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Determination of global
mean sea surface WHU2000
using multi-satellite altimet-
ric data

JIANG Weiping, LI Jiancheng & WANG Zhengtao

School of Geodesy and Geophysicals, Wuhan University, Wuhan 430079,

China (e-mail: wpjiang@wtusm.edu.cn)

Abstract In this study, the overall editing criteria for
altimetric data are considered and the geophysical correction
models is improved. The datum for various altimetric data is
also unified and the method of a full-combined crossover
adjustment for different altimetric tracks is used to improve
the radial orbits of Geosat, ERS-1 and ERS-2 data. In addi-
tion, the method for determining mean sea surface (MSS) by
using multi-altimetric data is developed. The data used to
compute WHU2000 MSS include 7-year Topex/Poseidon data
(cycles 11—249), 2-year Geosat ERM data (cycles 1—44), 5-
vear ERS2 data (cycles 1—352) and all ERS-1 168-day data.
The WHU2000 MSS is determined with a grid resolution of
2'x2’ within the £ 82° latitude and its precision is better
than 0.05 m. Comparing WHU 2000MSS with 3.75’ x 3.75'
CLS_SHOMY8.2 MSS, 3'x3’' GFZ MSS95A and 3.75' x 3.7%
OSU MSSY5, as external checks, the corresponding  stan-
dard deviation (STD) of their differences is 0.090 m, 0.211 m
and 0.079 m respectively.

Keywords: altimetry, mean sea surface, crossover adjustment.

The determination of mean sea surlace (MSS) is an
important scientific problem in the fields of geoscience
and environment science nowadays. MSS referenced to an
earth ellipsoid contains the information of geoid and sea
surface lopography (SST), thus it is widely used in geoid
determination and in the study of sea surface temporal
variability, crust movement, ocean circulation, etc.
Satellite altimetry is a technique of space geodesy
developed in the 1970s with the high techniques of space,
electronics and microwave to measure the global sea
surface heights (SSHs). Since satellite altimetry can pro-
vide highly repeated obscrvations of the sca surface height
on all days and weather, it has been extended to the
multi-applied fields of geoscience instead of the initial
single purpose of determining sea geoid figure". Since
1973, 10 satellites with 11 altimeters have been launched

which are Skylab, Geos-3, Seasat, Geosat, ERS-1, ERS-2,
Topex/Poseidon (T/P) GFO, Jason-1 and Enisat. Millions
of altimetric measurements have been acquired which
provide plenty of information for the investigation of
global sca level changes, the carth gravity ficld, subma-
rine topography, ocean lithosphere and ocean circula-
tion™ %] Some institutes abroad have released many
MSS models using these information resources, which
include OSU MSS95 in 3.75' grids”, CLS_SHOMY8.2 in
3.75' grids”, GFZ MSS95A in 3’ grids, KMS99 MSS in
375’ grids[g], etc. In China, some researchers also pre-
sented the MSS models China Sea and its adjacent
area™™. The typical models among them are the first
three ones. OSU MSS95 is a MSS with relatively high
precision developed by OSU of the United States using
Geosat, ERS-1 and T/P altimetric data, and the model is
usually taken as the reference sea surface for the altimetric
data processing of Geosat and T/P satellite, and it is
widely used in oceanography and geophysics. GFZ
MSS95A was developed by GFZ, and the last version of
this model was taken as the reference sea surface for the
data processing of ERS-1. CLS_SHOM98.2 MSS was
presented by CLS of France using multi-altimeteric data
and its ultimate aim is to provide a reference sea surface
for the altimetric data of Jason-1 and Envisat”, the first of
which was launched on December 7, 2001 and the second
one on February 28, 2002. The development trend in this
field is to combine more altimetric data for the determina-
tion of mean sea surface with higher resolution and higher
precision. There arc three main factors which continu-
ously affect the accurate description MSS, the first is the
precision of geophysical corrections and environment
models. The second is effects of orbit errors. Although T/P
has high orbit precision, the radial orbit errors of Geosat,
ERS-1 and ERS-2 still exist, which should be reduced to
improve the precision of MSS. The third is the inconsis-
lency of coordinate datums between different altimetry
satellites launched on different ages and for different mis-
sions, which were based on different reference frames
with different carth cllipsoid parameters. The efforts
should continuously be made to overcome the above un-
favorable factors for further improving the precision of
the MSS.

