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Abstract

Wanshan area has been chosen to be the specified field to calibrate and validate (Cal/Val) the HY-2 altimeter and
its follow-on satellites. In March 2018, an experiment has been conducted to determine the sea surface height
(SSH) under the HY-2A ground track (Pass No. 203). A GPS towing-body (GPS-TB) was designed to measure the
SSH covering an area of about 6 km×28 km wide centered on the HY-2A altimeter satellite ground track. Three
GPS reference stations, one tide gauge and a GPS buoy were placed in the research area, in order to process and
resolve  the  kinematic  solution  and  check  the  precision  of  the  GPS-TB  respectively.  All  the  GPS  data  were
calculated by the GAMIT/GLOBK software and TRACK module. The sea surface was determined by the GPS-TB
solution and the tide gauge placed on Zhiwan Island. Then the sea surface of this area was interpolated by ArcGIS
10.2  with  ordinary  Kriging method.  The results  showed that  the  precision of  the  GPS-TB is  about  1.10  cm
compared  with  the  tide  gauge  placed  nearby,  which  has  an  equivalent  precision  with  the  GPS  buoy.  The
interpolated sea surface has a bias of –1.5–4.0 cm with standard deviation of 0.2–2.4 cm compared with the
checking line. The gradient of the measured sea surface is about 1.62 cm/km along the HY-2 orbit which shows a
good agreement compared with the CLS11 mean sea surface (MSS). In the Cal/Val of satellites, the sea surface
between the tide gauge/GPS buoy and the footprint of altimeter can be improved by this work.
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1  Introduction
There are primarily two approaches for monitoring and

measuring sea surface height, mareographs and altimetry satel-
lites (Bouin et al., 2009). Altimetry satellites provide near global
coverage but only at ~10 to 100 km spatial resolution and have
coarse temporal resolution. The precision of the satellite alti-
metry is contaminated by land or large islands and the radiomet-
er measurements are also sensitive to land (Bonnefond et al.,
2013). The GPS have been widely used in the measurement of sea
surface height (SSH) and has a high accuracy (Foster et al., 2009;
Watson et al., 2011; Maqueda et al., 2016). A GPS buoy was firstly
designed for the calibration of TOPEX/Poseidon altimeter
(Ménard et al., 1994). Then, the dedicated GPS buoy has been
used in many in-situ satellite altimeter calibration and validation
(Cal/Val) sites and campaigns (Watson et al., 2003; Bonnefond et
al., 2003; Chen et al., 2014; Xu et al., 2016; Yang et al., 2017). The
determination of accurate SSH need a support of a GPS refer-
ence station placed on land to provide a datum for the kinematic
GPS solutions. The accuracy of the kinematic GPS buoy in a ded-
icated reference frame can reach to 1–4 cm, when the distance
was less than 30 km from the GPS reference station (Zhai et al.,
2016). The GPS buoy was also used to calibrate bottom tide
gauges (Watson et al., 2008), and map the local mean sea surface

(MSS) (Foster et al., 2009).
The sea surface was also measured using a geodetic GPS an-

tenna equipped on catamaran (Bonnefond et al., 2003), Wave-
Glider or ships (Liibusk and Jürgenson, 2009; Foster et al., 2009).
The measurements help to improve the mean surface height or
marine geoid. The GPS-catamanran has determined the geoid
slope of Corsica to extrapolate the offshore altimetric footprints
to on-shore tide-gauge locations, and yield a significant improve-
ment in the agreement of altimeter bias (Bonnefond et al., 2003).
The ship-based GPS observed the relative change of the geoid
and then serve as a comparison to the gravimetric geoid solution
(Bouin et al., 2009). A GPS wave glider was used to measure in-
situ SSH with precision of about 0.05 m using both precise point
positioning (PPP) and relative GPS techniques in Loch Ness,
Scotland and the North Sea. The Glider measured sea surface has
an ellipsoidal surface height gradient of –3 cm/km, which illus-
trated the fitness of the technology for marine geoid and mean
dynamic topography (MDT) determinations (Maqueda et al.,
2016; Penna et al., 2018). The accuracy of the GPS solution was
also influenced by the attitude of the ship, the sea condition, the
speed of the catamaran/ship and other elements.

