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Abstract—SARAL/AltiKA (SRL) is the first altimetry satellite

with a Ka-band altimeter. To validate the advantages of the Ka-

band altimeter over traditional Ku-band altimeters in marine

geodetic applications, a comprehensive analysis is carried out over

the South China Sea (SCS) (0–30� N, 105–125� E) from three

aspects, namely the influence of load on waveforms, the precision

of sea surface heights (SSHs), and the precision of altimeter-

derived marine gravity field. Coastal waveforms of SRL, Jason-2,

and CryoSat-2 are separately compared with corresponding ocean-

type waveforms. The radius of coastal influence on SSHs of SRL/

exact repeat mission (SRL/ERM) is the smallest, being about 3 km.

Crossover discrepancies, global mean sea surface models, and tide

gauge data are used to assess the precision of altimetric SSHs.

Compared with the SSH precision of Ku-band Jason-2/ERM, the

SSH precision of Ka-band SRL/ERM is 4.6% higher over the SCS

and 10% higher in offshore areas. Gridded gravity anomalies are

derived from measurements of SRL/drifting phase (SRL/DP) and

CryoSat-2 through the inverse Vening-Meinesz formula, respec-

tively. According to the assessment by shipborne gravity data and

global marine gravity models, the precision of SRL/DP-derived

gravity is higher than that of CryoSat-2-derived gravity over the

SCS, especially in offshore areas. In some cycles, ground tracks of

SRL/ERM have large drifting of more than 10 km from nominal

tracks. The results show that the Ka-band altimeter of SRL has

better precision in SSHs and marine gravity recovery than the Ku-

band altimeter over the SCS, particularly in offshore areas.

Keywords: SARAL/AltiKA, Ka-band altimeter, Sea surface

height, Marine gravity, Waveform, South China Sea.

1. Introduction

Sea surface heights (SSHs) can be retrieved from

satellite altimetry technology with increasing preci-

sion and accuracy. Since the 1970s, about 20

altimetry satellites have been launched, and a sig-

nificant amount of altimeter data obtained. The mean

sea surface and its variations can be researched

directly on the basis of altimetric SSHs (Schaeffer

et al. 2012; Andersen and Knudsen 2015; Guo et al.

2015; Andersen et al. 2018; Lickley et al. 2018; Pu-

jol et al. 2018; Yuan et al. 2020), which is

fundamental for studying mean dynamic topography

(Hernandez & Schaeffer, 2001; Guo et al.

2010; Kosempa and Chambers 2014). Sea surface

slopes can be calculated by differentiation between

along-track adjacent SSHs to reduce long-wavelength

errors of SSHs. Along-track slopes are used to

determine deflections of the vertical (DOVs), which

are directly used to derive marine gravity (Hwang,

1998; Hwang and Chang 2014; Sandwell et al. 2019;

Zhu et al. 2019).

SARAL/AltiKA (SRL), the first altimetry satellite

operating in the Ka band (35.75 GHz), was launched

in February 2013. The AltiKa altimeter carried on

SRL is the successor of the Siral altimeter of CryoSat

and the Poseidon3 altimeter of Jason-2 (CNES,

2016). Compared with traditional Ku/C altimeters,

the Ka altimeter with higher frequency has a smaller

altimeter footprint, leading to better spatial resolu-

tion. The AltiKa altimeter’s enhanced bandwidth of

500 MHz results in higher vertical resolution and

higher pulse repetition frequency. Absolute calibra-

tions (Babu, 2014), SSH assessments (Prandi et al.

2015), and retracking methods (Zhang and Sandwell
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2016), and geoid derivation (Smith, 2015) have been

studied separately. However, there are few systematic

studies on the effect of coastlines on SRL-measured

waveforms, the precision of SRL-measured SSH, and

the performance of SRL in deriving marine gravity.

The complicated submarine topography and

abundant islands in the South China Sea (SCS) affect

the precision of altimetry data and altimeter-derived

marine gravity (Morton and Blackmore 2001; Hsiao

et al. 2016). Therefore, the SCS and its adjacent

ocean, covering 105–125� E and 0–30� N, are

selected as the research area to compare Ka-band

altimeters with Ku altimeters. Section 2 introduces

the data used in this study. In Sect. 3, methods for

preprocessing and deriving gravity are presented in

detail. In Sect. 4, coastal waveforms of SRL, Jason-2,

and CryoSat-2 are used to study the radius of coastal

influence on altimeter data. In Sect. 5, crossover

discrepancies, mean sea surface (MSS) models, and

in situ tide gauge records are used to evaluate the

precision of SSHs of exact repeat mission (ERM)

from Jason-2 and SRL. In Sect. 6, marine gravity

models on a 10 9 10 grid are derived from geodetic

mission (GM) SSHs of SRL and CryoSat-2, respec-

tively. Finally, the shipborne gravity and recognized

global marine gravity models are used to assess the

precision of altimeter-derived marine gravity.