1 Data and pre-processing
The data used in the computation of WHU2000 MSS

is described as follows: 7-year T/P data (11 cycle—249
cycle); all the ERS-1/168 data including Phase E [rom

1) Jiang, W. P., Ph.D. Thesis, The application of satellite altimetry in geodesy (in Chinese), Wuhan University, Wuhan February 28, 2001.
2) Yi, Y. C., Determination of gridded Mead Sea Surface from Topex, ERS-1 and Geosat altimeter data, Report No. 434, Dept. Of Geodetic Sci-

ence and Surveying, The Ohio State University, Columbus, 1995.

3) Wang, H. Y., Ph. D. Thesis, Satcllite altimeter data processing and its application in China seas and vicinity (in Chinesc), Institute of Geodesy

and Geophysics, the Chinese Academy of Sciences, Wuhan, 1999.

4) Hernandez, F., schaeffer, P, Altimetric Mean Sea Surface and Gravity Anomally Maps Inter-comparisons, AVISO, Technical Report:

AVI-NT-011-5242-CLS, 2000.
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Abstract Three different environmental loading methods
are used to estimate surface displacements and correct non-
linear variations in a set of GPS weekly height time series.
Loading data are provided by (1) Global Geophysical Fluid
Center (GGFC), (2) Loading Model of Quasi-Observation
Combination Analysis software (QLM) and (3) our own daily
loading time series (we call it OMD for optimum model data).
We find that OMD has the smallest scatter in height across
the selected 233 globally distributed GPS reference stations,
GGFC has the next smallest variability, and QLM has the
largest scatter, By removing the load-induced height changes
from the GPS height time series, we are able to reduce the
scatter on 74, 64 and 41 % of the stations using the OMD
models, the GGFC model and QLM model respectively. We
demonstrate that the discrepancy between the center of earth
(CE) and the center of figure (CF) reference frames can be
ignored. The most important differences between the pre-
dicted models are caused by (1) differences in the hydrol-
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ogy data from the National Center for Atmospheric Research
(NCEP) vs. those from the Global Land Data Assimilation
System (GLDAS), (2) grid interpolation, and (3) whether
the topographic effect is removed or not. Both QLM and
GGEFC are extremely convenient tools for non-specialists to
use to calculate loading effects. Due to the limitation of NCEP
reanalysis hydrology data compared with the GLDAS model,
the GGFC dataset is much more suitable than QLM for apply-
ing environmental loading corrections to GPS height time
series. However, loading results for Greenland from GGFC
should be discarded since hydrology data from GLDAS in
this region are not accurate. The QLM model is equivalent to
OMD in Greenland and, hence, could be used as a comple-
ment to the GGFC product to model the load in this region.
We find that the predicted loading from all three models can-
not reduce the scatter of the height coordinate for some sta-
tions in Europe.

Keywords Environmental loading - GGFC - QOCA -
GPS height coordinate time series

1 Introduction

GPS coordinate time series residuals derived from a long-
term linear trend exhibit significant variation. The strong
annual signal observed at most sites is now known to be true
physical site motion driven by environmental mass redistrib-
ution (Blewitt et al. 2001; Blewitt and Lavallée 2002). How-
ever, some fraction of the annual signal (amplitude and phase)
is driven by GPS technique errors (van Dam et al. 2010; Tre-
goning et al. 2009, etc). Previous research has established the
significance of environmental loading, i.e. loading contribu-
tions due to changes in atmospheric pressure (ATML), con-
tinental water storage (CWS), and non-tidal ocean loading

