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  Abstract            GPS buoy methodology is one of the main calibration methodologies for altimeter sea surface 
height calibration. This study introduces the results of the Qinglan calibration campaign for the HY-2A and 
Jason-2 altimeters. It took place in two time slices; one was from August to September 2014, and the other 
was in July 2015. One GPS buoy and two GPS reference stations were used in this campaign. The GPS 
data were processed using the real-time kinematic (RTK) technique. The fi nal error budget estimate when 
measuring the sea surface height (SSH) with a GPS buoy was better than 3.5 cm. Using the GPS buoy, the 
altimeter bias estimate was about -2.3 cm for the Jason-2 Geophysical Data Record (GDR) Version ‘D’ and 
from -53.5 cm to -75.6 cm for the HY-2A Interim Geophysical Data Record (IGDR). The bias estimates for 
Jason-2 GDR-D are similar to the estimates from dedicated calibration sites such as the Harvest Platform, 
the Crete Site and the Bass Strait site. The bias estimates for HY-2A IGDR agree well with the results from 
the Crete calibration site. The results for the HY-2A altimeter bias estimated by the GPS buoy were verifi ed 
by cross-calibration, and they agreed well with the results from the global analysis method.  

  Keyword : HY-2A altimeter; calibration; GPS buoy; sea surface height; Jason-2 altimeter  

 1 INTRODUCTION 

 The TOPEX/Poseidon (T/P), ERS-1/2, Jason-1/2, 
Envisat, HY-2A and Jason-3 altimeters have been 
providing continuous sea surface height (SSH) 
measurements for more than 20 years. Altimeter data 
are widely applied in oceanography, geodesy and 
geophysics (Fu and Cazenave, 2001; Fang, 2003; 
Chen, 2010). The most important application of 
altimeters is in the accurate monitoring of sea-level 
variations, which requires a precise determination of 
the error budget of the altimeter measurements 
(Frappart et al., 2015), and their wide application is 
based on their high accuracy. Since the T/P altimeter 
was launched, the measurement accuracy of 
successive altimeters is better than 3 cm, an absolute 
benefi t of the on-orbit calibration methodology. 

 On-orbit calibration of the altimeter missions can 
improve the measurement accuracy of the altimeter 
sea surface height (SSH) and allow calibration of the 
SSH bias, which may increase over time. Altimeter 
SSH calibration is used to compare the SSH measured 

by altimetry with an independent measurement from 
the ground truth (Cancet et al., 2013). The two most 
used calibration methodologies for altimeter SSH 
calibration are the tide gauge and the GPS buoy. 
Altimetry SSH calibrations are usually performed 
under the altimeter ground track using a tide gauge or 
GPS measurements at permanent calibration sites 
(Bonnefond et al., 2003a, b, 2013, 2015; Watson et 
al., 2003, 2011, 2016; Haines et al., 2010, 2016; 
Mertikas et al., 2010, 2016a, b). The GPS buoy 
method can give a direct sea level measurement at the 
altimeter nadir point in the same reference frame as 
the altimeter SSH, which does not require any 
modeling of the geoid or tidal error (Cancet et al., 
2013). The GPS buoy method that was used in this 
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study is therefore a purely geometric relationship and 
only relies on periodic GPS buoy deployment. 