HY-2 is the first satellite mission for dynamic environmental
parameter measurement of China that has launched successfully  
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on August 16, 2011 (Jiang et al., 2012), which is used to maintain
continuous ocean observations for global measurements of sea
surface wind fields, sea surface heights, significant wave heights
(SWH) and sea surface temperatures. The Wanshan field has
been chosen as the first in-situ Cal/Val area in China (Jiang et al.,
2016). In the Cal/Val of SSH, the in-situ measurement equip-
ment (such as GPS buoy, tide gauge) cannot be placed right at
the footprint of the satellite. There exists a geodetic difference,
which should be determined precisely (Bonnefond et al., 2003;
Yang et al., 2017). From March 14–28, 2018, a campaign was con-
ducted to measure the sea surface of this area using a GPS Tow-
ing-Body (GPS-TB) to provide a geodetic connection between the
in-situ measurements and altimeter measurement points. It
should be noted that the SSH means a kinematic solution of the
GPS data achieved from the GPS-TB and GPS buoy. The sea sur-
face represents a surface determined by the kinematic solution
and the tide gauge, while the MSS stands for a sea surface of
multi-year average. The main purpose is to determine the sea
surface of the dedicated area and improve the accuracy of

Cal/Val of altimeters.

2  Description of the campaign and equipment
The altimeter calibration site of Wanshan field located at the

footprint of HY-2A (Pass No. 203, Fig. 1). Tracked by the Runji-
ang 1 ship at a speed of about 3 m/s, the GPS-TB permitted us to
cover an area of about 28 km long and 6 km wide centered on the
HY-2 satellites ground track. The distance between every meas-
uring line is about 400 m, in order to be in harmony with the
measurements of depth, submarine topography, sediment in-
vestigation et al., which is not mentioned in this research.

The initial 15 min speed of every measuring line is relatively
slow to ensure that the GPS positioning has convergence time
(Bonnefond et al., 2003). The GPS-TB and the GPS buoy was
placed together with the tide gauge to ensure the precision of the
two equipment (the green point near ZHIW GPS reference sta-
tion). The GPS buoy was moored at the southernmost point to
determine the worst accuracy of the GPS-TB (the green point at
the southern most of the area in Fig. 1). Also, Three GPS refer-
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Fig. 1.   Research area. The GPS buoy is moored at the two circular points to evaluate the precision of the GPS-TB and the gradient of
the sea surface. Three GPS reference stations (triangular points) have been placed at Wailingding Island (WLDD), Zhiwan Island
(ZHIW) and Dangan Island (DANG), with a tide gauge at the port of the Zhiwan Island. The moorea blue, green, heliotrope and dark
amethyst lines represent the altimeterfootprint of ERS, ENVISAT, Sentinel-3A, T/P and Jason-1/2/3, respectively.
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ence stations and tide gauges have been set up at Wailingding Is-
land (WLDD), Zhiwan Island (ZHIW) and Dangan Island (DANG),
respectively.

2.1  GPS reference stations
The location of the GPS reference stations was shown in Fig.1.

The ZHIW station was equipped with a Trimble Net R9 receiver
and a Trimble 59900 chocking antenna, while both the DANG
and WLDD stations have one South Net S9 receiver and one STH-
CR3-G3 antenna. The data reception frequency was set to 1 Hz,
which was the same with the GPS buoy and GPS-TB, in order to
support kinematic GPS processing. The antenna was installed on
the top of the pedestal braced with a tripod. The receiver and a
lithium iron phosphate battery for power supply were placed in a
waterproof box under the tripod. Moreover, one solar cell was in-
stalled to recharge the battery (Fig. 2). The level bubble was
checked every few days to make sure that the tripod had not been
moved. In addition, WLDD and DANG data will be used in the
kinematic solution of the GPS buoy to ensure the SSH accuracy in
Cal/Val campaigns respectively which was not mentioned in this
paper.

