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Models for the mean sea surface (MSS) are created by combining and 

interpolating on a specified spatial grid inhomogenous data sets from different 

satellites with different ground track coverage. There are various approaches in which 

the sea surface height (SSH) data from different satellites can be combined to create an 

accurate reference surface. The orbit errors (especially from the early missions) need to be 

reduced, and systematic biases between different satellites can be decreased by re-

processing them using the improved models and geophysical corrections. In this research, 

a new method for the data adjustment (or error reduction), which attempts to compensate 

for both long-wavelength orbit errors and systematic biases, simultaneously and efficiently. 

The approach is based on using an accurate sea surface profile as a reference surface for 

the integration process. 

The new data adjustment technique is based on along-track SSH gradients 

computed for each satellite, which are integrated along-track with initial values obtained 

by dual crossover computation with respect to an accurate set of sea surface heights. The 
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accurate Jason-1 SSH data were used to determine the reference surface, and a total of 5 

different satellites (Geosat ERM, ERS-2, T/P, Envisat and ERS-1 geodetic mission) data 

were adjusted to the Jason-1 SSH data. After editing, the new homogeneous SSH datasets 

were averaged into mean SSH profiles. Then, they were gridded into a 5-minute resolution 

mean sea surface over the global ocean within ±60º latitudes, as defined by the Jason-1 

mean profile, using a 2-D spline interpolation in tension with Green’s function approach. 

The new gridded mean sea surface, named CSRMSS14 was validated by three 

comparisons. First, it was compared with two accurate altimeter data sets: 7-year Jason-1 

and 8-year Envisat mean profiles. Second, two recent MSS models, DNSC08 and DTU10, 

were compared to investigate the accuracy of CSRMSS14. Third, a somewhat independent 

test is obtained by comparing a 2-year Jason-2 mean profile with the three MSS models 

(CSRMSS14, DTU10 and DNSC08), since Jason-2 data were not used in their 

construction. These three validations demonstrated that CSRMSS14 mean sea surface 

model obtained with this new approach is comparable in accuracy to DNSC08 and DTU10.      
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Chapter 1: Introduction 

 

The Mean Sea Surface (MSS), which is an essential feature for geodesy, geophysics 

and oceanography, has important applications beyond just a reference surface [Kim, 2002]. 

The altimeter-measured MSS is composed of the geoid (±100 m), which represents the 

shape of the geopotential field due to the Earth’s gravity field [Louis et al., 2010], and the 

mean ocean dynamic topography, which reflects the ocean currents and mean inverted 

barometric effects on the ocean surface [Tapley and Kim, 2001]. The MSS can be used to 

derive the ocean circulation, by subtracting the geoid, as a test of the geoid model accuracy. 

Moreover, the marine geoid reflects the ocean bottom topography, revealing the seafloor 

features such as ocean ridges and seamounts, which are easily seen in high accuracy MSS 

models [e.g., Sandwell and Smith, 2001]. 

Previous studies developed mean sea surface models by gridding the average sea 

surface height (SSH) measurements from multiple satellites and utilizing different gridding 

methods and different combinations of altimeters. However, the problems of inconsistency 

among different altimeter datasets occurs prior to the gridding process. In particular, the 

inaccuracy of old radar data, which are contaminated by a host of errors, is problematic. 

The altimeter SSH data from different missions have initial differences resulting from 

systematic biases, residual orbit errors, and instrument and geophysical correction errors. 

The systematic differences among different altimeter datasets, caused by these various 

error sources, and different reference frame offsets, should be reduced when these datasets 
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are used for the MSS [Le Traon et al., 1995; Andersen and Knudsen, 2009]. In addition, 

some of the residual biases and errors from orbit and geophysical corrections remain in the 

SSH data set from the early satellite missions because the correction models are not perfect 

enough to remove them completely. 

There are long-wavelength errors such as orbit errors, residual tidal correction, or 

inverse barometer errors [Le Traon et al., 1998], and other instrumental and environmental 

effects. Although the orbit error has been reduced with more accurate geoid models, it still 

has both time-varying and time-invariant errors, or biases. Others, such as sea state bias 

and troposphere errors, are short-wavelength errors. These also contain time-varying and 

bias errors. Time-varying errors can be averaged out by using data from repeat tracks, but 

the systematic errors in the total systematic differences remain. These affect the MSS as a 

local bias. The problem is even worse in the case of non-repeating tracks, such as from the 

Geosat or ERS-1 geodetic mission.  

In order to develop a high quality mean sea surface, the precise method to make 

multi-altimeter SSH data consistent and homogeneous with each other by reducing their 

systematic differences and other remaining errors and biases are essential before the 

gridding process. For this consistency process, a reference surface, which is believed to be 

the most accurate, is chosen and used for fitting the SSH from the different missions to 

them. The ultimate goal of fitting is to increase the accuracy of the other SSH dataset to 

the reference field and reduce the systematic differences between datasets.  
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One way to enhance the accuracy of the early missions and make them 

homogeneous with respect to the reference field is to re-process all of the old altimeter 

orbits using a new modern gravity model, such as GGM03C [Tapley et al., 2007], and 

update the altimeter data with the same modern models of the geophysical corrections, 

which are applied to the chosen reference field: Sea State Bias (SSB), tides, ocean pole 

tide, troposphere, ionosphere, etc. However, this requires an enormous level of time and 

computation effort, and could require perpetual reprocessing as future improvements are 

made. Another way is to take gradients of the SSH data of each altimeter mission, then 

integrate the data relative to a fixed reference track. This method works well when the 

wavelength of the error is larger than approximately 100 km, as is typical of orbit and 

geophysical correction errors.  

One of the objectives in this research is to investigate and apply this second 

approach of error reduction to enhance the quality of altimeter mission datasets. Ultimately, 

this method will ensure that the SSH dataset of each satellite is adjusted well to a chosen 

reference surface, the Jason-1 mean profile, and also provide homogeneous datasets for the 

satellites. The final goal is to derive a new gridded mean sea surface using improved multi-

satellite radar altimeter datasets, including Jason-1 SSH data, and validate the results by 

several comparisons. The new mean sea surface derived in this research is named 

CSRMSS14.  

Chapter 1 presents a brief description of Jason-1, Jason-2 and Envisat satellites, 

which are the modern altimeter missions. The major measurements instruments, orbital 
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parameters, and important scientific findings or contributions are described. Then, an 

overview of altimeter measurements errors and their corrections follows. There are four 

categories of corrections: atmosphere, instruments, geophysical and sea-state bias 

corrections [Chelton el al., 2001]. Finally, the histories of mean sea surface determinations 

are presented in the following sub-section. Mean sea surface studies have been published 

since Seasat altimeter data in the 1970s [Marsh and Williamson, 1980; Marsh and Martin, 

1982], and they have been updated gradually through the increasing number of satellite 

missions available, along with improved range and correction models.  

Chapter 2 explains the datasets used for this research. Then, it discusses in detail 

the methodology and computational algorithms to improve the quality of the each altimeter 

SSH data that uses Jason-1 SSH mean profiles for the integrating process. The main 

strategy for this process is to compute along-track SSH gradients from existing SSH 

databases, then integrate them to a new SSH constrained by fixed points on a reference 

ground track. Jason-1 SSH data at dual crossovers are chosen as reference points or 

constraints for integration due to the high accuracy of the along track measurement.  

