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Abstract: The spaceborne interferometric synthetic aperture radar (InSAR) is expected to measure
the sea surface height (SSH) with high accuracy over a wide swath. Since centimeter-level accuracy is
required to monitor the ocean sub-mesoscale dynamics, the high accuracy implies that the altimetric
errors should be totally understood and strictly controlled. However, for the dynamic waves, they
move randomly all the time, and this will lead to significant altimetric errors. This study proposes
an analytical method for the dynamic wave-related errors of INSAR SSH measurement based on
the wave spectrum and electromagnetic scattering model. Additionally, the mechanisms of the
dynamic wave-related errors of INSAR altimetry are analyzed, and the detailed numerical model
is derived. The proposed analytical method is validated with NASA’s Surface Water and Ocean
Topography (SWOT) project error budget, and the Root-Mean-Square Errors (RMSEs) are in good
agreement (0.2486 and 0.2470 cm on a 0.5 km? grid, respectively). Instead of analysis for a typical
project, the proposed method can be applied to different radar parameters under multiple sea states.
The RMSEs of Ka-band under low sea state, moderate sea state, and high sea state are 0.2670, 1.3154,
and 6.6361 cm, respectively. Moreover, the RMSEs of X-band and Ku-band are also simulated and
presented. The experimental results demonstrate that the dynamic wave-related errors of INSAR
altimetry are not sensitive to the frequencies but are sensitive to the sea states. The error compensation
method is necessary for moderate and higher sea states for centimetric accuracy requirements. This
can provide feasible suggestions on system design and error budget for the future interferometric
wide-swath altimeter.

Keywords: INSAR altimetry; sea surface height (SSH); dynamic waves; error analysis; sea states

1. Introduction

Sea surface height (SSH) has received unprecedented attention due to the significant
application value in understanding the ocean dynamics, such as currents, eddies, fronts,
and turbulence [1]. Spaceborne radar altimetry was proposed in the 1960s and has the
ability to measure the SSH with global and frequent high precision [2]. These powerful
remote sensing observations of SSH allow us to better monitor the ocean dynamics and
make better use of the Earth’s resources. Moreover, the global mean sea level (GMSL) can
be effectively calculated by satellite altimetry, and this will also have a large impact on the
climate change debate [3,4]. Benefiting from the previous successive missions, namely, the
TOPEX/Poseidon, CryoSat-2, Sentinel-3A, and Jason series, the forthcoming Jason-CS, also
called Sentinel-6A, will achieve the altimetric accuracy of ~2 cm or better [5]. However,
conventional nadir altimeters, such as the operational Jason-3 or HY-2A/B/C, have a
restriction on spatial resolution strongly related to the latitude and only measure a two-
dimensional ocean surface topography (OST) larger than ~ 100 km [6]. For satellite ocean
altimetry, the spatial resolution unit could be largely divided into three ascensive phases,
namely, the “diamond”, the “grid”, and the “pixel” phases [7]. Monitoring the OST with
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centimetric accuracy based on a finer spatial resolution as “pixel” is of great significance to
characterize the ocean sub-mesoscale processes and has become a crucial task for ocean
scientific research in recent years [8]. Additionally, the calculation of the GMSL change
can also benefit from such finer spatial resolution [9]. As shown in Figure 1 with the green
beam, the interferometric radar altimeter (IRA), which inherits the advantages of both
nadir altimetry and the side-look synthetic aperture radar (SAR) interferometry, is capable
of measuring ocean variabilities at smaller scales [10]. The IRA is essentially a near-nadir
interferometric SAR (InSAR) sensor that can monitor the ocean short-scale processes with
high accuracy and is expected to be the next generation of satellite altimetry payload.

"‘ Satellite

EBoth high precision:
and wide-swath |

Side-looking SAR
interferometry
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Swath %

Figure 1. Schematic of the near-nadir interferometric altimetry. (The sketch does not represent the
actual geometric size.) The blue beam refers to the nadir altimetry by the traditional nadir altimeter,
the green beam refers to the near-nadir interferometry and the orange beam refers to the general
side-look SAR interferometry.

Since centimeter-level accuracy should be guaranteed to monitor the ocean sub-
mesoscale dynamics by InNSAR, the high-accuracy requirement implies that the measure-
ment errors should be totally understood and strictly controlled. Several error sources limit
the SSH measurement accuracy, including system errors, random errors, propagation errors,
and wave-related errors [11,12]. The system, random and propagation errors for InNSAR
measurement have been extensively studied by others [13-15]. Especially for terrestrial
height measurements, such as Shuttle Radar Topography Mission (SRTM), the error budget
and analysis have been investigated deeply, finally achieving a promising accuracy [16,17].
However, there is a fundamental difference between ocean height measurement and ter-
restrial height measurement by InSAR. The sea surface is covered with dynamic waves
with several meters of amplitude, and the waves are among the major error sources for
altimetry [18]. The motion of the waves is complex and random, and the characteristics are
difficult to analyze. This motion effect will bring bias in SAR imaging and interferometric
processes and finally leads to significant altimetric errors [19]. The Doppler effect is caused
by the relative motion of the target and the radar; therefore, the altimetric error caused
by the motion of the waves is actually influenced by the Doppler effect [20]. The offset
along the azimuth direction in SAR ocean images due to the motion is also called velocity
bunching, and a large amount of previous work has studied this nonlinear distortion
phenomenon for wave inversion in the image domain [21,22]. However, the offset along
the slant range direction is the key factor that influences height measurement errors due to
the geometrical measurement of INSAR. Moreover, the well-known electromagnetic bias
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(EMB) and layover effect due to the surface waves will also influence the final measurement
accuracy of InNSAR [23]. As far as we know, reports on the dynamic wave-related errors
for InNSAR SSH measurements are scarce, but for high-accuracy requirements, a theoretical
basis and analytical method are essential to reach this goal.