The data from the GPS reference stations were processed in
combination with the nearby International GNSS Service (IGS)
stations. The IGS provides Global Navigation Satellite Systems
(GNSS) orbits, tracking data, and other high-quality GNSS data
and products on line in near real time, which consists of a net-
work of over 400 GNSS stations distributed around the world and
provides the highest quality of GNSS data, products and services
(Villiger and Dach, 2018). A total of 31 IGS stations were pro-
cessed together with the reference stations using GAMIT/GLOBK
software (version 10.60) in our research (Herring et al., 2018).
The tropospheric parameters were estimated every two hours
from a priori values computed using the Saastamoinen model
(Saastamoinen, 1972) and the VMF1 mapping function (Boehm
et al., 2007). The resulting delays were saved and used as an in-
put for the tropospheric correction value in the kinematic pro-
cessing stage. Horizontal and vertical amplitudes and phases for
31 tidal components are read directly or interpolated from a
global grid of the FES2004 ocean model (Lyard et al., 2006). The
GPS data was processed using the final precise orbits (IGSF),
which have the highest accuracy in Satellite orbits and Station
Clocks (see http://www.igs.org/products#GPS). The elevation

cut-off angle is set to 10°. The original coordinate of the IGS sta-
tions is achieved from the International Terrestrial Reference
System , which is a world spatial reference system co-rotating
with the Earth in its diurnal motion in space. The “Baseline” ex-
periment is used to fix the orbit, in order to ignore a prior contain
of the satellite. The GAMIT solution run twice to ensure the milli-
meter or 10-9 level of the baseline.

Following the GAMIT solution, GLOBK software was used to
combine the loosely constrained parameter estimates from each
daily solution with similar estimates from the global IGS daily
solutions. GLOBK combines each daily solution to compute the
best estimates of station position and associated uncertainty over
the entire experiment duration. The final position estimates are
defined in ITRF2008 with geodetic coordinates expressed on the
GRS80 ellipsoid. Table 1 shows the standard bias of the coordin-
ate of the daily solutions. The standard bias of the height ele-
ments were less than 1 cm, which can satisfy the Cal/Val of alti-
meters (Zhai et al., 2016; Chen et al., 2019). The coordinate of the
reference stations was used to give a datum and original location
for the GPS buoy and GPS-TB.

2.2  GPS towing-body and GPS buoy
The SSH was measured using a GPS-TB (Fig. 3) in this cam-

paign. The GPS-TB is assembled by three plastic buckets for the
hull to keep its balance. A stainless rack is designed to connect
these plastic buckets. Three stainless steel roles are welded at the
front of the rack. This fluid design can be more convenient for
towing. If the GPS buoy is towed, the speed of the ship will be
limited and also the GPS buoy will easily lead to disintegration.
The front end of the GPS-TB was extended and towed about 30 m
behind the Runjiang 1 ship, in order to minimize the multipath
effect caused by the ship, which was made of iron and steel. The
GPS data was collected using a geodetic dual frequency GPS re-
ceiver in the laboratory of the rear of the ship, with a sampling
frequency of 1 Hz (Table. 2). Two STHCR3-G3 Choke Ring anten-
nas were used on top of the tow-body. The phase center stability

Table 1.   Standard bias of the coordinate (ZHIW reference sta-
tion lasted for 13 d, while WLDD and DANG lasted 32 d)

Reference station Longitude /10–8 Latitude /10–8 Height/cm
ZHIW 3.42° 3.58° 0.45

WLDD 1.90° 1.22° 0.42

DANG 2.50° 1.93° 0.52

 

Fig. 2.   GPS reference station installed in Zhiwan Island, and a
solar cell for power supply.

 

Fig. 3.   The GPS towing-body used in this campaign.
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of the antenna is within 2 mm according to the phase center vari-
ation tables (http://www.ngs.noaa.gov/ANTCAL/). Two SOUTH
Net-S9 receivers were placed in the laboratory of Runjiang ship,
with two communication cables linked with the antennas fixed
on top of the GPS-TB. In this campaign, only one GPS data was
used in the solution as there was no significant difference
between the two receivers through our processing.