In Chapter 3, the computation and validation of the new mean SSH profiles are 

described. The new mean SSH profiles are obtained by averaging and editing the adjusted 

SSH data computed through the processes presented in Chapter 2. For validation, the mean 

profiles of the original SSH dataset and updated SSH dataset are each compared with 

respect to two accurate mean sea surfaces, DNSC08 and DTU10.  
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In Chapter 4, the gridding technique of the new MSS, CSRMSS14, is presented. In 

the final step, the new MSS is determined by gridding the mean profiles of homogeneous 

SSH data, including ERS-1 geodetic mission data, into a regular surface bin. It is computed 

on a 5-minute grid oceanwide between ±60º latitudes. 2-dimensional spline interpolation 

in tension using the Green’s function approach for the gridding technique [Wessel and 

Bercovici, 1998]. The computation algorithms are shown, and the tension factor for this 

research is examined.  

Chapter 5 evaluates the newly gridded mean sea surface, CSRMSS14 through 

several comparisons. First, in order to analyze how accurate outputs are extracted with 

respect to inputs, CSRMSS14 is compared with the mean SSH profiles of Jason-1 and 

Envisat satellites, which are used as inputs in the gridding process. Second, CSRMSS14 is 

validated through comparison with two recent high-accuracy mean sea surfaces, DNSC08 

and DTU10 MSS from DTU space (Technical University of Denmark) [Andersen and 

Knudsen, 2008; Andersen, 2010]. Finally, the Jason-2 mean SSH profiles are compared 

with three MSS models: CSRMSS14, DNSC08 and DTU10. Jason-2 SSH data are not used 

in any of these three MSS determination, so the comparison can provide an independent 

assessment.  

In the last chapter, all of the processes and results of validations for the new mean 

sea surface are summarized. In addition, topics for additional investigation and 

recommendations for improvements of the quality and resolution of CSRMSS14 are 

discussed.  
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1-1. MODERN ALTIMETER SATELLITE MISSIONS 

1-1-1. Brief History of Satellite Mission 

The oceans cover three-quarters of the Earth and form a critical component of 

Earth’s climate system. Satellite altimetry has revolutionized our capability to measure the 

oceans, and led to a greater understanding of the current state of the oceans and their 

changes. The Geodynamic Experimental Ocean Satellite (GEOS-3) and Seasat in the 

1970’s demonstrated the use of radar altimetry for oceanography on a global basis. The 

Geodetic satellite (Geosat) data from 1983 to 1989 improved our knowledge of the marine 

geoid. 

The two European Remote Sensing Satellites, ERS-1 and ERS-2 from the European 

Space Agency monitored the ocean’s surface successfully and improved the resolution of 

the marine geoid until they were retired in 2000 and 2011, respectively. They were 

designed as sun-synchronous polar orbiting satellites for the purpose of observing the 

ocean and land, including ice and atmosphere. 

Whereas ERS-2 has a repeat cycle of 35-days, ERS-1 was designed to have multiple 

phases with repeat cycles of 3-days, 35-days, and as a Geodetic Mission (GM), 168-days. 

Radar altimeter data from the ERS-1 GM provide very dense coverage spatially, which is 

essential for determining the short wavelength signals for Earth sciences applications. 

Their successor, the Environmental Satellite (Envisat), was launched into an altitude of 790 

km on March 2002. As can be determined from the name of the satellite, Envisat was 

designed to observe the Earth from space to assist in studies of Earth’s environment such 
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as ozone depletion and hydrology. The details of the mission will be explained in the sub-

section later.  

Launched on August 1992, TOPEX/POSEIDON (T/P) provided ocean altimeter 

data with unprecedented accuracy for 12 years until it was shut down in 2005. It was an 

international collaboration mission between the United States National Aeronautics and 

Space Administration (NASA) and the French space agency, Centre Nationale d’Etudes 

Spatiales (CNES). The two countries built two different kinds of radar altimeters to 

measure the sea surface heights. The U.S. built the dual frequency TOPEX altimeter, which 

used C band (5.3 GHz) and Ku band (13.6 GHz), and France built the POSEIDON 

altimeter, which used Ku band (13.6 GHz). T/P led to invaluable improvements in the 

studies of physical oceanography and climate changes. In particular, the results from 

observing global ocean circulations and eddies, establishing the record of global sea level 

measurements and monitoring El-Nino phenomena are highly successful achievements in 

the history of ocean remote sensing from satellite. Jason-1 and Jason-2 satellites extended 

the T/P mission to obtain a series of ocean surface topography missions. The following 

sub-sections will concentrate on Jason-1, Jason-2 and Envisat missions, which are more 

recent follow-up missions of the highly successful series of Earth surface observing 

altimeter satellites, T/P and ERS satellites.  

1-1-2. Jason-1 and Jason-2 Missions 

As a successor of T/P, Jason-1 was launched on the Delta 2 rocket on December 7, 

2001, and it began collecting data on January 15, 2002. Its orbital parameters were designed 
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to be identical to the T/P mission. Its repeat cycle, about 10 days, enabled it to observe the 

same area of the ocean for over a decade. The main scientific objectives were to continue 

to map the ocean topography every 10 days to improve the knowledge of global ocean 

circulations, observe global sea-level changes, and study global climate variations, to 

which T/P mission made very successful contributions.  

The Jason-1 satellite carried the Poseidon-2 radar altimeter for the measurements 

of satellite altitude, and the JASON microwave radiometer (JMR) for correction of path 

delay due to atmospheric water vapor. DORIS (Doppler Orbitography and Radio 

positioning Integrated by Satellite), TRSR (Turbo Rogue GPS Space Receiver), and LRA 

(Laser Retro-reflector Array) were onboard for satellite positioning. For scientific 

purposes, the Jet Propulsion Laboratory (JPL) distributed the altimeter data products called 

Jason-1 Geophysical Data Records (GDR) [AVISO and PODAAC, 2008]. The GDR 

contains the modified measurement data applied by corrections algorithms and models 

from the original observation data. These data have so far produced valuable results, 

including improved ocean related models and studies of climate and weather prediction.  

Before Jason-1 was officially retired, the Jason-2 mission launched on June 20, 

2008. The Jason-2 mission was designed to continue and improve the original purposes 

of its predecessors, T/P and Jason-1 missions, so it shared the orbital parameters and used 

the updated instruments. The main instrument, Poseidon-3 radar altimeter, sent 2 

frequency pulses, at 13.6 GHz and 5.3 GHz, to measure range from the satellite to the 

surface. To measure water vapor in the atmosphere, which affected the path time of radar 
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altimeter, the Advanced Microwave Radiometer (AMR) was added aboard. AMR is an 

upgraded version of the Jason-1 Microwave Radiometer (JMR) used for Jason-1 mission, 

and its measurements determine how much water vapor is contained in the atmosphere. 

The Jason-2 satellite is still in orbit and faithfully providing continuous measurements of 

the oceans and land surface. A Jason-3 mission is scheduled to launch in 2015 to continue 

to observe the ocean and land.  

