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Abstract

The CryoSat-2 mission (CS2), initially conceived for sea ice measurements, is also useful for 
sea level monitoring in oceanic and coastal areas. Only specific regions have two high resolution 
modes (SAR Delay/Doppler and SAR-Interferometric modes), while the rest of the areas are 
measured in low-resolution mode (LRM). The entrance to the Gulf of California presents this mode 
of operation. Sea Level Anomalies (SLA) obtained from CS2 are compared with tide gauges at three 
locations, Cabo San Lucas (CSL) south of the Baja California peninsula, Mazatlán (MZ) and San Blas 
(SB) on the continental margin. The comparison shows good agreement between SLAs in CSL and 
MZ, with standard deviations of the differences (SDD) lower than 0.09 m and Pearson’s 
correlations higher than 0.7 (95% of confidence level). San Blas is in a complex location and with 
less data, presenting an SDD greater than 0.13 m and a correlation below 0.55. We present the 
cross-shore seasonal and interannual variability in CSL and MZ using the CS2 SLA time series from 
2011 to 2020. The variability shows the presence of events such as El Niño (2015 to early 2016), La 
Niña (2011) and the warm event of 2014 (nicknamed “the Blob”). Additionally, the residual time 
series of CS2 obtained after extracting the annual, semi-annual and monthly components, shows 
the East side (at MZ) is more affected by El Niño/La Niña variability while the West side (at CSL) is 
more influenced by the Blob/El Niño. Estimated long-term SLA trend at both locations are around 
3.1 mm/yr, supporting similar findings by previous studies.

Keywords: Coastal altimetry, sea level anomaly, tide gauges, CryoSat-2.
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1. Introduction

The CryoSat-2 mission (CS2, hereinafter) was launched in April 2010 carrying the SIRAL 
(Synthetic Aperture Radar and Interferometric Radar Altimeter) instrument, with the main goal of 
measuring the thickness and variation of sea ice in the polar region (Wingham et al., 2006; Boufard 
et al., 2018). The orbit of this mission is quasi-geodetic, with a repetition cycle of around 369 days 
(with a 30-days sub-cycle), capable of making a large number of measurements (5344 revolutions) 
reaching latitudes up to 88º (Boufard et al., 2017). Initially the mission was conceived to have a 
lifetime of 3.5 years (Parrinello et al., 2018); however, it remains in activity until the current date 
making this mission such a great success. 

CryoSat-2 can measure in three different modes, the low-resolution mode (LRM), and two 
high-resolution modes, the Delay/Doppler SAR (Synthetic Aperture Radar) mode that improves the 
resolution along-track and the SARIn mode (SAR interferometric) that receives the signal from a 
second antenna in the across-track direction allowing better identification of the location of the 
echo (Parrinello et al., 2018; ESA – ESRIN, 2019). The modes operate according to a geographical 
mode mask. The current mode mask (v4.0) is shown in ESA – ESRIN (2019). Following this mask, 
the SAR mode operates on sea ice and some oceanographic areas, the SARIn mode measures on 
ice sheet margins, mountains, and glaciers; while the LRM mode covers most of the oceanic and 
coastal areas, continental ice sheets and areas not covered by the other modes. 

Several studies validate SAR and SARIn measurements in coastal areas by comparing them 
with in-situ sea level from tide gauges. Fenoglio et al. (2015) validate the sea surface heights (SSH) 
from SAR in the German Bight and find standard deviations of the differences (SDD) of 8 cm. 
Gómez-Enri et al. (2017) find good agreements between Sea Level Anomalies (SLA) obtained from 
SAR data and tide gauge in the coastal strip of 3 - 20 km respect to the coastline over the eastern 
platform of the Gulf of Cadiz (Iberian Peninsula), they also indicate that SAR measurements can be 
affected by complex morphologies and river discharges. Dinardo et al. (2018) mention that 
terrestrial contamination affects the SAR sea level measurements at 2-3 km from the coast. 
Idzanović et al. (2018) compare SLA from SARIn data with tide gauges over the coast of Norway 
and find better results when using local ocean tide and inverted barometer corrections, obtaining 
SDD of 12 cm and correlations of 68%. Labroue et al. (2012) carry out the first assessment of LRM 
data (20 Hz) from CS2 and despite the small amount of data analyzed, they show that this mission 
is useful in oceanic studies of significant wave height (SWH) and SLA. Calafat et al. (2017) also 
evaluate and validate SLA and SWH from LRM data against in-situ observations from tide gauges, 
buoys and Argo floats, showing great performance of CS2 over the ocean comparable to the Jason-
2 mission. 