@ Springer
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Abstract

Higher-order ionospheric (HOI) effects are one of the principal technique-specific error sources in precise global positioning system
(GPS) analysis. These effects also influence the non-linear characteristics of GPS coordinate time series. In this paper, we investigate these
effects on coordinate time series in terms of seasonal variations and noise amplitudes. Both power spectral techniques and maximum
likelihood estimators (MLE) are used to evaluate these effects quantitatively and qualitatively. Our results show an overall improvement
for the analysis of global sites if HOI effects are considered. We note that the noise spectral index that is used for the determination of the
optimal noise models in our analysis ranged between —1 and 0 both with and without HOI corrections, implying that the coloured noise
cannot be removed by these corrections. However, the corrections were found to have improved noise properties for global sites. After
the corrections were applied, the noise amplitudes at most sites decreased, among which the white noise amplitudes decreased remark-
ably. The white noise amplitudes of up to 81.8% of the selected sites decreased in the up component, and the flicker noise of 67.5% of the
sites decreased in the north component. Stacked periodogram results show that, no matter whether the HOI effects are considered or not,
a common fundamental period of 1.04 cycles per year (cpy), together with the expected annual and semi-annual signals, can explain all
peaks of the north and up components well. For the east component, however, reasonable results can be obtained only based on HOI
corrections. HOI corrections are useful for better detecting the periodic signals in GPS coordinate time series. Moreover, the corrections
contributed partly to the seasonal variations of the selected sites, especially for the up component. Statistically, HOI corrections reduced
more than 50% and more than 65% of the annual and semi-annual amplitudes respectively at the selected sites.
© 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Coordinate time series; Higher-order ionospheric effects; Periodic characteristics; Noise analysis

1. Introduction 1999; Nikolaidis, 2002; Penna et al., 2007; Ray et al.,
2008; Williams et al., 2004). The general features are con-

Global positioning system (GPS) coordinate time series  sidered relatively well known. Seasonal signals (defined as
are used widely to study the geophysical signals and to  annual plus semi-annual variations) are pervasive, super-

establish the international terrestrial reference frame  posed against approximately power-law backgrounds.

(ITRF). A number of investigators have studied the
characteristics of GPS coordinate time series (Mao et al.,

* Corresponding author. Tel.: +86 (0) 2768778985; fax: +86 (0)
2768778890.
E-mail addresses: wpjiang@whu.edu.cn (W. Jiang), dlseng 2000@
whu.edu.cn (L. Deng), lizhao_83@yahoo.com.cn (Z. Li), xhzhou@sgg.
whu.edu.cn (X. Zhou), hfliu@sgg.whu.edu.cn (H. Liu).

Overall, residual power declines with increasing frequency,
consistent with a flicker noise distribution plus white noise
at high frequencies. An improved understanding of the
related mechanisms that cause seasonal variations is
expected to separate signal from noise in GPS positions
better. Possible errors include both geophysical effects
(e.g., mis-modelled tides and unmodelled non-tidal loading

0273-1177/836.00 © 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Abstract Frequency division multiplexing of GLONASS
signals causes inter-frequency bias (IFB) in receiving
equipment. IFB significantly increases the difficulties of
fixing GLONASS ambiguities and limits the accuracy and
reliability of GLONASS positioning and orbit determina-
tion. Accurately estimating and calibrating IFB can effec-
tively solve such a problem. However, at present, most
methods of IFB estimation are based on zero and short
baselines, in which case it is not only difficult to realize fast
and efficient IFB estimation but also one canmot fully uti-
lize publicly available IGS and CORS data. Therefore, we
present a new method for GLONASS IFB estimation based
on long baselines. First, to weaken the influence of inter-
frequency code bias, the wide-lane ambiguities are calcu-
lated directly based on the wide-lane combinations of
observations. Then, according to the range of inter-fre-
quency phase bias (IFPB) rates, a IFPB defined as the
difference in IFPBs between adjacent frequencies, a step-
by-step search schedule is designed to remove the impacts
of IFPB on wide-lane and narrow-lane ambiguity resolu-
tion. Finally, after fixing integer wide-lane and narrow-lane
ambiguities, the IFPB rate can be estimated. An experi-
mental network is set up to verify the validity of this
method; the experiment includes the data observed for
31 days at 542 stations in Europe and North America. The
IFPB rates of 38 receiver types from nine manufacturers
are successfully determined. Experimental results show

