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Regional Oceanography and Numerical Modeling, Qingdao National Laboratory for Marine Science
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The sea surface height (SSH)measured by future wide-swath altimetry satellites

contains observation error due to baseline measurement, which is called

SSH_Error_Baseline. It is a huge challenge for satellite engineering to

maintain such high accuracies of the baseline roll and length in orbit to

ensure that the SSH_Error_Baseline can be maintained below 1 cm.

Therefore, how to effectively reduce the SSH_Error_Baseline is extremely

important. In order to solve the existing problem, an innovative overlapping-

calibration method is proposed based on two-satellite formation flight design

with overlapping swath. In this study, the differences of SSH data observed by

these two satellites in the overlapping area is so small that it can be ignored, and

the SSH_Error_Baseline dominates the difference. Then, the baseline

parameters of the two satellites can be well estimated by adopting an

optimal inverse method. A total of 9 groups of observing system simulation

experiments (OSSEs) have been carried out, and they respectively indicate

different pessimistic theoretical scenarios of baseline measurement systems.

According to the results, this design can effectively reduce the

SSH_Error_Baseline in most scenarios. Regarding the advantage of this

method, it can be applied to all along-track observation data without

requiring the application of additional auxiliary data (i.e. model data, SSH

derived from nadir altimetry). Therefore, when two wide-swath altimetry

satellites are simultaneously designed, the formation flight scheme proposed

in this paper is recommended, especially when the measurements of the

baseline cannot meet the expected accuracies.

KEYWORDS

baseline error reduction, overlapping-calibration, wide-swath altimeter, two-satellite
formation flying, SSH
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1 Introduction

The future wide-swath altimetry missions of the Surface

Water and Ocean Topography (SWOT) (Fu and Ubelmann,

2014; Morrow et al., 2019) and “Guanlan” (Chen et al., 2019) will

provide two-dimensional measurements of ocean surface

topography (Dufau et al., 2016; Bonaduce et al., 2018). They

are expected to increase the resolvable scale of global ocean to

10-30 km (Chelton et al., 2019). To achieve such oceanography

objectives, high-precision sea surface height (SSH) observation is

required (Archer et al., 2020). However, multi-source errors of

wide-swath altimetry, including random noise (RN), baseline

roll and length errors, dry and wet troposphere delay, and sea

state bias (Ren et al., 2020), will directly limit the precision of the

retrieved SSH data. As a result, one of the most critical studies on

the wide-swath altimetry mission is how to reduce the SSH

errors (Chen et al., 2021), and for each error source, specific

reduction methods should be developed according to the

corresponding error model. On this basis, this study focuses

on the research of SSH errors associated with baselines,

involving height error associated with the both baseline roll

(HEBR) and baseline length (HEBL).

The HEBR and HEBL are stemming from imperfect

knowledge about the true information of the baseline roll and

length. Due to mechanical perturbations and thermal effects, the

baseline may be angularly deformed and change in the length in

orbit (Dibarboure et al., 2012). Taking “Guanlan” mission as an

example (Chen et al., 2019), the effective swath in the cross-track

direction is between 15 km to 100 km. Based on the HEBR and

HEBL calculation model in (Peral and Esteban-Fernandez,

2018), 0.1 mm baseline length error would bring about 8.4 cm

range error on the outer edges of the swath. Generally, a roll

error of only 1/3,600 deg (1arcsec) will result in a height error of

48 cm on the outer edge position of 100 km. That is to say, if the

HEBR is required to limit to 1 cm at the far end of the swath, the

roll error of the baseline needs to be smaller than 20masec.

Nevertheless, it is really too difficult to achieve such accuracy of

baseline roll measurement for “Guanlan” mission. According to

the research results of (Dibarboure et al., 2012), the HEBR and

HEBL are not white noise in the along-track direction.

Moreover, both errors cannot be separable from the SSH

signal in the frequency domain. If the roll measurement

accuracy of “Guanlan” can only reach ~1 arcsec, the mean

baseline roll error is not only very large (~26.4 cm), but also

varies in the along-track direction. In such case, as many fine-

scale oceanic signals would not be detected, it is difficult to

achieve oceanography objectives (Gonzalez et al., 2010; Gomez-

Navarro et al., 2020). Therefore, even though the measurement

accuracies of the baseline roll and length are insufficient, it is

indeed necessary and vital to find a reliable method of reducing

the HEBR and HEBL along all observation swaths.

Previous researches (Gaultier et al., 2016; Fujii et al., 2019; Di

et al., 2021; King and Martin, 2021; Benkiran et al., 2022) have
Frontiers in Marine Science 02
employed observing system simulation experiments (OSSEs) to

assess the performance of wide-swath altimetry. Furthermore,

based on OSSEs, numerous studies (Dibarboure et al., 2012;

Dibarboure and Ubelmann, 2014) have attempted to explore the

methods of reducing the SSH observation errors due to baseline

errors (SSH_Error_Baseline) and aimed to minimize oceanic

signal leakages caused by errors. Dibarboure et al. (2012) and

Dibarboure and Ubelmann (2014) proposed empirical cross-

calibration methods, and they also demonstrated the viability of

four empirical cross-calibration methods, namely “direct

method”, “crossovers method”, “external nadir crossovers

method”, and “sub-cycle overlaps method”. To be specific, the

“direct method” is based on the SSH estimated value, such as the

high-resolution ocean model or low-resolution SSH grid data.

Till the present, these reference data cannot accurately

reconstruct or characterize sub-mesoscale (15-50 km) oceanic

dynamic processes, which indicates that the accuracies of SSH

reference data are not enough (Callies and Wu, 2019; Metref

et al., 2020). Hence, this method inevitably generates the leakage

of SSH signals, whereas the other three methods can only be

applied to reduce local errors, and the residual errors are related

with the variation of ocean topography during the time interval

of two crossovers or overlap passes (Dibarboure and Ubelmann,

2014). Moreover, the ocean topography must be various (Chen

et al., 2021). When the interval time of two passes is longer than

three days, the difference between these two passes will influence

the reduction results (Dibarboure et al., 2012; Dibarboure and

Ubelmann, 2014). Therefore, the application area of these three

methods is limited and cannot be applied to the entire

observation data. In addition, there are some other methods

tending to reduce the errors through an image de-noising

method (Gomez-Navarro et al., 2020; Wang et al., 2021) or

data assimilation method (Metref et al., 2019; Metref et al.,

2020). Nevertheless, these methods are either limited by prior

statistical knowledge of SSH or cannot be adopted in all

coverage. Furthermore, in the pessimistic theoretical scenarios

of SSH_Error_Baseline, these algorithms will inevitably leak

ocean signals if only considering one wide-swath altimetry

mission working.