One of the main challenges when validating the SLAs obtained from CS2 is the choice of the 
tidal model that best resolves the main tidal components in our region and the proper use of the 
corrective term Sea State Bias (SSB). The first is evaluated following the analysis described in 
Oreiro et al. (2014) from which the TPXO9 model (Egbert and Erofeeva, 2002) was chosen. The 
analysis is detailed in the supplementary material. The corrective term SBB is different for each 
altimetric mission since it depends on the wind speed and SWH, however during the CS2 data 
processing the wind speed is not computed and only a reference value is used (7 m/s), therefore 
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the SSB obtained depends mainly on the SWH (Labroue et al., 2012). The works of Fenoglio et al. 
(2015), Gómez-Enri et al. (2017) and Dinardo et al. (2018) have used around 5% SWH instead of 
SSB as a first approximation. In this work, a wider range (0 to 20% SWH) is tested to find the 
percentage that provides better results when compared to in-situ data.

The aforementioned studies validate CS2 data in its different modes in oceanic and some 
coastal regions, however many coastal areas, where only LRM mode is available, remain without 
validation. In this paper we validate the SLAs obtained from the LRM mode in coastal areas against 
in-situ tide gauges of the entrance to the Gulf of California, considering local ocean tide 
corrections and, instead of the sea state bias available in the altimeter product, we use a 
percentage of the SWH. This is particularly interesting if one considers the amount of LRM data 
from this satellite that are still unexploited in ocean and coastal zones. In fact, more than 50% of 
coastal areas are under LRM mode. Once validated we use SLAs from CS2 to describe the 
seasonality and other oceanographic phenomena, such as El Niño, on the coastal zone in the 
period from 2011 to 2020. This paper is organized as follows. Section 2 describes the study area 
and dataset used here. Section 3 is dedicated to the methodology, while Section 4 shows the 
results and Section 5 the discussion. Finally, Section 6 presents conclusions.

2. Study area and dataset

2.1 Physical conditions

The entrance to the Gulf of California (EGC, Fig. 1c) is in direct communication with the 
Eastern Tropical Pacific Ocean and from there it receives the seasonal sea level signal, with 
maximum in summer and minimum in winter, as reported by Ripa (1997) using tide gauge data, 
and Strub and James (2002a) using altimetry data. The region is also characterized by the 
interaction of three surface water masses (Portela et al., 2016) that vary with the seasonal 
circulation (Wyrtki, 1965; Baumgartner and Christensen, 1985). Cold waters of the California 
Current arrive at the EGC from the western margin of the Baja California peninsula (Fig. 1a) in 
winter and early spring, with geostrophic velocities around 0.2 m/s (Durazo, 2015; Valle and 
Trasviña, 2017). During summer and autumn, the Mexican Coastal Current (MCC) (Badan-Dangon, 
1998) brings warm tropical waters from the south over the continental margin (east side of Fig.1c) 
and into the Gulf of California. Lavin et al. (2006) report geostrophic velocities ~0.3 m/s associated 
with the MCC, and that can be reinforced by the passage of a coastal trapped wave (Zamudio et 
al., 2007, 2008). In addition, around the tip of the peninsula (Fig. 1a), a coastal current is 
generated and propagates poleward over the west side of the peninsula (Valle and Trasviña, 
2017). The wind is another physical forcing in this region and presents a monsoonal behavior, from 
the NW in winter (8 m/s) and from the SE in the summer (< 5m/s) influencing the surface 
circulation accordingly (Badan-Dangon et al., 1991, 2003; Marinone et al., 2004). Remote events 
such as ENSO (El Niño-Southern Oscillation) cause higher sea level values (Strub and James, 
2002b), while La Niña produces the opposite effect.

2.2 Bathymetry and coastal morphology

The region presents a wide continental shelf on the mainland side and a narrow on the Baja 
California peninsula (Fig. 1). Figure 1c shows this feature by plotting the bathymetry to 2000 m. In 
the central zone, depths reach > 3000 m. Coastal land relief can interfere with the altimetry radar 
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contaminating the return signal and complicating the retracking of geophysical parameters 
(Gommenginger et al., 2011).  In the first 2 – 4 km of the coastal plain around the tide gauge in 
Cabo San Lucas (Fig. 1a), heights are 100 m or less, increasing inland to about 900 m. Near 
Mazatlán (Fig. 1b) most of the coastal area has elevations smaller than 100 m. In the area around 
San Blas (Fig. 1d), there are hills > 200 m in height to the southeast of the tide gauge near the 
coast that can interfere with the radar signal. The bathymetries are obtained from the General 
Bathymetric Chart of the Oceans (GEBCO, https://www.gebco.net/) and the elevations from Terra 
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital 
Elevation Model (GDEM) Version 3 (ASTGTM, https://lpdaac.usgs.gov/products/astgtmv003/). 

