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Abstract

In this study, high resolution (40 Hz) sea levels derived from the advanced SARAL/AltiKa
satellite altimetry are validated over the Southeast Asia coastal regions. The parameter of
sea level is derived based on three standard retracking algorithms of MLE-4, Ice-1, and
Ice-2. The assessments of quantity and quality of the retracked sea levels are conducted
to identify the optimum retracker over the study regions, which are the Andaman Sea,
the Strait of Malacca, the South China Sea, the Gulf of Thailand, and the Sulu Sea. The
quantitative analysis involves the computation of percentage of data availability and the
minimum distance of sea level anomaly (SLA) to the coastline. The qualitative analysis
involves the absolute validation with tide gauge. In general, AltiKa measurement can
get as close as ~1 km to the coastline with >85% data availability. The Ice-1 retracker has
shown an excellent performance with percentage of data availability 290% and minimum
distance as close as 0.9 km to the coastline. In term of quality of the data, 3 out of 6 vali-
dation site show that Ice-1 retracker is superior than the other retracker with temporal
correlation up to 0.89 and RMS error up to 8 cm.

Keywords: SARAL/AItiKa, coastal sea level, validation, retracking, Southeast Asia

1. Introduction

Satellite altimeter occupies the radar technology at vertical incidence. It measures the two-
way travel time of pulses, which corresponds to the distance between the satellite and the
ocean surface. The time between the transmission of the pulses to the reception of the reflected
echoes is proportional to the satellite’s orbital height. Through the magnitude and shape of
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the echoes (or waveform), geophysical information about the ocean surfaces (i.e., sea level,
wave height, and wind speed) can be retrieved (Figure 1).

There are two types of radar altimetry: pulse-limited and beam-limited. The pulse-limited
altimeter dictates the shape of returning signals by the length (width) of the pulse; mean-
while, the beam-limited dictates the shape of returning signals by the width of the beam (cf.
[1]). The technology of pulse-limited altimeter has been used over the past 30 years, on-board
of various altimetry missions such as ERS series, Jason series, and SARAL/AltiKa. Contrary,
the beam-limited altimeter is considered as an advanced technology, which carries delay-
Doppler altimeter instrument on-board of Cryosat-2 and Sentinel 3A satellites. With the
advanced technology, the improvement can be seen in terms of the along-track spatial resolu-
tion, the noise ratio, and the sensitivity rate to the sea states [1].

The altimetry data have been beneficial for measuring ocean geophysical parameters, particu-
larly the sea levels. They have been embedded in several ocean modeling systems such as the
Australian national coastal modeling hindcast/forecast systems (e.g., BLUElink), and Regional
Ocean Modeling System in Alaska, the United States of America. The altimetry can provide
highly accurate sea level measurement (in cm level) over the open ocean due to proper model-
ing of ocean state qualities (e.g., tides) and accurate measurement of atmospheric refractions
[2]. The altimetry is capable of providing accurate information of ocean properties up to 4 cm
in height measurements [3, 4] and 2-3 cm in mean sea level variations [5].

However, in coastal regions, altimetry and its applications face many challenges (e.g., [2, 6-9])
due to various reasons. The accuracy of measurements decreases abruptly as the altimeter
approaches the coast, where the sea conditions can diverge drastically over time and space. In
addition, the altimetric waveforms within a footprint are usually corrupted by land, resulting
in complicated ocean signals.
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Figure 1. Examples of returned waveforms. (a) Brown-shaped waveform over homogeneous ocean surface. (b) Non-
brown waveform over complex coastal area.
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Figure 1 shows the altimetric waveforms over the open and coastal oceans. The waveform
shape over the open ocean (Figure 1a) follows the Brown [10] model. It features a sharp increase
of leading edge, following a decreasing plateau. From the shape, several ocean parameters can
be deduced. The parameter of wind speed can be deduced from the waveform amplitude, the
sea level from the mid-point of leading edge, and the significant wave height from the slope
of leading edge. Satellite instrumentation parameters can also be deduced: thermal noise and
antenna mispointing angle (based on the slope of trailing edge). In Figure 1b, the land impact
is clearly seen in the waveform, which features high amplitude on the waveform trailing edge.
In case of corrupted waveforms, the processor tracker on-board of the satellite cannot properly
determine the ocean parameters. Therefore, an efficient signal post-processing called as “the
retracking” should be performed on the ground to optimize the accuracy of the estimation [8].
This is because the leading edge of waveform deviates from the on-board tracking gate [8],
thus reducing the accuracy of measurements.