The Figure 1.1 depicts the 5 instruments aboard Jason-1; Jason-2 payloads are the 

same, except the JMR radiometer and Poseidon-2 altimeter have been replaced with an 

AMR radiometer and Poseidon-3 altimeter, respectively. 

 

 

 

 

 

 

 

Figure 1.1: Jason-1 Payloads 
[http://www.altimetry.info/html/missions/jason1/instruments]  
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1-1-3. Envisat Satellite 

On March 1, 2002, the Envisat satellite was launched on an Arian 5 rocket from the 

Guinea Space center in Kourou, French Guyana. It was designed to have a sun-synchronous 

polar orbit at an inclination of 98.4 degrees, allowing it to monitor the Earth’s surface more 

densely and covers high latitude areas. The primary objective of the Envisat mission is to 

observe and monitor the ocean, land, and atmosphere. In addition, it is used to monitor 

regional environments such as ice and snow, hydrology, and agriculture.  

Envisat is the world’s largest Earth-observing satellites in space, carrying 10 

satellite instruments. One of the 10 instruments, RA-2 (Radar Altimeter 2), sends and 

receives radar pulses to and from the Earth’s surface, enabling a highly precise 

measurement of range. In addition, the Microwave radiometer (MWR) was used to 

measure atmospheric water vapor, providing the information on ice sheets and soil 

moisture. The Advanced Synthetic Aperture Radar (ASAR), Advanced Along-Track 

Scanning Radiometer (AATSR), Michelson Interferometer for Passive Atmospheric 

Sounding (MIPAS), and Doppler Orbitography and Radio-positioning Integrated by 

Satellite instrument (DORIS) operated to calculate the image mode, sea surface 

temperatures (SST), emission features in the atmosphere, and precise position 

measurement, respectively [Gardini el al., 1995].  

For 10 years, it provided data successfully until it lost contact suddenly and was 

declared to be dead on May 9, 2012. It made tremendous contributions to studies of Earth 
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and its environment during its lifetime. Table 1.1 shows the summary of the main 

characteristics of T/P, Jason-1, Jason-2 and Envisat orbit parameters.  

 

Figure 1.2: Envisat Payloads 
[http://www.altimetry.info/html/missions/envisat/instrument]. 

   T/P Jason-1 Jason-2 Envisat 

Semi-major axis 7714.4 km 7714.4 km 7714.4 km 7159.5 km 

Inclination 66 degrees 66 degrees 66 degrees 98.4 degrees 

Equatorial 

Altitude 

1336 km 1336 km 1336 km 799.8 km 

Repeat Interval 9.9156 days 9.9156 days 9.9156 days 35 days 

Ground track 
separation at 
equator  

315 km 315 km 315 km 80 km 

Number of 
passes per cycle  

254 254 254 1002 

Time span 
(month/year) 

8/1992-1/2006 12/2001-7/2013 06/2008- current 
 

3/2002-4/2012 

Table 1.1: T/P, Jason-1, Jason-2 and Envisat orbit parameters. 
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1-2. ERRORS AND CORRECTIONS OF SEA SURFACE HEIGHT MEASUREMENTS 

The altimeter range measurement is computed by measuring the elapsed time, t, 

between the satellite and the surface. The sea surface height (SSH) is calculated by 

subtracting the range from the orbit height. For an accurate SSH, accurate orbit precision 

and accurate range measurements are necessary. The initial range measurement has errors 

and biases caused by several factors, so corrections must be applied to improve the 

accuracy of the sea surface height.  

There are three groups that cause these errors and biases to altimeter range 

estimation. First, the environmental effects, such as dry and wet troposphere and 

ionosphere, result in a delayed radar signal due to content in the atmosphere [Urban, 

2000]. The neutral atmosphere effects can be corrected by models such as the European 

Centre for Medium-Range Weather Forecasts (ECMWF) and National Center for 

Environmental Prediction (NCEP). Second, the geophysical corrections, which contain 

the inverted barometer and the tide corrections, should be applied to the sea surface height 

measurements. Finally, the instrument corrections include tracker bias correction, Doppler 

shift correction, oscillator drift correction, AGC attenuation corrections, etc. [Chelton et 

al., 2001]. Aside from these categories, sea-state bias correction should also be considered. 

For more details about errors and corrections for the range, see Chelton et al. [2001]. Table 

1.2 explains the correction models that were applied to the Jason-1 Geophysical Data 

Record (GDR) data, which are used as a reference surface for this research [AVISO and 

PODAAC, 2008]. 
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Contents Model or Algorithm 

Orbit JGM3 gravity field 

Wet tropospheric range  Radiometer 

Dry tropospheric range ECMWF 

Inverted barometer correction ECMWF 

Tide  GOT99 

Geoid EGM 96 

Table 1.2: Main range and error correction models for Jason-1 GDR data. 

1-3. REVIEW OF MEAN SEA SURFACE DETERMINATIONS 

Scientists have made efforts to create more accurate mean sea surface (MSS) 

models for oceanographic and geophysical applications. Marsh et al. [1992] created a mean 

sea surface called MSS-9012, based on GEOS-3 and SEASAT altimeter data in ° ° 

regular grid. This study demonstrated that combining two different altimeter datasets for 

MSS provided more information and better results than using single satellite data. Since 

high quality SSH have been continuously provided, several mean sea surface models were 

derived based on longer-span altimeter data, and better corrections and mapping techniques 

by different research centers in the U.S. and Europe. In particular, recent MSS models were 

updated to a level of unprecedented accuracy following the usage of the very precise 

Topex/Poseidon (T/P) SSH as a reference surface, and improved to higher resolution after 

short-wavelength data, GM (Geodetic Mission) data, were carefully included. 
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The most important process of MSS determination is making homogenous datasets 

from different satellite missions. In particular, orbit errors of historical missions are 

relatively higher than those of recent altimeter data, so they should be corrected before 

merging. The technique of crossover adjustment, which is a common method, has been 

used directly to remove orbit errors and other biases, enabling the old mission altimeter 

data to be homogeneous to reference field such as T/P.  

Gridding, which interpolates multiple kinds of SSH with various accuracies to the 

regular geographic locations from the scattered positioned data, is another important 

process to obtain the final results of MSS. Several MSS models used the least square 

collocation method for gridding, which is a similar to weighted least square objective 

analysis [Tapley and Kim, 2001]. In the following sub-sections, the several mean sea 

surface models published in 2000’s are introduced. 

1-3-1. CLS01 and GSFC00 MSS Models 

Hernandez and Schaeffer at the CLS (Collecte Localisation Satellites) presented 

their updated MSS model, called CLS01 [Hernandez and Schaeffer, 2001]. The model is 

derived using 2-years of Geosat mean profiles, 5-years of ERS-1 and ERS-2 mean profiles, 

7-years of T/P mean profiles and ERS-1 geodetic mission data. It was updated to a more 

accurate surface from its previous MSS models, CLS_SHOM98.2 and CLS_SHOM99. 