2.3 Dataset

 CryoSat-2 data

CryoSat-2 data is distributed by the European Space Agency (ESA) and is freely available for 
download at ftp://science-pds.cryosat.esa.int. We use level 2 GOP (Geophysical Ocean Product) 
data distributed 30 days after data acquisition. The satellite tracks are shown with gray lines in Fig. 
1. For our location, only data in low-resolution mode (LRM) at 20 Hz is available (approximately 
350 m between consecutive measurements). For now, a coastal retracker has not been used for 
this altimetric mission, so we use the processed LRM data accordingly to Maximum Likelihood 
Estimator (MLE4) retracker (Amarouche et al., 2004). The purpose of using MLE4 is to evaluate the 
official product distributed and estimate how close to the shore we can find acceptable 
measurements of this mission. CryoSat-2 GOP products are taken for the period from 2011 to 
2020. A more detailed description of the data is found in Parrinello et al. (2018) and Bouffard et al. 
(2018).

 Tide gauge data

Tide gauge locations in the EGC are represented by purple circles in Fig. 1. The first one is in 
Cabo San Lucas (CSL) and is located at the tip of the Baja California peninsula. Records in CSL are 
distributed by the sea level network of the Center for Scientific Research and Higher Education of 
Ensenada (CICESE, http://redmar.cicese.mx/) with a sampling interval of 1 minute. The other two 
tide gauge stations are located on the continental coast, Mazatlán (MZ) and San Blas (SB). Both 
present hourly sea level records and are provided by the Secretary of the Navy of Mexico (SEMAR, 
https://oceanografia.semar.gob.mx/estaciones.html). Due to data gaps, the period available for 
each station is different, so we consider records from 2011 to 2016 for MZ and SB, and until mid-
2017 for CSL. The gaps are the reason why the CICESE data is divided into two periods (Fig. 2a), 
while the hourly data (Fig. 2b and 2c) present gaps of days, weeks or months.

3. Methodology

Due to the long repetition period of CS2 (369 days), the comparison with tide gauges is made 
with tracks that fall within an area centered around the tide gauge (Calafat et al., 2017; Gómez-
Enri et al., 2017; Idžanović et al., 2018). In our study we choose a radius of 0.5 degrees around 
each tide gauge and keep measurements within 40 km from the coastline and then form sea level 
anomaly time series as a function of distance from the coastline. The reference coastline is shown 
in red in Figures 1a, 1b and 1d. Because the SB tide gauge is in a semi-enclosed area, and to avoid 

https://www.gebco.net/
https://lpdaac.usgs.gov/products/astgtmv003/
ftp://science-pds.cryosat.esa.int
http://redmar.cicese.mx/
https://oceanografia.semar.gob.mx/estaciones.html
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duplicate measurements, the reference coastline at this location is mainly composed of the 
section to the north of the tide gauge. After choosing the tracks, we obtain and compare the sea 
level anomalies (SLA) from both CS2 and the tide gauges. The SLA of CS2 is obtained following Eq. 
(1).

𝑆𝐿𝐴𝐶𝑆2 = 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒 ― 𝑅𝑎𝑛𝑔𝑒 ― 𝐼𝑜𝑛𝑜 ― 𝐷𝑟𝑦 ― 𝑊𝑒𝑡 ― 𝑀𝑆𝑆 ― 𝑃𝑇𝑖 ― 𝑆𝐸𝑇 ― 𝑇𝑖𝑑𝑒 ∗ ― 𝐷𝐴𝐶
― 𝑆𝑆𝐵 ∗∗         (1)