The altimetry missions are usually designed in tandem

(Donlon et al., 2012; Clerc et al., 2020; Frery et al., 2020;

Mertikas et al., 2020) or constellation (Li et al., 2022).

Currently, over one wide-swath altimetry missions have been

planned around the world. The SSH error reduction methods

based on two-satellite formation flight design are worth

studying. In China, there are two wide-swath altimetry satellite

missions in progress. One is named “Guanlan” (Chen et al.,

2019) that is designed by Qingdao National Laboratory for

Marine Science and Technology (QNLM), and the other is

called “New Haidong” and designed by the National Satellite

Ocean Application Service (NSOAS), both of which are planning

to employ sun-synchronous orbits. Therefore, it is really possible

to adopt the two-satellite formation flying design. In this study,
frontiersin.org
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we propose the overlapping-calibration method based on two

wide-swath altimetry satellites formation flying for

SSH_Error_Baseline reduction. Specifically, two satellites,

named “Guanlan_1” and “Guanlan_2” in this study, can be

invented to fly together with a certain time interval, as shown in

Figure 1. The width of the “overlapping swath” on the ground

can be adjusted through controlling the time interval. When the

HEBR or HEBL looks large in some pessimistic theoretical

scenarios, their swath on the ground can be adjusted to

partially overlapping. In addition, they can be estimated based

on the observations of the overlapping swath, and the

SSH_Error_Baseline on the region of no overlapping swath

can also be reduced. On the contrary, if the baseline precisions

of both satellites reach the expected level, the overlapping swath

is unnecessary, and the united swath is expected to

became wider.

The proposed method has three main advantages: 1) no

dependence on auxiliary data (i.e. high resolution SSH model

data, along-track or gridded SSH data derived from nadir

altimetry), 2) a shorter cross-over delta time and 3) a broader

(global) application scenario compared with the method of

cross-over calibration. This study is organized as follows. The

data and overlapping-calibration method used in this study are

described in section 2. Section 3 illustrates nine different sets of

pessimistic theoretical scenarios of baseline measurement

systems respectively. Section 4 presents the results of OSSEs

based on our overlapping-calibration method. In section 5, the

results and underlying assumptions are discussed, while the key

results are summarized in section 6.
2 Data and methods

2.1 SSH model data

The HYCOM (Hybrid Coordinate Ocean Model) data

(Chassignet et al., 2003) is produced by assimilating both

satellite altimeter and in-situ observation data, whose spatial

resolution is 0.08° and temporal resolution is 1 day. It can be

download from the HYCOM center: ftp://ftp.hycom.org/

datasets/GLBu0.08/expt_91.1/hindcasts/2016/. The results of

(Kelly et al., 2007) have indicated that the quantified SSH data

is very close to the observations of altimeters. In this work, the

HYCOM data within the region of 80°W-180°W, 0°S-20°S for

the whole year of 2016 is selected as the source of the “true SSH”

topography in the simulation experiments. In addition, we

calculate the average daily variation of the SSH with equation

(1):

dhd = o
N−1
d=1 (SSHd+1 − SSHd)

N − 1
(1)

where d is the dth day and N is the total number of days in

the input data. In this study, N is equal to 366 and the calculated
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dhd   is 2.29 cm. The time interval between the two satellites

should be set within a few minutes in order to ensure that there

is a part of overlap on the ground swaths. Here, the time interval

is set to 240s. SSH variation in 240s (dhs) can be simply

estimated through equation (2):

dhs =
dhd ∗ 240
24 ∗ 3600

(2)

The dhs is about 0.06 mm. Therefore, SSH variation in 240s

is very small, and the differences of the SSH from HYCOM data

sampled by “Guanlan_1” and “Guanlan_2” in the overlapping

area can be ignored.
2.2 Overlapping-calibration method

In this study, the errors of the wide-swath altimetry satellite

consist of three components, including the HEBR, HEBL and

other uncorrected errors, which are simulated with random

noise (RN). The workflow of our experiments has been shown

in Figure 2.

The SSH data of HYCOM model is defined as Hmodel, then

the “true SSH” data (Hreal) can be obtained by interpolating on

the ground grids located in swath of “Guanlan” based on Hmodel.

Hobs represents the simulated observation data, which is the sum

of Hreal and errors (HEBL, HEBR, other uncorrected errors).

After calculating and removing the baseline errors with the

overlapping-calibration method, the SSH data of calibration

result (Hcal) can be obtained. Finally, residual (Hres) can be

calculated with equation (3).

Hres = Hcal −Hreal (3)

In addition, we calculated the average root mean square

(RMS) of residual using equation (4) to quantitatively estimate

the calibrate results.

RMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

N
i=1 Hres _ i

� �2r
(4)

As shown in Figure 3, the H is the platform height and the B

is the baseline length. The q is the incident angle and the dhR is

the SSH error caused by the baseline roll angle da. For a given
point on the ocean surface, whose height is h, r1 and r2 indicate

the distance of this point to the two antennas. The HEBL (dhB)
can be approximated by equation (5) (Dibarboure et al., 2012):

dhB =
x2

H*B
dB (5)

where x represents the observation position in the cross-

track direction, and dB refers to the baseline length

measurement error. When the roll error is da, as shown in

Figure 3B, the HEBR (dhR) can be obtained by following

equation (Dibarboure et al., 2012).
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dhR = x*da (6)

The errors are related to the position along the track and

across the track. In our method, functions of time t
Frontiers in Marine Science 04
(corresponding to the position in the along-track direction)

and x (position of the measurement in the cross-track

direction) are applied. For a given point on the swath, the

observation Hobs(x, t) of “Guanlan” is the sum of the “true
FIGURE 2

Workflow of the methodology followed.
FIGURE 1

A schematic illustration of overlapping two-satellite formation flying design.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1027654
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2022.1027654
SSH” Hreal(x, t) and errors. The Hreal(x, t) comes from the

HYCOM model and errors include HEBL (dhB), HEBR (dhR)
and other uncorrected errors ϵ(x, t). Hobs(x, t) corresponding to

Guanlan_1 (Hobs1(x1, t1)) and Guanlan_2 (Hobs2(x2, t2)) are

calculated as follows:

Hobs1 x1, t1ð Þ = Hreal1 x1  , t1ð Þ + x1*da t1ð Þ + x21*
dB t1ð Þ
H*B

+ ϵ1 x1, t1ð Þ (7)

Hobs2 x2, t2ð Þ = Hreal2 x2  , t2ð Þ + x2*da t2ð Þ + x22*
dB t2ð Þ
H*B

+ ϵ2 x2, t2ð Þ (8)

In overlapping-calibration method, a given point (lon, lat)

located in the overlapping swath can be observed twice in a short

time (240s), and the differences between Hreal1 and Hreal2 in two

satellites can be ignored. Therefore, the different (Y(lon, lat))

between the two observations at this point (lon, lat) can be

calculated with the equation below.