With the increasing demand for high-accuracy SSH observation by InNSAR, many
scientists pay attention to its performance and error analysis research. For the Ka-band
Radar Interferometer (KaRIn) on NASA’s Surface Water and Ocean Topography (SWOT)
project, the impact of surface waves on its accuracy is analyzed based on the first-order
scattering model, but it is only for the typical condition of SWOT, and the discussion was
not combined with sea states [18]. Under the influence of instrumental and geophysical
errors, nearly 40% of sub-mesoscale eddies will be ignored by SWOT, which implies that
the errors have a great impact on SWOT SSH observations [24]. This also demonstrates that
the study of SSH measurement errors is necessary for the final engineering application of
the wide-swath altimeter. For the Ku-band interferometric imaging radar altimeter (InIRA)
in the Tiangong II laboratory developed by the National Space Science Center of Chinese
Academy of Sciences (NSSCCAS), the performance is analyzed considering the system and
random errors; however, the analysis of wave-related errors is ignored [25]. Additionally,
the measurement accuracy of the InIRA is evaluated with traditional nadir altimeters and
shows promising results; this indicates that the InIRA is capable of providing a possible
and reliable wide swath measurement [26]. However, the impact of sea state bias (SSB) is
neglected for both traditional nadir altimeters and distributed InIRA. For the dual-band
(Ku-band and Ka-band) IRA on the Guanlan project proposed by the National Laboratory
for Marine Science and Technology of China (NLMSTC), the airborne experiments are
carried out, and the measurement error of the SSH is ~ 3 cm under a calm sea state where
the significant wave height (SWH) is only 0.2 to 0.3 m. This shows that IRA has great
potential for high-accuracy measurement, but it is only under an extreme calm sea state,
and also the theoretical error mechanism has not yet been clearly studied [27]. Moreover,
the impact of waves on Guanlan’s IRA is analyzed and the effects of velocity bunching and
layover are numerically simulated [28]. The results demonstrate that the layover has an
impact on the interferometric correlation and the velocity bunching will further interfere
with the inversion of SSH. Due to the complexity and randomness of the ocean, it is quite
difficult to analyze different sources of errors, such as motion, EMB, or layover, from
the dynamic waves. To date, most of the above-mentioned research is based on specific
project requirements or typical sea states and does not analyze the wave-related errors in
terms of different radar frequencies under multiple sea states. However, to achieve stable
measurement with a final satisfactory accuracy, this is an essential and compelling problem
that must be solved.

A conventional nadir altimeter transmits a specific modulated pulse toward the sea
nadir point and acquires the time delay for SSH measurement. With the reliable precision
orbit determination (POD) technology, the SSB has been the largest error source and has
become the focus of the error budget for nadir altimeters [29]. The SSBs can be referred
to as wave-related errors, because each of these biases is directly related to the surface
waves [23]. The SSB for a conventional nadir altimeter has three well-defined components:
EMB, skewness bias, and tracker bias [30]. However, for InSAR, it measures the height
by using the phase difference between the cross-track baseline based on SAR imaging;
the working mechanism is different from the nadir altimeter, so the wave-related error
sources will also be different [31]. For EMB, it is due to the hydrodynamic modulation
effects of the sea surface that the wave troughs reflect better than the wave crests and
lead to the overestimation of height [32,33]. This is consistent with InNSAR because of
the same sensing by the electromagnetic (EM) waves from the sea surface. Hence, the
EMB should be considered for INSAR high-accuracy measurement. To obtain higher
SSH measurement sensitivity, INSAR works at near-nadir; the layover phenomenon is
severe and should not be ignored at this time [34,35]. Inspired by EMB, the measurement
errors of INSAR caused by severe layover phenomena can be called layover bias (LB)
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in this study, and the numerical simulation of LB can be performed through the radar
geometric measurement relation. Moreover, compared with terrestrial interferometric
measurement, the dominating difference for ocean measurement is the random motion of
the waves. The synthetic aperture time is unique and indispensable for SAR imaging, so
the motion properties of waves cannot be ignored and must be considered in the synthetic
aperture period [36]. The measurement errors caused by the wave motion can also be
called motion bias (MB). In summary, the errors caused by the dynamic waves for INSAR
SSH measurement can be divided into three types, which are EMB, LB, and MB, and all
these errors are considered in our analytical method.

This study proposes an analytical method for the dynamic wave-related errors of
InSAR ocean altimetry that can be applied to various scenarios. First, the principle of
InSAR altimetry is introduced briefly. Then, the theoretical error model is derived based
on the characteristics of surface waves and the InNSAR working mechanism. The influence
of multiple error sources, including EMB, LB, and MB, is considered. After that, a wind-
generated wave spectrum is used for sea state simulations, and the wave height field and
wave velocity field can be obtained. Next, the EM backscattering of the sea surface is
modeled with a three-scale second-order scattering model. Based on the formal steps, the
dynamic wave-related errors for different radar parameters under various sea states can be
simulated and characterized. A verification experiment is also performed, and the results
are in good agreement with the SWOT motion error budget, verifying the reliability and
correctness of our analytical method. Moreover, the Root-Mean-Square Errors (RMSEs) of
three radar frequencies under three kinds of sea states are simulated and analyzed. At last,
some useful discussions and suggestions on the system design and error budget for the
future interferometric wide-swath altimeter are given.

The main contributions of our work are as follows:

e  The mechanisms of the dynamic wave-related errors for INSAR ocean altimetry are
analyzed, and a detailed numerical model is derived. Three key error sources are
considered, MB, EMB, and LB, which means that the analysis is comprehensive. This is
conducive to characterizing the impact of ocean waves on the SSH retrieved by InSAR.

e Based on the wind-generated wave spectrum and three-scale second-order EM
backscattering model, the dynamic wave-related errors of InNSAR altimetry can be
characterized for different radar parameters under various sea states, and this can be
used for the error budget of INSAR altimetry under multiple scenarios.

o  The RMSEs of three radar frequencies, X-band, Ku-band, and Ka-band, under three
kinds of sea states are given; the results show that the frequencies have little impact on
the dynamic wave-related errors, and the error compensation is needed for moderate
and higher sea states for centimetric accuracy requirement. This can provide relevant
suggestions for application scenarios and error compensation methods for future
InSAR ocean altimetry.

2. Materials and Methods
2.1. Principle of InSAR Altimetry

To characterize the altimetric errors due to the dynamic waves, the interference
principle of InNSAR is introduced first. The interferometric measurement concept could be
approximately simplified as triangulation in Figure 2.

To simplify the calculation, it was assumed that the baseline angle is 0°; that is, the
baseline is horizontal to the earth surface. The distance between two radar antennas (here
referred to as “dual-transmit and dual-receive antenna”) is called the cross-track baseline
B. For a typical point on the sea surface, R and R are the ranges between two antenna
phase centers and the point target. The range difference between R; and R; is recorded by
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the interferometric phase difference ¢ between the two radar echoes. For two antennas,
the received SAR signals can be expressed as:

$1(0) = wr (1) explin (R1)) = n (1) exp (1528 <1>

Sa(1) = w2 (1) explga(Ra)) = wa(t)exp (157 2R @

where w(t) and w;(t) are the amplitudes of the radar signals, and j represents the unit
of imaginary numbers that j2> = —1. The relationship between interferometric phase
difference ¢ and the slant ranges using the triangulation can be expressed by:

0= 91(R)) — ga(Ry) = TRLZF2) ©

where A denotes the wavelength. The approximation is true that R — Ry < Ry, and using
the law of cosine, it could conclude that:

¢ = 2kRy — k(Rq 4 Ry) ~ kBsin(6) @)

where k is the EM wavenumber, which is related to the radar center carrier frequency and
k = 27t/ A. Since the baseline is horizontal, the look angle 6 can be calculated as:

167TB2 4 871R pA — (pA)?
327‘[2BR1

/2 arcsin

©)

>
»

ay

Figure 2. The principle of InSAR altimetry (slant-range profile). This is a simplified model of
measurement for oceanography applications; the final height estimate must be transformed into a
fixed coordinate system of the geoid.
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From the phase measurement through the radar echoes, and with precise knowledge
of the slant range R, the final surface height /1 can be obtained by [13]:

3272BRy 47tB

2 _ 2
h=H—-Rjcos(f) =H—Ry cos{arcsinwnB +87R19A = (91) } ~H—- R cos{arcsin< ik > } (6)

where H is the altitude of the antenna on the satellite platform. For ocean altimetry,
the two antennas of InSAR should work simultaneously, and the imaging integration time
should be short to avoid the decorrelation of the ocean [37]. The radar look angle 6 is
relatively small because the system operates at a near-nadir state for the high Signal-to-
Noise Ratio (SNR) with strong reflection from the sea surface [38]. Moreover, the sensitivity
of the interferometric phase can be increased in the small incidence angle so high precision
can be achieved.

2.2. Mechanisms of the Dynamic Wave-Related Errors

Compared with the traditional pulse-limited nadir altimeter, the most significant
difference for INSAR altimetry is the unique synthetic aperture time [23]. Therefore, the
motion of the waves must be considered within the synthetic aperture period. Moreover, the
wave crests and troughs have different strengths for EM scattering due to the hydrodynamic
modulation effects, which will cause non-negligible range errors called EMB [32]. INSAR
works in the microwave frequencies, so the EMB is consistent with traditional nadir
altimeters, and this cannot be ignored. Additionally, for high-accuracy measurement,
InSAR works in a near-nadir state; the layover phenomenon by the surface waves is
profoundly serious at this time, and this will also cause related altimetric errors. Therefore,
the dynamic wave-related errors for INSAR altimetry can be divided into three categories
as shown in Figure 3, which are MB, EMB, and LB, separately. These three errors are all
caused by waves that are coupled with one another and are closely related to the state of
the waves.

" Dynamic waves characteristics )\ / 7
’ Dynamic [
Y <«—— Sea states
Waves \ \
X ,/‘ \ A
Ve N @
Dvnamic “ ‘ Electro-
‘ Y ‘4 Y »  magnetic

Characteristics

) \Characterlstlcg/,

|

|

. - . - - |
| @ D @ y N
| Motion Bias < > Layover Bias } Electrgrir:;gnetlc :
[ 2 o SO Sty o I
" (MB) ) Coupling L (LB) Coupling - (EMB) :
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A

D € D
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perture Time " Wave Sensing
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Figure 3. The mechanisms of dynamic wave-related errors of INSAR ocean altimetry including motion
bias (MB), layover bias (LB), and electromagnetic bias (EMB). Both dynamic wave characteristics
and InSAR working characteristics are considered. These three error sources are coupled with one
another by the waves and cannot be separated.
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The schematic diagram of the MB for InSAR altimetry can be expressed as seen in
Figure 4. For the motion of the waves, it can generally be divided into surface motion and
vertical motion, and surface motion can be divided into range motion and azimuth motion.
These movements, respectively, correspond to the surface velocity and vertical velocity of
the imaging targets. When SAR performs imaging, it assumes that the target is stationary.
Due to the motion of the waves, the target in the final SAR image will shift, including
azimuth offset éx and slant range offset SR. When the interferometric phase difference is
used to perform the height inversion, the inevitable interferometric phase errors will be
introduced due to the corresponding slant range offset 6R, and then the height offset 6k
will be introduced. This will eventually lead to altimetric errors that cannot be ignored,
which requires special attention.

Rg
S
<
] Range
SAI.{ & Interferometriq
Imaging Offse Processing
AR ERbd S|
RN (
R O || 1/|Real [maging Point Interf N
I ‘ hase Bias
elocity of the Waves
Original Moving Point
(a) (b) ©

Figure 4. Schematic diagram of the MB in InSAR altimetry. (a) Real ocean scene with dynamic waves;
(b) SAR image with the offsets of the point; (c) interferometric phase bias and final lead to height bias.

Due to the motion of the target, the azimuth offset sx in SAR image can be calculated
as [21]:

ox = —R (7)

where v), is the velocity of the satellite platform, v, is the radial velocity of the waves, R is
the slant range between the radar and the target.

For the azimuth offset, the magnitude is relatively large, generally exceeding several
azimuth resolutions [21]. The azimuth offset is well known for SAR ocean imaging, and
many scientists have noticed this shift phenomenon, and it is called velocity bunching in
wave imaging [22]. However, for the slant range offset, the magnitude is smaller than a
range cell, and it is usually ignored in the SAR moving target process. Conversely, for
high-accuracy height inversion, it is a decisive factor for the measurement and directly
results in altimetric errors, and it cannot be ignored.

Through the principle of interferometric measurement, the slant range offset 4R can
be calculated as:
faro, R ©2R

OR = - 1= (8)
2 2
2019 va

where f; is the Doppler central frequency of the InNSAR. Based on JR and the INSAR
measurement geometric relationship, as shown in Figure Al in Appendix A, the altimetric
errors due to the offset in the slant range direction can be expressed as follows:

0h ~ SR cos 0 )

After substituting Equation (8) into Equation (9), the altimetric errors can be con-
ducted as: )
5h ~ HAfyor  Ho;

22}% 227%

(10)
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The detailed derivations of Equation (7), (8), and (10) are also given in Appendix A.
Compared to the motion error theoretical model of SWOT project given by NASA [11]:

Ho
Ahswor ~ Trapitch (11)
p

where the specific derivation of the parameter a ;1. = % Hence, it is in good agreement
with the first term in Equation (10), and this verifies the correctness of our model deriva-
tion. However, our model gives a more specific derivation, including the second term in
Equation (10), and most effectively considers the effects of the second-order component.
This is particularly important for centimeter-level accuracy requirements in INSAR measurement.

With regard to the influence of EMB on InSAR two-dimensional SSH measurement,
different areas of the sea surface have different scattering intensity of EM waves. Due to
the hydrodynamic modulation effects, the scattering intensity of wave troughs is greater
than that of waves as 0ugn > Ocrest, shown in Figure 5, which will have a weighting or
modulation effect on the dynamic effects of the waves.

NRCS o O crest
/ Wave Crest

EM Bias /\\ C ough /_\ /\
, A ‘ Real Mean SSH
/ \‘/ \/ \Overeshmated SSH

Wave Trough J Surface Wave

Figure 5. Schematic diagram of the EMB in InSAR altimetry. The orange arrow indicates the intensity
of EM scattering, and it can be seen that the wave troughs are better reflectors of radar scattering
than wave crests due to the hydrodynamic modulation effects.