where Altitude is the distance between the satellite’s center of mass and the reference 
ellipsoid (WGS84). The retracked Range is the distance between the satellite and the mean 
reflected surface. Iono is for ionospheric correction from Global Ionospheric Maps developed by 
NASA/JPL (Mannucci et al., 1998). Dry and Wet correspond to tropospheric corrections. Dry is 
obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) model and 
Wet (Path Delay Plus, GPD+) is developed and validated by the University of Porto (Fernandez and 
Lazaro, 2016). Mean Sea Surface (MSS) is from the CNES_CLS-15 product based on 20 years of 
altimetric data, distributed by AVISO+ (https://www.aviso.altimetry.fr/en/data/products/auxiliary-
products/mss.html). PTi and SET are pole tide (Wahr, 1985) and solid earth tide (Cartwright and 
Eden, 1973) respectively. Tide* represents the astronomical tide based on 8 tidal components (M2, 
S2, K2, N2, P1, O1, K1, Q1), obtained for each CS2 track from the TPXO9v4 model (Egbert and 
Erofeeva, 2002). This model was chosen because it shows a better performance to solve the tide in 
our study area (see supplementary material). Dynamic atmospheric correction (DAC) combines the 
effects of high-frequency dynamic ocean response to atmospheric forcing (Carrère and Lyard, 
2003) and inverted barometer effects. The maximum and minimum values of the geophysical 
corrections for the three local areas in Fig. 1 are shown in Table 1 in the supplementary material.

SSB** is the sea state bias correction. We replace the SSB available in the product (based on 
Tran et al., 2012) by a percentage of the significant wave height (SWH) as a first approximation, 
following Fenoglio-Marc et al. (2015) and Gómez-Enri et al. (2017). The SWH represents the 
average wave height of one-third largest waves in a particular geographic location (ESA-
ESRIN,2019). In this work, a percentage of 0 - 20% SWH (added negatively) is evaluated to obtain a 
better comparison with the tide gauge sea level anomalies. Previously, we removed the outliers in 
the SWH using the median absolute deviation (MAD), following Passaro et al., 2021. This analysis is 
performed in blocks of 20 values where SWH values are considered valid if:

𝑥 < 𝑚𝑒𝑑𝑖𝑎𝑛(𝑋) + 3 ∙ 𝑀𝐴𝐷(𝑋)     𝑜𝑟     𝑥 > 𝑚𝑒𝑑𝑖𝑎𝑛(𝑋) ― 3 ∙ 𝑀𝐴𝐷(𝑋)              (2)

𝑀𝐴𝐷(𝑋) = 1.4286 ∙ 𝑚𝑒𝑑𝑖𝑎𝑛(|𝑋 ― 𝑚𝑒𝑑𝑖𝑎𝑛(𝑋)|)                      (3)

where x are the individual values of SWH within the block of 20 values (X). Additionally, a 
threshold maximum of 10 m is established for the SWH values.

For SLAs, we perform two screenings. The first is based on Gómez-Enri et al. (2017) where we 
keep the SLA values within the range [-1.5 to 1.5] m for each track. Since we only choose the 
values in the first 40 km from the coast, the SLAs should not exceed the median ± 3 times the 
standard deviation. Values outside this criterion are considered outliers. A second screening is 
performed on the SLA time series formed at each kilometer with respect to the coastline. To 
obtain an SLA point at each kilometer, we average the values that are present in that interval, 
considering that the data at 20 Hz from CS2 correspond to measurements every ~350 m. The value 
at 1km is the average of the SLAs from the coastline to the first kilometer from the coastline and 

https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/mss.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/mss.html
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so on with the other positions. With the positions defined at each kilometer, the SLA time series is 
formed and a threshold of the mean value ± 2.5 times the standard deviation is applied. The value 
of 2.5 times the standard deviation was obtained after a comparison with the SLAs of the tide 
gauges in CSL and MZ. In the case of SB, this value was close to 3, due to less data for comparison. 
With this second step, we eliminate most of the highest anomalous values remaining after the first 
screening. The SLAs for the tide gauge data are obtained using Eq. (4). 

𝑆𝐿𝐴𝑇𝐺 = 𝑁𝑚 ―  𝑇𝑖𝑑𝑒 ∗ ― 𝐷𝐴𝐶                  (4)

Where Nm corresponds to sea level record. For the tides (Tide*), the same model TPXO9v4 is 
used and the tidal components are obtained for the times closest to the CS2 passes. In the case of 
hourly tide gauge data, we choose the sea level value within 30 min or less around the CS2 pass. 
The DAC is taken from AVISO+ (https://www.aviso.altimetry.fr/en/data/products/auxiliary-
products/dynamic-atmospheric-correction.html). This correction is obtained after spatially and 
temporally interpolating the regular 6-hours gridded maps to the position of the tide gauge and 
the near times of the altimetric passes of CS2.