 The GPS buoy enables the measurement of sea 
level in the same absolute reference frame as the 
altimeter on an epoch-by-epoch basis. The GPS buoy 
consists quite simply of a fl oating platform equipped 
with GPS instrumentation, including a GPS receiver 
and a GPS antenna. Exertier et al. (2000) designed a 
GPS buoy and used it to calibrate the T/P altimeter. 
Compared with the tide gauge, the diff erence in the 
calibration result with a GPS buoy was only 1 cm. 
Using a GPS buoy, Cheng et al. (2001, 2010) 
calibrated the T/P, Jason-1 and Jason-2 altimeters in 
Lake Erie, and their results agreed well with the 
results from the dedicated calibration sites; Bonnefond 
et al. (2003a, b) designed GPS buoys and used them 
to calibrate the SSH of the T/P and Jason-1 altimeters 
at the Corsica calibration site; the bias from the GPS 
buoy for T/P (ALT-B) was 0.78±1.01 cm, and the bias 
from the GPS buoy for Jason-1 (POSEIDON-2) was 
10.04±1.60 cm. Watson et al. (2003, 2011, 2016) 
designed MK-II and MK-III style GPS buoys and 
used them to estimate the absolute bias of T/P, Jason-1 
and Jason-2 at the Bass Strait calibration site, and 
their bias values (for T/P was -1.0±1.9 cm; for Jason-1 
GDR-C was 10.46±0.48 cm; for Jason-2 GDR-T was 
-16.97±0.36 cm) were equivalent to other 
determinations from the dedicated National 
Aeronautics and Space Administration (NASA) and 
France Centre National d’Études Spatiales (CNES) 
calibration sites. Martinez-Benjamin et al. (2004) also 
used a GPS buoy to calibrate the T/P and Jason-1 
altimeters; Zhai et al. (2012) introduced the principle 
and the method of the GPS buoy for use in altimeter 
calibration, focusing on the advantages of the GPS 
buoy calibration method and GPS in resolving 
technical diffi  culties in the satellite altimeter 
calibration campaigns. Chen et al. (2014) introduced 
a design for a GPS buoy and assessed its accuracy by 
numerical simulation and use of a tide gauge. 

 The HY-2A satellite was successfully launched on 
16 August 2011 and the data, which were archived, is 
delivered by the National Satellite Ocean Application 
Center (NSOAS) of the Ministry of Natural Resources 
of the People’s Republic of China. Four microwave 
instruments were carried into space for observing 
ocean dynamic environment parameters such as 
signifi cant wave height, sea surface wind and SSH on 
a global scale (Jiang et al., 2012). The HY-2A satellite 
altimeter is an important instrument which can 
provide SSH on a global scale, and its calibration 

plays a key role in the application of HY-2A SSH 
data. Peng et al. (2015) used one cycle (cycle 44) of 
HY-2A IGDR data to calculate the global crossover 
SSH diff erences, and obtained a standard deviation of 
7.48 cm. Yang et al. (2016) used the HY-2A IGDR 
data from cycle 18 to cycle 23 to calculate the 
crossover diff erences between HY-2A and Jason-2, 
and obtained a standard deviation of 7.0 cm. Jiang et 
al. (2018) used the cross-calibration analysis method 
to evaluate the reprocessed HY-2A altimeter data 
against Jason-2. The data was evaluated to be of good 
quality and to have a low noise level compared with 
Jason-2.  

 Many previous studies have used the cross-
calibration method to evaluate the precision of HY-
2A altimeter SSH. However, there are little absolute 
calibration results for HY-2A altimeter SSH, besides 
the Crete calibration site (Mertikas et al. (2016b)). In 
this study, we carried out absolute calibration 
experiments for the HY-2A altimeter and Jason-2 
SSH, conducted from August 2014 to July 2015. 
Section 2 introduces the calibration site, the calibration 
method and calibration instrumentation, followed by 
a discussion of the GPS data and altimeter data 
processing strategies. Section 3 discusses the data 
used and data processing. Section 4 presents the 
absolute calibration results for Jason-2 and HY-2A 
SSH. The error in HY-2A SSH is verifi ed against the 
results from the Crete calibration site and the results 
of the cross-calibration method are presented. Section 
5 presents our conclusions. 

 2 CALIBRATION METHODOLOGY 

 2.1 Calibration site 

 The calibration methodology for the South China 
Sea (SCS) involved the deployment of GPS buoys at 
chosen comparison points along the altimeter ground 
track. The absolute comparison points in the SCS 
were located approximately 26 km east of Qinglan 
Port in Hai Nan Province along the descending 
altimeter ground track of Jason-2, and along the 
ascending altimeter ground track of the HY-2A 
altimeter. Selection of the off shore comparison point 
needs to take into account the GPS data resolution 
accuracy and the distance between the altimeter 
footprint and land. Thus, point selection is a 
compromise between minimizing the baseline lengths 
for GPS buoy processing and maximizing the distance 
from land to validate the altimeter SSH. Taking into 
account the size of the altimeter footprint and the 
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local geoid slope, the GPS buoys were deployed 
within 200 m of the nominal position of the 
comparison point. 