With regard to InNSAR ocean altimetry, when a large number of scattering facets in
the same cell are statistically superimposed, the statistical average of altimetric errors
modulated by the normalized radar cross section (NRCS) ¢ can be expressed as:

~  (6ho) _ HMfs(v,oc) H(v o)
oh = (o) ~ 20:2<0) B 20% () (12)

where () means the spatial average. At this time, the coupling of MB and EMB is included
in Equation (12), and this provides a method for the consideration of INSAR EMB. Ad-
ditionally, it is different from nadir altimeters; INSAR works in side-looking mode, and
this causes intrinsic geometric distortions, such as foreshortening, shadow, or layover
phenomena [34]. Because of the small incidence angle at near-nadir, the layover effect for
InSAR SSH measurement is severe and cannot be ignored for high-accuracy requirement.

Figure 6 shows the simulated SSH under wind speed of 10m/s by Apel Wave Spec-
trum [39], and layover will occur when the wave slope is larger than the radar incidence
angle. As shown in Figure 6, the red points are the radar sampling points, which have
different heights, but are sampled into the same InSAR pixel unit. When the interference
phase is extracted, the altimetric errors will be introduced. By the precise knowledge of the
wave height and the radar parameters, such as the altitude of the satellite platform and the
look angle, the layover effects can be calculated numerically [35]. In our analytical method,
after setting the radar parameters, the layover effect is effectively quantified based on the
preset geometry relationship.
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Figure 6. Schematic diagram of the LB in InSAR altimetry. The solid black lines are the radar

sampling contours, and the red points are the layover points that will lead to InNSAR altimetric errors.
It can be seen that there is a difference between the range resolution and slant range resolution.

The above are the theoretical basics for the analysis of INSAR dynamic wave-related
errors, and the MB, EMB, and LB are all successfully analyzed and considered. Among
them, these three kinds of errors are mutually coupled and need to be considered together
in the final measurement results. Because of the mutual coupling effect, the possible
correction of these wave-related errors should also be carried out at the same time.

2.3. Analytical Methods
2.3.1. Romeiser Wave Spectrum

Wave spectrum is a common method for the numerical simulation of ocean scenes
for different sea states, and a wind-generated wave spectrum proposed by Romeiser was
used in this study. The Romeiser Wave Spectrum was modified based on the Apel Wave
Spectrum and calibrated by actual ocean wave data, so that the reliability was higher [40,41].
The analytical expression of the Romeiser wave direction spectrum is as follows [40]:

B(kwave)
¢(kwave/ u1o, (P) =P (kwuve/ ulO)WH(kwave) (1;:10> kz;:zlygs(kWHUEI ¢, ulO) (13)

n

where kyq0e is the wavenumber of ocean surface waves, 11y represents the wind speed at
the height of 10 meters above the ocean surface, and ¢ is the angle between wave and the
wind direction. Py is a factor that describes a low wavenumber roll-off and Joint North Sea
Wave Project JONSWAP) peaking as a function of the wind speed. The expression of Pj, is
as follows [39]:

k,2 Vkomoe — /kp)*
Py = 0.00195 exp (— kzp +0.53 exp (— ( w‘(l)v?Ska ) ) ) (14)
wave *

where k, = \% uizo is the peak wavenumber and ¢ indicates the gravitational acceleration.

B(kwave) is the corresponding wind speed exponent, and the optimization of B(kwave) after
three iterations by Romeiser can be given as [40]:

kwuve2 kwave kZUﬂUE kwuve - k4 2
B(kwave) = <1 —exp (— e )) exp(— ks ) + (1 —exp(— ks )) exp (— <k5> > (15)



Remote Sens. 2021, 13, 986 10 of 25

where the values of the parameters ki, ky, k3, k4, and ks, are 183, 3333, 33, 140, and
220 rad/m, respectively. Wi (kwave) is the shape analytic function [40]:

e 7.2)0-5
(1 +2E ) _ ZGXP<k%,:§W) (16)
(e () ) (e ()™)Y

where the values of the parameters kg, ky, kg, and kg are 280, 75, 1300, and 8885 rad/m,
respectively. S(kwave, ¢, 10) is the spreading function, and the expression is [40]:

WH (kwave) =

2
S(kwave, P, t19) = exp(—z(i;z) (17)

where ¢ can be obtained from [39] as:

1 kwavett10 Uuio kewave
- —=0.14 S511-— - 25-26In({ — | —1.3I 1
792 0 +05( exp( o +5exp| 2.5 6ln o 3In K, (18)

where ¢; = 400rad/m, and k, = 1 rad/m. After simulating the wave spectrum, the
wave height fields (also known as water height fields) and wave velocity fields of the sea
surface can be calculated. By Fourier decomposition, the two-dimensional wave height
fields can be expressed as:

— 1 .
kuve(x/ Y, t) = \ﬁJ‘J‘ huwave (k;az)gl kz;ave) exp [] (k;az;gx + kz;ave]/ - Wt) + 470} dkguayedkzuuve +c.c. + HSSH(X/ y) (19)

The two-dimensional wave velocity fields introduced by the wind-generated waves
can be expressed as (including along-track velocity, cross-track velocity, and vertical velocity):

V%ave (x/ Y t) =
. (20)
15 JY havave (Kigses Roaoe) c0s @ (k;g,m, kz,ave) exp [] (k;g,mx K ey — a)t) + ¢0} K oo Bk ape -+ C.C.
szave(xl Y, t) = (21)
\%If C‘Jhwtwe(kgmver kvae) sin® (kguam/ k%ave) exp [] (kguavex + kg}ave}/ - (Ut) + 4)0} dkimvedk%ave +c.c.
Vz%mwz (x/ Y t) = 22)

%Hﬂ _jwhWﬂUB (kgzavw k%’uave) exp |:] (kgzavex + kz;zwey - wt) + (PO} dkguavedkguave +c.c.

where 0. (k%‘uuve, k]{:,ave) is the ocean wave height spectrum, (k;‘mve, kz,m,e) are the

wavenumber components of large-scale ocean waves parallel and perpendicular to the
radar sight, ¢ is the wave random phase, w is the frequency of the surface wave, and c.c.
means the complex conjugation of the former part that guarantees the entire expression to
be a real value. Hssp(x,y) is the inherent height, which is the geophysical parameter we
need to retrieve. V... (x, v, 1), Viave(X,y, 1), and VZ,,,.(x,y, t) are the wave velocities along

three directions, and ® (kﬁf‘”’e, k;"“”") is the direction of the ocean wave propagation.