CLS01 used T/P mean profiles to reduce orbit, and range errors and biases of the other 

altimeter datasets, including geodetic SSH data, through the adjustment method [Le Traon 

and Ogor, 1998]. They performed the process to reduce the ocean variability, and CLS01 
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is gridded into 2-minute spatial resolution using local least square collocation. For least 

square collocation, refer to Bretherton et al. [1976].  

The GSFC00 mean sea surface model, which was developed in Goddard Space 

Flight Center (GSFC) in the U.S., was updated from the GSFC98 model [Wang, 2000; 

Wang, 2001]. In order to reduce long wavelength orbit errors, the crossover adjustment 

technique, with 6-years of T/P mean tracks, was applied to adjust ERS-1/2 and Geosat 

ERM mean profiles. For ocean variability and other time varying errors in non-repeating 

Geosat GM and ERS-1 GM data, which cannot be reduced by time averaging, SSH 

gradients instead of SSH are used for MSS determination. Finally, the mean sea surface, 

GSFC00, was computed by gridding into 2-minute resolution nodes between latitude ±80º, 

using the least square collocation technique based on 2-D Fourier series in 2º by 2° cells 

[Hernandez and Schaeffer, 2000]. Even though CLS01 and GSFC00 are over a decade old, 

they have been used worldwide for oceanographic, geodetic and geophysical oceanography 

up to the present due to their good accuracy.  

1-3-2. DNSC08 and DTU10 MSS Models 

DTU (Denmark Technical University) space in Denmark of Europe, whose 

previous name was the Danish National Space Center (DNSC), has put effort into deriving 

its own mean sea surface models by using a longer time series of altimeter mission data 

and better processing methods. DNSC08 mean sea surface was determined using a 

combination of 12-years of T/P and Jason-1 mean tracks as a reference field, including 

multiple altimeter data from 8 different missions [Andersen and Knudsen, 2009]. It was 
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gridded into 1-minute resolution and, for the first time, it was expanded to the entire Artic 

Ocean by using ICESat laser altimeter data. The systematic biases between its reference 

surface and the other ERM altimeter data from different missions, were reduced by fitting 

to T/P+Jason-1 mean profile, using the crossover adjustment method. Figure 1.3 represents 

the DNSC08 mean sea surface [Andersen and Knudsen, 2008].  

 

 

Figure 1.3: DNSC08 Mean Sea Surface. 
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DNSC08 was updated slightly to DTU10 mean sea surface in 2010, including 

longer Jason-1 data, up to 2009, for a reference surface. DTU10 was derived with the same 

methods for adjustments and gridding as DNSC08, except with slightly more corrected 

SSH datasets, which were processed with improved editing, and better range and 

geophysical corrections [Andersen, 2010]. Table 1.3 compares the models for range and 

geophysical corrections used in DNSC08 and DTU10 mean sea surface determination 

[Andersen, 2010].  

 DNSC08 DTU10 

Orbit GGM02/ITRF2000 EIGEN-GL04C 

Wet troposphere ECMWF Radiometer/ECMWF 

Dry troposphere ECMWF ECMWF 

Ionosphere Altimeter Altimeter 

Sea State Bias BM4 Non-PARAM 

Ocean Tides GOT 00.2 GOT4.7 

Table 1.3: Models of range and geophysical corrections used for DNSC08 and DTU10. 

 
DNSC08 and DTU10 are currently considered as very accurate and highest 

resolution surfaces, covering the entire Earth, from -90 degrees to +90 degrees of latitudes. 

Therefore, those two MSS were used for comparisons in several validations for this 

research due to their high accuracies. Table 1.4 represents the summary of four recent mean 
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sea surfaces, which are described above, and new MSS (CSRMSS14) developed in this 

research is also included for a reference. 

 

Name CLS01 GSFC00 DNSC08 DTU10 CSRMSS14 

Reference 

surface 

(period) 

T/P  

(1993-1999) 

T/P 

(1993-1998) 

T/P +Jason-1 

(1993-2004) 

T/P +Jason-1 

(1993-2009) 

Jason-1 

(2002-2008) 

Data Set used 

from non- 

reference 

surface 

 

Geosat ERM 

ERS-1 ERM  

ERS-1 GM 

ERS-2  

 

Geosat ERM 

Geosat GM 

ERS-1 ERM  

ERS-1 GM 

ERS-2  

 

Geosat GM 

ERS-1 GM 

ERS-2 

GFO 

Envisat 

ICESat 

Geosat GM 

ERS-1 GM 

ERS-2 

GFO 

Envisat 

ICESat 

Geosat ERM 

ERS-1 GM 

ERS-2 

T/P 

Envisat 

 

Processing 

for data 

improvement 

Orbit error 

reduction by 

crossover 

analysis  

Orbit error 

reduction by 

crossover 

adjustment 

Fitting to the 

reference field 

by expanding 

to spherical 

harmonic 

degree and 

order 2-4. 

Re-tracking 

the entire 

ERS-2 and 

Envisat 

Adjustment 
procedure 
using 
integrating 
process 

Gridding 

Technique 

Least squares 

collocation 

Least squares 

collocation 

Least square 

collocation 

Least square 

collocation 

2-D spline 
interpolation in 
tension using 
Green’s 
function 

Spatial 

gridding 

Resolution  

2 min 2 min 1 min 1 min 5 min 

Coverage 80 ºS to 82 ºN 80 ºS to 80 ºN 90 ºS to 90 ºN 90 ºS to 90 ºN 60 ºS to 60 ºN 

Table 1.4: Summary of recent mean sea surface models; CSRMSS14 is included for a 
reference. 
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Chapter 2: Computation to Enhance Sea Surface Height Data    

  

2-1. INTRODUCTION 

The previous chapter explained the objective of this research, the histories of 

satellite missions and mean sea surface models, including the errors and corrections of the 

sea surface heights measured from the satellite altimeter. In this chapter, a method to 

enhance the quality of SSH data more efficiently, especially for historic data, whose orbit 

errors are generally larger than those of the recent missions, will be derived and performed. 

For this research, Jason-1 altimeter data are chosen as the most accurate and precise 

reference surface. The results of this method include the reduction of systematic 

differences, and errors and biases among multiple SSH data from different missions, 

especially, different databases. Ultimately, through this method, it is expected that the 

multi-satellite SSH data from the different satellite missions will be well adjusted to the 

chosen reference surface, Jason-1 mean SSH data, and become consistent with each other.  

In this research, the data adjustment procedure is derived based on an integrating 

approach, and the computational algorithm is designed to be performed in three steps using 

a bin-by-bin format. The first step of the computation is to calculate the along-track SSH 

gradients of each satellite bin-by-bin. Next, we compute dual crossovers between the mean 

ground track of Jason-1 satellite and the other satellite’s ground track. Finally, the new 

SSH values of each satellite are obtained by integrating the SSH gradients bin-by-bin with 
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the mean sea surface values of Jason-1 at crossovers used as the initial starting point. 

Through this process, the improved SSH dataset are obtained for each in the individual 

satellite data sets. These three steps are described in details in the following sections 2.3, 

2.4 and 2.5. 