 The crossover point of the HY-2A altimeter and 
Jason-2 is located approximately 40 km east of 
Qinglan Port of Hai Nan Province, which may be too 
far to set up a GPS reference station, so a GPS buoy 
was not deployed at the crossover point of the HY-2A 
altimeter and Jason-2. Two comparison point were 
selected, with a rectilinear distance between them of 
approximately 4 km. To support the GPS buoy 
deployments, a GPS station was established at 
Qinglan Port. The Qinglan calibration points are 
shown in Fig.1. 

 2.2 Calibration methodology 

 The calibration methodology was the same as used 
at the Bass Strait (Watson et al., 2003), which was 
centered on the estimation of the SSH at the chosen 
comparison point using a GPS buoy. It consisted of 
the determination of the absolute altimeter bias, which 
required simultaneous measurements of the SSH by 
the GPS buoy and by the altimeter in the same 
terrestrial reference frame at the exact comparison 
point. In the most simplifi ed form, the absolute 
altimeter SSH bias (Bias Alt ) is given by: 

 Bias Alt =SSH Alt –SSH Buoy , (1) 
 where SSH Alt  and SSH Buoy  are the SSH estimated from 
the altimeter and GPS buoy measurements. The SSH 
from the altimeter is given by Crétaux et al. (2011): 

 SSH Alt = h  Alt –corrected range–tide Corr , (2) 
 where  h  Alt  is the height of the satellite above the 
reference ellipsoid calculated using a precise orbit 

determination technique. 
 The corrected range is the nadir altimeter range ( R ) 

from the satellite to the sea surface, which needs to 
take into account both the propagation corrections 
caused by delays due to the attenuation of 
electromagnetic waves in the atmosphere and 
geophysical corrections applied to the range. 

 Corrected range= R +Δ R  wet +Δ R  dry +Δ R  ion +SSB,      (3) 
 where Δ R  wet  is the wet troposphere correction, which 
is the range delay caused by water vapor and cloud 
liquid water in the troposphere; Δ R  dry  is the dry 
troposphere correction, which is the range delay due 
to the dry gas component of the troposphere; Δ R  ion  is 
the atmospheric refraction range delay due to the free 
electron content associated with the dielectric 
properties of the ionosphere and SSB is the sea state 
bias due to the sea-state eff ects. 

 Tide Corr =Δ R  solid_earth +Δ R  pole_tide +Δ R  ocean_loading ,    (4) 
 where Δ R  solid_earth , Δ R  pole_tide    and Δ R  ocean_loading  are 
corrections respectively accounting for crustal 
motions due to the solid earth, polar tides and ocean 
load tides, which are implicitly corrected for in the 
GPS solution for the SSH using the TRACK software 
(Herring, 2002). This means that our GPS SSH only 
revealed sea fl uctuations (ocean tide) and none of the 
crustal motions that are recorded by the satellite. 

 SSH Buoy = h  RefGPS+ d h  RefGPS   to   buoy +d h  Refbuoy   to alt ,                 (5) 
 where SSH Buoy  is the reference ellipsoidal height of 
the GPS buoy relative to International Terrestrial 
Reference Frame 2008 (ITRF2008) and SSH Buoy  is 
calculated relative to the ellipsoidal height of the GPS 
reference station ( h  RefGPS ), for which the GPS relative 
change in the ellipsoidal height to the buoy 
(d h  RefGPS   to buoy ) needs to be used. SSH Buoy    and SSH Alt   
 used the same reference frame (ITRF2008), but 
diff erent reference ellipsoid parameters. These need 
to be changed to the same reference ellipsoid using 
d h  Refbuoy   to alt.  