The dedicated GPS buoy has been used to measure instantan-
eous sea level at a user-defined frequency over a specific dura-
tion in the calibration of the HY-2 and Jason-2 altimeters (Chen
et al., 2014; Zhai et al., 2016; Chen et al., 2019) (Fig. 4). In this
campaign, the GPS buoy has been moored near the Zhiwan Is-
land twice to link the GPS-TB position to water surface and to
evaluate the accuracy of the GPS-TB. Another two tests have
been executed by mooring the ship near the wharf of the Zhiwan
Island and at the south of the research area (two green points in
Fig. 1), which was about 0.2 and 26 km from the ZHIW reference
station respectively. The GPS buoy and GPS-TB were tethered to-
gether at the rear of the ship to evaluate the accuracy of the GPS-
TB.

The instantaneous SSH of the GPS buoy and the GPS-TB was
derived from the kinematic analysis of the GPS data. GPS refer-
ence stations were assumed to be fixed at their ITRF2008 posi-
tions at the corresponding date and only the ZHIW station was
used as reference stations. Baseline length varies largely accord-
ing to the measuring lines: from a few hundreds of meters up to
26 km. The TRACK module was used to do the kinematic solu-
tion (Herring, 2012). The distance between the kinematic GPS
and the reference station plays an important role in the influence
of the precision of the height (Zhai et al., 2016). For short
baselines (<2–3 km) near the Zhiwan Island, ionospheric delay
can be treated as ~zero and L1 and L2 ambiguities resolved sep-
arately. Positioning can use L1 and L2 separately (less random
noise). For longer baselines (>3 km), it uses the Melbourne-
Wubena Wide Lane (MW-WL) to resolve L1–L2 and then a com-
bination of techniques to determine L1 and L2 cycles separately
to obtain the three-dimensional coordinates and unit weight
mean square error of stations by single epoch in a given coordin-
ate system.

2.3  Tide gauge
There is no long-term tide station on the Zhiwan Island, so we

set up a temporary tide gauge in this campaign. An RBR pressure
tide gauge, which can operate down to 20 m depth, was installed
in the shore of the Zhiwan Island with sampling period of 1 sec
(Fig. 5). The precision of the tide gauge is 5 Pa, and thus has been
widely used in the monitoring of sea level. The tide gauge is in-
stalled by a stainless pipe to measure the sea level for more than
15 d. The sensor measured the pressure of both the atmosphere
and the water above. The atmosphere pressure is achieved by an
XZC-6 meteorological mounted onboard with a sampling period
of 60 sec for pressure correction of tide gauge. A SZC15-2 CTD
was set to measure the temperature and the salinity of the sea.
The pressure of the tide gauge is corrected by using the air pres-
sure of the meteorological instrument in Eq. (1) (Tang et al.,

2007):

H =  (p− pa)

ρg

, (1)

where H is sea level (m), p is total pressure (kPa), pa is atmo-
sphere pressure (kPa), and ρ is density of the sea, achieved from
the CTD (kg/m3).

g = .×
(
− .×−cosθ

)
, (2)

where g is gravitational acceleration, calculated according to the
latitude (m/s2), and θ is latitude of the location of the tide gauge.

The sea level data was filtered using a moving average meth-
od by the interval of 1 min. The mean tide used in the correction
of SSH was determined by a mean value of the 15 d sea level
measurements, thus we could only achieve a relative sea surface
of this area.

3  Sea surface determination

3.1  Precision of the GPS-TB
Two tests have been conducted to evaluate the accuracy of

the GPS-TB in this campaign. By mooring the GPS-TB, GPS buoy
and tide gauge at the same place and the same time (see the two

Table 2.   Configuration of the GPS buoy and GPS-TB
Antenna Receiver Frequency/Hz Height/cm

GPS buoy TRM59900 Trimble Net R9 1 20.57

GPS-TB STHCR3-G3 South Net S9 1 40.38

              Note: The height represents the height of the antenna phase
center above the water surface (unit: cm).

 

Fig. 4.   The GPS buoy dedicated by NOTC.

 

Fig. 5.   RBR tide gauge. The tide gauge is fixed by stainless steel
tube to ensure the vertical of tide gauge.
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circular points in Fig. 1), a comparison can be conducted
between the three equipment. The precision of GPS-TB can be
confirmed by the GPS buoy, which has a high precision in meas-
uring the sea level (Chen et al., 2014; Zhai et al., 2016).