2. Study Data

2.1. Altimeter Data

ERM data have characteristics of high observation

precision and exact repeated tracks, so ERM-mea-

sured SSHs are used to assess the performance of Ka-

band and Ku-band altimeters in SSH observations. As

TOPEX/JASON series altimetry satellites (including

Topex/Poseidon, Jason-1, Jason-2, and Jason-3) offer

continuous observations and high observation preci-

sion, 20-year (1993–2012) long-wavelength MSS is

determined from TOPEX/JASON mean profiles

within the 65� parallels (Andersen, Jain, et al.,

2015).Therefore, Jason-2/ERM altimeter data are

compared with SRL/ERM data over the same period.

As GM-measured data have high spatial resolu-

tion, the SRL altimeter data in drifting phase (DP) are

used to study the precision of SRL-derived marine

gravity. CryoSat-2 provides a nominal track interval

of about 2.5 km and plays a major role in global

altimetric marine gravity model construction (Sand-

well et al. 2014). Therefore, the marine gravity

derived from CryoSat-2 data on low-resolution mode

(LRM) is compared with that derived from SRL/DP

data over the same period. Information about SRL/

ERM, Jason-2/ERM, SRL/DP, and CryoSat-2/LRM

is listed in Table 1.

Waveforms of Jason-2 and SRL can be obtained

from archiving validation and interpretation of satel-

lite oceanographic data (AVISO) (ftp://ftp-access.

aviso.altimetry.fr). Meanwhile, waveforms of Cryo-

Sat-2 are released by European Space Agency (ftp://

science-pds.cryosat.esa.int). Tracking gates, sampling

frequency, and other information about waveforms

are listed in Table 1.

SSHs of Level2 plus (L2P) products (CNES 2017)

at 1-Hz sampling frequency, available at AVISO, are

used in this study to evaluate advantages of SRL

altimeter. L2P products of Jason-2/ERM and SRL/

ERM listed in Table 2 are used to evaluate the

precision of SSHs, whose ground tracks are shown in

Fig. 1. Meanwhile, L2P products of SRL/DP and

CryoSat-2 listed in Table 2 are used to study

altimeter-derived marine gravity. Due to dense

ground tracks of GMs, Fig. 2 only shows tracks of

SRL/DP and CryoSat-2 in the region covering

12–14� N and 112–114� E.

Table 1

Information about altimetry satellites

Contrastive parameters SRL/ERM

and DP

Jason-2/

ERM

Cryosat-2/

LRM

Altimeter AltiKa Poseidon3 Siral

Frequency (GHz) 35.75 13.575/5.3 13.575

Altitude (km) 800 1336 717

Inclination (�) 98.55 66 92

Pulse repetition frequency

(Hz)

3600 2100 1970

Bandwidth (MHz) 500 320 320

Antenna footprint

diameter (km)

9 21 15

Pulse footprint diameter

(km)

1.4 2.2 1.7

Gate number 128 104 128

Sampling frequency (Hz) 40 20 20
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2.2. Other Data

2.2.1 MSS Model

MSS models can be used to assess the precision of

SSH observations. We use the newly released model

of DTU18MSS (Andersen et al. 2018) published by

Technical University of Denmark (DTU).