 2.3 Instrumentation 

 2.3.1 GPS buoy 

 The dedicated GPS buoy shown in Fig.2 was 
designed for altimeter SSH calibration. The accuracy 
of this GPS Buoy in measuring the SSH has been 
assessed, and further details are given in Chen et al. 
(2014). In this paper, we only summarize the 
evaluation method and the results.  

 First, a hydrodynamics numerical simulation 
model of the buoy was used to assess the eff ect of the 
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 Note the location of the GPS Reference Station and collocated GPS buoys. 
The selected absolute comparison point for Jason-2 is shown with a blue 
cross on descending pass 114, and the HY-2A altimeter is shown with a red 
cross on descending pass 0093.  Red dots are the HY-2A altimeter ground 
points, black dots are Jason-2 altimeter ground points.
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roll angle and the heave rate of the buoy on the wave 
periods (see Fig.3 in Chen et al. (2014)). Next, four 
in-situ accuracy testing experiments were carried out 
and the results showed an error of 0.55 cm RMS, 
indicating that the GPS buoy could be used for 
altimeter SSH calibration. 

 The distance between the GPS buoy and the GPS 
reference station to evaluate the accuracy of the GPS 
buoy is a compromise, which needs to take into 
account both the GPS solution accuracy (shorter 
distance) and altimeter measurement validity (longer 
distance). A distance of 36 km was chosen (more 
details are given in Chen et al. (2014)). The error 
budget for the GPS buoy for sea level measurement is 
shown in Table 1. Estimates for the GPS reference 
station analysis and GPS kinematic analysis have 
already been discussed (Chen et al., 2014). How the 
uncertainty of the GPS position is related to the GPS 
buoy antenna height measurement and the phase 
center variation (PCV) of the antenna have also been 
discussed (line 2 in Table1). The eff ect of the antenna 
dome is taken into account in the GPS solution. The 
static solutions can be determined within several 
millimeters after longer integrating time. Using the 

36-km GPS reference station, the fi nal error estimate 
for the SSH measured by the GPS buoy was better 
than 3.5 cm RMS. The precision for GPS buoy 
measuring SSH can be further improved if more 
reference stations are used. 

 2.3.2 GPS reference stations 

 The GPS reference station in the Qinglan Port 
calibration area was a continuously-operating receiver 
mounted on a tripod and positioned at Qinglan Port 
during our experiment (Fig.3). The GPS hardware 
included a Trimble PRO XRT 852 receiver from 
Trimble Inc., Sunnyvale, CA, USA, a Trimble 59800 
choke ring antenna and an antenna dome. Data were 
logged on-site at 1-s intervals.  

 The GPS reference station logged at 1-s intervals 
for the whole day to support kinematic GPS 
processing. Another GPS station, also logging at 1-s 
intervals, was used as backup for approximately 12 h 
either side of the altimeter overfl ight time. 

 3 DATA PROCESSING 

 3.1 GPS Processing  

 GPS processing for the altimeter calibration 
included two main steps. Firstly, the positions of the 
GPS reference stations were resolved in a global 
terrestrial reference frame (ITRF2008) and then 
transferred to the HY-2A and Jason-2 reference frame. 
This fi rst step ensured that the SSH data measured by 
the GPS buoy had the same reference frame as the 
SSH from the altimeters. The second step used the 
RTK technique to acquire the sea level of the GPS 
buoys on a continuous basis during GPS buoy 
deployment at the altimeter nadir point. 

 A. IGS reference station analysis 
 The absolute positions of the reference stations 

were calculated using GAMIT (King and Bock, 

 Fig.2 Dedicated GPS buoy 
 Note the approximate water level, positioning the antenna reference point 
(ARP) approximately 87 mm above the mean water level. 