Y lon, latð Þ = Hobs1 lon, latð Þ − Hobs2 lon, latð Þ
=  Hobs1 x1, t1ð Þ −Hobs2 x2, t2ð Þ
= x1*da t1ð Þ − x2*da t2ð Þ + x1

2
*
dB t1ð Þ
H*B

− x2
2
*
dB t2ð Þ
H*B

+   ϵ1 x1, t1Þ −   ϵ2 x2  , t2ð Þð

= x1*da t1ð Þ − x2*da t2ð Þ + x1
2
*
dB t1ð Þ
H*B

− x2
2
*
dB t2ð Þ
H*B

+   dϵ

(9)
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where Hobs1(x1, t1) and Hobs2(x2, t2) represent the

observation of Guanlan_1 and Guanlan_2 respectively. The

equation (9) converted into the matrix form is equation (10):

Y = x1ð Þ   x1
2

H*B

� �
  −x2ð Þ   −

x1
2

H*B

� �� �
 

da t1ð Þ
dB t1ð Þ
da t2ð Þ
dB t2ð Þ

2
66664

3
77775 + dϵ (10)

Here,M is introduced as the observation model mapping the

state space to the observed space (linear or quadratic signature

models), as shown in equation (11).

M   =   x1ð Þ   x1
2

H*B

� �
  −x2ð Þ   −

x1
2

H*B

� �� �
(11)

An optimal inverse method is introduced by equation (12),

where Rest is the estimated vector of da(t) and dB(t):

Rest =   MT ·  M
� �−1

·  MT · Y (12)

Formula 12 gives the general form of the least-squares

method of error estimation for 4 parameters (i.e., da(t1),
da(t2), dB(t1) and dB(t2)). This method for estimating dB and

da was first proposed by (Dibarboure et al., 2012) and is

planned to be employed in SWOT mission. Furthermore, we

propose an improved overlapping-calibration method based

on a short time interval two-satellite flying design, the

detailed orbits, error terms and OSSEs design are described
BA

FIGURE 3

Interferometric measurement concept (A) and the illustration of the impact of baseline roll error on height measurement (B).
frontiersin.org

https://doi.org/10.3389/fmars.2022.1027654
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2022.1027654
in section 3. In practical applications, these 4 parameters are

expected to be as small as possible. Particularly, both length

errors are likely to be able to satisfy the requirements of

“Guanlan” mission through high-precision measurement

methods. Therefore, if it is found that some of the 4

parameters are small enough, then the corresponding

parameters of the error in the M matrix can be set to 0

without estimation. For example, when the inputting baseline

roll errors (da(t1), da(t2)) of Guanlan_1 and Guanlan_2 are

~1 arcsec, and the precision of baseline length can reach

~12mm, the HEBL will be maintained very small. In this case,

it is unnecessary to estimate dB(t1) and dB(t2), and thus M

will be set as [(x1)(0)(-x2)(0)]. As a result, Rest will only

include the estimation results of da(t1) and da(t2).
3 Observing system simulation
experiments

3.1 Orbit design

As shown in Figure 1, the satellite in the front is named

“Guanlan_1”, and the other is “Guanlan_2”. As presented in

Table 1, the parameters of their orbits are listed.

The orbit design of “Guanlan_1” references to the orbit

parameters of “Guanlan” mission (Chen et al., 2019), and the

parameters of “Guanlan_2” are the same as those of “Guanlan_1”

except for the “Epoch”. The epoch of a spacecraft is the time

corresponding to the orbital initial conditions. The difference of

“Epoch”, which keeps the two satellites flying at a certain time

interval, can be adjusted so that their swaths on the ground can be

partially overlapped. The average overlapping swath width in the

experimental region (80°W- 180°W, 0°S- 20°S) is 85 km. Figure 4
Frontiers in Marine Science 06
shows the ground track of these two satellites with the interval of

240 seconds in a cycle.

3.2 “Guanlan” observation simulation

Asdescribed in thedocumentof SWOTerrorbudget (Peral and

Esteban-Fernandez, 2018), there are various error sources,

including systematic error, random noise, and media error. The

details can be found at “https://swot.jpl.nasa.gov/resources/

documents/”. “Guanlan” satellite has similar error sources. In this

study, the purpose of this study is to demonstrate the feasibility of

the overlapping-calibration technique on topography products,

assuming that all scientific requirements are met on Guanlan’s

error budget except SSH_Error_Baseline. As a result, three types of

inputting errors, including HEBR, HEBL and RN, are simulated.

The spatial distribution of inputting errors and the “true SSH”

have been shown in Figure 5. As shown in Figures 5A-C, three

inputting (HEBR, HEBL and RN) errors are simulated, and they are

mainly kept below 1 cm respectively. The variation of the HEBR

and HEBL in the along-track direction are synthesized through the

SSH_Error_Baseline spectrum, which can be obtained using the

software of the SWOT simulator (Gaultier et al., 2016; Chaudhary

et al., 2021). The inputting errors of Guanlan_1 and Guanlan_2 are
TABLE 1 Parameters of orbits.

Satellite Guanlan_1 Guanlan_2

Average Altitude (km) 989 989

Inclination (°) 99.4041 99.4041

Epoch (seconds) 0 240

Exact repeat cycle (days) 21 21

Number of orbits per cycle 206 206

Swath width/gap width (km) 200/30 200/30
f

FIGURE 4

The ground track of “Guanlan_1” and “Guanlan_2” with 240s interval.
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similar. When both the wide-swath altimeter payload noise and

SSH_Error_Baseline can satisfy the design requirement as

presented in Figures 5A–C, the corresponding SSH observation is

displayed in Figure 5E. The observation looks like the sampled SSH

model data (Figure 5D), since the ocean SSH signal is much larger

than the total errors. If the noise and errors are so small, the

“Guanlan”missionwill be successful and themesoscale ocean eddy

in the blue box will be easily detected (Durand et al., 2010; Ma

et al., 2020).
Frontiers in Marine Science 07
3.3 Experimental setup

The width of overlapping swath varies with the time

interval between two satellites. When the time interval is set

to 240 s, the average width of overlapping swaths in the

experimental region is 85 km that is half of the effective swath

(170 km) of “Guanlan” mission. In such case, the average united

swath width about 255 km, and thus the loss of ocean sampling

capabilities is 25% (1- 255/340).
B C

D E F

A

FIGURE 5

Error sources and observation simulation of “Guanlan” mission: (A-C) are SSH error due to baseline roll error (HEBR), baseline length error
(HEBL), and random noise (RN) respectively; (F) is the total error contained in satellite observation; (D, E) is the true SSH/SSH observed by
“Guanlan”.
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Based on equation (5) and equation (6), we consider the