To obtain a residual SLA time series and consequently estimate trends, we extract the annual 
(SA, 365.2 days), semi-annual (SSA, 182.6 days) and monthly (MM, 27.5 days) signals from the SLA 
time series through a harmonic analysis following the model in Thomson and Emery (2014): 

𝑥(𝑡) =  𝑥 +
3

∑
𝑞 = 1

[𝐴𝑞cos (2𝜋𝑓𝑞𝑡) +  𝐵𝑞sin (2𝜋𝑓𝑞𝑡)] +  𝑥𝑟(𝑡)                (5)

where  is the mean value of the record;  is the residual of the time series and  are the 𝑥 𝑥𝑟 𝐴𝑞, 𝐵𝑞
coefficients to be determined for each harmonic. Finally, a linear fit is applied to the residual time 
series ( ) whose slope is the value of the trend.𝑥𝑟

4. Results

4.1 Determination of best %SWH for SSB correction

Sea Level Anomalies time series of CS2 (SLACS2) and tide gauges (SLATG) are compared 
considering a percentage of 0 to 20% of the significant wave height (SWH) for SLACS2 (as a first 
approximation of the SSB). The SLAs of both datasets are comparable after extracting the 
temporal average over the same evaluation period. To determine the percentage of SWH that 
allows a greater similarity between both SLA time series, we calculate the standard deviation of 
the differences (SDD) and correlation between both time series. 

Figure 3 shows the root mean square (Rms) of the SDD and correlation with respect to the 
percentage of the SWH. The best percentage for Cabo San Lucas (CSL, left plot) is 7% SWH, 
however it can be used from 5 to 8% without obtaining great differences. For Mazatlán location 
(MZ, right plot), the best percentage is 9% SWH, but it is also possible to use from 7 to 10%. In 
both cases, when 10% SWH is exceeded, the SDD between SLAC2 and SLATG increases, and the 
correlations decrease significantly. Because San Blas (SB) presents a smaller amount of comparison 
points between the tide gauge and CS2 (almost half that in the other two locations), a percentage 
of 8% SWH was taken according to the analysis made in the other two locations.

https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/dynamic-atmospheric-correction.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/dynamic-atmospheric-correction.html
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Once the %SWH for each location is determined (7%, 9%, and 8% for CSL, MZ, and SB, 
respectively), we estimate the percentage of SLA values that remain after the two screening steps 
with respect to the distance to coast (Fig. 4). The first 3 km of CSL (Fig. 4a) and MZ (Fig. 4b) show 
percentages less than 80% while SB (Fig. 4c) is less than 50%. CSL maintains around 90% of SLA 
values at distances greater than 9 km. MZ presents around 85% at distances greater than 10 km 
and SB only presents percentages greater than 80% at 15 km from the coastline. Based on these 
results, we only consider the time series of SLAC2 that present more than 80% of values for CSL 
(from 4 km) and 75% for locations of MZ and SB (4 and 5 km respectively). A similar percentage is 
found in Birol et al. (2021) using data from Jason1-3 missions and processed with ALES retracker 
and X-TRACK software, where altimetry points with more than 80% of SLA values are saved. 

4.2 Validation of SLA time series

To determine the positions with respect to the coast where the lowest standard deviations of 
the differences (SDD) and high correlations are obtained, we compared the SLA time series from 
tide gauge (SLATG) and CS2 (SLACS2). Note that 7%, 9% and 8% SWH were applied to the CSL, MZ 
and SB locations, respectively in Eq. 1. For CSL (Fig. 5) the positions between 10 to 14 km present 
the lowest SDD (0.05 - 0.06 m), while the correlations in those positions range between 0.8 and 
0.85. At greater distances, the SDD (correlations) gradually increase (decrease) but remain smaller 
(greater) than 0.08 m (0.7). The same is observed closer to the coast in the [4 – 10] km coastal 
band. The reason to this might be related to the fact of not being using a coastal-dedicated 
retracker. Even if the data quality Is good in the [4-10] km coastal strip (Fig. 4), the MLE is not well 
adapted to retrack accurately the retracked range used in Eq. 1. The SLATG and SLAC2 time series at 
11 km for CSL (Fig. 6), show the lowest SDD (0.05 m) and the highest correlation (0.85). At this 
distance from the coastline, SDD and correlation calculations are made based on one hundred 
comparison points, almost 2 measurements per month for the period of analysis. Both SLA series 
range from -0.2 to 0.2 m.

At the MZ location, the lowest SDD is found from 8 km to 12 km (0.07 – 0.08 m), with 
correlations between 0.8 – 0.85 (Fig. 7). At other positions with respect to the coastline, the SDDs 
range from 0.075 to 0.09 m while the correlations exceed 0.73. At 9 km, both time series present 
the lowest SDD (0.074) and high correlation (0.84). The similarity between both series is 
remarkable even during El Niño event in 2015, although with higher values for CS2 (Fig. 8). Sea 
Level Anomalies in this location range between ± 0.3 m. The statistics (SDD and correlation) are 
obtained from 71 comparison points, approximately a monthly measurement. This is due to the 
fact that there are many gaps in the SLA series of the tide gauge, as shown in Fig. 2b.