The first comparison at Zhiwan Island lasted approximately
7.5 h. The distance between the three equipment was less than
400 m. The 1 Hz raw data measured by the GPS buoy and GPS-TB
were smoothed with a time lag of 5 min to filter out surface
waves, swell, and high-frequency noise (Liu et al., 2014; Xu et al.,
2016). The height of GPS-TB from 20:41 to 21:02 is not very good
in Fig. 6a. The RMS of each TRACK solution during this period of
time was relatively high. This may be caused by the deficiency of
the GPS signals and the TRACK solution will take a long time to
recalculate the accurate coordinate of the GPS-TB. These data
will be deleted in the comparison. The updated SSH presented a
standard deviation of 1.10 cm compared with the tide gauge,
which is equivalent with the GPS buoy.

The baseline length between the GPS reference station and
the GPS buoy/GPS-TB plays an important role in the kinematic
solutions (Zhai et al., 2016). The precision of the SSH will be
lower as the baseline length lengthened. The second comparison
point at the southernmost of the research area which is about 26 km
from ZHIW reference station and lasts approximately 20 h. This
baseline was almost the longest in this campaign, and would
achieve the worst accuracy of SSH. There may exist a sea level
difference (tidal difference) between the comparison point and
the tide gauge. The differential tidal signal was analyzed from the
results of global and regional tide models over this site (FES2004,
NAO.99). The tidal difference from two tide models ranges from
–3.23–3.67 cm (NAO.99) and –3.0–2.87 cm (FES 2004) between
the two circular points of Fig. 1, with a standard deviation of 1.77 cm
and 1.98 cm. The tidal difference was corrected by a mean level

of the NAO.99 and FES 2004 tide model, which was the same in
the determination of the sea surface. This will represent the
largest error of the SSH achieved from the GPS-TB minus tide
data.

The standard deviation is 3.71 cm (GPS buoy vs tide gauge)
and 3.59 cm (GPS-TB vs tide gauge, Table 3). Affected by the ship
and/or wave, the GPS-TB and GPS buoy data was not very con-
sistency with the tide gauge data from 14:34–15:20 and 22:14–
22:50 (data between the black lines in Fig. 6b), and sometimes it
even led to a lack of GPS data. These data will be deleted in the
processing of SSH. The accuracy of all the other SSH solution was
higher than 3.59 cm.

3.2  Sea surface
From the above section, the GPS-TB can be used to measure

the SSH with a high precision. The SSH, together with bathy-
metry and seabed geomorphology was then measured by the
Runjiang 1 ship. The north measuring line was about 1 km from
the Zhiwan Island, to ensure the coverage of the SSH from the
tide gauge to the altimeter measuring point (AMP). The south-
ernmost of the area was about 26 km from the Zhiwan Island,
which would cover 2–3 AMPs of HY-2. The speed was controlled
within 3 m/s during the measurement process. The tide gauge in-

Table 3.     The statistics of SSH difference between tide gauge,
GPS buoy and the GPS-TB (unit: cm)

Buoy site Min Max Standard deviation

Zhiwan Island GPS buoy–TG –2.6   2.9 0.89

GPS-TB–TG –4.7   3.2 1.10

South of the region GPS buoy–TG –8.4 15.4 3.71

GPS-TB–TG –8.7 12.4 3.59
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Fig. 6.   Comparison of tide gauge, GPS buoy and GPS-TB. a–c. The comparison at the port of the Zhiwan Island: GPS-TB minus GPS-
buoy (a), GPS-TB minus tide gauge (b), GPS-buoy minus tide gauge (c); e–g. The comparison about 26 km south of the island: GPS-TB
minus GPS-buoy (d), GPS-TB minus tide gauge (e), GPS buoy minus tide gauge (f).
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stalled in the Zhiwan Island was used for sea level/tide correc-
tion, and the GPS reference station was used to set the datum of
the kinematic GPS solutions (GPS-TB and GPS buoy).