HEBR and HEBL at the 100 km outer edge position to be less than

1 cm in order to satisfy the requirement. Therefore, the precision

of the baseline roll error should be less than 0.02 arcsec, while that

of the length error should be less than 12 mm.Moreover, this study

aims to reveal the error reduction capability of two-satellite

formation flight design under the pessimistic theoretical

scenario of baseline roll and length errors. Therefore, the

measurement accuracy of baseline rolling is set to 1 arcsec by

default, and that of baseline length is assumed to be 0.6 mm,

which are almost 50 times worse than the values mentioned in

section 3.2. In this study, a total of 9 different pessimistic

theoretical scenarios, namely OSSEs_1 to OSSEs_9, are sorted

out. Corresponding setups are listed in Table 2. Furthermore, the

P= (%) is calculated based on the equation (13), error∈(HEBR1,
HEBL1, HEBR2, HEBL2) , where HEBR/HEBL represents the

baseline roll/length error and RN represents the random noise.

  Perror =
100*error

HEBR1 + HEBL1 + RN1 + HEBR2 + HEBL2 + RN2ð Þ  
(13)

In this study, 9 types of pessimistic theoretical scenarios are

listed by setting whether the baseline parameters can satisfy the

expected requirements, when all the anomalies that may occur on

the baselines of the two satellites are covered. OSSEs_1 to OSSEs_2

correspondingly simulated the scenarios that a satellite with

insufficient baseline length or roll measurement precision of

Guanlan_2, whereas OSSEs_3 to OSSEs_6 refer to 4 types of

combinations of two baseline parameters with low accuracy. In

the experiments of OSSEs_7 andOSSEs_8, only one parameter that
Frontiers in Marine Science 08
is the baseline length and roll of Guanlan_1, can still achieve the

expected accuracy. Beyond that, OSSEs_ 9 describes the most

pessimistic scenario, while the precision of 4 baseline parameters

belonging to the two satellites cannot simultaneously reach the

expected goal. Moreover, in order to facilitate the experiments,

default accuracies are given respectively in Table 2, and the actual

parameters in the future are currently uncertain. In addition, M

parameters corresponding toOSSEs_1 toOSSEs_9 are different and

listed in Table 2. For example, as only twoHEBRs are required to be

estimated in the OSSEs_4, M is set to [(x1) 0 (−x2) 0] . However,

OSSEs_9 simulates the worst situation that all the baseline

parameters of Guanlan_1 and Guanlan_2 failed to satisfy the

requirements. The OSSEs_9 should estimate 4 error parameters,

and thusM is set to ½(x1) ( x21
H*B

) ( − x2) ( −
x22
H*B

)�. In the Guanlan
mission, the baseline length measurement accuracy can reach 12

mm, while it is really too difficult to achieve the baseline rolling

measurement accuracy of 0.02 arcsec. Therefore, the current

baseline accuracies of the Guanlan are designed close to the

scenarios shown in OSSEs_4 rather than OSSEs_9.
4 Results

4.1 SSH_Error_Baseline reduction results
of OSSEs_1 and OSSEs_2

Figure 6 shows the SSH_Error_Baseline reduction results

when the baseline length/roll accuracy of Guanlan_2 is set to

0.6 mm/1 arcsec in OSSEs_1/OSSEs_2 respectively. The true

SSH (Hreal), observed SSH (Hobs), and calibrated results (Hcal)
TABLE 2 The settings of all OSSEs.

OSSEs
ID

Baseline roll accuracy/
Perror of Guanlan_1

(arcsec)/(%)

Baseline length
accuracy/Perror of
Guanlan_1 (mm)/

(%)

Baseline roll accuracy/
Perror of Guanlan_2

(arcsec)/(%)

Baseline length
accuracy/Perror of
Guanlan_2 (mm)/

(%)

M in formula (8)

OSSEs_1 0.02/1.7 12/1.4 0.02/1.3 600/89.8 ½0   0   0   ( − x2
2

H*B
) �

OSSEs_2 0.02/2.2 12/1.8 1/86.0 12/2.4 [0 0 (−x2) 0]

OSSEs_3 0.02/1.0 600/41.3 0.02/0.8 600/53.4 ½0   ( x1
2

H*B
)   0   ( −

x2
2

H*B
) �

OSSEs_4 1/52.8 12/0.9 1/41.5 12/1.1 [(x1) 0 (−x2) 0]

OSSEs_5 1/45.9 12/0.8 0.02/0.7 600/49.4 ½(x1)       0   0   ( −
x2

2

H*B
) �

OSSEs_6 0.02/1.0 12/0.9 1/39.9 600/54.7 ½0   0   ( − x2)  ( −
x2

2

H*B
) �

OSSEs_7 1/33.9 12/0.6 1/26.7 600/36.5 ½(x1)   0     ( − x2)  ( −
x2

2

H*B
) �

OSSEs_8 0.02/0.7 600/29.9 1/28.2 600/38.7 ½0   ( x1
2

H*B
)   ( − x2)   ( −

x2
2

H*B
) �

OSSEs_9 1/26.6 600/22.1 1/20.9 600/28.6 ½(x1) (
x1

2

H*B
)     ( − x2) ( −

x2
2

H*B
) �
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are plotted from left column to right column. And the overlapping

swath is labeledwithblackdotted lines,which is 85kmcorresponding

to the 240s time interval between the two satellites. The pattern of

observed SSH follows the quadratic (Figure 6B) and linear

(Figure 6E) relationship in the cross-track direction, which is

consistent with the function of error model in equation (5) and (6).

And the calibrated results are similar to the true SSH, which means

that most of ocean signals have been recovered.