As mentioned before, the SB location presents few comparison values, due to gaps in the tide 
gauge series and a lower number of CS2 passes within a semi-closed area. Standard deviation of 
the difference (SDD) values (Fig. 9 top) is higher than 0.14 m in the first 15 km respect to the 
coastline. At greater distances they range between 0.13 – 0.14 m. The correlations (Fig. 9 bottom) 
improve from 15 km but remain less than 0.55. The SLATG and SLACS2 time series are not plotted 
here because the existing values are not sufficient for an adequate qualitative comparison.

4.3 Seasonality and other oceanographic phenomena as observed by CS2
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A broad view of the SLA distribution obtained from CS2 data is presented using Hovmöller 
diagrams for the CSL (Fig. 10 top) and MZ (Fig. 10 middle) locations. These are built with all tracks 
available in the study area between 2011 and 2020 close to the coast: [0 – 40] km of track 
segment. The bottom panel of Figure 10 includes a plot of the MEI index (Multivariate ENSO Index, 
https://psl.noaa.gov/enso/mei/). Although the MEI does not use fixed symmetric thresholds to 
determine the strength of ENSO (El Niño – Southern Oscillation) events, it considers that values 
greater (lower) than 2 (-2) can be flagged as strong El Niño (La Niña) events (Wolter and Timlin, 
2011). 

The diagrams allow to appreciate the seasonality of the SLAs in both locations, with marked 
characteristic. From 2011 to mid-2012 the region is affected by the final phase of a strong La Niña 
event of 2010, and from mid-2015 to early 2016 the signal corresponds to a strong El Niño event 
(Fig. 10 bottom). During La Niña, the SLAs in CSL (Fig 10 top) vary between -0.15 to 0.15 m, while 
in MZ (Fig 10 middle) the variability is larger (-0.25 to 0.25 m). Godinez et al (2010) and Farach-
Espinoza et al. (2021) report that the influence of ENSO in the entrance to the Gulf of California is 
larger in eastern coastal areas, as in MZ, and that under strong El Niño and La Niña conditions, 
seasonal variability is more relevant. In both locations there is an extension of the period of 
negative anomalies. During El Niño, the positive anomalies intensify reaching SLAs greater than 0.3 
m in both locations, as for instance in 2015. The years with low positive MEI index, from mid-2018 
to beginning 2020, suggest normal conditions or a weak El Niño event. However, both locations 
present high and long-lasting SLAs with values less than 0.3 m. In the summer of 2014, a strong 
positive seasonal signal is appreciated in both locations, which coincides with the effects of a 
warm event nicknamed "the Blob" (Bond et al., 2015). This event started with positive 
temperature anomalies off the Gulf of Alaska, spreading to the coastal areas of southern California 
during the spring of 2014 (Leising et al., 2015). The arrival of this event is more evident in CSL due 
to its northern origin and maintains positive SLAs with values close to 0.3 m until the end of the 
year.

To get the trends in both locations we first calculate an average of the SLAs of the first 40 km 
of each track over the respective location and from the years 2011 – 2020. These are presented in 
the Figures 11a/12a for CSL/MZ (red line). The blue line in these figures are the reconstructed 
signals of the three harmonics in both locations, while the residuals are shown in Fig. 11b and Fig. 
12b. Trends are estimated after performing a linear fit to the SLA residuals. The residual SLA series 
(black line) reveals that the effects of the final phase of La Niña in 2011 are more noticeable in CSL 
than MZ. Comparing Fig 11b and 12 b, values at the end of the 2011 reach -200 mm in CSL and 
only -150 mm in MZ. Similarly, during the beginning of La Niña 2020, the negative SLAs are more 
pronounced in MZ, with peaks between -150 to -250 mm, while at CSL they only reach -100 mm. 
On the other hand, during strong El Niño event from 2015 to mid-2016, both locations clearly 
show similar positive impact on residual SLAs, with maximums around 200 mm, only with more 
variability in MZ. Nguyen et al. (2022) mention that warm/cool events such as El Niño/La Niña 
generally have effects on sea level rise, increasing/decreasing the sea level, although the 
relationship is not always direct in all events. For instance, in 2018, while MZ presents high 
positive residual SLA (> 100 mm), at CSL negative residuals occur most of the year and only change 
at the end of the year. This happens when conditions change from La Niña to normal or weak El 
Niño event (blue and red shaded areas in Fig. 11b and Fig. 12b). Positive SLA residuals also occur in 
2014, associated to the Blob (Bond et al., 2015). During this warm event, values are as high as 
those during El Niño 2015 event. At CSL one peak >200 mm happened in mid-2014 and another 

https://psl.noaa.gov/enso/mei/
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near 200 mm at the end of the year. In contrast at MZ, only the first peak greater than 200 mm 
was registered. The effects of the Blob in our study area are still under investigation.