2.3.2. Three-Scale Second-Order Sea Surface Scattering Model

In the near-nadir situation, the quasi-specular scattering will dominate in the sea
surface [42]. The three-scale composite model decomposes the scattering intensity into
large-scale quasi-specular scattering, small-scale Bragg scattering, and intermediate-scale
scattering [43]. Compared with the geometrical optics model, the radar incidence angle for
the three-scale model is wider, and it is also suitable for small incidence angles, such as
near-nadir INSAR altimetry. Therefore, a three-scale second-order sea surface scattering
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model was adopted for the NRCS numerical simulation in this study, and the sea surface
time-varying NRCS can be expressed as [44]:

ac(x,y,t) = o1(x,y,t) +o;(x,y,t) +0s(x,y, 1) + >(x,y,t) (23)

where 0;(x,y,t), 0i(x,y,t), and 0;(x, y, t) are the NRCS of large-scale waves, intermediate-
scale waves, and small-scale waves, respectively. 02(x, y, ) is the second-order scattering
component. This model, used in our simulation, first divides surface waves into large-scale,
intermediate-scale, and small-scale spectra based on the radar resolution and wavelength.
Within this frame, the second-order scattering expressions are derived, and an analytic solu-
tion of hydrodynamic modulation function is developed according to weak hydrodynamic
interaction theory. Additionally, tilt modulation is also implemented through the observa-
tion angle transform between nominal and local coordinate systems [44]. The scattering
model fully considers the nonlinearity effects such as tilt and hydrodynamic modulation
effects for SAR ocean imaging. This makes our simulated NRCS more consistent with real
distributed SAR ocean imaging.

The complex scattering coefficient of a radar resolution in this study can be expressed
as [45]:

p(x,y,t) =1/o(x,y,t)exp {1'(4’0 + @u(x,y,t) + W)} (24)

where ¢ is the initial random phase for sea surface scattering. ¢, (x,y, t) is the decoherent
random phase for the sea surface, which is caused by the random motion of the inter-
nal elements of the sea surface scattering surface. D,(x,y,t) is the time-varying radial
displacement of the scattering surface element, which is caused by the motion of the
ocean waves.

2.3.3. Analytical Flowchart

The analytical method flowchart proposed in this study is shown in Figure 7, where
four necessary steps are involved. In the first step, the wave spectrum is used with the
information of the sea states (including wind speed and wind direction). Then, the wave
height field and wave velocity field due to the winds can be calculated by the spectrum
decomposition. In the second step, based on the EM parameters of the InNSAR, the two-
dimensional ocean surface NRCS can be calculated by using a three-scale second-order sea
surface scattering model. In the third step, the measurement errors are calculated based on
the theoretical models; both EM characteristics and dynamic characteristics are taken into
consideration, including MB, EMB, and LB. After the above three steps, based on the InNSAR
measurement geometry, the SSH can be retrieved with the impact of dynamic surface
waves. By comparing the real wave height calculated by the wave spectrum, the dynamic
wave-related altimetric errors can be characterized, and the analysis can be conducted. It
should be noted that to better characterize the errors due to the dynamic waves, the rest of
the system errors; random errors; and propagation errors, such as the baseline vibration,
the orbit change, or the path delay, are ignored in our simulation.

For the spaceborne InSAR applied to ocean remote sensing, the preset single look
resolution is not high, so the synthetic aperture integration time is relatively short [38,46].
In such a short SAR illumination time, the change of the sea surface NRCS with time can
be neglected. Additionally, it can be assumed that the complex reflectivity of spatially
separated sea surface cells is uncorrelated [47]. These are the basic assumptions for our
experiments. As for vast ocean observation, multi-look averaging will be used to decrease
the huge data rate [11]. The onboard processor (OBP) of SWOT will average the data
down to a resolution of 500 m (along-track) x 500 m (cross-track) [38]. In this study,
we also selected a 0.5 km? grid averaging for two-dimensional resolution, so the spatial
resolution of the final altimetric errors is 0.5 km?. The real sea states in the actual conditions
are complicated (e.g., time-varying and space-varying wind waves and swells), and the
simulation in this study only discusses wind waves in the open sea without considering
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swells. However, the altimetric error mechanisms for InNSAR introduced by swells are the
same as wind waves.
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Figure 7. Flowchart of the proposed analytical methods for the dynamic wave-related errors of INSAR
altimetry. There are four necessary steps in total. The dynamic characteristics and EM characteristics
including MB, EMB, and LB are considered in our method.

3. Results
3.1. Stochastic Sea Scenes Simulation

The sea states in this study can be divided into three categories: low, moderate, and
high sea states corresponding to wind speeds of 7, 10, and 14 m/s, respectively [23]. The
two-dimensional surface wave height under different sea states in the space domain was
generated based on the Romeiser Wave Spectrum, as shown in Figure 8, and the wind
direction was along the radar range direction. It can be seen that as the sea state increases,
the wave height of the sea surface gradually increases.

Based on the wave spectrum and EM scattering model, the sea surface NRCS of differ-
ent frequencies can be calculated. The radar signals are mainly quasi-specular scattering of
EM waves in this situation, and the NRCSs are relatively high for near-nadir incidences.
The simulated NRCS values in our study are very close to those reported by altimeter
actual data and SWOT airborne experimental data with a discrepancy within ~ 1 or 2 dB,
and this also indicates the reliability of our analysis [38,48].

Figure 9 shows the partial two-dimensional ocean NRCS simulation results in the
space domain under three frequencies of HH polarization based on three kinds of sea states.
Among them, Figure 9a,d,g correspond to a wind speed of 7 m/s; Figure 9b,e,h correspond
to a wind speed of 10 m/s; and Figure 9c¢,f,i correspond to a wind speed of 14 m/s. In
Figure 9, we can see the texture of wind-generated waves clearly in the ocean scene, and as
the wind speed increases, the waves become increasingly obvious. At the same time, the
inhomogeneous reflectivity phenomenon caused by the hydrodynamic modulation effects
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on the sea surface can be clearly observed, in which the scattering intensity at the wave
trough is greater than the wave crest.
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Figure 8. Simulated two-dimensional wave heights using the Romeiser Wave Spectrum: (a) 7 m/s
wind speed; (b) 10 m/s wind speed; (c) 14 m/s wind speed. The wind direction is along the radar
range direction.
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Figure 9. Two-dimensional NRCS under HH polarization for different sea states in the space domain: X-band (a—c); Ku-band
(d-f); and Ka-band (g-i). The wind direction is along the range direction as shown in the white arrow, and different wind
speeds correspond to different sea states.
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3.2. Experimental Verification with SWOT Error Budget

To verify the correctness of the proposed analytical method, we conducted an error
verification experiment based on the system parameters of the SWOT project and compared
the numerical result with the SWOT motion error budget result given by NASA [11]. The
system parameters are shown in Table 1, and they are based on the preset parameters of
the forthcoming SWOT project (scheduled to be launched in 2022). Based on our analytical
method as in Figure 7, the dynamic wave-related errors of INSAR can be calculated based on
the SWOT parameters. It should be noted that this contrast experiment only considers the
condition of the low sea states, and the SWH is ~2 m as in [11]. This is also the most common
sea state in the ocean environment and has a certain degree of representativeness. In order
to minimize the effect of the variation of the swath, the middle area (10,000 x 10,000 m) of
the swath was selected for our simulation.