In Section 2.2, the datasets used for this research will be explained. The satellite 

datasets used for this research are extracted from two kinds of existing altimeter databases 

from different research centers: the Center for Space Research (CSR) at the University of 

Texas at Austin and the Delft Institute for Earth-Oriented Space research (DEOS) in 

Netherland. Since the format of dataset from these two altimeter database are different, the 

altimeter data obtained from DEOS are pre-processed by reformatting the data into a 

similar format as those of the CSR altimeter database. In the last section, 2.6, the whole 

process for the improved SSH datasets of satellites is summarized.  

2-2. DATA USED 

Research centers or space agency data centers receive the original data from the 

satellite, then process and distribute the scientific data to users. The scientific centers that 

receive the information make their own altimeter databases by re-processing and editing 

the original data in order to prepare them useful for scientific analysis. The Center for 

Space Research at the University of Texas at Austin (UT-CSR) developed an easily 

accessible database for the altimeter data of the exact-repeated missions (ERM), referred 

to in the following as a Stackfile. Delft University of Technology in Netherland also has 
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such a database for altimeter radar data, called Radar Altimeter Database System (DEOS-

RADS), which is referred to as RADS in the following discussion.  

The CSR-Stackfiles are binned along the satellite ground track, and stores 1-Hz 

measurements of radar altimeter satellite. The bin-by bin structure of the Stackfile allows 

easy access, computing, comparing and combining the several altimeter datasets. 

Moreover, it allows us to compute the SSH gradients, mean values, and crossovers in a 

more straightforward way. For this research, most radar data of altimeter satellites are 

utilized from the Stackfile, and only datasets missing from the Stackfiles are received and 

used from RADS.  

Envisat satellite data, which were never created in the Stackfile, and ERS-1 

geodetic mission (Phase E and F) data (whose database became corrupted), were obtained 

from the altimeter database from DEOS. The locations and their associated SSH values by 

passes in each cycle, orbit parameters and other necessary information derived from those 

satellites were provided. The RADS data are not provided in the bin format of Stackfile, 

so a process to re-format the data into a bin-by-bin structure is performed as a part of the 

pre-processing.  

In summary, the data used for this research are Geosat ERM, ERS-2, T/P, and 

Jason-1 data from Stackfile, and ERS-1 Geodetic data (Phase E and Phase F) and Envisat 

radar data from RADS. The following sub-sections will explain the structure of Stackfile 

data and the pre-processing of RADS data.  
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2-2-1. CSR-Stackfile Data 

In order to allow efficient access to the altimeter data, CSR-Stackfiles were 

developed and upgraded by researchers at UT-CSR from the Geosat ERM altimeter 

mission to the Jason-2 mission. Stackfiles store 1Hz SSH measurements as a three 

dimensional array, called column-row-slot. Data information is contained in a finite sized 

bin, which is an approximate area of the 1-second observation. Columns are organized by 

pass numbers of the orbit in eastward order of equator-crossing longitude. Thus, column 

number 1 means that the longitude passing across the equator is 0°	 .	 The row is indexed 

as northward or southward along the track, by order across the equator crossing. The 

position nearest to the equator is indexed row number 0. The positive row numbers are 

assigned to northern areas of the equator, and the negative row numbers are determined as 

south of the equator. For the repeated orbits satellites, slots as the third dimension are 

indexed. In addition, the data for ascending and descending passes of the ground track are 

stored separately.  

Each bin has all useful information about the altimeter radar data. The main 

parameters of a bin are ocean sea surface height data and positions of measurements 

(latitude and longitude). In fact, the positions are stored in slots by the displacements of 

latitudes and longitudes from the bin center by cycles in order to save the storage size. 

Thus, each slot includes information regarding SSH of each repeat cycle, atmospheric 

pressure, ocean depth (bathymetry), geographic corrections and editing criteria. As 
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mentioned earlier, the bin-by-bin format of the Stackfile is very useful to access and apply 

data to the computations more directly. 

For this research, data used from the Stackfile are Geosat ERM, ERS-2 and T/P, 

and they will be adjusted to be homogeneous datasets later. Jason-1 data from Stackfile are 

used to reference the surfaces. Table 2.1 shows the ranges of the columns, rows, and slots 

for these four satellites in Stackfile.  

   Columns Range Rows range  Slots range 
(Repeat cycles) 

Geosat ERM 1-244 -1550 ~ 1550 1-68 

ERS-2 1-501 -1550 ~ 1550 1-65 

T/P 1-127 -1570 ~ 1570 1-364 

Jason-1 1-127 -1570 ~ 1570 1-256 

Table 2.1: Information of three components in CSR-Stackfile structure. 

 
  
2-2-2. Pre-Processing of DEOS-RADS Data 

DEOS-RADS is an internet based database [http://rads.tudelft.nl/rads/rads.shtml]. 

The altimeter radar data are stored continuously in it and updated with recent corrections. 

For this research, two different datasets of Envisat phase 2 and ERS-1 SSH data in phase 

E and phase F were obtained from RADS. Upon request, we can choose the cycles and 

phases of data selection, geographical selection criteria, sea level anomaly construction, 

and correction options. The parameters requested from RADS database are the sea level 

anomalies (i.e., sea surface height) from the TOPEX ellipsoid as a reference field, within 
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longitude from 0º to 360º and latitude from -65º and +65º. The equator passing time, 

equator passing longitude, and time relative to equator passage by pass numbers in each 

cycle number are stored in the files.  

The correction options are chosen by RADS recommendations because they are 

usually up-to-date models. The orbits for ERS-1 geodetic missions in RADS were 

corrected with the model based on the DGM-E04 gravity model, while the Envisat orbits 

came from CNES based on the EIGEN-GL04S gravity model. For dry and wet troposphere 

corrections, ECMWF (European Center for Medium Range Weather Forecasting) and 

MWF models for both satellite missions were applied [Scharroo et al, 2013]. For 

ionosphere correction, NIC09 (New Ionosphere Climatology 2009) climatology [Scharroo 

and Smith, 2010] was applied to both satellites, and a high-resolution version of the 

MOG2D dynamic atmospheric correction [Carrère and Lyard, 2003] was applied for the 

inverse barometer correction. A summary of range and geophysical corrections applied two 

radar datasets from RADS are described in Table 2.2. For more information of each model, 

see the user manual and format specification written by Scharroo [Scharroo, 2012].  

 For this research, in order to match the format of RADS dataset with that of the 

Stackfile, RADS data were re-formatted into the bin structure such as the column-row-slot 

form. They were processed from the pass numbers into column numbers, and from time 

differences relative to the time across equator passage to row numbers in order. After that, 

they were stored by cycle numbers in ascending and descending passes separately. For the 
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Envisat data, repeat cycles between 9 and 94 whose time spans are from 2002 to 2010 (8 

years long) are computed for reformatting into bin-by-bin form.  

After reformatting, the total column numbers for Envisat radar data in each 

ascending and descending passes are 501, and the row numbers are from -1550 to 1550. 

They are identical with column and row numbers of ERS-2 data in the Stackfile. 168-days 

of ERS-1 geodetic mission data (phase E and F) are non-exact repeating missions, but 

instantaneous SSH data. They were also obtained from RADS, reformatted and stored into 

row-column structure with a single cycle number. Through this pre-processing, Envisat 

and ERS-1 geodetic mission data from RADS are re-arranged into a bin-by-bin format: 

column-row-slot structure. Finally, they are ready to share the same computation programs 

as the satellite data from the Stackfile. 