The purple lines in Fig 11b and 12 b are the sea level trends estimated from 10 years of CS2 
data. They show a sea level rise of 3.1 ± 1.4 mm/yr at CSL and 3.1 ± 1.6 mm/yr at MZ. In 
comparison, global trends based on the longer periods show a broader picture of trends including 
marked changes in recent years. For instance, 3.35 ± 0.4 mm/yr based on the period from 1993 to 
2017 (Ablain et al., 2019) and 3.55 ± 0.4 mm/yr for the period from 1993 to October 2022 
estimated by AVISO (https://www.aviso.altimetry.fr/msl/, accessed on 06 January 2023). In coastal 
areas, Cazenave et al. (2022) show similar trends to those found here near the coastline and on 
the period 2002 - 2019. However, trends may be higher, as in the case of North Java, where the 
trend in the first 50 km is 3.8 ± 2.6 mm/yr, based on the period from 2003 to 2014 (Passaro et al., 
2016) or near the island of Hon Dau in Vietnam, with 7.38 mm/yr for the years between 2001 to 
2020 (Nguyen et al., 2022). A longer time series is necessary, merging CS2 with other satellite 
altimetric missions, to corroborate the trends found here and also to decrease the uncertainties, 
as in the work of Ablain et al. (2019).

5. Discussion and conclusions

Many factors can affect the quality and quantity of SLA data obtained from altimetry missions 
in coastal zones. One of them is the retracker that is used to obtain the range and SWH. For CS2 
data in LRM mode only the MLE4 retracker is available in the official product. We must also 
consider the orientation of the tracks with respect to the coastline. When the satellite approaches 
the coast, the power signal received by the altimeter (waveforms) will have less land 
contamination if approaching in an orthogonal direction (Dinardo et al., 2011). Likewise, the 
complex coastal morphology also limits the amount of data that can be recovered, as shown in the 
study area of Idzanović et al. (2018). In our study, the San Blas (SB) location (Fig. 1d) presents a 
lower amount of data recovered because it is in a semi-enclosed area and some tracks to the 
southeast of the tide gauge are more susceptible to land-contamination. 

Other factors are the corrections applied to the range to obtain the SLAs, such as the sea 
state bias (SSB) which is different for each altimetric mission being related to the altimetric design 
and processing (Labroue et al., 2012). However, it is also possible to use a percentage of SWH as a 
first approximation. Fenoglio-Marc et al. (2015) and Gómez-Enri et al. (2017) use 5% SWH while 
Dinardo et al. (2018) uses 4.7%. Here we tested from 0 to 20% SWH and found that in our study 
area 7 to 9 % give the best results when comparing against in-situ measurements. Another 
important correction applied to obtain the SLA is the tide, which by default (in level 2 data) comes 
from the FES2014 global tidal model (Lyard et al., 2021). The choice of a tidal model depends on its 
performance over a specific study area and may be different from the model used in the official 
product. Thus, for example, Dinardo et al. (2018) uses the TPXO8 model (Egbert and Erofeeva, 
2002) for the tidal correction in the German Bight and West Baltic Sea. Gómez-Enri et al. (2017) 
use the DTU10 model (Cheng and Andersen, 2011) in the eastern continental shelf of the Gulf of 
Cadiz. We use an improved version of the Egbert and Erofeeva model (TPXO9v4, released in 
December 2020), chosen after carrying out an analysis with tide gauges over the study area (see 
supplementary material), following Oreiro et al. (2014). Also, the number of tidal constituents that 
need to be extracted in the study area vary from 8 to 15 (see Table 7 in Valle and Trasviña, 2020). 

https://www.aviso.altimetry.fr/msl/
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Additionally, the analysis made by Lyard et al. (2021) emphasizes the good performance of TPXO9 
model in coastal areas and platforms, where this study is focused. 