The details of the residual errors of OSSE_1 and OSSE_2 are

shown in Figure 7. The average RMS of residual errors in the cross-

track direction are almost less than 1cm both in OSSE_1

(Figure 7A) and OSSE_2 (Figure 7D). Meanwhile, the average

RMS of residual errors in the no overlapping regions (by red lines)

are larger than that of residual errors located in the overlapping

regions (by purple lines). The distribution of the residual errors is

plotted by calculating the difference between the true SSH (Hreal)

and calibrated results (Hcal) shown in Figure 6. And the maximum

residual errors vary between 0.8cm to 1cm along the bold red lines
Frontiers in Marine Science 09
in Figures 7B, D. Then, the variation of residual errors along the

bold red lines are plotted in Figures 7C, F. In these two sub-figures,

the black lines present the inputting HEBR/HEBL, the blue lines

present the residualHEBL/HEBRafter calibration, and the red lines

present the total residual errors. TakingOSSEs_1asanexample, the

residual error at the far end of the swath is only about 0.5cm when

the HEBR is approximately 0.1cm (by dotted orange line in

Figure 7C). By contrast, the residual error can reach 1.7cm when

theHEBR is 0.5cm (by dotted green line in Figure 7C). Therefore, it

can be found that the total residual errors are positively associated

with the inputting HEBR/HEBL.
4.2 SSH_Error_Baseline reduction results
from OSSEs_3 to OSSEs_6

The OSSEs_3 to OSSEs_5 simulate the pessimistic

theoretical scenarios that the accuracy of one of the baseline
B C

D E F

A

FIGURE 6

SSH_Error_Baseline reduction results in OSSEs_1 (A-C) and OSSEs_2 (D-F). Each column shows the true SSH, observed SSH and the calibrated
results from left to right.
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parameters on each satellite is low. By applying the process of

overlapping-calibration, the residual errors can almost be

reduced to less than 1 cm.

The Figure 8 shows the reduction errors of OSSEs_3. In the

OSSEs_3, the baseline roll accuracies of both satellites are very

high, while the length accuracies are down to 0.6 mm, and thus

the HEBL of both satellites should be calibrated. As shown in

Figures 8A, D, the mean RMS of the residual of Guanlan_1 and

Guanlan_2 increases with the distance from nadir in the cross-

track direction. Moreover, the largest RMS of the residual is also

less than 1 cm and located in the non-overlapping swath, as

marked with a bold red line in Figures 8B, E. Furthermore, the

components of residual errors along these red lines are plotted in

Figures 8C, F. Similar to the above-mentioned results in

OSSEs_1 and OSSEs_2, the residual errors are positively

related to the inputting errors (black lines in Figures 8C, F),

which are HEBRs in the current experiment.
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The reduction errors of OSSEs_4 and OSSEs_5 are shown in

Figures 9. The simulation scenarios in OSSEs_4 are probably to

appear, because it is really a huge challenge for the engineer to

maintain theaccuracyofbaseline rolls at the levelof0.02arcsec. In the

OSSEs_4, the baseline roll accuracies of Guanlan_1 and Guanlan_2

are set as 1 arcsec, which can be achievable. Furthermore, the

observation results are similar to that illustrated in Figure 6E.

Based on the overlapping-calibration method proposed in this

study, the residual errors are shown in Figures 9A, B. In addition,

thepatternsof residual errors are similar toOSSEs_3, and theRMSof

the residual of Guanlan_1 and Guanlan_2 can almost be controlled

within 1 cm. Apart from that, the Guanlan_1 calibration results

(Figure 9D) of OSSEs_5 seem like the results of the Guanlan_1 of

OSSEs_4 (Figure 9B). Meanwhile, the Guanlan_2 calibration results

(Figure 9C) of OSSEs_5 are similar to those of Guanlan_2 of

OSSEs_3 (Figure 8D). As expected, the residuals can still be

controlled within 1 cm on the united swath.
B C

D E F

A

FIGURE 7

Residual errors of Guanlan_2 in OSSE_1 (A–C) and OSSE_2 (D–F). (A, D) is the average RMS of residual errors in the cross-track direction, (B, E)
is the distribution of the residual errors, and (C, F) displays various errors along the bold red lines in (B, E).
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The Figure 10 shows the calibration results of OSSEs_6,

which simulates a scenario, that is, baseline roll and length

anomalies occur simultaneously on one satellite. In this

experiment, the baseline roll (length) error accuracy of

Guanlan_2 is set as 1 arcsec (0.6 mm). As a result, the

maximum error may be more than 50 cm based on

formulas 1 and 2. In addition, there are two parameters of

Guanlan_2 that need to be estimated, and M is set to  ½0 
0 ( − x2) ( −

x22
H*B

)�. In such case, the calibration results are

shown in Figure 10. In such case, the residual errors in the

overlapping and the non-overlapping areas are significantly

different, as displayed in Figures 10A, B. In the overlapping

region, the mean RMS of the residual is less than 0.8 cm, but

in non-over lapping areas , i t has reached 4.2 cm,

approx imate ly 5 t imes tha t o f over lapp ing areas

(Figure 10A). The difference can be explained from

Figures 10C, D. In the overlapping (non-overlapping) area,

the calibrated roll and length errors show a significantly
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negative (positive) correlation, generating a decrease (an

increase) in the total error.

In addition, we plot the distribution of the residual errors

along the cross-track direction for OSSEs_6, as shown in the

Figure 11. The right shadow represents the overlapping area,

where the signs of the residual baseline length error (res_HEBL_2,

blue line) and the residual baseline roll error (res_HEBR_2, black

line) are almost opposite. The total error decreases after the

addition of positive and negative values. However, the errors in

non-overlapping areas (unshaded parts of Figure 11) are all

positive, and the total error increases after addition. Therefore,

in the overlapping (non-overlapping) area, the residual roll and

length errors show a significantly negative (positive) correlation,

which leads to a decrease (an increase) in the total error. Both

baseline errors (HEBR, HEBL) are summed in the non-

overlapping region when they are in the pessimistic scenario

simultaneously, which leads to larger residual errors in OSSEs_6

than that of OSSEs_1 to OSSEs_5.
B C

D E F

A

FIGURE 8

Reduction errors of OSSEs_3: (A, D) plots the average RMS of residual errors of Guanlan_1 and Guanlan_2 in OSSEs_3; (B, E) shows the residual
errors on the swath of Guanlan_1 and Guanlan_2 in OSSEs_3; (C, F) displays various errors along the bold red lines in (B, E).
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B

C D

A

FIGURE 9

Reduction errors of OSSEs_4 and OSSEs_5: (A, B) plots the average RMS of residual errors of Guanlan_2 and Guanlan_1 in OSSEs_4, while (C,
D) shows that in OSSEs_5.
B C DA