    ERS-1 (GM data) Envisat 

Orbit DGM-E04  CNES EIGEN-GL04S 

Dry tropospheric correction ECMWF  ECMWF 

Wet tropospheric 
correction 

MWR  MWR 

Ionospheric correction NIC09  NIC09 

IB (Inverse Barometer) 
correction 

MOG2D  MOG2D 

Ocean tide GOT4.7  GOT4.7 

Load tide GOT4.7  GOT4.7 

Sea State Bias BM3 sea state bias CLS sea state bias 

Table 2.2: Correction models used for ERS-1 GM and Envisat data from DEOS-RADS. 
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2-2-3: Summary of Data Used  

A total of 6 different satellite radar data from two different databases of altimeter 

satellite missions are used for this research: Geosat ERM, ERS-2, T/P and Jason-1 altimeter 

data from CSR-Stackfile, and ERS-1 GM (Phase E and F) and Envisat data from DEOS-

RADS. Table 2.3 lists the time periods, inclinations, and database source of all the satellite 

datasets used for this research; Jason-2 data are used for a validation in Chapter 5 later, so 

included in the table. 

These radar altimeter data used for the new MSS model (CSRMSS14) cover a 24-

year time span from 1986 to 2010. Data from RADS are pre-processed for reformatting 

into bin-by-bin form consistent with the format of the Stackfile. The new method for data 

adjustments, which are described in the next sections, are designed to benefit from the bin-

by-bin format. 

Satellite  Cycles Dates (Mon/Year) Inclination 
(unit: degrees) 

Database 
source 

ERS-1 Phase E 139-140 4/1994-9/1994 98.5 DEOS-RADS 

ERS-1 Phase F 141-143 9/1994-3/1995 98.5 DEOS-RADS 

Envisat 9-94 8/2002-10/2010 98.5 DEOS-RADS 

Geosat ERM 1-62 11/1986-7/1988 108  CSR-Stackfile

ERS-2  1-67 5/1995-10/2001 98.5  CSR-Stackfile

T/P 10-364 9/1992-8/2002 66 CSR-Stackfile

Jason-1 1-256 1/2002-12/2008 66 CSR-Stackfile

Jason-2 1-62 7/2008-3/2010 66 CSR-Stackfile

Table 2.3: Summary of all the datasets used for this research.  
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2-3. COMPUTING ALONG-TRACK GRADIENTS OF SEA SURFACE HEIGHTS 

A high accuracy mean sea surface model depends on the quality of multi-altimeter 

datasets from multiple missions. Before being combined, multi-satellite data must undergo 

a process to make them homogeneous with each other and to improve the data quality 

within a reliable accuracy level. In particular, the early mission data are required in order 

to reduce relatively higher orbit and range errors than those of recent missions. For such 

an adjustment procedure, 5 different satellites (Geosat ERM, ERS-2, ERS-1 GM, T/P, and 

Envisat) are processed into the new SSH dataset through an integrating method using 

along-track SSH data, and the final results are expected to have an improved data quality 

similar to the level of the reference surface, Jason-1 SSH. As the first step of the integration 

method, the description of the computation of along-track SSH of each satellite is followed.  

2-3-1. Method  

In general, the mathematical equation for a SSH gradient is written in a 

straightforward way: 

 

	

	
                                               (2.1) 

where, 

 SSH is a sea surface height of a bin, 

 	   is an interval of two consecutive bin centers, 

  is a SSH gradient in ith bin. 
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The interval of two consecutive bin centers ( 	  depends on the distance 

of the 1 Hz measurements. It changes with the satellite’s ground-track, but within a limited 

range, which is approximately from 6000 m to 7000 m. Figure 2.1 shows the variation of 

the distance between two successive measurements for portions of cycle 10 for the Geosat 

ERM.  

Figure 2.1: Example of interval of two consecutive bins ( 	  in a portion of 
representative of Geosat ERM. 

 
However, the SSH gradients obtained by the equation (2.1) are from two SSH data 

bins in ahead and current positions, so they are very sensitive to the accuracies of 

instantaneous SSH data in two consecutive bins. In the long run, SSH gradients affect the 

results of the new SSH values obtained through integrating SSH gradients in use. If a SSH 

at a certain time is inaccurate for some reason, it will result in a higher or lower gradient in 
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a bin than the true value and ultimately yield incorrect integrated results. Moreover, it 

would influence the results of the subsequent points along the same track during the 

integration process.  

To reduce the risk of erroneous gradients due to inaccurate or highly variant points, 

three SSH data are considered for computing along-track SSH gradients. The three SSH 

data are an ahead, current, and behind data of SSH at a current position. First, the along-

track gradients between the ahead and current bins of SSH data are computed ( _ ). 

Then, the along-track SSH gradients from the current and behind bins of the current 

position are calculated ( _ ). Finally, the along-track SSH gradients computed 

from forwarding ( _ ), and backwarding ( _ ) are combined using 

distance-weighting factors. Therefore, the mathematical equations of along-track SSH 

gradients using the three SSH data are:  

  

		 _
	

	
                                               (2.2) 

	 _
	

	
                                              (2.3) 

_
_ 	 _

                      (2.4) 

where,  and 	are distance-weighting factors. 
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Figure 2.2 shows the effects of gradients using three SSH data. The along-track 

SSH gradients in certain part of the first column of cycle 10 for Geosat ERM are computed. 

The blue stars and lines represent the results of the along-track SSH gradients computed 

using 2 consecutive SSH data, while red symbols mean usage of 3 consecutive SSH data. 

The figure indicates that the results of gradients using 3 SSH data yield smoother results, 

and can reduce the possible risk of producing inaccurate SSH gradients from inaccurate 

SSH points.  

 

Figure 2.2: Example of comparing the effects of using 2 consecutive SSH data (blue 
stars) and 3 consecutive SSH data (red stars) of along-track SSH gradients. 

 
From this process, we have a dataset of along-track SSH gradients by each cycle in 

each satellite, and finally, a total of 5 databases of the along-track SSH gradients for Geosat 

ERM, ERS-1 GM, ERS-2, Envisat, and T/P are obtained. 
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2-4. COMPUTING CROSSOVERS BETWEEN JASON-1 AND THE OTHER SATELLITE 

2-4-1. Introduction 

Dual crossovers refer to the intersections of two different satellites, whose 

techniques have been used to compute the precision orbit determination (POD) [Kozel, 

1995] and sea level related applications. For mean sea surface (MSS) determination, the 

crossover adjustment method plays an important role in reducing orbit errors of relatively 

old SSH data. The main results from the dual crossover determination technique are the 

intersection positions by longitude and latitude, and two SSH data interpolated at crossover 

locations. 

In this research, dual crossover computation is used as the second step of the 

integrating method of deriving the new SSH dataset. The process is performed with a 

reference ground track and the other satellite’s ground track. The Jason-1 mean ground 

track is chosen as a reference arc, and the associated mean SSH data of Jason-1 at 

crossovers are used as initial points or constraints for integration due to their high accuracy. 