After applying corrections to the range and obtaining the SLAs, and implementing outlier 
detection steps to keep the best quality data, as explained in section 3, we proceed to evaluate 
the usefulness of the CS2 SLAs in LRM mode by comparing them with those obtained from tide 
gauges. Our results indicate a good performance of CS2 in the areas of CSL and MZ with SDD less 
than 0.09 m and correlations greater than 0.7. In contrast, at the SB location we obtained larger 
SDDs (> 0.13 m) and smaller correlations (< 0.55), however, it is possible with the CS2 mission to 
obtain SLA values in coastal areas with many limitations and that is not densely measured by other 
altimetric missions as CS2 does.

The SLA variability obtained from Hovmöller diagrams allow to describe the seasonality as 
well as interannual variability, such as the SLA intensification or attenuation produced by the El 
Niño/La Niña, or the Blob, in the 40 km coastal band at the entrance to the Gulf of California (the 
CSL and MZ sites). Although the effects of strong La Niña of 2010 are not completely registered in 
this study, the period covered by our analysis includes the final phase of La Niña 2010-2011, and 
the beginning of the long La Niña 2020-2023, while the Blob of 2014 and the strong El Niño of 
2015 are fully captured. The response at both locations presents a direct relationship when the 
events are moderate or strong, with greater variability in MZ, and the response can differ when 
remote forcing is weak or absent.

The estimated trends based on ten years of CS2 SLA data are similar in both locations (3.1 
mm/yr) and close to the regional trends estimated by AVISO (3.55 mm/yr). Ablain et al. (2019) 
mention an acceleration of 0.12 mm/yr2 in the global mean sea level, however we need a longer 
SLA time series to be able to verify that such acceleration is taking place in our study area. 

We conclude that the data in the LRM mode of the CS2 mission can be useful in coastal areas 
even when they have not been processed with a coastal retracker, reaching acceptable values (in 
terms of accuracy) up to 4 km from the coastline, allowing us to study the seasonal and 
interannual variability of sea level in coastal areas of the Mexican Pacific. The percentage of SWH 
used instead the SSB correction is a little higher than in other studies, which suggests that it is 
necessary to identify an appropriate threshold of this percentage in the validation stage, using in-
situ data at the study region. Future works may use CS2 data in other coastal regions where LRM is 
available and unexploited, considering limitations that may exist in those specific regions. The 
continuity of this mission is ensured with the future Copernicus Polar Ice and Snow Topography 
Altimeter (CRISTAL), planned for launch in 2027.
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Figure 1. The entrance to the Gulf of California is shown in panel c. Tide gauges are represented as 
large purple circles. The bathymetry of the first 2000 meters is obtained from GEBCO. Panels a, b, 
and d show the enlarged areas around the tide gauges. The red line corresponds to the reference 
coastline. Gray lines are CryoSat-2 mission tracks. Terrain elevation is obtained from ASTER digital 
elevation model and plotted on a scale from green to brown.
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Figure 2. Sea level time series from tide gauges at the study area. Cabo San Lucas (a), Mazatlán (b) 
and San Blas (c).

Figure 3. Root mean square of SDD (blue line) and correlation (red line) according to the 
percentage of SWH for Cabo San Lucas (left) and Mazatlán (right).
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Figure 4. Percentage of SLA values with respect to the coastline after the two screening steps. For 
CSL (a), MZ (b), and SB (c).
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Figure 5. Standard deviation of the differences (SDD, top panel) and correlations (bottom panel) in 
CSL for the SLACS2 and SLATG series with respect to the distance to the coast.

Figure 6. Sea level anomaly (SLA) series at CSL location. Tide gauge (red line) and CryoSat-2 (blue 
line) at 11 km with respect to the coastline.
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Figure 7.  Same as Fig. 5 for MZ station.

Figure 8. Sea level anomaly (SLA) series at MZ location. Tide gauge (red line) and CryoSat-2 (blue 
line) at 9 km with respect to the coastline.
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Figure 9. Same as Fig. 5 for SB station.
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Figure 10. (top) Hovmöller diagram of SLA based on tracks around CSL. (middle) Similar to the top 
for MZ. The units of the colorbar are in meters. Dashed lines indicate the beginning of July. 
(bottom) Multivariate ENSO Index.
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.

Figure 11. (a) Mean SLA for CSL (red line). Reconstructed signal of the annual, semi-annual and 
monthly harmonic (blue line). (b) Residual SLA (black line) and linear fit (purple line) the 
Multivariate ENSO Index is the shaded curve. 

Figure 12. Same as Fig. 11 for MZ location.
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Highlights 

 LRM data from CryoSat-2(CS2) are useful in coastal areas of the Gulf of California (GOC).

 SLA from CS2 shows seasonal and interannual signals as El Niño/La Niña or the Blob.

 Estimated trends of CS2 at the entrance of GOC are close to global estimates.
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