 Table 1 Error budget for GPS buoy measurement 

 Error source Error  (cm) 

 GPS reference station    

 Static solution  <1.5 

 PCV of the antenna  0.2 

 GPS buoy   

 Kinematic solution (36 km)  <3.1 

 PCV of the antenna  0.2 

 Antenna height to water level  <0.1 

 GPS total  <3.5 

 Fig.3 The continuously-operating GPS station 
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2010), which was developed by the Massachusetts 
Institute of Technology. Quality control for the GPS 
reference station data used the TEQC software (Estey 
and Wier, 2013). The sample interval for the reference 
station data was 1 s, while the sample interval for the 
International GPS Service (IGS) data was 30 s; thus, 
the reference station data needed resampling from 1 s 
to 30 s before resolving the absolute positions of the 
reference stations.  

 From the 300 permanent IGS stations across the 
globe, the following 26 stations were chosen as GPS 
reference stations for the statics data solution: Aira, 
ccj2, chan, chum, cnmr, cusv, daej, hyde, iisc, irkm, 
lhaz, mago, mcil, mizu, nril, nvsk, pbri, pets, pimo, 
stk2, twtf, ulab, urum, usud, yakt and yssk. 

 B. Kinematic analysis 
 After resolving the absolute positions of the GPS 

reference stations, RTK kinematic processing 
techniques using the TRACK software developed at 
MIT (Herring, 2002) were used to acquire the sea 
level of the GPS buoys during GPS buoy deployment 
at the altimeter nadir point. The TRACK software is a 
kinematic GPS positioning program, initially 
developed for airborne laser altimetry applications 
and now commonly used for GPS resolution. 

 3.2 Altimetry processing  

 For the HY-2A altimeter, 1-Hz data from the IGDR 
data fi les were adopted (as indicated in Table 2, 
row 2). 

 For Jason-2, the most recent version of the Jason-2 
GDR fi les was used (as indicated in Table 2, row 2). 
Some corrections from the altimeter product were 
also used. The following corrections were applied: 
dry troposphere and wet troposphere corrections, sea-
state bias and ionosphere corrections. 

 4 HY-2A/JASON-2 SSH CALIBRATION 

 4.1 Absolute calibration of Jason-2 by the GPS 
buoy 

 After evaluating the accuracy of the GPS buoys, 
the absolute calibration experiments were launched 
for the Jason-2 and HY-2A altimeters in the SCS (as 
shown in Fig.1). The Jason-2 calibration experiment 
was successfully launched on 20 June 2008 as a 
continuation of the TOPEX/Poseidon and Jason-1 
altimeter missions, in cooperation with CNES, the 
European Organisation for the Exploitation of 
Meteorological Satellites (EUMETSAT), NASA, and 
the National Oceanic and Atmospheric Administration 
(NOAA). In this study, the Jason-2 SSH data were 
Level 2 geophysical data records (GDR) D vision 
products distributed by CNES-AVISO. The Jason-2 
SSH has undergone absolute calibration at an 
operational calibration site for almost ten years. There 
were two Jason-2 calibration experiments in this 
study, as shown in Table 3. Before using Eqs.1–5 to 
calculate the error, the main altimeter range correction 
terms were processed as shown in Figs.4–6. A linear 
fi t could not be processed for the wet troposphere 
correction because of the big variation at the time of 
closest approach (TCA). Instead, the ECMWF wet 
troposphere was used. 

 Jason-2 overflew the GPS buoy position on 5 
August 2014 and 18 July 2015 in the SCS. The ground 
track of the Jason-2 altimeter is designed to exactly 
return within 1 km of a nominal position (OSTM, 
2017), which may have resulted in the deploying 
position of the GPS buoy not being exactly on the 
ground track of the Jason-2 altimeter. The geoid 
diff erence between these two positions (GPS buoy 
and altimeter) can be calculated from Eq.1. The 
absolute altimeter SSH bias (Bias Alt ) is given by:  

 Bias Alt =SSH Alt –SSH buoy –ΔGeoid.       (6) 
 The negative sign indicates when the SSH 

measured by the altimeter is too low. Using Eqs.1–6 
and the main altimeter range correction terms shown 