Waveform retracking can be conducted based on the physical (e.g., MLE4, OCE3, and Red3)
or empirical (e.g., Icel and Offset Centre of Gravity (OCOG)) retrackers. The former fits the
waveforms to an ocean surface model (e.g., [10]) to retrieve the optimized parameters (e.g.,
[10-13, 14]), and the latter retrieves the parameters based on the empirical assumption about

the signals (e.g., [15, 16]).

Due to the low quality of altimeter geophysical retrieval over coastal oceans, data are usually
systematically flagged and rejected. The coastal water is poorly observed, particularly within
~10 km of the shoreline [17, 18]. The no data gaps over coastal regions have been improved
with the advanced altimetric technology such as AltiKa and Sentinel 3A altimetry mission. The
AltiKa satellite operates with a Ka-band (~35.8 GHz) frequency signal. It produces a finer spa-
tial resolution when compared to Ku-band (~13.5 GHz). With the smaller size footprint (~8 km
in diameter compared to 20 km for Jason-2 and 15 km for Envisat) [19] and higher spatial
resolution along the satellite track (40 Hz, compared to 20 Hz for Jason-2), the AltiKa can bring
measurements closer to the coastline and produces excellent data coverage (~99%) [20, 21].

This chapter provides a necessary step to derive accurate sea level anomaly (SLA) from AltiKa
satellite altimetry. The framework developed in this chapter should enable the derivation
of accurate sea levels over the Southeast Asia regions. The launched of the AltiKa satellite
mission promises a significant refinement of coastal altimetry, with advanced instruments,
an improved retracking algorithm, and geophysical corrections [7, 19, 20, 22, 23]. The valida-
tion and calibration of the satellite mission are compulsory to find the level of confidence
on the data quality before it can be used in any applications. Global calibrations for AltiKa
have been conducted by Centre National d’Etudes Spatiales (CNES), Indian Space Research
Organization (ISRO), and many other researchers (e.g., [5, 19, 20, 24, 25]). However, limited
research focuses on the regional validation over the Southeast Asia (e.g., [24, 26-29]). The
regional validation is important because the ocean characteristics of the region are signifi-
cantly different than the other oceans, such as the Pacific and Atlantic Ocean. It is character-
ized by marginal and semi-closed oceans that contain many small islands and a broad range
of topographic features, thus producing complicated waveform patterns when they enter the
altimeter footprints. Therefore, this study is conducted to quantify the quality of sea levels
derived from the AltiKa over the Southeast Asia region.
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This chapter presents the quality assessment, and the validation of AltiKa sea levels against
tide gauges over the Southeast Asia coastal region. The quality assessment identifies how close
the data can get to the coastline and how much data can be recovered through three retracking
algorithms (i.e., MLE-4, Ice-1, and Ice-2) [30-32] Southeast. It is noted that the three retracking
algorithms are the standard retrackers available from the Sensor Geophysical Data Records
(SGDR). The assessments are conducted by computing: (1) the percentage of data availability
over the Southeast coastal region; (2) the minimum distance of the AltiKa retracked sea level
data to the coastline; and (3) the root mean square (RMS) error and temporal correlation of the
retracked sea levels with tide gauges.

Section 2 presents the data description and processing procedures involved in the qual-
ity assessment and validation; Section 3 reports on the data qualitative assessment, which
includes both the percentage of data availability and the minimum distance of sea level to the
coastline; Section 4 reports on the validation of retracked sea levels against the tide gauge; and
Section 5 concludes the chapter.

2. Data description and processing procedures

The experimental region encompasses the Southeast Asia, which comprises of the Andaman
Sea, the Strait of Malacca, the Gulf of Thailand, the South China Sea, and the Sulu Sea (Figure 2).
It covers an area of about 20°N-5°S and 95°E-126°E.

The data utilized in this study are acquired from several agencies. The altimeter data are
available at the Archiving, Validation and Interpretation of Satellite Oceanographic Data
(AVISO) ftp site (ftp://avisoftp.cnes.fr). SGDR product, which comprises of 40 Hz of data
from cycles 1 to 19 (April 2013-December 2014), are utilized. Hourly tide gauge measure-
ments are supplied by the Department of Survey and Mapping Malaysia (DSMM) and the
University of Hawaii Sea Level Centre (UHSLC); https://uhslc.soest.hawaii.edu). There are
six tide gauge stations used in this study, which are Geting, Langkawi, Bintulu, Lubang, Ko
Taphao Noi, and Vung Tau (Figure 2). The hourly tide gauge data are acquired from March
2013 to December 2014.

