilities in these countries (Abessolo-Ondoa et al., 2016).

Another original contribution of our study is the combination of three complementary data
types, namely the satellite (including X-TRACK dedicated to coastal oceanography and
providing valid SLA measurements within the first 6 km from the coast), model data and in

situ measurements (TG).

In this study, we show a very good agreement between altimetry, NEMO model and TG in the
Senegal and Gulf of Guinea regions in terms of SLA variability. This is not the case in the
Benguela region and is probably explained by the positions of TG located in semi-enclosed

bays, which do not capture very well the physical signal coming from the ocean, but also by
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the altimeter geophysical corrections (eg tide, DAC and/or SSB) and the too low spatial
resolution of the gridded data (CMEMS and NEMO) to represent the variability in this region,
dominated by high frequency small scale processes. We also show that high spatial resolution
and improved altimeter geophysical corrections near the coast can significantly reduce data
errors (about 10% for each) near the coast. For example, the X-TRACK algorithm dedicated
to coastal application (measurements every 6 km and based on specific editing) improves the
SLA data near the coast, especially over the first 50 km, and significantly reduces the standard
deviation from the TG. This is consistent with Taburet et al. (2019) who showed that
improved mesoscale geophysical corrections in altimetry products can reduce sea level
measurement errors by up to 4% for regional products and up to 10% in coastal areas.
However, efforts need to be strengthened in this direction (higher spatial resolution and
improved geophysical altimetry corrections near the coast) for the Benguela region, where the
agreement between different products remains weak compared to the other ETAO regions.

In the Gulf of Guinea region, oour results confirm Verstraete and Park (1995) who compared
the Topex/Poseidon altimetry data with the Sao Tome TG data, between October 1992 and
December 1993. Their time period was however shorter and the Topex/Poseidon altimetry
data presents great uncertainties (orbit calculation and the Topex-A altimeter drift over 1993—
1998) compared to the Jason-1/2/3 data (Watson et al., 2015; Dieng et al., 2017; Ablain et al.,
2017). The latter estimated the impact of Topex-A altimetry drift on the measurement of
global sea level trend, but also noted the improvements in terms of geophysical and
instrumental corrections made to Jason altimeters since 2000s compared to Topex/Poseidon.
An important scientific question remains concerning the impact of the Topex-A drift on the
regional and local sea level, especially along the ETAQO coasts.

In the Benguela region, Rubio et al. (2009) found an agreement between altimetry and the
Regional Ocean Model System (ROMS) in terms of DT (sum of MDT and SLA) between the
Luderitz and Cape Town positions. In our study , we show this is not the case for SLA. This
can be explained by the high value of the MDT in this region with amplitude up to more than
0.5 m (as shown in Fig.1) in connection with the Benguela current and the South Equatorial
Current (Schott et al., 2004). The SLA has smaller amplitudes (less than 0.2 m) in this region
(see Fig.5¢c) and is associated to intermittent mesoscale structures in the Benguela upwelling
system as well as with the Agulhas anticyclonic eddies (e.g. Rubio et al., 2009; Pegliasco et
al., 2015; Aguedjou et al., 2019). The impact of the geoid error at mesoscale on the DT along

the ETAO coasts also needs to be studied in order to be confident in the DT spatial variability.
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7.2 Temporal variability of SLA

Another original contribution of our study is the comparison of the dominant frequencies of

all products.

We showed that the annual and semi-annual signals dominate the ETAQ region, even if we
observe smaller amplitudes with NEMO compared to the altimetry data. This confirms earlier
studies in this region (e.g., Verstraete and Park, 1995; Schouten et al., 2005; Rubio et al.,
2009; Jouanno et al., 2011; Melet et al.216), which used altimetry or the oceanic models. In
addition, we show that the semi-annual signal may be more important than the annual signal
in the northern part of the Gulf of Guinea (the NEMO model identifying an even much larger
zone). This could be related to modulation of winds and precipitations associated with the
African monsoon, which has a high semi-annual variability with long spring rains (March-
April-May) and short fall rains (October-November-December) (Bielli et al., 2009; Janicot et
al., 2016). Altimetry products also show an important inter-annual signal in the equatorial
band, with smaller amplitudes in the NEMO model. The origin of this difference between the
altimetry and the NEMO model remains to be explained.