 Table 2 Sources of the main altimetry parameters 

 Parameter  HY-2A  Jason-2 

 Institution  NSOAS  CNES 

 Vision  IGDR  GDR-D 

 Ionosphere correction  HY-2A  Poseidon-3 

 Wet troposphere correction  CMR  AMR 

 Dry troposphere correction  NECP  ECMWF 

 Solid earth tide  Cartwright and 
Tayler model 

 Cartwright and 
Tayler model 

 Pole tide  Wahr 1985 model  Wahr 1985 model 

 Ocean load tide  GOT00.2  GOT4.8 

 Geoid  EGM2008  EGM2008 

 Table 3 Jason-2 SSH calibration results using GPS buoy 

 Parameter  20140805  20150718 

 Satellite  Jason-2  Jason-2 

 Longitude (°E)  111.053 3  111.020 0 

 Latitude (°N)  19.420 4  19.501 1 

 ΔGeoid (cm)  -7.9  -9.5 

 Bias (cm)  -1.7  -2.8 
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in Figs.4–6 gave the results shown in Table 3 for the 
Jason-2 SSH calibration in the SCS. The mean bias 
was -2.3 cm, which is in good agreement with the 

estimates computed by other altimeter calibration 
groups at the Harvest calibration site (see Haines et 
al., 2016), the Corsica calibration site (see Bonnefond 
et al., 2016) and the Bass Strait calibration site (see 
Watson et al., 2016). 

 4.2 Absolute calibration of HY-2A by the GPS buoy 

 The HY-2A altimeter overflew the GPS buoy four 
time in the SCS (as shown in Fig.1) and the results are 
shown in Table 4. Before using Eqs.1–5 to calculate 
the HY-2A SSH bias, the main altimeter range 
correction terms were processed using the same 
method as for Jason-2 (see Section 3); the absolute 
bias was calculated from Eq.6. 

 For the HY-2A altimeter, the bias on the SSH in 
Qinglan varied from -53.5 cm to -75.6 cm, which was 
signifi cantly bigger than for Jason-2. Cross-calibration 
for the HY-2A SSH was carried out using the Jason-2 
SSH data as the “true data”. Before using the altimeter 
data, they were fi ltered using the data fi lter criteria 
shown in Table 5. 

 Almost two years of HY-2A IGDR data (cycle 52 
to cycle 102, from September 2013 to August 2015) 
were used here. For cross-calibration, the HY-2A Ku 
band SSH data and the Jason-2 data were collected 
for comparison. The orbit inclination angle of Jason-2 
is 66.04°, while the orbit inclination angle of HY-2A 
is 99.34°, so all comparisons are located from 66°N to 
66°S. Almost two years of Jason-2 GDR data from 

 Table 4 HY-2A SSH calibration results using the GPS buoy 

 Parameter  20140805  20140819  20140902  20150721 

 Satellite  HY-2A  HY-2A  HY-2A  HY-2A 

 Longitude (°E)  111.089 2  111.088 4  111.075 6  111.082 7 

 Latitude (°N)  19.463 6  19.444 1  19.464 4  19.485 3 

 ΔGeoid (cm)  -5.5  7.0  -5.8  -8.3 

 Bias (cm)  -53.5  -69.1  -64.9  -75.6 

 Table 5 Altimeter data fi lter criteria 

 Parameter  Validity condition 

 Latitude  -66°S≤ x ≤66°N 

 Range_numval_ku  10≤ x  

 Range_rms_ku  0≤ x  (cm)≤20  

 Altitude-range_ku  -130≤ x  (m)≤100  

 Model_dry_tropo_corr  -2.5≤ x  (m)≤-1.9  

 Rad_wet_tropo_corr  -50≤ x  (cm)≤-0.1  

 Iono_corr_alt_ku  -40≤ x  (cm)≤4  

 Sea_state_bias_ku  -50≤ x  (cm)≤0  

 Bathymetry   x ≤-1 000 m  
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 Fig.4 Ionosphere correction process method: mean over 
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cycle 192 to cycle 263 were collected, covering 
almost the same time span as for the HY-2A data 
described above. Data from both HY-2A and Jason-2 
were used for the Ku band SSH measurements. 