FIGURE 10

Reduction errors of OSSEs_6: (A) plots the average RMS of residual errors of Guanlan_2 in OSSEs_6; (B) shows the residual errors on the swath
of Guanlan_2 in OSSEs_6; (C, D) indicates various errors along the bold red (purple) lines in (B).
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In this study, the residual SSH_Error_Baseline is required to be

less than 1 cm, and the corresponding swath excluding the

intermediate gap is called the “effective swath”. Therefore, only

the data at the location with a distance of less than 40 km from the

nadir point can satisfy the accuracy requirements in the non-

overlapping area. Here, the expression of [a, b] is employed to

indicate the range of the effective swath, while the variable a (b)

indicates the position of the left (right) boundary of the effective

swath, and is represented by a negative (positive) number. Under

the pessimistic scenario ofOSSEs_6, the SSH_Error_Baseline of the

data in the area [-40km, 100km] of the Guanlan_2 swath can be

reduced to less than 1 cm. Hence, it can be guaranteed that

approximately 65% observation of Guanlan_2 is valuable based

on the two-satellite formation flying design.
4.3 SSH_Error_Baseline reduction results
from OSSEs_7 to OSSEs_9

OSSEs_7 (OSSEs_8) simulates the situation that the

accuracy of the three parameters, namely the baseline roll and
Frontiers in Marine Science 13
length of Guanlan_2 and the baseline roll (length) of Guanlan_1

cannot satisfy the high accuracy requirements.

The initial values of each parameter are listed in Table 2, and

the calibration results of OSSEs_7 are shown in Figure 12. The

mean RMS of most residual errors, shown in Figure 12A, is less

than 1 cm, and the effective swath range of Guanlan_1 in the

cross-track direction is [-100km, 90km], while the residual error

of Guanlan_2 is larger than that of Guanlan_1, and the effective

swath of Guanlan_2 is [-40km, 100km]. Since these two satellites

have an overlapping area of 85 km, the combined observation

swath of them is 185 km.

The calibration results of OSSEs_8 are similar to those of

OSSEs_7, as shown in Figure 13A, B. It can be found that the

residual error of Guanlan_2 in OSSEs_8 is also larger than that

of Guanlan_1. Apart from that, the effective swath range of

Guanlan_1 in the cross-track direction is [-100km, 90km], and

that of Guanlan_2 is [-45km, 100km]. As a result, the combined

observation swath of the two satellites is slightly larger and is

approximately 190 km. Furthermore, OSSEs_9 simulates the

worst situation that all the baseline parameters of Guanlan_2

and Guanlan_1 failed to satisfy the requirements settings
FIGURE 11

The reduction errors of OSSE6 overlapping area (right shadow) and non-overlapping area (left) in the direction of cross-track. It shows the
variation of residual baseline length error (res_HEBL_2, blue line), the residual baseline roll error (res_HEBR_2, black line) and total error
(all_Error_2, red line) in cross-track direction.
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described in section 3.3. The RMS of residual errors in the

overlapping area of OSSEs_9 are plotted by the purple lines for

Guanlan_1 (Figure 13C) and Guanlan_2 (Figure 13D), which

ranges from 1 cm to 4 cm. Therefore, if the error budget of

SSH_Error_Baseline cannot exceed 1 cm, the data in the case of

OSSEs_9 will all be invalid.
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4.4 Wavenumber spectrum and the
effective width of the united swath

In the above OSSEs, the swath where the average RMS of the

residual is less than 1 cm is regarded as the “effective swath”. We

have validated such evaluation criterion in the spectral domain by
B

C D

A

FIGURE 12

Reduction errors of OSSEs_7: (A, C) plots the average RMS of residual errors of Guanlan_1 and Guanlan_2 in OSSEs_7; (B, D) shows the residual
errors on the swath of Guanlan_1 and Guanlan_2 in OSSEs_7.
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making wavenumber spectrum analysis. The wavenumber

spectrum of the “true SSH” from the model data (Hreal, with red

line) and the calibrated SSH (Hcal, with black line) with RMS less

than 1 cm are plotted in Figure 14. As a result, the black line follows

the red line until ~17 km, indicating that the threshold of 1 cm

corresponds to the resolvable scale of ~17 km after calibration.

Table 3 lists the effective width of swath for Guanlan_1,

Guanlan_2, and the united swath after overlapping in the 9

experiments. The effective width of swath after overlapping has

been excluded the width of middle gap (30 km). Specifically, the

effective swath width of OSSEs_1 to OSSEs_5 can basically cover

the whole observation area, and it is nearly 250 km. Since there

are three baseline parameters in OSSEs_6 to OSSEs_8 that do

not satisfy the requirements, the effective swath width will be

reduced to 185~195 km. When the four parameters fail to satisfy

the requirements, just like the setting of OSSEs_9, the effective

swath width will suddenly drop to 0 km.
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5 Discussions

5.1 Sensitivity of baseline accuracy

In order to analyze the sensitivity of the baseline accuracy to

the experimental results, additional seventeen sets of experiments

have been designed and conducted. In the Table 4, there are four

inputting paramaters (Nroll_Guanlan_1, Nlength_Guanlan_1,

Nroll_Guanlan_2, Nlength_Guanlan_2), and each parameter represents

the corresponding multiple of the current accuracy relative to the

required accuary. Based on the known required baseline roll/

length accuracy(0.02 arcsec/12 mm, from in section 3.3), we can

easily calculate the inputting baseline accuarcies. Take OSSEse

Nroll_Guanlan_1, Nlength_Guanlan_1, Nroll_Guanlan_2, Nlength_Guanlan_2) is

set as (1,1,1,100), the vector of (Accuracyroll_Guanlan_1,

A c c u r a c y l e n g t h _ G u a n l a n _ 1 , A c c u r a c y r o l l _ G u a n l a n _ 2 ,

Accuracylength_Guanlan_2) is equal to (1*0.02 arcsec, 1*12 mm,
B

C D

A

FIGURE 13

Reduction errors of OSSEs_8 and OSSEs_9: (A, B) plots the average RMS of residual errors of Guanlan_2 and Guanlan_1 in OSSEs_8; (C, D)
shows that in OSSEs_9.
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1*0.02 arcsec, 100*12 mm). The value of N in Table 4 can be

interpreted as follows:
Fron
• N=1: the baseline roll/length accuracy meets the

requirements (baseline roll/length accuracy is equal to

0.02 arcsec/12 mm),

• N=2: the baseline roll/length accuracy is twice lower

than the corresponding requirement (baseline roll/

length accuracy is equal to 0.04 arcsec/24 mm),

• N=50: the anomaly of baseline roll/length accuracy is

same as that of the OSSEs in section 3.3 (baseline roll/

length accuracy is equal to 1 arcsec/600 mm),

• N=100: the anomaly of baseline roll/length accuracy is

twice larger than that of the OSSEs in section 3.3

(baseline roll/length accuracy is equal to 2 arcsec/1200

mm).
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These additional experiments have employed the same

inputting model data and overlapping-calibration method as

the OSSEs in section 2 and 3. The value of “effective width of

united swath (EWUS)” of every experiment has been calculated.