The recent study of Melet et al. (2016) off shore of Cotonou (northern part of the Gulf of
Guinea) over the period 1993-2012, examines the relative contribution of the processes
responsible for the coastal sea level variability (mainly the ocean tides, atmospheric pressure,
wave and swell effects and mesoscale activity) with strong sub-seasonal to interannual
variability. Our study allows to isolate the contribution of mesoscale processes, as we focus
on SLA, corrected from ocean tide, DAC and SSB. These corrections have a strong impact
near the coast for high frequency variability (daily to monthly period) and amplitudes of the
order of one meter for ocean tide (Melet et al., 2016; Birol et al., 2017), which can mask the

SLA signal (with amplitudes lower than 25 cm).

Our study thus highlights the different physical processes that can influence SLA near the
coast. In the Gulf of Guinea, we have shown a spatial coherence between the SLA from
altimetry and NEMO model over long distances of up to 1000 km from the coast, related to
the propagation of Kelvin waves along the equator with interannual and seasonal variability
(Bachelery et al., 2016; Illig et al., 2018; lllig and Bachélery, 2019). This is also consistent
with the recent study of Woodworth et al. (2019) suggesting that coastal variability are not
always as associated with short spatial scales but can result from signals generated 1000s km

offshore and reaching the coast, then propagating along it. In contrast, coastal upwelling
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signals (Senegal and Benguela) are mostly trapped along the coast with a width of less than a
few 100s km. However, the identification and exact origin of these physical processes (mainly
annual) remains to be identified. 8. Conclusion

The 7-year comparison of SLA data (2008-2014) from altimetry (X-TRACK and
CMEMS/DT2018), the NEMO.1/12 model shows a good agreement with TGs near the coast
of West Africa, in Senegal and Gulf of Guinea regions. This result indicates that sea-level
time series from these products can be used to estimate mesoscale geostrophic currentsand

study coastal dynamics in these two regions.

In contrast, despite new improvements in altimetry products or using a high resolution NEMO
model (particularly in terms of geophysical corrections and spatial resolution), agreements
between different SLA products are still poor in the Benguela region. This suggests that
efforts need to be intensified in improving geophysical corrections and increasing temporal
and spatial resolution near the coast, particularly in the Benguela region, to further improve
SLA products. A first step can be to use the very high resolution T-UGOm model (for the tide
and DAC corrections, with a spatial resolution of a few meters and an hourly temporal
resolution) and X-TRACK-ALES 20 Hz SLA products, processed by the CTOH in the
context of the bridging phase of the ESA’s climate change initiative sea-level project, which
combines the two altimeter processing methods (Editing and Retraking) and allows to go even
closer to the coast, less than 1 km for the best case (Marti et al. 2019). We also emphasize the
importance and the need to maintain and complete the in-situ observation network (e.g., TGS)
along the West African coast, where there still exist spatial and temporal measurement gaps.
These improvements will enable us to better observe and analyze the meso-scale activity near

these coasts.
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Table.1: List of the 14 TGs available in the ETAO region, with their position and temporal
- coverage. Missing data for more than 3 consecutive months are considered as temporal gaps.

TG Latitude (°) Longitude (°) Periods (month/year)
Nouakchott ~ 17.590 -16.020 01/2007 — 02/2008 ; 06/2008 — 02/2015
(Mauritania)

Palmeira 16.750 -22.983 02/2000 — 01/2001 ; 05/2001 — 02/2007 ;

(Cabo verde) 10/2007 — 10/2016

Dakar 14.683 -17.416 01/1996 — 05/2003 ; 10/2007 — 10/2016

(Senegal)

Takoradi 04.884 -01.745 01/2007 — 08/2007 ; 01/2008 — 04/2009 ;

(Ghana) 01/2010 — 03/2010 ; 03/2011 — 08/2012

Lagos 06.417 03.450 11/2008 — 04/2009

(Nigeria)

Port Sonara  {04.000 09.080 06/2008 — 06/2011

(Cameroon)

Sao Tome 00.201 06.434 08/2004 — 05/2007 ; 09/2007 — 08/2010

(Sao Tome)

Pointe Noire  |-04.783 11.833 09/2008 — 06/2014

(Congo)

Walvis Bay  -22.930 14.500 01/1993 — 04/1993 ; 07/1994 — 12/1995 ;

(Namibia) 01/1997 — 07/1997 ; 11/1997 — 11/1998 ;
05/2008 — 02/2011 ; 06/2011 — 02/2016

Luderitz -26.6300 15.1500 01/1993 — 11/1993 ; 02/1996 — 09/1996 ;