DTU18MSS is referenced to the period 1993–2012

(Pujol et al. 2018). Signals of the MSS model at long

Table 2

Specifications of L2p products of altimetry satellites

Contrastive parameters SRL/ERM Jason-2/ERM SRL/DP Cryosat-2

Cycles 1–35 173–294 80–107 100–121

Period 14 March 2013 to 4 July

2016

13 March 2013 to 5 July

2016

4 July 2016 to 10 July

2018

4 July 2016 to 10 July

2018

Observation number 555,539 574,878 321,881 358,901

Orbit GDR-E

Dry tropospheric correction ECMWF

Wet tropospheric correction Neural network correction Neural network correction Neural network

correction

ECMWF

Ionosphere correction GIM Dual-frequency GIM GIM

Tide correction Ocean tide: FES2014 solid Earth tide: Cartwright and Edden (1973)

pole tide: Desai et al. (2015)

Ocean environmental

correction

Sea state bias (SSB): nonparametric

Inverse barometer correction: ECMWF

High-frequency fluctuations: Mog2D model

Figure 1
Ground tracks of SRL/ERM and Jason-2/ERM around the SCS

Figure 2
Ground tracks of SRL/DP and CryoSat-2
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wavelengths are from ERM data, while those at short

wavelengths are from GM data.

2.2.2 Tide Gauge Records

Tide gauge (TG) records are independent of altimeter

data and can be consequently used to assess the

precision of SSHs. TG data are released by Univer-

sity of Hawaii Sea Level Center (https://uhslc.soest.

hawaii.edu/). As the research quality data are con-

sidered to be the final science-ready

datasets (Caldwell et al. 2015), they are used for TG–

altimetry comparison.

2.2.3 Gravity Data

The Earth gravitational field model 2008 (EGM2008)

(Pavlis et al. 2012) is selected as the reference gravity

field, following previous studies (Sandwell et al.

2013; Shih et al. 2015). Moreover, the shipborne

gravity and global marine gravity models are used to

assess altimeter-derived gravity.

The shipborne gravity data shown in Fig. 3 are

provided by US National Centers for Environmental

Information (NCEI) and Ministry of Natural

Resources (MNR) of P. R. China. Shipborne gravity

data have some long-wavelength errors that are

caused by drifts in gravimeter readings, off-leveling,

incorrect ties to base stations, and different reference

fields. EGM2008 is adopted to unify the reference

datum and correct long-wavelength errors for each

cruise by using a quadratic polynomial regression

(Hwang & Parsons, 1995).

Ma rine gravity model SIO V27.1 (Sandwell et al.

2014), released by Scripps Institution of Oceanogra-

phy (SIO) in 2019, is selected as assessment data for

altimeter-derived gravity. SIO V27.1 is on a 10 9 10

grid with accuracy of 2 mGal in the global.

3. Study Method

3.1. Altimeter Data Preprocessing

L2P products released by AVISO have the same

reference ellipsoid, so SSHs can be calculated from

satellite altitude measurements and range measure-

ments by only applying geophysical corrections and

propagation corrections. Altimetric SSHs used to

calculate crossover discrepancies, compare with MSS

models, and derive gravity can be calculated by

H0 ¼ Halt � ðHrange þ DHatm þ DHSET þ DHPT

þ DHLT þ DHEOT þ DHSBS þ DHDAÞ ð1Þ

where Halt is the altitude of altimetry satellite; Hrange

is the range from a satellite to sea surface at the

substellar point, which includes all instrumental

corrections; DHatm is the propagation correction

including dry tropospheric, wet tropospheric, and

ionosphere corrections; DHSET, DHPT, and DHEOT are

solid Earth tide, pole tide, and ocean tide corrections,

respectively; DHLT is the ocean tide loading correc-

tion, DHSBS is the sea state bias correction; and DHDA

is the dynamic atmosphere correction.

TG records are sea level values without the ocean

tide and dynamic atmosphere corrections, so altimet-

ric SSHs used to compare with TG data can be

calculated by

Figure 3
Tracks of shipborne gravity
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H1 ¼ Halt � ðHrange þ DHatm þ DHSET þ DHPT

þ DHLT þ DHSBSÞ ð2Þ

3.2. Marine Gravity Derivation

The inverse Vening-Meinesz formula (IVM)

(Hwang, 1998) is used to derive gravity from

altimeter data. First, SSHs calculated using Eq. (1)

are filtered by Gaussian filtering (Hwang et al., 2002)

with a convolution window radius of 7 km (Zhu

et al., 2020). Then, geoid heights can be calculated

from filtered SSHs by removing the mean dynamic

topography model MDT_CNES-CLS13 (Rio et al.

2014). The difference between geoid heights at two

along-track adjacent points is divided by the corre-

sponding spherical distance to obtain the geoid

gradient.