The quality of the GPS data was controlled by TEQC software
developed by UNAVCO (Estey and Wier, 2014). The signal-to-
noise ratio (SNR) and the multipath (MP1/2) of the GPS satellites
were extracted from cut-off angle of 10°–35° with interval of 0.5°
(Fig. 7), in order to acquire high quality GPS solutions. The signi-
ficant wave height (SWH) was about 1.18 m with a period of 6.30
sec according to ECMWF during the campaign. When the GPS-
TB was towed at the wave trough, a portion of the signals reflec-
ted by the ocean wave reaches the antenna, interfering with the
direct signals, and affecting the GPS observables recorded by the
receiver. This is known as multipath and it is one of the major er-
ror sources in high-accuracy positioning (Löfgren et al., 2014). All
the measuring lines was listed in Fig. 7 except for three lines, be-
cause the quality results of the three lines showed that the MP1/2
was higher than 1 m and the SNR was lower than 100 which rep-
resented a poor data quality. These lines will not be used in the
sea surface interpolation. The SNR and MP1/2 had a large fluctu-
ation when the elevation was lower than 25° (Figs 7a–c), while the
ratio of complete to possible observations varied when the eleva-
tion was lower than 23° (Fig. 7d). All the elements of the quality
control tended to be stable with a>25° elevation.

Figure 8 shows the quality of PG10 satellite of the northern
most line in the campaign. The GPS signal was intermittent when
the elevation of the satellite was lower than 15˚. The MP1/2 con-
vergence when the elevation was higher than 19˚. Moreover, we
compared the bias of the SSH with the SWH to determine the in-
fluence of the SWH to the SSH (Fig. 8b). The SWH was determ-
ined by the formula SWH = 4σwave (Stewart, 2008; Xu et al., 2016).
The standard deviation of the waves, σ wave, was determined us-
ing both the GPS buoy and the GPS-TB in every 30 min. The rela-
tionship of the SWH and the bias of SSH is only 5.4%, which
means that the SWH do not have significant affects to the SSH in

a relatively fixed position. Though the Choke Ring antennas can
avoid the cycle slip. Sometimes the surface waves can break over
the antenna dome structure and cause a loss of the GPS signal
(Watson et al., 2003; Chen et al., 2014). This can serve as an indic-
ator of cycle slip, which means a sudden jump that occurs when a
carrier tracking loop misses a whole number of wavelengths in
carrier phase measurements. During the rover movement carrier
cycle slip has occurred, the coordinates become erroneous. The
TRACK solution of the position of the next epoch based on the
position information of the previous epoch. If the sudden jump
occurred in a relatively fixed position, the kinematic solution
could vanish quickly, and the TRACK solution will take a long
time to recalculate the accurate coordinate of the GPS-TB. In the
motion state, it was very difficult to obtain a re-convergence res-
ult when the sudden jump occurred.

According to the above analysis, the cut-off angle of the kin-
ematic was set to 25° in TRACK solutions. The GPS data of every
measuring line was calculated separately. The SSH was correc-
ted by the tide gauge data installed in the Zhiwan island to de-
termine the sea surface of the research area. The GPS-derived
SSH time series are relative to the antenna phase center, whereas
the tide gauge sea level observations are relative to the tide gauge
benchmark. As the tide gauge was placed temporary and lasted
only fifteen days. It was impossible to achieve the mean tide. The
main issue was not to determine the absolute sea surface height,
but the slope between the offshore altimetric measurements and
coastal tide gauge locations (Bonnefond et al., 2003). Therefore,
the sea surface was a relative value to a mean tide level of the fif-
teen days measurements.

Figure 9 shows the sea surface measured in March 15, 2018. A
moving average filter with period of 5 min was used to filter the
sea surface data (the red lines in Fig. 9), in order to eliminate the
influence of surface waves, high frequency noise and other sea
conditions. While there is still some sudden change in the GPS
solutions from 13:48–17:43 and 13:48–14:55 and a GPS signal loss
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Fig. 7.     Quality control of the GPS-TB data. The y-axis was the MP1 (a), MP2 (b), SNR (c) and the ratio of complete to possible
observations (d) of all the measuring lines.
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from 22:56–23:01. Taking an enormous result of about 4 and 1 h,
the TRACK solutions take a relatively longer time to obtain the re-
coverage solution compared with the relatively fixed solutions in
Section 3.1. The RMS of the TRACK solution during these peri-
ods of time was higher than 2 cm. The SWH of this time was
about 0.81–0.99 m, with a wind speed of less than 4 m/s, which
represents a relatively lower sea conditions in the campaign but
the traveling direction is opposite to the wave direction. The defi-
ciency of the GPS signals may be caused by the breaking wave
and tension on the GPS-TB. Such solution will be deleted in the
interpolation of the sea surface.