Table 1. Simulation system parameters of Surface Water and Ocean Topography (SWOT) project.

System Parameters Values

Satellite altitude (H) 873 km
Physical baseline length (B) 10m

Central Frequency 35.75 GHz

Incidence angle 0.6-3.9°
Polarization HH

Slant range resolution 0.75m
Azimuth resolution 5m

Figure 10 is the three-dimensional distribution of the dynamic wave-related errors for
InSAR altimetry based on the above-mentioned parameters of SWOT. As we can see, under
the resolution of the 0.5 km? grid, the level of the errors under low sea states is relatively
smaller. By statistical analysis, the RMSE can be calculated as shown in Table 2. The RMSE
based on the proposed method is 0.2486 cm; meanwhile, the RMSE introduced by wave
motion given by NASA for SWOT is 0.2470 cm [11]. The results of the two experiments are
well-matched, indicating the correctness and reliability of our analytical method. At the
same time, the small difference may be that we consider the coupling of EMB and LB from
the waves in our experiment. This also makes the simulation results closer to the actual
InSAR stochastic ocean measurement scenarios.
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Figure 10. Dynamic wave-related errors simulation of InSAR altimetry based on SWOT system
parameters (under low sea states), and the SWH is ~2 m.
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Table 2. Comparison of simulated result with SWOT error budget result.

Error Sources RMSE (cm)
Dynamic wave-related errors 0.2486
SWOT motion errors [11] 0.2470

3.3. Experiments under Multiple Scenarios

Instead of analysis for a typical project such as SWOT, the proposed method can be
applied to different radar parameters, such as multi-frequencies (e.g., C-band, X-band,
Ku-band, or Ka-band) under various sea states (e.g., wind speed ranging from 1 to 20 m/s).
Figure 11 reveals the wavelength distribution of different EM frequencies and their penetra-
tion ability into the sea surface. It can be observed that as the wavelength becomes shorter,
the penetration into the sea surface becomes worse. Moreover, different frequencies have
different sensitivity to the sea surface; the short wavelength is more sensitive to small-scale
phenomena on the sea surface, and the phase information of the INSAR echoes is more
accurate [38]. This will cause differences in the measurement accuracy of InNSAR altimetry
and is a factor to be considered.
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Figure 11. Ocean characteristics of EM waves for different frequencies under the condition of
seawater salinity of 35%0 and temperature of 18 °C. (a) The distribution of the wavelength; (b) the
penetration ability into the sea surface.

Additionally, sea states have a great influence on the accuracy of the SSH retrieved
by InSAR [28]. Based on the simulated wave spectrum, the wave height field and wave
velocity field of different sea states can be calculated. Therefore, the dynamic wave-related
errors of InNSAR altimetry can be characterized under different sea states in our method.
We analyzed these errors in three kinds of frequencies, X-band, Ku-band, and Ka-band,
under three kinds of sea states. The system simulation parameters are shown in Table 3 as
common parameters of spaceborne ocean SAR. The incidence angle is 4° at the near range
and 4.7° at the far range, which indicates the typical situation as near-nadir [23].

Table 3. Simulation system parameters for more scenarios.

System Parameters Values
Satellite altitude (H) 800 km
Physical baseline length (B) 10 m
Radar wavebands X, Ku, and Ka-bands
Incidence angle 4-4.7°
Polarization HH
Slant range posting rate 0.75m
Azimuth posting rate 5m
Range resolution 1m

Azimuth resolution 50 m




Remote Sens. 2021, 13, 986

16 of 25

It is worth noting that in the process of our simulation, the influence of the layover
effect is included based on the INSAR measurement geometry and wave height field.
Moreover, the influence of EMB is considered with the simulation of the two-dimensional
sea surface NRCS. The simulated dynamic wave-related errors of InNSAR altimetry are
given separately in Figure A2, Figure A3, and Figure A4 in Appendix B. It can be observed
that the distribution of these errors is random like waves. Furthermore, as the wind speed
increases, the value of the dynamic wave-related errors also increases. Figure 12 shows
the comparisons of the dynamic wave-related errors under different sea states along the
range direction. It can be clearly seen that as the sea state increases, the magnitude of the
wave-related errors of INSAR altimetry becomes larger.
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Figure 12. Comparisons of the dynamic wave-related errors of INSAR altimetry along the range
direction under different sea states: (a) X-band; (b) Ku-band; (c) Ka-band.

Table 4 shows the statistical results of the dynamic wave-related errors under multiple
wavebands, and it is possible to obtain the RMSEs in three kinds of frequencies under three
sea states. The RMSEs under different sea states are 0.2647 + 0.0015 ¢m, 1.4237 + 0.1476 cm,
and 6.6849 + 0.0823 cm, respectively. It can be observed that under the same sea states, the
RMSEs in different frequencies are relatively similar, with little difference. Among them,
the average fluctuation range of RMSE for three wavebands is £0.58% (low sea states),
£10.37% (moderate sea states), and +1.23% (high sea states), respectively. However, from
low sea states to moderate sea states, the average RMSE increases by 438% (from 0.2647 to
1.4237 cm) for three wavebands. From moderate sea states to high sea states, the average
RMSE increases by 370% (from 1.4237 to 6.6849 cm) for three wavebands. It can be seen that
this type of error is very sensitive to sea states, and the magnitude increases significantly
with the increase in sea states.
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Table 4. RMSES of InSAR altimetry for three wavebands under multiple sea states.

RMSE (cm)
Wavebands Sea States (Wind Speed)
Low (7 m/s) Moderate (10 m/s) High (14 m/s)
X-band 0.2635 1.6451 6.6102
Ku-band 0.2636 1.3105 6.8083
Ka-band 0.2670 1.3154 6.6361

4. Discussion

Compared with the traditional nadir altimeter, spaceborne near-nadir InSAR can
improve the spatial-temporal resolution of SSH observations and effectively make up for
the lack of existing ocean observation tools [37]. Currently, many international institutions
begin to develop their own wide-swath InSAR altimetry satellites (e.g., SWOT by the
NASA [18], InIRA by the NSSCCAS [25], and Guanlan by the NLMSTC [28]), and this is
the most promising instrument for future ocean topography measurement. To fulfill the
targeted measurement accuracy for ocean scientific research, the error budget and analysis
of InNSAR altimetry are relatively essential at present. For the conventional nadir altimeter,
there are many in-depth investigations on its error mechanisms and compensation methods,
whether theoretical or empirical [29,30]. Among them, the errors caused by the waves, also
known as SSB, have become the most important source of altimetric errors [32]. Through
the valid calibration of SSB, the SSH measurement accuracy by the nadir altimeter can
reach an extremely high level of about 2 cm and has been wildly used for large-scale
OST observation [5,6,49]. Therefore, it is also imperative to study the wave-related error
mechanisms of INSAR altimetry. Inspired by the wave-related errors for the nadir altimeter
(e.g., EMB, skewness bias, and tracker bias [29]), the wave-related errors for INSAR can
be divided as MB, EMB, and LB, respectively. This is why we conducted this study and
investigated the impact of wave-related errors of INSAR ocean altimetry under multiple
sea states.