Second, residual geoid gradients are calculated

from geoid gradients by removing reference geoid

gradients. Gridded residual DOVs can be obtained by

nres
gres

� �
¼ Cne

Cge

� �
ðCee þ CnÞ�1eres ð3Þ

where eres is the residual geoid gradient, Cn is the

noise variance of geoid gradients, and Cee is the

covariance matrix of geoid gradients; nres and gres are
residual meridian and prime vertical components of

DOVs, respectively; Cne and Cge are covariance

matrices for meridian components–geoid gradients

and vertical components–geoid gradients,

respectively.

Finally, the residual gravity anomaly at point p

can be determined from residual DOVs by

DgðpÞ ¼ c0
4p

ZZ
r
H0ðwÞðnq cos aqp þ gq sin aqpÞdrq

ð4Þ

where nq and gq are the residual meridian component

and the prime vertical component of DOVs at point q,

respectively. c0 is the normal gravity at p, and the

azimuth from q to p is aqp.The kernel function H0ðwÞ
is the function of spherical distance w. The final

gravity anomalies can be obtained from residual

gravity by restoring the reference gravity. The

method for deriving gravity is shown in Fig. 4.

4. Waveforms

Altimetric echoes of SRL, Jason-2, and CryoSat-2

have well-defined shapes in the open sea and can be

modeled by the Brown model (Brown, 1977). A

waveform shape in the open sea has a sharp rising

leading edge and then a gradual decline in the

ramping edge. When there are islands and other non-

ocean sea surfaces in the footprint, the reflected

energy is in non-Brown style, leading to low preci-

sion of range measurements.

The waveform data of SRL/ERM, Jason-2/ERM,

SRL/DP, and CryoSat-2 are used to study the radius

of coastal influence. The contrastive tracks are

selected according to the following principles: First,

both tracks are from land to sea or from sea to land.

Second, the intersection of the two tracks are close to

the coastline. Following these principles, four groups

of waveform data are selected for comparison, as

listed in Table 3. The tracks in case A and case C

approach land from ocean, and those in case B and

case D approach ocean from land. The ground tracks

are shown in Fig. 5.

The normalized altimetric echo power of each

group within 30 km from the coastline is shown in

Fig. 6. The distribution of echo power in various

gates as a function of distance from the coast can be

obtained from Fig. 6. Compared with the ocean-type

waveforms in Fig. 7, the starting positions of con-

taminated waveforms are shown by gray vertical lines

in Fig. 6. When observations get closer to the

coastline, waveforms are contaminated more

seriously.

It is shown in Fig. 6 that the contaminated

waveform of SRL begins to occur approximately

3 km from a coastline. The contamination on wave-

forms of Jason-2 and CryoSat-2 starts approximately

9 km and 6 km from the coastline, respectively. The

distances are almost consistent with the antenna

footprint radius (Table 1) of the corresponding

satellite. It can be concluded that the influence radius

of coastlines decreases when the antenna footprint

radius decreases. Therefore, the radius of coastal

influence for SRL is the smallest, which leads to

high-precision SSH measurements in offshore areas.
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5. Altimetric SSHs

The precision of altimetric SSHs can be evaluated

by crossover discrepancies, comparison with MSS

models, and comparison with TG-measured SSHs.

5.1. Crossover Discrepancies

Analysis of crossover discrepancies is a common

method to evaluate the precision of altimetric SSHs,

reflecting the consistency of SSH observations.

Jason-2/ERM-measured and SRL/ERM-measured

SSHs are calculated using Eq. (1) without collinear

adjustments. Due to the temporal oceanic variability,

crossover discrepancies are only calculated from

SSHs of two tracks whose observation interval is less

than 10 days. As listed in Table 4, the standard

deviation (STD) of discrepancies for SRL/ERM is

3 mm smaller than that for Jason-2/ERM in the

research area, which indicates that the precision of

Figure 4
Method of gravity derivation from altimeter data

Table 3

Groups of waveform data

Groups SRL/ERM Jason-2/ERM SRL/ DP CryoSat-2

Case A cycle2_pass221 cycle180_pass77

Case B cycle2_pass765 cycle180_pass51

Case C cycle102_pass383 cycle87_pass339

Case D cycle102_pass355 cycle85_pass21

1518 C. Zhu et al. Pure Appl. Geophys.



SRL/ERM-measured SSHs is approximately 3.7%

higher than that of Jason-2/ERM-measured SSHs in

the SCS. Considering the coastal influence on SSH

precision, crossover discrepancies within 15 km from

the coastline are listed in Table 4. The STD of

discrepancies for SRL/ERM is 0.104 m, which is

10.3% smaller than that for Jason-2/ERM.