The determined sea surface was interpolated by the method
of ordinary kriging in ArcGIS 10.2 (Fig. 10). The sea surface slope
gradually rises from northwest to southeast. This slope is about
1.62 cm/km along the orbit of HY-2. In the Cal/Val campaigns,

the comparison point was usually more than 15 km offshore. This
may cause a sea surface difference of about 24.30 cm. Therefore,
this research will improve the Cal/Val bias of the altimeters.

4  Error analysis

4.1  Error budget
Table 4 summarized the error sources of the GPS-TB and GPS

buoy height estimates as well as the final precision. In this cam-
paign, the vertical uncertainty of the GPS reference station was
estimated to be 4.5 mm, which was a standard bias of the daily
solutions (Table 1). The <2 mm error of GPS antenna phase cen-

Table 4.   Error budget of the process of GPS kinematic solution
(unit: cm)

Error source GPS-TB and GPS buoy

GPS reference stations 0.45

GPS antenna phase center <0.2

Kinematic solution error 3.6

Tide corrections 1.98

Totalerror1) 4.14
          Note: 1) Total error calculated from the above independent er-
rors according to Wu and Zhang (2010).
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Fig. 9.   Sea surface measured by GPS-TB. The sea surface data
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which was consistent with the situation appearing in Fig. 6. The
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ter was achieved by the phase center variation tables mentioned
in Section 2.1. We evaluate the kinematic error of 1 cm+1 ppm
(part per million). The error increased with the increase of dis-
tance between the GPS reference station and the GPS-TB/GPS
buoy. The largest distance was 26 km, which may lead to the
largest error of 3.6 cm. The tidal correction was influenced by the
distance between the tide gauge and the location of the GPS-TB.
The tidal error of the largest distance was 1.98 cm as mentioned
in Section 3.1. All these errors were considered to be independ-
ent. And the total error estimated in this campaign was 4.14 cm
according to Wu and Zhang (2010).

A check line was devised in this campaign and lasted about 5 h
(Fig. 1). Every measuring interpolated point was compared with
its nearest checking points (Fig. 11). The total bias was –1.4 cm
with a standard bias of 1.6 cm. The distance between the GPS-TB
and the reference station plays an important role in the precision
of kinematic solutions. We used a distance interval of 0.5 km to
calculate the average bias of each interval (blue circles connec-
ted by wires in Fig. 11). The bias was less than 1 cm when the dis-
tance was shorter than 3 km. These data were received on the
northwest of Zhiwan Island. The sea state was calm in this area,
with a SWH of about 0.62 m (ECMWF). While the bias varied from
1.5–4.0 cm when the SWH was 1.05 m on the south of Zhiwan
Island corresponding to the distance of larger than 4 km. The
check line navigated at least twice in the distance of 16–27 km.
The variance was large when sailing against the waves with a bi-
as of –2.44 cm and standard bias of 1.85 cm (light blue dots
in Fig. 11). The wave and tension on the tether did not allow the
GPS-TB to rise over the wave, rather the buoy breaks through the
wash on the crest of the wave-front. This caused complete loss of
GPS tracking. However,  the change was small  when the
ship/GPS-TB was driving along the waves, and the bias was –1.49
cm with a standard bias of only 0.72 cm (green dots in Fig. 11). It
was impossible to quantify the affection of the waves in this cam-
paign and would be our future work. To summarize, the kinemat-
ic GPS solution was affected by the wave. Watson et al. (2011) had
designed a GPS buoy with the antenna reference point 0.810 m
above the mean water level, which we could refer to improve the
GPS-TB.
 