For altimeter data, two processing steps are involved in the derivation of sea level: (1) by
applying the range correction and (2) by correcting the impact of atmosphere and ocean geo-
physical. The range corrections are obtained from MLE-4, Ice-1, and Ice-2 retracking algo-
rithms. The MLE-4 and Ice-2 algorithms are based on the theoretical model of scattering
surface of Brown [10], and Ice-1 is the empirical method of the OCOG [15]. The geophysical
amendments correct the SLAs by isolating the ocean dynamic height contributors of ocean
tides, atmospheric refraction, and atmospheric pressure loading such as sea state bias (SSB)
and inverse barometer.

The SLA from AltiKa is derived from Eq. (1) [33];

SLA = H- (R, ~R . .,~AR~AR, ~AR  ~AR_ —mssh)~h, ~h ~h

obs retracked ot solid pole -

hland - hiny - hhf (1)
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Figure 2. The region of the study area. Red marks indicate the tide gauge stations and green lines indicate the AltiKa
ground passes. The blue lines are the AltiKa ground passes used for validation with tide gauge.

where H is satellite altitude, R ,_is the observed range, R , , .is the range corrections from the
retracking algorithm (i.e,, MLE-4, Ice-1 and Ice-2), R, and R , are dry and wet tropospheric
corrections, R, isionospheric correction, R_, is sea state bias correction, mssh is mean sea sur-
face height, 1 , is ocean tides, h_,, is solid earth tides, hpolg is pole tides, h, , is tidal loading, hiny
is inverse barometer height correction, and £, is high frequency fluctuations. The correction
of R, and R , are based on the European Centre for Medium-Range Weather Forecasts, R, ,
is from the Global Ionospheric Map, R_, is from the Hybrid sea state bias [34], and /, is from
the FES2012 model. Due to limited number of data samples (~1.5 years) used in this study,
the global FES2012 tidal model is used rather than a coastal tidal model such as the pointwise
tide model (e.g., [35]). The use of pointwise tide modeling for resolving tidal signals requires
at least 3 years of datasets to ensure that the individual constituents are separated due to the
Rayleigh criterion [36]). It is noted that the use of the global tidal model to resolve coastal tidal
signals may produce inaccurate results because tidal signals in the coastal regions are more
complex than in the deep ocean.

The tide gauge data is processed to extract a non-tidal sea level time series, so that the physical
contents are comparable to the satellite altimetry. The sea level measured by the tide gauge is
different from the sea level measured by the satellite altimeter. The tide gauge measures the
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changes in sea level over time relative to a datum, which is mean sea surface height (MSSH).
Meanwhile, the altimeter measures the sea level above the reference ellipsoid.

The tide gauge is designed to estimate tides. In order to find the non-tidal sea level, high-
frequency tidal effects on the tide gauge data need to be removed. Tidal signals from the
tide gauge are removed using a harmonic analysis method [37, 38]. Harmonic analysis is a
mathematical process which separates the observed tide into basic harmonic constituents.
This method can determine the amplitude and phase of tidal constituents from a long-time
series observation. It models the tidal signals as the sum of a finite set of sinusoids at specific
frequencies related to astronomical parameters. If the amplitude and phase of each constitu-
ent is known, it can be removed from the sea level measurement [37].

3. Qualitative assessment

This section investigates the quantity of retracked SLAs from the three retrackers (i.e., MLE-4,
Ice-1, and Ice-2) that are available from the AVISO SGDR product. The quantity is computed
in terms of the percentage of data availability over the region (Section 3.1) and the mini-
mum distance to the coastline (Section 3.2). These assessments are conducted to evaluate the
amount of data that can be recovered through those three retracking algorithms.

3.1. Data availability of SARAL/AltiKa-retracked SLA over the coastal region

Figures 3-8 show the percentage of data availability over the regions. In general, the AltiKa shows
an outstanding data recovery with >80% of data availability for all retrackers (see Figures 1-3).
The spatial plot around the Strait of Malacca shows that the data availability is considerably
high (270%) for most all passes of all retrackers, considering the complexity of the region
with its narrow strait. However, several passes on the Andaman Sea show data availability of
<70%. The percentage of data also degrades significantly over the eastern part of the Southeast
Asia, around the Sulu Sea, near the Philippines coastal water. The data availability is <50% for
several passes.