The results suggest that the SSH precision of SRL

over the SCS is superior to that of Jason-2, which is

consequent on its higher operating frequency. The

SSH precision of SRL/ERM is significantly higher

than that of Jason-2 /ERM in offshore areas, which

can be attributed to two reasons: one is the smaller

footprint of SRL that improves the spatial resolution

and reduces the contamination of waveforms by

coastlines, and the other is the weaker penetration of

Ka-band signals. The return signal reflected from the

ocean floor in shallow water for Ka-band altimeters is

weaker than that for Ku-band altimeters, so the return

signal of Ka-band altimeters has a smaller impact on

SSH observations.

Therefore, it can be inferred that the Ka-band

altimeter carried on SRL has higher SSH precision

than the Ku-band altimeter carried on Jason-2,

especially in offshore areas.

5.2. Comparison with MSS Models

DTU18MSS is used to assess SSH precision of

Jason-2/ERM and SRL/ERM. The differences

between altimetric SSHs and DTU18MSS are listed

in Table 5. While DTU18MSS is referenced to the

period 1993–2012, ERM-measured SSHs in this

study are from 2013 to 2016. Therefore, the differ-

ences between DTU18MSS and altimetric SSHs

contain system errors caused by temporal oceanic

variability, which leads to the large mean value of

about 7 cm listed in Table 5.

The STD of differences (difference STD) between

SRL/ERM-measured SSHs and DTU18MSS is 7 mm

(5.6%) smaller than that when replacing SRL by

Jason-2. Compared with DTU18MSS, the difference

STD for SRL/ERM is 23 mm (9.8%) smaller than

that for Jason-2/ERM within 15 km from the coast-

line. Meanwhile, the root mean square (RMS) for

SRL/ERM is smaller than that for Jason2/ERM,

compared with DTU18MSS. Therefore, a conclusion

similar to that in Sect. 5.1 can be drawn that the SSH

precision of SRL is superior to that of Jason-2 in the

SCS, especially in offshore areas.

After precision has been analyzed in the spatial

domain, differences between altimetric SSHs and

DTU18MSS are analyzed in the frequency domain by

the power spectral density (PSD). As SRL began

drifting away from the historical ERM tracks in

March 2015, SRL/ERM-measured SSHs after March

2015 are not used in any MSS model (Pujol et al.

2018). As Jason-2/ERM-measured SSHs in 2015 and

2016 are also not used in DTU18MSS (Andersen

et al. 2018), Pass593 of SRL/ERM and Pass114 of

Jason-2/ERM are selected as the study passes because

of fewer missing observations, as shown in Fig. 2.

Meanwhile, considering the distance between the two

passes, the area covering 111.0–114.5� E and

11.0–19.0� N is selected as the study area. The mean

PSD of differences between altimetric SSHs and

DTU18MSS for the study passes from March 2015 to

July 2016 in the study area is calculated, as shown in

Fig. 8. Compared with DTU18MSS, PSD of differ-

ences for Jason-2/ERM-measured SSHs is greater

than that for SRL/ERM-measured SSHs for wave-

lengths smaller than * 25 km. As the altimeter noise

dominates for wavelengths smaller than * 25 km

Figure 5
Ground tracks of waveform data. a–d represent ground tracks of

case A, case B, case C, and case D, respectively
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(Pujol et al. 2018), it can be concluded that the Ka-

band altimeter carried on SRL has higher precision

than the Ku-band altimeter carried on Jason-2.

5.3. Comparison with TG Records

The distance between TG station and satellite

ground tracks should be taken into account for

comparing altimetric SSHs with in situ TG records,

and the waveform contamination by the complex

Figure 6
Waveform data of altimetry satellites. The abscissa is the distance from the coastline. a–d represent waveforms of case A, case B, case C, and

case D, respectively

1520 C. Zhu et al. Pure Appl. Geophys.



coastline should be avoided. Therefore, the TG

station of Ishigaki near an island is selected as the

assessment TG station, as shown in Fig. 9. Moreover,

the GNSS station of J750 is within 3 km of the TG

station.