(Namibia) 01/1997 — 06/1997 ; 10/1997 — 12/1998 ;
05/2008 — 07/2012 ; 02/2013 — 10/2015

Port Nolloth  |-29.257 16.868 01/2000 — 05/2000 ; 02/2001 — 08/2003 ;

(South Africa) 08/2004 — 05/2006 ; 09/2006 — 05/2016

Saldanha Bay |-33.067 18.000 01/1993 — 12/1997 ; 05/2000 — 12/2001 ;

(South Africa) 04/2002 — 08/2011 ; 02/2013 — 08/2016

Granger Bay |-33.9053 18.4400 01/1993 — 02/1994 ; 10/1994 — 12/1996 ;

(South Africa) 07/1997 — 12/1997 ; 03/2001 — 12/2007 ;
04/2008 — 03/2010 ; 04/2013 — 10/2016

Simons Town -34.1870 18.4400 01/1993 — 12/1995 ; 07/1997 — 12/1998 ;

(South Africa) 02/2001 - 06/2002 ; 01/2003 — 06/2011 ;

02/2013 - 10/2016
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Table.2: Comparison of the 3 products (X-TRACK, CMEMS/DT2014 and NEMO.1/4) with
each TG in the 3 different zones of ETAO region. Statistics are calculated over the period
2008-2014. Agreement with the reference (TGs) is considered good when the correlation >
0.6, normalized standard deviation between 0.7 and 1.3 and normalized RMS < 0.8. The bold-
red values indicate that these statistical criteria are not met.

c TG Max correlation Min normalized RMS | Min normalized standard
2 (refereed in 0) deviation (refereed in 1)
& X-TRACK ‘CMEMS ‘NEMO X-TRACK CMEMS NEMO X-TRACK CMEMS NEMO
_ Nouakchott  [0.73 \0.75 \0.70 0.71 066 0.73 0.95 092 0.70
;t} Palmeira 0.61 ‘0.74 ‘0.64 0.92 067 077 [1.00 091 0.80
&» |Dakar 0.85 ‘0.92 ‘0.90 0.52 040 (046 0.96 087 [0.79
3 Takoradi 0.79 \0.90 ‘0.82 0.67 0.42 (058 [1.00 092 [0.86
% Lagos 0.85 \0.92 \0.92 0.52 042 055 [0.99 0.73 [0.62
% Port Sonara  0.72 ‘0.77 ‘0.64 0.77 0.65 0.77 [1.00 0.84  (0.69
= SaoTome  0.70 ‘0.70 ‘0.61 0.72 074 [0.81 0.81 057 [0.47
© pointe Noire  0.86 090 [0.82 057 0.43 0.58 [1.00 0.88 0.79
Walvis Bay ‘0.51 ‘0.63 ‘0.51 0.98 078 0.87 [1.00 0.46  0.81
o Luderitz \0.50 \0.52 \0.41 1.00 0.85 0.94 .00 0.68  0.70
“g,’, Port Nolloth ‘0.42 ‘0.30 ‘0.18 0.98 095 [1.02 0.81 0.48 [0.45
@ [Saldanha Bay \0.34 \0.34 \0.24 1.10 095 1108 [1.00 1.00 [1.05
Granger Bay ‘0.18 ‘0.15 ‘0.30 1.02 1.03 096 0.98 045  1.12
Simons Town ‘0.30 ‘0.28 ‘0.30 0.91 093 [0.88 [1.00 0.98 [1.00




29

Table.3: Metrics of CMEMS/DT2018, CMEMS/DT2014, NEMO.1/4 and NEMO.1/12 with
the TGs of Dakar, Pointe Noire and Walvis Bay, calculated over the period 2008-2014.
Statistics are calculated taking the average of the correlations and RMS over a distance of 100
km off the coast around the TGs.

TG Correlation RMS (cm)
CMEMS/DT20 CMEMS/DT2 NEMO.1 NEMO.1/ CMEMS/DT2 CMEMS/DT2 [INEMO.1 [NEMO.1/
14 018 4 12 014 018 4 12

Daka (0.83 0.88 0.84 0.87 4.9 4.1 4.5 3.8
r

Point 0.85 0.88 0.81 0.84 4.4 4.2 4.9 4.6
e

Noire

Walv 0.41 0.43 0.41 0.47 5.3 5.2 5.3 4.9
is

Bay




30

Table.4: 1% 2" and 3 maximums of SLA FFT amplitudes with the corresponding periods
calculated over the period 2008-2014 with the different products (SLA points are located 15

| km from the coast).