In the Table 4, the experiment represented by the OSSEs_i_j

is derived from the setting in OSSE_i, which is regarded as the

“reference experiment”. The EWUS in OSSEs_i_j must be

smaller than that in OSSEs_i because the inputting errors of

OSSEs_i_j are larger. As a result, the reduced EWUS of every

experiment has been listed in the last column of Table 4.

Compared with the “reference experiment”, EWUS of the

OSSEs_i_1 does not decrease, while the results of the

OSSEs_i_2 show that the EWUS is reduced. Therefore, it can

be concluded that when the baseline roll/length accuracy is twice

lower than the corresponding requirement, the effective width of

the united swath will be reduced with the overlapping-
FIGURE 14

Wavenumber spectrum of the true SSH data (red), and the calibration SSH in the effective swath with 1 cm threshold (black).
TABLE 3 The effective swath width of two satellites after overlapping-calibration.

OSSEs ID Effective swath of Guanlan_1 (km) Effective swath of Guanlan_2 (km) Effective width of united swath (km)

OSSEs_1 [-100, 100] [-100, 100] 255

OSSEs_2 [-100, 100] [-95, 100] 250

OSSEs_3 [-100, 100] [-100, 100] 255

OSSEs_4 [-100, 100] [-90, 100] 245

OSSEs_5 [-100, 100] [-100, 100] 255

OSSEs_6 [-100, 100] [-40, 100] 195

OSSEs_7 [-100, 90] [-40, 100] 185

OSSEs_8 [-100, 90] [-45, 100] 190

OSSEs_9 / / 0
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calibration method. Among them, the EWUS of OSSEs_3_2,

OSSEs_4_2 and OSSEs_5_2 are reduced by 45km, 55km and

50km respectively. In other words, when the accuracy of one of

the baseline parameters on each satellite is low, the correction

results will be very sensitive to the change of baseline accuracy.
5.2 Correlation between residuals and
latitude

The width of the overlapping area is associated with the

latitude. Here, we add experiments to explore the influence of

latitude on the residuals. This supplemental experiment has two

limitations. One is that only OSSEs_1- OSSEs_8 are analyzed,

because our method is invalid in OSSEs_9 (all the

SSH_Error_Baseline did not satisfy the requirements). Another

is that the latitude range is only extended to 66°S (latitude of the

Antarctic circle) instead of 90°S. The polar regions are not

discussed in this study. In addition, the calibration results of

OSSEs conducted in this study are not related to longitude and

sea state. At first, the calibration results of “two-satellite

formation flying design” are related to the width of

overlapping swath, which only varies with latitude.

Considering the symmetry of the overlapping swath in the

northern and southern hemispheres as well as the

uncorrelation with longitude, the Pacific experiments (0°S-66°

S) can replace global experiments concerning latitude and

longitude range. Second, SSH variation and sea states in

different regions appear to propagate in the estimated
Frontiers in Marine Science 17
solutions of dB and da through dϵ in equation (10). Based on

the proposed overlapping-calibration method, the SSH time

variation can be neglected. In addition, the impact of the sea

states on the random noise is not discussed in this study.

Therefore, the results in the South Pacific can well illustrate

the calibration ability of the proposed algorithm, and it is not

essential to carry out the global coverage experiments.

Therefore, we have plotted the width of overlapping swath

varying with latitude and the residual errors varying with

latitude for OSSEs_1 to OSSEs_8 in Figure 15. As shown in

the Figure 15A, the width of the overlapping area decreases

slightly and subsequently increases rapidly with increasing

latitude. In the range of 0°S -52°S, the average width of the

overlapping area is about 85 km, with a variation of less than

10 km. The width increases rapidly when it is higher than 52°S,

reaching the maximum of 175 km at 66°S.

The Figures 15B-N show the values of the residuals and

components along the outermost along-track line in non-

overlapping area of OSSEs_1- OSSEs_8. In these subfigures,

the red lines represent the total residual errors, the black lines

indicate the residual HEBR error, and the blue lines denote the

residual HEBL error. The results demonstrate that the residual

HEBR, residual HEBL and total residuals have similar trends

with latitude, and most of the total residuals can be reduced

within 1 cm. Furthermore, it can be discovered that there is a

weak correlation between the total residuals (shown by the red

line in Figures 15B-N) and latitude. The nonlinear oscillations

along the latitude are mainly related to the inputting HEBR/

HEBL rather than a function of latitude. In section 4.1, we
TABLE 4 Baseline residual errors with different magnification.

OSSEs
ID

Nroll of
Guanlan_1

Nlength of
Guanlan_1

Nroll of
Guanlan_2

Nlength of
Guanlan_2

Effective width of united swath
(EWUS)(km)

Less than the EWUS
in

“reference
experiment”(km)

OSSEs_1_1 1 1 1 100 255 0

OSSEs_1_2 2 2 2 50 230 25

OSSEs_2_1 1 1 100 1 245 0

OSSEs_2_2 2 2 50 2 210 35

OSSEs_3_1 1 100 1 100 255 0

OSSEs_3_2 2 50 2 50 210 45

OSSEs_4_1 100 1 100 1 245 0

OSSEs_4_2 50 2 50 2 190 55

OSSEs_5_1 100 1 1 100 255 0

OSSEs_5_2 50 2 2 50 205 50

OSSEs_6_1 1 1 100 100 195 0

OSSEs_6_2 2 2 50 50 170 25

OSSEs_7_1 100 1 100 100 185 0

OSSEs_7_2 50 2 50 50 150 35

OSSEs_8_1 1 100 100 100 190 0

OSSEs_8_2 2 50 50 50 170 20

OSSEs_9_1 100 100 100 100 0 0
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calculated and concluded that the residual errors are positively

related to the inputting HEBR/HEBL in the OSSEs_1/OSSEs_2

and that correlation coefficient has reached 86.17%/92.95%.

Meanwhile, in the section, the average correlation coefficient

between the error and latitude is calculated to be 3.8%, and thus

the residual errors of calibration are not related to latitude.