New studies have shown that T/P has been contaminated by very large hemispherical biases 

due to the tracker used, so Jason-1 is chosen instead of T/P as a reference surface [Don 

Chambers, personal communication, 2007]. The Jason-1 mean SSH values are obtained by 

averaging the SSH from cycle 1 to 256 (data span from 01/2002 to 12/2008).  

Through the dual crossover procedures, the exact locations of two intersecting 

ground tracks, such as Jason-1 mean ground track and the other satellite ground track, and 

the two associated SSH are derived. The following sub-section, 2-4-2 provides the 
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computational algorithm for dual crossover computation. The analysis of dual crossovers 

determinations is discussed in sub-section 2-4-3. Height differences of two derived SSH at 

dual crossovers represent an indication of systematic biases between two satellites, which 

were caused from inconsistencies of applied orbit, range and geophysical correction 

models, reference frame offsets and time averaging periods and epochs [Chelton et al., 

2001; Andersen and Scharroo, 2009; Andersen and Knudsen, 2009]. They yield insight 

into the initial differences between two satellite data sets and future changes after the 

integrating process. Thus, SSH differences between Jason-1 and the other satellite at 

crossover locations are taken into account for evaluation. In addition, as an analysis by 

statistics, the mean and standard deviation of height differences between Jason-1 mean 

SSH and the SSH of the other satellite at crossover locations are computed.  

2-4-2. Algorithm for Dual Crossovers Computation 

 
Based on the collinear interpolation method [Kruizinga, 1997], the crossover 

computation is repeated to obtain the exact results of the dual crossover locations, the 

associated time tags, and the interpolated SSH data between two satellites’ ground tracks 

from the approximate values [Kozel, 1995]. The program software designed to process 

from altimeter data of Stackfile format, which consists of bins by columns and row 

numbers in each cycle, is used in this research. The computational algorithm is composed 

of nonlinear prediction and interpolation technique. More detailed information of dual 

crossover analysis and applications can be found in the doctoral dissertations written by 
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Kozel [1995] and Kruizinga [1997]. In this sub-section, important steps for computations 

are focused as follows.  

First, given inputs of the longitudes and times of equator crossings in two passes, 

the equator longitude differences, ∆ , between two passes (or arcs) are determined 

through the nonlinear prediction using spherical trigonometry. The two arcs are defined so 

that one arc is a pass of Jason-1 mean ground track, and the other arc is a pass of the other 

satellite ground track. For interpolated altimeter values, 7-years of Jason-1 mean SSH 

values, computed by averaging the Jason-1 SSH of cycles from 1 to 256, and the 

instantaneous SSH data of the other satellite by each cycle are used for computation.  

Next, two relative arguments of latitude to the crossover location, with respect to 

equator crossing (  and , are computed given the determined equator longitude 

differences (∆ ), inclinations ( 	 	 , and directions ( 	 	 ) of two passes 

from Jason-1 and the other satellite. Note that directions mean ascending or descending 

passes of the ground tracks of the satellites, and index +1 or -1. In addition,  is the 

argument of latitude of a Jason-1 mean ground track, and  is the argument of latitude 

of a pass of the other satellite. Figure 2.3 represents the spherical trigonometry of the 

equator longitude difference, two relative arguments of latitude to the crossover location 

of Jason-1 and the other satellites.   
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Figure 2.3: Spherical trigonometry of two intersection passes: Jason-1 and the other 
satellite.  

 

As the next step, the approximate crossover locations in terms of row numbers of 

Stackfile format are found through an iteration process with inputs of the determined two 

relative arguments of latitudes to the crossover location (  and  and time tags of 

two passes. Finally, an exact crossover location and associated SSH data of Jason-1 and 

the other satellite, including row numbers, are computed through iterations until they are 

found.  

In one computation, the results are produced from a pass (or arc or column in 

Stackfile format) of the other satellite and all passes of Jason-1 mean ground track in both 

ascending and descending passes. Then, it repeats through all passes in one cycle, then 

through all assigned cycles of the other satellite. Figure 2.4 represents the geographical 
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distributions of dual crossover locations between Jason-1 mean ground track and the 

Geosat ground track of cycle 5 in ascending pass. 

 

Figure 2.4: Geographical distribution of dual crossover locations between Jason-1 mean 
ground track in ascending and descending passes and Geosat ground track of 
cycle 5 in ascending pass. 

  

 The other satellites, Geosat ERM, ERS-2, Envisat, and T/P, including ERS-1 

geodetic mission, are performed through the crossover process. The results for cycles 118, 

174, 180, 186, 209, 216, 224, 234, and 246 were not determined, due to a lack of data in 

Stackfile, during the computation for T/P, so the final new SSH dataset of these repeated 

cycle numbers for T/P are not calculated as well. Note that Envisat and ERS-1 geodetic 
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data from RADS database were reformatted into Stackfile format as described before, so 

that computations were compatible with Geosat ERM, ERS-2 and T/P from Stackfile 

database.  

Through this process, the results of the exact crossover locations (in degrees), their 

associated row numbers, and interpolated SSH data of Jason-1 mean track and the other 

satellite track are computed. Since the inclination of the Jason-1 satellite is 66º, the outputs 

are restricted to within these latitude ranges. As previously mentioned, these outputs will 

be used as constraints and initial values in the integrating process, which will be described 

in the next section, 2-5. Because of the limitation of latitudes of the reference field, the new 

SSH datasets are obtained within ±60º latitudes, and the new mean sea surface, which is 

the ultimate goal of this research, is derived within the same latitudes range.  

The summary of the dual crossover computational algorithm for this research is 

shown in Figure 2.5. The next sub-section 2-4-3 discusses the analysis of the two 

interpolated SSH data at crossovers computed between Jason-1 and the other satellite 

ground track by statistics.  
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Figure 2.5: Process of dual crossovers computation with Jason-1 mean SSH values. 

 
Module of Dual Crossover Computation 

 
Step 1: Select one pass of Jason-1 mean ground track and the 
other pass of the other satellite ground track.  
 
Step 2: Access to the orbital data of Stackfile format database 
and get the assigned longitudes and time tags of equator 
crossing. Read the assigned directions of two passes as well.  
   
Step 3: Compute equator longitude difference,	∆  with 
inputs extracted from Step 1 and Step 2. 
 
Step 4: Compute the argument of latitudes to crossover 
locations from equator for passes of Jason-1 mean ground 
track and the other satellite,  and . 
   
Step 5: Using  and  as inputs, iterate until the 
approximate crossover locations between two intersection 
passes in terms of row numbers of Stackfile format are found. 
 
Step 6: Determine the exact crossover locations, their 
associated row numbers and their interpolated SSH values at 
crossovers. 
 

Input:  Orbital and altimeter data from Stackfile format 

  Output : Exact crossover positions by degrees, row 
numbers in the Stackfile at crossovers and their SSH at 
crossovers.  
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2-4-3. Analysis of Dual Crossover Computation 

Through the process detailed in Figure 2.5, the crossover locations and two 

associated SSH values of the Jason-1 mean SSH and the SSH of the other satellite, which 

are necessary for the integrating process, were computed in ascending and descending 

passes separately. The original SSH data of the other satellite at the dual crossover location 

will be substituted with the corresponding Jason-1 mean SSH for the integrating process, 

as initial values and constraints. 