The close-up of the most complex area around Singapore, near the Riau Archipelago, and the
Sulu Sea near the Philippines, are shown in Figures 6-8. The percentage of data around the Riau
Archipelago is considerably high (=70%) even though it is located in shallow water and sur-
rounded by small islands. On the other hand, data over the Philippines coastal water degrades
significantly with the percentage of data availability <50% for several passes.

Figure 9 indicates the mean percentage of retracked SLA data availability within 30 km of the
coastline for the five tested regions. Of all regions, the South China Sea has the highest (>88%) per-
centage, with the MLE-4, Ice-1, and Ice-2 retrackers providing 88, 90, and 89% of data, respectively.
The South China Sea has less complex coastal topography when compared to the other regions.
Hence, the contamination of land within the altimeter footprint may not be severe in this region,
making the retracking of sea level work efficiently and producing outstanding data coverage.
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Figure 3. (a) The data availability (in unit %) for MLE-4 retracked SLAs over the Southeast Asia. Close up for (b) the
Andaman Sea, (c) the Gulf of Thailand, (d) the Strait of Malacca, (e) the South China Sea, and (f) the Sulu Sea.
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Figure 4. (a) The data availability (in unit %) for Ice-1 retracked SLAs over the Southeast Asia. Close up for (b) the
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Figure 5. (a) The data availability (in unit %) for Ice-2 retracked SLAs over the Southeast Asia. Close up for (b) the
Andaman Sea, (c) the Gulf of Thailand, (d) the Strait of Malacca, (e) the South China Sea, and (f) the Sulu Sea.

In contrast, the Sulu Sea has the lowest (<68%) percentage of data coverage, with the MLE-4, Ice-1
and Ice-2 retrackers providing 64, 68, and 65% of data, respectively. The Sulu Sea is surrounded
by many small islands, narrow straits, and shallow water with rough bottom topography. It is
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Figure 6. The data availability (in unit %) for MLE-4 retracked SLAs. Close up for area (a) near the Riau Archipelago and

(b) over the Philippines coastal water.
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Figure 7. The data availability (in unit %) for Ice-1 retracked SLAs. Close up for area (a) near the Riau Archipelago and

(b) over the Philippines coastal water.

one of the most complex archipelagos in the world [39]. This area also suffers from rapid changes
in sea-state and quasi periodic-variation of surface roughness [40]. The altimetric waveforms
could be severely corrupted due to the high complexity of the coastal topography, thus produc-
ing invalid estimations of geophysical information [8], particularly SLAs.
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Figure 9. Mean percentage of AltiKa data availability over five experimental regions computed within 30 km of the
coastline. It is computed from 18 passes for the Andaman Sea and the Strait of Malacca, 16 passes for the Gulf of Thailand,
30 passes for the South China Sea, and 17 passes for the Sulu Sea.

For the Andaman Sea, the Gulf of Thailand, and the Straits of Malacca, the AltiKa shows sat-
isfactory results in data coverage with >72% data availability. Based on the result in Figure 9,
4 out of 5 regions have good data availability with more than 70% data coverage, thanks to
the smaller AltiKa footprint size that has contributed to segregating the type of surface in
transition zones (from water to land and from land to water) over coastal regions.
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Itis comprehended that the Ice-1 retracker always outperforms the MLE-4 and Ice-2 retrackers,
except for the Andaman Sea where the performance of the Ice-1 and Ice-2 retrackers are simi-
lar. In contrast, the MLE-4 always underperforms compared to the other retrackers, except in
the Andaman Sea where the percentage is slightly superior than those of other two retrackers.

3.2. The minimum distance of the SARAL/AltiKa retracked SLAs to the coastline

The quality of the AltiKa retracked SLAs over the coastal region is further investigated by
computing the minimum distance of the available data to the coastline. Figure 10 shows an
example of the minimum distance of retracked AltiKa data computed from several passes
over the Southeast Asia region. In general, the AltiKa SLAs data becomes available within
2 km from the coastline.

Figure 11 shows the mean minimum distance of the retracked AltiKa data computed over the
five experimental regions. The total number of satellite passes included in the calculation is
similar to the number of passes utilized in the computation of data availability. As shown in
Figure 11, the AltiKa data over the South China Sea region have the lowest mean minimum
distance compared to the other regions. The data are available within a distance of <3.2 km
from the coastline. The Sulu Sea shows the opposite result, with the highest mean minimum
distance >4 km from the coastline.