In brief, although the width of the overlapping area varies

with latitude, its influence on the SSH_Error_Baseline correction

can be ignored by adopting our error reduction method.
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5.3 Method comparison, underlying
assumptions and biases

Dibarboure et al. (2012) have proposed four empirical cross-

calibration methods, which are called “direct method”,

“crossovers method”, “external nadir crossovers method”, and

“sub-cycle overlaps method”. Every method has its own

prerequisites before it can be effectively applied, as illustrated

in Table 5. It is difficult to tell which method is the best without
B C D E

F G H I

J K L M N

A

FIGURE 15

(A) shows the variation of the width of overlapping along latitude, (B-N) show the changes of total error (red line), residual HEBR (black line) and
residual HEBL (blue line). (B, C) plot the various error calibration results of OSSEs_1 and OSSEs_2, (D, E) plot the residual errors of OSSEs_3, (F,
G) plot the residual errors of OSSEs_4, (H, I) plot the residual errors of OSSEs_5, (G) plot the residual errors of OSSEs_6, (K, L) plot the residual
errors of OSSEs_7, (M, N) plot the residual errors of OSSEs_8.
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stating the preconditions. For example, the “direct method” is

simple. If the referencedhigh resolutionSSHModel dataor gridded

SSH data is accurate enough, the “direct method” can accurately

estimate SSH_Error_Baseline. Then it would appear simple and

valuable under such precondition.However, such accurate external

reference data is too difficult to obtain, and thus the premise of our

overlapping-calibration method in this study is that the auxiliary

global gridded data with sufficient accuracy cannot be obtained.

Therefore, under the pessimistic scenarios that the auxiliary data is

not accurate enough and the SSH_Error_Baseline is too large, our

method has three advantages compared with other methods.

Firstly, overlapping-calibration method does not depend on

auxiliary data (i.e. high resolution SSH model data, along-track or

griddedSSHdataderived fromnadir altimetry)products. Secondly,

this method can be applied to global observations, not just regional

crossover locations.Thirdly, ourmethodhas extremely short cross-

over delta time, and the sub-mesoscale dynamic height of the ocean

has almost no change within 240 seconds, helping to improve the

estimation accuracy of the SSH_Error_Baseline.

The results of this study make sense under two assumptions,

namely simplified error budget and no cross-calibration

methods, which may contribute to underestimating or

overestimating the residual of above OSSEs. For demonstrating

the feasibility of the overlapping-calibration technique on

topography products, only three errors including random

noise, baseline rolls and length error. Such assumption have

also been employed in relevant references (Dibarboure et al.,

2012; Dibarboure and Ubelmann, 2014; Gomez-Navarro et al.,

2018). Although the residual error of the OSSEs may be larger

when considering other error sources, the results of above OSSEs

are sufficient to demonstrate that the two-satellite formation

flight design is effective for reducing the SSH_Error_Baseline.

In addition, theOSSEs results in this study have not considered

the contribution of cross-calibration. Dibarboure and Ubelmann

(2014) explored the cross-calibrationmethod tocorrect thebaseline

roll error, and the simulation results present a reduction of roll

signatures by a factor of 2 to 5 times in the crossover regions.

Although it is difficult to extrapolate the SSH_Error_Baseline

reduction to the entire pass using such cross-calibrationmethods, it

can be applied as an effective supplement to the overlapping-

calibration method. Therefore, the hypothesis in this study is too

pessimistic without using any other observation data, which will

generate an overestimation of the residuals. In the future, multiple
Frontiers in Marine Science 19
wide-width (SWOT,Guanlan, etc.) andnadir (Jason-3, Sentinel-3A

HY-2D (Li et al., 2021), etc.) altimeters will be in orbit at the same

time. In addition, there will be massive crossover data that can be

used for calibration, and the SSH_Error_Baseline can be further

reduced regionally. In the future, we believe that the

SSH_Error_Baseline should be calibrated by a combination of

multiple methods, rather than using a single method.
6 Conclusions

The baseline device is vital in the wide-swath altimetry since the

accuracies of baseline length and rolling are extremely critical, and

may even influence the success of wide-swath altimetry missions.

However, due to technical limitations or measurement drift, the

problem that the accuracies of the baseline length and roll are

insufficient is likely to occur. Although the HEBR and HEBL have

obviously linear and quadratic signatures in the cross-track direction,

their changes in the along-track direction cannot be accurately

inversed, which will lead to the SSH_Error_Baseline and the ocean

signal to be inseparable in the spectral domain. Furthermore, in

order to handle such problems, in this study, the concept of two

wide-swath satellite formation flight design is proposed for the first

time. In addition, in the overlapping swath of two satellites, the

errors can be separated from the ocean signal for estimation.

A total of 9 groups of OSSEs are designed, when the baseline

accuracies are artificially reduced, and thus all 9 scenarios with

insufficient baseline accuracies can be completely simulated. By

establishing the baseline error estimation model, the

SSH_Error_Baseline contained in the observation data can be

calculated with the optimal inverse method. Then the

SSH_Error_Baseline calibration results of these 9 groups of

OSSEs are obtained one by one. When only one of the four

parameters (baseline length and roll of Guanlan_1 and

Guanlan_2) is not accurate enough, corresponding to the

OSSEs_1 and OSSEs_2, the SSH_Error_Baseline can be well

reduced in the current study. Similarly, OSSEs_3 to OSSEs_5 also

show encouraging calibration results, and they represent scenarios

that the accuracy concerningoneof thebaselineparametersoneach

satellite is low. However, when the baseline roll and length

anomalies occur simultaneously on one satellite, as described in

OSSEs_6, the residual error in the non-overlapping swath will be

larger than that in the first five experiments, and effective swath
TABLE 5 Method comparison.

Prerequisites/Applica-
tion Scenarios

Direct Method Self-crossovers
Method

External Nadir Cross-
overs Method

Sub-cycle Over-
laps Method

Overlapping-
Calibration
Method

auxiliary data High resolution SSH Model data/
gridded SSH data

Null along-track SSH data derived
from nadir altimetry

Null Null

global or regional calibration global regional regional regional global

cross-over delta time < 1day < 10 days < 10 days < 10 days 240s
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widthwill be reduced from255kmto195km.Moreover, the results

of OSSEs_7 and OSSEs_8 show the advantages of overlapping-

calibration method. As long as the accuracy of one of the four

parameters is as our expectation, the HEBR and HEBL can be well

eliminated, especially in the overlapping area. However, if the

baseline accuracies of the two satellites are all poor, this method

will be invalid, which can be revealed by the results of OSSEs_9. In

addition, the influence of baseline accuracy setting and the time

interval between two satellites on the calibration results is also

elaborated in section 5.

Finally, although overlapping-calibration method proposed

in this study is carried out under several assumptions, it is still

featured with two obvious advantages. To be specific, one is that

the calibration scope can cover the data of the whole pass, and

the other is that the method does not depend on any auxiliary

data, which may bring new errors. Therefore, the two-satellite

formation flying design is valuable for SSH_Error_Baseline

calibration and its advantages should be further explored.
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