 For the HY-2A and Jason-2 altimeter cross 
comparisons, pairs of altimeter data were selected for 
a time window of 0.5 h and a spatial window of 5 km 
to fi lter out time and spatial variability eff ects 
(accounting for the geoid slope). The cross-calibration 
results were calculated using one altimeter cycle as 
the statistical period (as shown in Fig.7). The bias of 
the HY-2A SSH (blue line marked with “ × ” in Fig.7) 
shows a negative trend and the RMS shows a positive 
trend. The black dots (Fig.7) show the bias of the HY-
2A SSH versus the GPS buoy SSH, which agree with 
the cross-calibration results. The standard deviations 
(STD) of the cross-calibrations in every cycle (green 
line) are stable, which means the HY-2A SSH is 
steady with an increase in the bias. This verifi es the 
HY-2A altimeter absolute calibration results for the 
GPS buoy shown in Table 4. The reason for the 
negative trend in the HY-2A SSH bias may be due to 
the time tag of the HY-2A altimeter; further analysis 
will be carried out.  

 The calibration group in Crete has also cross 
calibrated the HY-2A SSH with the Jason-2 SSH from 
cycle 54 to cycle 62 of the HY-2A altimeter (Mertikas 
et al., 2016b). The results from the Crete calibration 
site show that, from cycle 54 to cycle 62, the mean 
bias is -27.6±2.7 cm against Jason-2 (Mertikas et al., 

2016b). In this study, the mean bias in the cross-
calibration of HY-2A was -25.5±6.2 cm (blue line 
marked with “ × ” in Fig.7) which is in good agreement 
with the results from the Crete calibration site. 

 5 SUMMARY AND CONCLUSION 
 We assessed the accuracy of SSH measurements 

using a GPS buoy. The fi nal error budget estimate for 
the GPS buoy measuring the SSH was almost 3.5 cm. 
The assessment verifi ed that a GPS buoy can be used 
in altimeter SSH calibration. 

 Estimate of the absolute bias derived from the GPS 
buoy was -2.3 cm for Jason-2 and -53.5 cm to -75.6 cm 
for HY-2A. Cross-calibration of the HY-2A altimeter 
and Jason-2 in the Qinglan coastal area showed that 
the bias in the HY-2A SSH against the GPS buoy’s 
SSH is in agreement with the cross-calibration results. 

 Although the absolute bias for the HY-2A and 
Jason-2 estimates from this campaign were determined 
from a small sample, the results also substantiate the 
success of the GPS buoy design and the data 
processing method used in the HY-2A and Jason-2 
altimeter SSH calibration experiments. We need more 
in-situ calibration experiments to calibrate the HY-2A 
SSH. A combined analysis of the GPS buoy, its 
mooring and tide gauge data will provide a more 
reliable set of results. Together, the GPS buoy, its 
oceanographic mooring and tide gauge measurements 
can provide a unique set of tools for determining the 
HY-2A altimeter bias and bias drift. 
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 Fig.7 Results of cross-calibration of HY-2A SSH with Jason-2 SSH and absolute calibration of HY-2A SSH with the GPS 
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 6 DATA AVAILABILITY STATEMENT 

 The HY-2A altimeter IGDR data that support the 
fi ndings of this study are available on request from the 
National Satellite Ocean Application Service 
(NSOAS); they were used under license for the current 
study and are not publicly available. However, data are 
available from the authors upon reasonable request and 
with the permission of NSOAS. Jason-2 GDR-D data 
were produced and distributed by Aviso+ (https://www.
aviso.altimetry.fr/) as part of the SSALTO ground 
processing segment. GPS Buoy data are available on 
request from the corresponding author. The GPS buoy 
data have not been made publicly available at the 
request of the organizations that funded this study. 
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