Weiping Jiang
wpjiang @ whu.edu.cn

I (GNSS Research Center, Wuhan University, 129 Luoyu Road,
Wuhan 430079, People’s Republic of China

School of Geodesy and Geomatics, Wuhan University, 129
Luoyu Road, Wuhan 430079, People’s Republic of China

that the estimated IFPB rates for the same receiver type
stabilize within a month with a standard deviation of less
than 1.4 mn/Af (millimeters per frequency number incre-
ment, Af denotes the frequency difference of adjacent
GLONASS frequencies with frequency number increment
of 1). Generally, the difference in IFPB rates of receiver
types from the same manufacturer does not exceed
2.5 mm/Af. However, the estimated TFPB rates of Septen-
trio’s newly produced receivers, as compared with that of
the old receiver types, show a rate difference of up to
50 mm/Af. This significant difference should be considered
for practical applications.

Keywords GLONASS - Long baselines - lonospheric-free
ambiguity resolution - Inter-frequency bias

Introduction

In addition to GPS, GLONASS is currently another global
navigation satellite system (GNSS) with independent
operation and global coverage. As of March 2017, GLO-
NASS has 27 satellites in orbit, of which 24 are in opera-
tion (https://www.glonass-iac.r/en/GLONASS/). Unlike
GPS, GLONASS employs frequency division multiple
access (FDMA) technology and transmits signals on 14
frequencies (frequency number from —7 to 6), and its
antipodal satellites share the same frequency. Therefore,
individual satellites emit distinguishable signals (ICD
2008). Although FDMA will be replaced gradually with
code division multiple access technology (Revnivykh
2010), only GLONASS FDMA signals can provide con-
tinuous dual-frequency coverage over the next decade.
Frequency division multiplexing of GLONASS signals
causes inter-frequency bias (IFB) in the receiving

@ Springer
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Abstract

As BeiDou Navigation Satellite System (BDS) has been operational in the whole Asia-Pacific region, it means a new GNSS system
with a different satellite orbit structure will become available for deformation monitoring in the future. Conversely, GNSS deformation
monitoring data are always processed with a regular interval to form displacement time series for deformation analysis, where the inter-
val can neither be too long from the time perspective nor too short from the precision of determined displacements angle.

In this paper, two experimental platforms were designed, with one being at mid-latitude and another at higher latitude in China. BDS
data processing software was also developed for investigating the accuracy of continuous deformation monitoring using current in-orbit
BDS satellites. Data over 20 days at both platforms were obtained and were processed every 2, 4 and 6 h to generate 3 displacement time
series for comparison. The results show that with the current in-orbit BDS satellites, in the mid-latitude area it is easy to achieve accuracy
of 1 mm in horizontal component and 2-3 mm in vertical component; the accuracy could be further improved to approximately 1 mm in
both horizontal and vertical directions when combined BDS/GPS measurements are employed. At higher latitude, however, the results
are not as good as expected due to poor satellite geometry, even the 6 h solutions could only achieve accuracy of 4-6 and 6-10 mm in
horizontal and vertical components, respectively, which implies that it may not be applicable to very high-precision deformation mon-
itoring at high latitude using the current BDS. With the integration of BDS and GPS observations, however, in 4-h session, the accuracy
can achieve 2 mm in horizontal component and 4 mm in vertical component, which would be an optimal choice for high-accuracy struc-
tural deformation monitoring at high latitude.
© 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Beidou Navigation Satellite System; Continuous deformation monitoring; Middle and high latitudes of China; Accuracy analysis