Figure 9 shows that ground tracks of Jason-2/

ERM are well controlled, while tracks of SRL/ERM

in some cycles have large drifting from nominal

tracks. Although SRL/ERM is designed with the

ground track control band of ±1 km (CNES, 2016),

statistical analysis of the drifting in the SCS shows

that the maximum ground track drifting of SRL/ERM

is more than 10 km at the Equator. The maximum

Figure 7
Ocean-type waveform of altimetry satellites

Table 4

Statistics of crossover differences under intramission situations

Distance from

coastline (km)

Mission Number Mean

(m)

STD

(m)

RMS

(m)

\ 15 SRL/

ERM

507 0.002 0.104 0.104

Jason-2/

ERM

573 0.000 0.116 0.116

C 0 SRL/

ERM

5948 -0.002 0.078 0.078

Jason-2/

ERM

7434 0.000 0.081 0.081

Table 5

Statistics of differences between sea surface heights and DTU18

Distance from coastline (km) Mission Number Mean (m) STD (m) RMS (m)

\ 15 SRL/ERM 54,211 0.086 0.212 0.229

Jason-2/ERM 59,401 0.079 0.235 0.248

C 0 SRL/ERM 555,539 0.070 0.118 0.138

Jason-2/ERM 574,878 0.064 0.125 0.141

Figure 8
PSD and ratio PSD of differences between altimetric SSHs and

DTU18MSS. The unit of wavenumber in the figure is cpkm, which

represents km-1
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drifting is consistent with the drifting in the quality

assessment report of cycle 024 (SARAL, 2015).

Therefore, it is necessary to consider the drifting of

ground tracks when processing ERM data of SRL.

As the distance between TG station and altimetric

ground tracks affects the correlation between TG data

and altimetric SSHs, SSHs at the crossovers of Jason-

2/ERM and SRL/ERM tracks are used in this study. If

a ground track drifts away too much from the

nominal track, the SSH interpolated at the crossover

will have a large error. Therefore, ground tracks with

drifting greater than 5 km are deleted, as shown in

Fig. 9 and listed in Table 6. Remaining ground tracks

of SRL are shown in red in Fig. 9. Then, the

crossover positions represented by green pentacles

in Fig. 9 are determined from ground tracks of Jason-

2 and remaining ground tracks of SRL. Along-track

SSHs in different cycles are used to interpolate SSH

at the crossover at the corresponding time, so the

altimetric SSH time series at the crossover is

established. Meanwhile, TG records at the time

corresponding to the altimetric time series are used

to establish TG time series. If either of the altimetric

data and TG data is missing at the same time, both of

them at the corresponding time are rejected.

The datum planes of SSHs measured by TG

stations and altimetry satellites are the revised local

reference (zero reference level) and the surface of

reference ellipsoid, respectively. Differences between

geoid heights at different points are assumed to be

constant, and differences between TG and altimetric

datum planes are assumed to be constant. Therefore,

it can be considered that the difference between

altimetric SSH and TG data caused by different

datum planes and positions is constant and can be

eliminated by removing the mean value of time

series. Residual time series shown in Fig. 10 are

obtained by removing the corresponding mean value

from original time series. The correlation coefficient

and difference STD between altimeter residual series

and corresponding TG residual series are calculated,

and statistical results are listed in Table 7.

According to the difference STD and correlation

coefficients listed in Table 7, the correlation between

SRL/ERM series and TG series is stronger than that

between Jason-2/ERM series and TG series. SRL/

ERM has a cycle of about 35 days, while Jason-2/

ERM has a cycle of about 10 days. To eliminate the

effect of different cycle length on correlation,

resampling Jason-2/ERM time series are obtained

from Jason-2/ERM series by selecting data at a

similar time of SRL/ERM time series. The correlation

between resampling Jason-2/ERM and TG series is

listed in Table 7, which is also slightly weaker than

that between SRL/ERM series and TG series. There-

fore, it can be inferred that SSH precision of SRL is

slightly better than that of Jason-2.