4.2  Sea surface comparison
The sea surface measured by the GPS-TB was compared with

CNES_CLS11 MSS. CNES_CLS11 MSS was computed from 16
years of seven satellite altimeter data (T/P, ERS-1 GM, ERS-2,
Jason-1, T/P interleaved mission, GFO, and Envisat). The regard-
ing differences between CNES CLS11 MSS and DTU10 MSS was
below a value close to 2 cm globally (Schaeffer et al., 2012). The
error in the research area was only (1.22±0.23) cm extracted from
the error estimation of CNES_CLS11 MSS. The footprint of T/P,
Jason-1/2/3, Envisat altimeters was not far from the research area
(less than 20 km, see Fig.1), which caused a high accuracy of the
MSS models. This model was also used in IGDR products of HY-2
altimeter.

A relative value has been determined by a comparison of the
measured sea surface and the CNES_CLS11 MSS (Fig. 12). The
relative value was mainly –5–5 cm. The standard bias of the relat-
ive value was 1.64 cm compared with the global MSS. Distribu-
tion of the relative value deviation is not uniform. This value is
very small in the north of Zhiwan Island, as the distance from the
reference station to the GPS-TB was very short and the precision
was relatively high. The solution in Section 3.1 was also included
in the determination of the sea surface. But the relative value in-
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Fig. 11.     The error of interpolated sea surface checked by the
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resented the data averaged by distance interval of 0.5 km. The
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waves.
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creased on the south of Zhiwan Island (about 1 km). This may be
caused by the insufficient data for the interpolation, because the
ship must keep a distance of at least 300 m away from the Island
to ensure the security. The relative value was between ±3 cm
when the distance was 3.5–26.0 km south of Zhiwan Island.
This value varied a lot at the southernmost end of the research
area. This mainly caused by the large distance from the reference
station.

It should be noted that the measured sea surface in our re-
search was determined from the GPS-TB in about 13 days, and
did not consider the annual and seasonal changes. Moreover,
time variation of these values may be significant due to El Niño or
Kuroshio (Pei et al., 2015; Zhang et al., 2015). It was impossible to
achieve the local mean sea surface using this technology. The
MSS was also influenced by other factors such as the atmosphere
pressure, mean dynamic topography, sea surface wind et al. The
campaign in this paper need to be done several times, and the
accuracy of the local MSS may improve a lot when the HY-2 alti-
meter data participated in the processing.

5  Conclusion and discussion
The main purpose of this campaign was to measure the sea

surface of Zhiwan Island, and to make a geodetic relationship
between the in-situ SSH measurements and the footprint of HY-2
altimeters. The bias observed between the GPS-TB, GPS buoy
and tide gauge measurements showed good agreements with
each other in relatively fixed positions. This demonstrated that
the GPS-TB had a high accuracy in the SSH measurements.
About fifteen days of measurements have permitted us to cover a
surface of more than 100 km2 with a precision of about 4.14 cm
near Zhiwan Island with the support of the GPS reference station
and a tide gauge. The slope of the sea surface is about 1.62 cm/km
along the HY-2 orbit. The best cut-off angle should be set at 25° in
case of the multipath effect and the influence of the wave. Using
the check line, we estimated a mean internal agreement on the
SSH measurements of –1.5–4.0 cm (with a total standard devi-
ation of 0.2–2.4 cm).

This sea surface will be used in the Cal/Val of altimeters.
There are mainly two methods in the determination of the SSH
which will be compared with the altimeters, using tide gauge and
GPS buoys. A tide gauge usually placed on the land/island. There
exists a geoid difference between the tide gauge and the alti-
meter footprints. So the MSS which combined of the geoid and
mean dynamic topography (MDT) is a must in the determina-
tion of the SSH at the footprints of the altimeters. When using a
GPS buoy, the tethered equipment cannot be right at the alti-
meter measurement points. A distance of 1 km will cause a sea
surface difference of about 1.62 cm as mentioned above, which is
a big error for the Cal/Val of altimeters. We can overcome this de-
fect by using the sea surface measured in this campaign. The sea
surface determined by this campaign is not sufficient, as it has
seasonal and annual changes. The accuracy of altimeter Cal/Val
is not sufficient when using a fifteen-days’ of tide measurements.
Other factors must be taken into consideration, for instance, cur-
rents, wind setup, atmospheric pressure et al. The MSS of this
area will be determined by the combination of long-term alti-
meter data, tide gauge data, GPS buoy/GPS-TB measuring data.
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