1. Introduction deformation monitoring and real-time dynamic deforma-
tion monitoring are the two typical patterns in the monitor-

GNSS has been a major means used in all types of struc-  ing realm (Im et al. 2013). Currently, long-term

tural deformation monitoring in recent years due to its con-
tinuous, all-weather, automated and highly accurate
measurement services. Normally, long-term continuous

* Corresponding author.
E-mail addresses: wpjiang@whu.edu.cn (W. Jiang), rjxi@whu.cdu.cn
(R. Xi), whuchenhua@163.com (H. Chen), yexiao@whu.edu.cn (Y. Xiao).

http:/fdx.doi.org/10.1016/).asr.2016.11.010

0273-1177/@ 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.

continuous monitoring achieved by either ground-based
GNSS receivers or robust telemetry are always adopted
for monitoring the health of engineered structures, such
as dams, land subsidence, landslide, and earthquake engi-
neering, where a high precision is required for detecting
small and slow displacements (Deloach, 1989). GPS base-
line processing has been demonstrated to be capable of
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Abstract: This paper studies ionospheric vertical total electron content (VTEC) variations before the
2014 Mw8.2 Chile earthquake. VTEC derived from 14 GPS (Global Positioning System) stations and
GIM (Global Ionospheric Map) were used to analyze ionospheric variations before the earthquake
using the sliding interquartile range method, and results showed that significant positive VTEC
anomalies occurred on 28 March. To explore possible causes of these anomalies, effects of solar and
geomagnetic activities were examined, and VTEC variations during 17 March to 31 March in
2009-2013 were cross-compared. Also, VTEC for a full year before the earthquake was investigated.
Results indicated that these anomalies were weakly associated with high solar activities and
geomagnetic storms and that these anomalies were not normal seasonal and diurnal variations. An
analysis of the spatial distribution of the observed anomalies was also presented, and it
demonstrated that anomalies specifically appeared around the epicenter on 28 March. It suggests
that observed anomalies may be associated with the subsequent Chile earthquake. Equatorial
anomaly variations were analyzed to discuss the possible physical mechanism, and results showed
that the equatorial anomaly unusually increased on 28 March, which indicates that anomalous
electric fields generated in the earthquake preparation area and the meridional wind are possible
causes of the observed ionospheric anomalies.

Keywords: ionosphere; vertical total electron content (VTEC); seismo-ionospheric anomaly

1. Introduction

Since the 1960s, a multitude of studies have identified abnormal variations of ionospheric
parameters before many large earthquakes [1-8]. In recent years, GPS, with numerous worldwide
and regional networks, has created a potentially powerful tool to investigate ionospheric TEC
variations. Many researchers analyzed GPS TEC variations before devastating earthquakes
worldwide, and suggested that GPS TEC could be used to detect possible ionospheric anomalies
associated with subsequent earthquakes. For instance, Zhou et al. used 22 GPS stations in China to
study VTEC variations during the Wenchuan earthquake, and the results indicated that VTEC
around the epicenter increased both 9 and 3 days before the earthquake and decreased 6 days before
the earthquake [9]; Yao et al. analyzed ionospheric variations occurring before the 2011 Mw 9.0
Japan earthquake, and proposed that the ionospheric anomaly occurring on 8 March might be a
precursor of the earthquake [10]; Ho et al. investigated the ionospheric variations using TEC and
electron density during the 2010 M8.8 Chile earthquake, and the results showed that TEC and
electron density increased 9 to 19 days before the earthquake and specifically over the epicenter [11].

Although there are many papers reporting the identification of ionospheric anomalies before
earthquakes, it remains controversial whether these anomalies are actually related to forthcoming
earthquakes [12-16]. There was no statistically significant correlation between TEC anomalies and
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