Figure 9
Ishigaki tide gauge and ground tracks of altimetry satellites

Table 6

Information about crossovers

Crossover ID Crossover coordinates SRL/ERM Jason-2/ERM

Pass Cycle (drifting[ 5 km) Pass Cycle (drifting[ 5 km)

1 123.766� E, 24.844� N Pass0277 24, 25, 30, 33, 34, 35 Pass0127 No

2 123.643� E, 24.577� N Pass0464 17, 23, 24, 25, 30, 34, 35 Pass0127 No
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6. Precision of Altimeter-Derived Gravity

Gravity anomalies derived from SRL/DP data are

compared with those derived from CryoSat-2 to

validate the advantage of Ka-band altimeter carried

on SRL in marine gravity derivation. First, geoid

gradients are calculated from along-track SSHs of

SRL/DP. Second, gridded DOVs are determined by

the least-squares collocation method with calculation

window size of 0.4�. Finally, DOVs are used to

derive gravity on a 10 9 10 grid by the IVM in the

SCS. The gridded marine gravity anomalies from

SSHs of SRL/DP are defined as GSRL, as shown in

Fig. 11. The SSHs of CryoSat-2 during the same

period listed in Table 2 are also used to derive grid-

ded marine gravity, which is defined as GC2.

Precision of GSRL and GC2 is assessed by ship-

borne gravity. The results are listed in Table 8.

Evaluated by both NCEI and MNR shipborne gravity,

the precision of GSRL is superior to that of GC2,

which may be caused by the following reasons. First,

as validated in Sect. 5, the SSH precision of Ka-band

altimeter is better than that of Ku-band altimeter.

Second, the direct data used in the marine gravity

derivation are geoid gradients calculated from the

difference between two adjacent along-track SSHs.

The differentiation can weaken the influence of tro-

pospheric correction errors, which can reduce the

Figure 10
Time series of residual altimetric SSHs and TG data. a, b are the time series at Crossover1. c, d are the time series at Crossover2

Table 7

Statistics of correlation between TG and altimeter data

Crossover ID Distance from TG (km) Distance from coastline (km) Satellite STD (m) Correlation coefficient

1 68.5 41.5 SRL 0.085 0.984

Jason-2 0.095 0.975

Jason-2 (resampling) 0.108 0.976

2 58.0 20.8 SRL 0.053 0.989

Jason-2 0.093 0.977

Jason-2 (resampling) 0.111 0.963
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effects of sensitivity of Ka-band signal to rainy and

cloudy conditions. Therefore, it can be concluded that

the precision of Ka-band altimeter-derived gravity is

better than that of Ku-band altimeter-derived gravity.

The differences between altimetric and shipborne

gravity within 30 km from coastline are also listed in

Table 8 to study the influence of coastline on alti-

metric gravity. As MNR gravity data only have two

cruises and 208 observation points in the area within

30 km from the coastline, coastal altimetric gravity

anomalies are only assessed by NCEI data. Assessed

by NCEI gravity, the precision of GSRL is 0.25 mGal

higher than that of GC2 within 30 km from the

coastline, and 0.12 mGal higher in the SCS. The

results indicate that the precision of Ka-band

altimeter-derived gravity is higher than that of Ku-

band altimeter-derived gravity, particularly in off-

shore areas.

As the complicated submarine topography and

abundant islands in the SCS affect the precision of

altimeter-derived gravity, the research area is divided

into four regions, namely regions A, B, C, and D. As

shown in Fig. 11, there are Dongsha, Xisha, and

Zhongsha islands in region A. Regions B, C, and D

include Nansha Islands, Philippine Islands, and Tai-

wan Island, respectively. NCEI shipborne data are

distributed evenly in the SCS, and altimetric gravity

anomalies in different regions are compared with

NCEI data, as listed in Table 9. GSRL has higher

precision than GC2 in the four regions, particularly in

regions B and C, which include many islands and

reefs. The results indicate that the precision of gravity

derived from Ka-band altimeter data is superior to

that derived from Ka-band altimeter data in the SCS,

especially in areas with many islands and reefs.

Figure 11
SRL/DP-derived gravity anomalies

Table 8

Differences between satellite-derived gravity and shipborne data

(mGal)

Distance from

coastline

Data Max. Min. Mean STD RMS

C 0 GSRL-

NCEI

41.98 -44.72 -0.07 5.59 5.59

GC2-

NCEI

43.16 -45.09 -0.11 5.71 5.71

GSRL-

MNR

15.70 -13.94 -0.05 2.58 2.59

GC2-

MNR

14.25 -14.72 -0.02 2.73 2.73

B 30 km GSRL-

NCEI

41.19 -42.31 -0.68 8.37 8.40

GC2-

NCEI

43.16 -45.09 -0.85 8.62 8.67

Table 9

Statistics of differences between satellite-derived and shipborne

gravity in different regions (mGal)