4.1. Suggestions for the System Design of InSAR Altimetry

For traditional nadir altimeters, such as Poseidon, the frequencies are in the Ku-
band [29]. For the Jason series, to correct the atmosphere delay errors more accurately, a
dual-frequency working system is adopted [6]. According to the above experimental results
for different frequencies (Table 4), it can be seen that the dynamic wave-related errors are
not sensitive to INSAR frequencies; the RMSEs of different frequencies are not very different.
This is consistent with the actual data of conventional nadir altimeters, and the magnitudes
of the measured SSB between different radar frequencies are similar (e.g., Ku-band of
TOPEX and C-band of Jason-1 [32]). This means that the choice of wavebands for INSAR
SSH measurement should more thoroughly consider the antenna design or propagation
errors. As is well known, the SWOT project proposed Ka-band for interferometry [38];
however, the InIRA on the Tiangong II laboratory adopts Ku-band antennas [50]. For
Guanlan’s IRA project, a dual-frequency system is used, which includes both Ku and Ka-
bands antennas [28]. Compared with the Ku-band, the ionosphere has a smaller influence
on the Ka-band, but rainy weather has a greater impact on the Ka-band [11,15]. However,
the EM wavelength of the ka-band is shorter, which can better measure the small-scale
processes of the ocean surface [38]. Since the frequency is not sensitive to dynamic wave-
related errors of INSAR altimetry, the choice of future wavebands has greater flexibility for
different ocean scientific requirements.

4.2. Possible Method to Reduce Dynamic Wave-Related Errors

Centimeter-level accuracy of SSH measurement is required for applications such as
gravity anomaly or geostrophic currents observation [10]. For the dynamic wave-related
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errors of INSAR altimetry, the RMSE is under a millimeter scale of ~ 0.2647 cm for low sea
states (Table 4). This shows that this type of error can be ignored under low sea states in
most calm conditions with small wave heights and wave slopes for centimetric accuracy.
Therefore, for Ka-band SWOT and Ku-band InIRA, the dynamic wave-related errors can
be ignored under low sea states, and this is not an important source of altimetric errors.
However, when moderate or higher sea states occur, the RMSE is under a centimeter scale
of ~ 1.4237 cm or higher (Table 4), which means the errors cannot be ignored, and the error
compensation method is necessary for centimeter-level accuracy requirements. Thus, the
compensation methods for these errors under moderate and higher sea states are a problem
that must be solved. Here, we provide a possible approach to reduce the wave-related
altimetric errors based on the derived theoretical model. Through the theoretical derivation
in Equation (12), altimetric errors caused by the wave motion are not only related to the
sea state, such as the radial velocity of the waves, but also to the radar system parameters,
such as Doppler central frequency, the altitude, and velocity of the satellite platform. Thus,
the zero Doppler technology as the yaw steering method of the satellite could be used [51].
In this way, only the second-order term of the altimetric errors is left, and the influence of
the dynamic waves can be reduced as much as possible.

4.3. Limitations and Future Directions

The features of ocean waves are very complex, and it is very difficult to characterize
all the effects of ocean waves on InSAR altimetry. Most of the previous studies consider
the different effects of ocean waves separately. Peral et al. [18] analyze several effects,
such as volumetric decorrelation, backscattering modulation, and aliasing of the waves,
separately. Additionally, some useful conclusions are given based on the parameters of the
SWOT project, for example, the EMB could be estimated by the usage of the wave spectrum.
Bai et al. [28] study the effects of layover and velocity bunching for the Guanlan project
separately, and a large number of simulation results are given. The results show that layover
and velocity bunching have different impacts on the final measurement performance. Our
study considers multiple effects, such as MB, EMB, and LB of the waves and couples them
to evaluate the final impact. Thus, the results obtained in this study are closer to the real
measurement scene as INSAR ocean altimetry. However, there are still fewer limitations
for the study in this paper. First, the current missions of INSAR ocean altimetry satellite
are still in a pre-research state in most countries, and the actual SSH data by spaceborne
InSAR are scarce [18,28]. Although some airborne experiments have been carried out (e.g.,
AirSWOT for SWOT [38] and AIRAS for Guanlan [27]), the quality of the measured data
is not high enough for accuracy analysis in centimeters. Therefore, the theoretical error
model in this paper is only compared with the result given by the SWOT team in [11], and
the follow-up needs to be verified by measured spaceborne InNSAR data. Second, the real
sea states are very complicated (including both the open sea and coastal zones), but the
wind-generated wave spectrum can only simulate the condition of the fully developed
open sea [41,42]. However, the measurement of coastal zones is also an issue that needs
to be considered for InNSAR altimetry [52]. The analysis of the altimetric accuracy in the
coastal zones is also a factor that needs to be addressed in the future.

5. Conclusions

Near-nadir InNSAR has huge potential to measure the SSH with high accuracy based
on a finer spatial resolution that has never been resolved before. The study and analysis
of the errors introduced by the dynamic ocean waves are necessary steps to achieve the
targeted accuracy for INSAR ocean altimetry. An analytical method for wave-related errors
of InNSAR altimetry is proposed in this paper based on the wave spectrum and EM scattering
model, and the error numerical model was derived. The proposed error analytical method
takes into account both the ocean characteristics and the InNSAR working characteristics,
which can better simulate the distribution of errors as in the actual ocean scene. The
simulated RMSE is validated with the SWOT error budget result, and the results are in
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good agreement. In addition to the analysis of typical projects, such as SWOT or InIRA,
more simulations can be carried out for different radar parameters under various sea
states based on our analytical method. The simulation experiments were conducted under
multiple scenarios, and the RMSEs for three radar frequencies under three kinds of sea
states are given. The results obtained in this study demonstrate that the magnitude of
dynamic wave-related errors of InNSAR is in the order of millimeters as ~ 0.2647 cm in low
sea states, but in the order of centimeters as ~ 1.4237 to ~ 6.6849 cm under moderate to
higher sea states.