Amplitude (cm) Periods (days)
Data to 15 km from the
coasts Dakar Pointe Walvis Dakar Pointe Walvis Bay
Noire Bay Noire
g TG 0.49 5.44 3.51 365 365 366
€
X X-TRACK 8.41 6.50 2.62 365 365 365
€
_:g CMEMS/DT2018  8.47 6.60 2.02 365 365 366
NEMO.1/12 7,35 5.27 1.87 365 182.5 365
o~ FG 2.71 3.43 1.92 182.5 182.5 641
S
é’ X-TRACK 2.36 4.92 1.67 182.5 182.5 69
=
g CMEMS/DT2018 [2.50 4.96 1.00 182.5 182.5 641
NEMO.1/12 2.95 4.45 1.27 182.5 365 95
™ = TG 2.04 1.84 1.50 122 638.5 182.5
€
g X-TRACK 1.77 2.27 1.67 122 638.5 47
§ CMEMS/DT2018 1.74 252 0.91 122 639 51
‘NEMO.l/lZ 1.39 1.38 1.23 122 639 48
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Fig.1: Map of mean dynamic topography (MDT) (January 2008 — December 2014) calculated
with XTRACK data. The white circles stand for the TG positions along the West Africa
coasts between 35°S and 25°N. The satellite track numbers closest to the TG are indicated.
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Fig.2: Taylor diagram for the SLA of X-TRACK, CMEMS/DT2014 and NEMO.1/4
compared to the TG (taken as a reference): (a) for Dakar (January 2008 — December 2014),
(b) for Pointe Noire (August 2008 — June 2014) and (c) Walvis Bay (April 2008 — December
2014). The distance to the coast along of the nearest track (see the track position in Fig.1) is
indicated in color. The radial distance from the origin in black is proportional to the standard
deviation (normalized by the standard deviation of the TG data). The green lines centered on
the reference point (the TG data, red star in the diagram) indicate the RMS error. The
correlation between both fields is given by the azimuthal position in blue. The red lines
delimits the area where statistical criteria for a good agreement (correlation > 0.6, normalized
standard deviation between 0.7 and 1.3 and normalized RMS < 0.8) are met.
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Fig.3: Maps of Correlation between TG and X-TRACK SLA (above) and RMS of the
difference between TG and X-TRACK SLA (below) calculated over 2008 — 2014 period.
From left to right: Dakar, Pointe Noire and Walvis Bay.
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Fig.4:. Maps of Correlation (above) and RMS of the difference (below) between TG and (a)
CMEMS/DT2014 SLA and (b) NEMO.1/4 SLA, calculated over 2008 — 2014 period. From
left to right: Dakar, Pointe Noire and Walvis Bay.
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Fig.5: Hovmiiler diagrams (distance to the coast / time) of X-TRACK SLA over 2008 — 2014
period for (a) track number 174 (Dakar area), (b) track number 185 (Pointe Noire area) and
(c) track number 235 (Walvis Bay area). Units: cm.
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Fig.6: Comparison of SLA time-series from TG and X-TRACK, CMEMS/DT2018 and
NEMO.1/12 model, for Dakar, Pointe Noire and Walvis Bay. Altimetry and model products
are taken 15 km from the coast along of the altimeter track.
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Fig.7: The amplitude and period of the FFT signal from X-TRACK (black curves),
CMEMS/DT2018 (blue curves) and NEMO.1/12 model (green curves) SLA (point located 15
km from the coast) and TG SLA (red curves): above for Dakar (track 174), in the middle for
Pointe Noire (track 185), below for Walvis Bay (track 235). The highest peaks of variability
are indicated. Note that the scales for the FFT amplitude are different for each zone.

TG X-TRACK CMEMS/DT2018 NEMO.1/12 15 km to the coasts

T ! I

FFT in SLA (cm)

8 T T T T T T T

Pointe Noire

FFT in SLA (cm)

FFT in SLA (cm)




39

Fig.8: Maps of SLA amplitude of (a) 1%, (b) 2" and (c) 3" FFT maximum with the
corresponding periods, below, calculated over the period 2008-2014. From left to right: X-
TRACK, CMEMS/DT2018 and NEMO.1/12 model (with NEMO.1/4 above 16 °N). Note that
the color scale for the period of (c) is different from those of (a) and (b), for a better visibility.
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