Region Data Max. Min. Mean STD RMS

A GSRL-NCEI 25.52 -35.28 0.08 4.67 4.67

GC2-NCEI 23.01 -35.62 0.07 4.69 4.70

B GSRL-NCEI 27.45 -34.36 -0.15 4.45 4.45

GC2-NCEI 26.70 -34.23 -0.17 4.56 4.57

C GSRL-NCEI 41.98 -44.72 -0.12 6.78 6.78

GC2-NCEI 43.16 -45.09 -0.20 6.96 6.96

D GSRL-NCEI 34.74 -39.24 -0.04 5.07 5.07

GC2-NCEI 33.54 -36.21 -0.03 5.12 5.12

1524 C. Zhu et al. Pure Appl. Geophys.



Finally, GSRL and GC2 are compared with mar-

ine gravity model SIO V27.1, and the results are

presented in Table 10. It can be concluded that the

precision of GSRL is higher than that of GC2.

Compared with SIO V27.1, the difference STD for

GSRL is 0.4 mGal and 0.27 mGal less than that for

GC2 in the area within 30 km from the coastline and

in the SCS, respectively. The results further indicate

that the precision of Ka-band altimeter-derived

gravity is higher compared with that of Ku-band

altimeter-derived gravity, particularly in offshore

areas.

7. Conclusions

SRL is the first altimetry satellite with a Ka-band

radar altimeter. The purpose of this study is to eval-

uate the advantages of the Ka-band altimeter over

Ku-band altimeters for SSH observation and marine

gravity derivation. First, waveform data of SRL,

Jason-2, and CryoSat-2 are used to study the radius of

coastal influence on waveforms. Second, advantages

of SRL/ERM in SSH observation over Jason-2/ERM

are validated by crossover discrepancies, comparison

with MSS models, and comparison with TG records,

respectively. Finally, gridded gravity models GSRL

and GC2 are derived from SSHs of SRL/DP and

CryoSat-2, respectively. Shipborne gravity and SIO

V27.1 are used to assess the precision of the two

models. The following results are obtained:

Some ground tracks of SRL/ERM have large

drifting from nominal tracks. The maximum drifting

is approximately 10 km in the SCS, much larger than

the designed ground track control band of ±1 km.

The radius of coastal influence on SRL/ERM is the

smallest, being about 3 km. The STDs of crossover

discrepancies of SRL/ERM are about 3 mm and

12 mm less than those of Jason-2/ERM in the SCS

and offshore areas, respectively. Compared with

DTU18MSS, the difference STD for Jason-2/ERM is

7 mm and 23 mm greater than those for SRL/ERM in

the SCS and offshore areas, respectively. Moreover,

the correlation between TG data and SRL/ERM-

measured SSHs is slightly stronger than that between

TG data and Jason-2/ERM-measured SSHs. Assessed

by NCEI, the precision of GSRL is 0.12 mGal higher

than that of GC2 in the SCS, and 0.25 mGal higher in

offshore areas. The difference STDs between GSRL

and SIO V27.1 are 0.27 mGal and 0.4 mGal less than

those when replacing GSRL with GC2 in the SCS and

offshore areas, respectively.

Conclusions are drawn as follows: Compared with

the traditional Ku-band altimeter, the Ka-band

altimeter carried on SRL has a smaller footprint and

higher frequency. Moreover, the coastline has a

smaller contamination radius in the Ka-band wave-

form data. The SSH precision and altimeter-derived

gravity precision of the Ka-band altimeter are higher

than those of Ku-band altimeters in the SCS, espe-

cially in offshore areas. Due to the above advantages

of the Ka-band altimeter carried on SRL, it is nec-

essary to increase the weight of SRL observations

when global MSS and marine gravity models are

established from multisatellite altimeter data.

8. Availability of Data and Material

The datasets generated during and/or analyzed

during the current study are available from the cor-

responding author on reasonable request, except for

shipborne gravity data from MNR.

Table 10

Statistics of differences between satellite-derived gravity and SIO V27.1 (mGal)

Distance from coastline Data Max. Min. Mean STD RMS

C 0 GSRL-V27.1 90.26 -92.99 -0.02 4.39 4.39

GC2-V27.1 83.68 -92.30 -0.02 4.66 4.66

B 30 km GSRL-V27.1 90.26 -92.99 0.19 8.67 8.67

GC2-V27.1 83.68 -92.30 0.18 9.07 9.07
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