To the best of our knowledge, this is the first numerical study to analyze the dynamic
wave-related errors that contain multiple coupling sources, including MB, EMB, and LB,
for InNSAR SSH measurement and compare the RMSEs under different radar parameters
and sea states. It is worth mentioning that our method can simulate more situations, such
as different velocity or altitude of the InNSAR platform, and can be used to demonstrate
the radar system parameters in the pre-research phase. Future work will concern the
development of more accurate wave spectrum and EM scattering models for near-nadir
InSAR. Related water tank experiments are also in the design stage and will be carried out
in the future to refine the theoretical error model.
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Abbreviations

Abbreviation The full name

SSH Sea Surface Height

InSAR Interferometric Synthetic Aperture Radar

NRCS Normalized Radar Cross Section

RMSE Root-Mean-Square Error

NASA National Aeronautics and Space Administration
SWOT Surface Water and Ocean Topography

TOPEX Topography Experiment

CryoSat-2 Cryosphere Satellite 2

Jason-CS Jason Continuity of Services Satellite
HY-2A/B/C Haiyang 2A, 2B, and 3C Satellites

osT Ocean Surface Topography

IRA Interferometric Radar Altimeter

SRTM Shuttle Radar Topography Mission

EMB Electromagnetic Bias

KaRIn Ka-band Radar Interferometer

InIRA Interferometric Imaging Radar Altimeter
NSSCCAS National Space Science Center of Chinese Academy of Sciences
SSB Sea State Bias

NLMSTC National Laboratory for Marine Science and Technology of China
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SWH Significant Wave Height

POD Precision Orbit Determination

LB Layover Bias

MB Motion Bias

SNR Signal-to-Noise Ratio

JONSWAP  Joint North Sea Wave Project

OBP Onboard Processor

AIRAS Airborne Interferometric Radar Altimeter System

Appendix A Detailed Derivation of the Motion Bias

Figure Al shows a schematic diagram of the geometric relationship for INSAR measure-
ment of a point target with motion. A (xg, yo,20) and Az (xg, Yo + B, zo) are the coordinates
of the two radar antennas. T(x;, i, z¢) is the coordinate of the moving point target on the
sea surface, vy is the alone-tracker velocity of the point target, vy is the cross-track velocity
and the vertical velocity is v,.

Z

AI(X«»'J/ann) Az(’\’w}/n +szn)

-————
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T(XI’J/I’ZI)

Figure A1. Diagram of the motion effect for INSAR measurement. The baseline direction is perpen-
dicular to the azimuth direction, and it is assumed that the baseline angle is 0° to better characterize

the motion bias.

Due to the motion of the target, the time-varying slant range can be expressed as:

Ry = \/[xo +opt — (xr + vxt)]2 + [vo— (v + vyt)]2 + [z0 — (2t + v21)]? (A1)

Ry, = \/[xo +opt — (xr + vxt)]2 + [vo+B— (y: + vyt)]2 + [z0 — (2t + v21)]? (A2)

where t is the synthetic aperture integration time. Here, let Ry be an example, and it can be
expressed as:

Ry? = (x0 = x0)" + (o — y) + (20 = 20)" + (0p% + 0” + 0% + 07 — 200) P+ (A3)
[2(x0 — x1) (vp — vx) — 2(y0 — y)vy — 2(20 — 2¢):] ¢

The constant term R,;s in Equation (A3) is:

R%,.s = (x0 — x0)* + (Yo — ye)* + (20 — z1)° (A4)
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Ay ~

The variable term Ry, in Equation (A3) which contains the second-order term and
the first-order term is:

R3,, = (vp% + 0% + 0,2 + 022 — 20,0, ) 24

[2(x0 — xt) (vp — vx) — 2(yo — ye)vy — 2(z0 — 2¢) vz |t (AS)

For Ry = /R%,,; + RZ,,, the Taylor’s first-order expansion of R; can be expressed as:

1 cons Rcons cons ZRcons

g@r 4y 2) .
where Ry = Reons + 2Rms = Reons + R and ¢'\% represents the coefficient of the

second-order term, and § 1 represents the coefficient of the first-order term:

5(2) = v,g2 + vxz + vyz + vzz — 20p0x (A7)
¢V = 2(x0 — x1) (vp — 0x) = 2(yo — y1)oy — 2(z0 — z)0: (A8)
Therefore, the SAR echo S; (t) from antennas A; can be expressed as:
. [ 4Rcons 28@.2 ()¢
S1(t) = w(t)expq jmr + + A9
1( ) ( ) p{] < A /\RCOTIS ARCOHS ( )

S1(t) can be regarded as a chirp signal, K = 5 Ig o is the frequency modulation slope,

and f; = /\%( is the Doppler centroid frequency. So, Equation (A9) can be simplified as:

S1(t) = w(t) exp{jn(‘LR/\“”” - Kt2+2fdt> } (A10)

when SAR imaging is performed, the target is assumed to be stationary. The signal can be
processed by match filtering; the first-order term and the constant term of Equation (A10)
will be eliminated. The real imaging point coordinate and offsets due to the motion can

be obtained:
Xt = xg — (x0 — xt)(vp - UX) - (30 — Yt)vy — (20 — 2t)0z (A11)
P
Ax = x* —xp = %Rcons (A12)
R Ax[2(xp — x;)(;OA_x]yt—) (2z — zt)zs (A13)
Ay =yt —yi = Ax[2(xg — xtz)(yOA_th) (229 — z¢)zt (A14)

T*(xf,y;) is the real imaging coordinates due to the motion, and Ax, Ay are the offsets
in azimuth direction and range direction, respectively.
Further calculations are available:

(XO - xt) Y — Ax? . Z0Zt _ Rcons)\fd _Uchons . vr2Rconsz . ZpZt (Al5)
(o — yt) 2o—y)  (Wo—vy)  (o—y) 205  2035(yo—w) (Yo—ur)
Based on Ax and Ay, the offset in slant range AR; can be derived as:
AR = (xO - xt)Ax - faAvrReons (A16)

Reons 27);72
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In the same way, AR; can be obtained, then the interferometric phase ¢ can be calcu-

lated as: ) ( )
~ 87 (Yo — yt)B
?~ 16 exP{ A Ry

The look angle 6 related to the interferometric phase can be approximated as:

2
V(%0 —x)"+20°  zp—z

~
RCDI’!S Rcons

(A17)

cosf =

(A18)

Thus, the altimetric errors due to the motion can be expressed as:

HAfso,  Hov,?
Ah =2 ARjcosf = —247 — A19
1608 20,2 20,2 (A19)

Appendix B Three-Dimensional Distribution of the Simulated Dynamic
Wave-Related Errors
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Figure A2. Three-dimensional distribution of the dynamic wave-related errors for X-band InNSAR
altimetry under three different sea states: (a) low sea state; (b) moderate sea state; (c) high sea state.
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Figure A3. Three-dimensional distribution of the dynamic wave-related errors for Ku-band InSAR
altimetry under three different sea states: (a) low sea state; (b) moderate sea state; (c) high sea state.
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Figure A4. Three-dimensional distribution of the dynamic wave-related errors for Ka-band InSAR
altimetry under three different sea states: (a) low sea state; (b) moderate sea state; (c) high sea state.
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