The finer spatial resolution with ~174 m along-track sampling in the Ka-band AltiKa (compared
to the Jason-2 with ~300 m along-track sampling) enables high-density coastal observations,
thus bringing the AltiKa measurements closer to the coastline. Based on previous research [21],
this has confirmed that the AltiKa provides a significant improvement in accuracy and data
availability up to ~3 km from the coastline. This is overwhelmingly better than the Jason-2 and
Envisat which generally provide data beyond ~7-10 km from the coastline [18, 41, 42].

Minimum Distance to Coastline
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Figure 10. Mean of minimum distance of AltiKa MLE-4, Ice-1, and Ice-2 retracked SLAs to the coastline for several passes
over the Southeast Asia coastal regions, computed from 19 cycles.
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Figure 11. Mean of minimum distance of AltiKa for MLE-4, Ice-1 and Ice-2 retracked SLAs to the coastline over five
experimental regions, computed from 19 cycles.

The overall inspection shows that the Ice-1 retracker performs better than other retrackers
within a minimum distance of <4 km from the coastline, except for in the Gulf of Thailand.
Over this region, the Ice-2 retracker is better than the other retrackers. The Ice-1 retracker is
based on the OCOG, which is well-adapted to the rapidly changing surface like the continen-
tal sea shelf [8]. The MLE-4 retracker underperforms when compared to the other retrackers,
with a mean minimum distance of 3.2 km from the coastline. The MLE-4 retracker is the stan-
dard ocean retracker, which relies on the waveform’s physical shape to fit the waveform to the
theoretical Brown-shape [8, 12]. The Ice-2 retracker underperforms when compared to Ice-1
for most of the regions. However, the Ice-2 is better than the MLE-4 retracker. This is because
the Ice-2 retracker is an adaptation of Brown’s model, with slight modifications, and was pur-
posely developed for continental ice regions, making it more adaptable for coastal waveforms.

4. Validation against tide gauge

To validate the AltiKa retracked SLA, the temporal correlation and RMS error between the
SLAs from the retracking algorithms and tide gauges are calculated. In this study, the mean
value of temporal correlation and RMS errors are computed for distances <5 km from the
coastline. Figure 12 shows the result for retracked SLAs from the MLE-4 Ice-1 and Ice-2 cor-
responding to the six tide gauge stations.

For the validation near Bintulu tide gauge, the MLE-4 retracker has better performance
than those of Ice-1 and Ice2 retrackers with a correlation of 0.53 and RMS error of 8 cm. The
performance of Ice-1 and Ice-2 retrackers is significantly low with correlation <4 and RMS
error 213 cm. Near Geting station, the performance of three retrackers are nearly similar, with
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Figure 12. The temporal correlation and RMS error for MLE-4, Ice-1, and Ice-2 for distance within 5 km from coastline.

temporal correlation of 0.64 for MLE-4 and Ice-2 retrackers and 0.66 for Ice-1 retracker, and
RMS error of 34 cm for all retrackers. Similar situation is shown near the Ko Taphao Noi tide
gauge. The performance of three retracker are nearly similar with temporal correlation between
0.87 and 0.89 and RMS error between 8 and 12 cm. Near Vung Tau tide gauge, there is no data
available for distance within 5 km from coastline. This is because, within this distance, satellite
track crosses over a bay, thus producing complicated waveforms. The data over this area are
unable to be retrieved from the three retracking algorithms. Near Langkawi tide gauge, the
Ice-1 is the only retracker that can recover data. The temporal correlation and RMS error are
0.63 and 52 cm, respectively. Near Lubang tide gauge, Ice-2 is the optimum retracker based on
the highest temporal correlation of 0.72 and RMS error 15 cm. The MLE-4 retracker seems to be
the most inferior for this region, with a temporal correlation of 0.27 and an RMS error of 22 cm.

5. Summary

The AltiKa shows an excellent retracked SLA data coverage over the coastal water, with >85%
data availability for most locations of the experimental regions (three out of five regions).
AltiKa measurements also can get as close as ~1 km from the coastline. This is extremely bet-
ter than the performance of previous missions (i.e., Jason-2 and Envisat), which can generally
provide measurements beyond ~7-10 km from the coastline.

For overall results, it shows that the Ice-1 is the optimum retracker over the Southeast Asia
coastal region, with the percentage of data availability up to 90% and the minimum distance
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as close as 0.9 km from the coastline. Nevertheless, the amount of data that can be recovered
through the retracking algorithm depends on the coastal topography and sea states, in which
different coastal characteristics have different impacts on the altimetric signals. Thus, this
makes the performance of each retracker differ between different locations.
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