For an analysis of the dual crossover determination process, two interpolated SSH 

data between Jason-1 and the other satellite at crossover locations are compared in terms 

of mean and standard deviations. First, the SSH differences at the dual crossovers for each 

satellite are computed by subtraction. These height differences are caused by the systematic 

biases between two satellites, and SSH measurement errors of the satellite, including ocean 

variability effects. Then, the statistics in terms of the mean and standard deviations of the 

SSH differences at dual crossover locations by cycles of the other satellite are calculated. 

The mathematical equations for this evaluation are in a straightforward way: 

 

	 	 	 	
∑

          (2.5) 

	 	 	 	 	
∑ 2

1 	
1

             (2.6) 

where, 

i is a crossover location, 
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N is a total number of dual crossovers by cycle,  

 is the mean SSH value of Jason-1 at crossover location i, 

 is the SSH value of the other satellite at crossover location i, 

Mean is a mean value of the differences by cycle. 

 

This analysis gives us insight of how much (approximately) will be corrected in the 

SSH of the other satellite with respect to Jason-1 mean SSH data after the adjustment 

method. The SSH differences at dual crossovers represent the quantity of adjustments in 

the factors of systematic biases between two satellites and measurement errors of the other 

satellite. In other words, this test shows the approximate magnitude of the adjustments to 

the new SSH dataset over the cycles in order to improve the data characteristics of the 

satellite.  

 For a GM mission data such as ERS-1 phase E and F, there are a large number of 

crossover locations generated, 189447 and 210783, respectively. The height differences 

between Jason-1 and ERS-1 phase E at dual crossovers are computed and plotted in Figure 

2.6. Table 2.4 represents that the mean and standard deviation (STD) of SSH differences 

between Jason-1 and ERS-1 GM data (phase E and F) at crossover locations. 

 
 
 
 
 
 
 
 



 

40 
 

 

Figure 2.6: SSH differences between Jason-1 and ERS-1 phase E at the dual crossover 
locations: in the ascending passes (upper panel) and descending passes (lower 
panel).  

 

 ERS-1 phase E ERS-1 phase F 
Ascending 

pass 
Descending 

pass 
Ascending 

pass 
Descending 

pass 
Numbers of 

generated crossovers 95949 93498 106651 104132 

Mean of SSH 
differences (cm) 

16.4 16.8 15.9 16.5 

STD of SSH 
differences (cm) 

10.7 10.6 10.7 10.7 

Table 2.4: Statistics of dual crossover differences between Jason-1 and ERS-1 GM data. 
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For the Geosat ERM mission data, the SSH differences at crossovers are computed, 

same as for the GM data, and their mean and standard deviation (STD) of height differences 

over cycles are obtained. For the Geosat ERM, approximately 10000 dual crossovers are 

generated in each cycle, and the statistics are calculated by cycle from 1 to 62 in both 

ascending and descending passes separately, as shown in Figure 2.7. The upper two panels 

in Figure 2.7 represent the mean and standard deviation of SSH at dual crossovers 

computed between Jason-1 mean values and Geosat ERM data by cycles in ascending 

passes, and the lower two panels represent the same data in descending passes (Jason-1-

Geosat ERM dual crossover differences). Blue dots show the mean, and red dots indicate 

the standard deviation of Jason-1-Geosat ERM dual crossover differences; units are in cm. 
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Figure 2.7: Mean and STD of Jason-1-Geosat ERM crossover differences in ascending 
passes (upper 2 panels) and descending passes (lower 2 panels) by Geosat 
cycles. 
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Figure 2.7 shows that results are relatively irregular and variable over cycles. The 

mean of the SSH differences range from approximately 17 cm to 27 cm for ascending 

passes, and from 10 cm to 26 cm for the descending passes, except cycle 47. The standard 

deviations of SSH differences are variable from 20 cm to 40 cm by cycles in ascending 

passes, and from 20 cm to 60 cm in the descending passes, except cycle 47 (over 150 cm) 

and cycle 52. The statistics of cycle 47 show relatively higher standard deviation of SSH 

difference than those of other cycles, because it was influenced by altimeter data of certain 

tracks in cycle 47, which are noisier SSH data relative to the neighboring sea surface height 

data. Such highly inaccurate data, especially from old missions, are expected to be 

corrected through an adjustment process by integrating the bin-by-bin technique later, and 

could be a major improvement. 

The statistics of Jason-1-ERS-2 dual crossover differences computed from cycle 1 

to 67 of ERS-2 are shown in Figure 2.8. Approximately, a total number of 25000 dual 

crossovers by cycle in each ascending or descending pass are generated, and the mean and 

standard deviations using those crossovers are computed by cycle. The results for mean of 

SSH differences (blue dots) indicate that they vary from 2 cm to 10 cm, excluding a few 

points, and the figure for standard deviation (red dots) shows that results vary from 10 cm 

to 15 cm. Since the altimetric noise of the ERS-2 data is much smaller than Geosat ERM, 

the results of the statistics show less variation and a more regular pattern than the results 

from Jason-1-Geosat ERM crossover differences in Figure 2.7.  
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Figure 2.8: Mean and STD of Jason-1-ERS-2 crossover differences in ascending passes 
(upper 2 panels) and descending passes (lower 2 panels) by ERS-2 cycles. 
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The regular pattern shown in Figure 2.8 resembles a sinusoid, and is periodic 

approximately every 10 cycles. Since ERS-2 satellite has 35-day repeated cycles, and the 

patterns in the figure appear every 10 cycles, the period of the sinusoid signals is about 1 

year. Therefore, the sinusoid pattern in the figure infers the signals of annual ocean 

variability in ERS-2 SSH data. The results of statistics for Jason-1-ERS-2 dual crossover 

differences demonstrated the possible degrees for improvement of ERS-2 original SSH 

data and for homogeneity with Jason-1 after adjustment technique. That is, the amounts for 

change to the adjusted ERS-2 SSH data will be much lower than those of Geosat ERM, 

because the original ERS-2 data are much more accurate than those of Geosat ERM.  

The statistics for Jason-1-T/P at dual crossovers differences are computed and 

plotted from T/P cycle 10 to 364 in Figure 2.9. The figure shows that the mean varies from 

14 cm to 18 cm, and the standard variations from 9 cm to 12 cm by cycles. It represents 

less variability, in terms of the mean and standard deviations by longest cycles, than those 

of other satellites from the Stackfile database due to the accuracy of T/P SSH data. In 

addition, more regular and consistent curves by cycles are observed in the figure. The fact 

that these sinusoidal signals repeat approximately every 36 cycles, and the repeat cycle of 

T/P is every 10 days, infers that the regular patterns are due to annual ocean variability. 

Their differences will be adjusted to the original T/P SSH data through an integrating 

process in order to obtain the new T/P SSH dataset. Figure 2.9, which represents the 

statistic results for Jason-1-T/P crossover differences, is following. 
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Figure 2.9: Mean and STD of Jason-1-T/P crossover differences in ascending passes 
(upper 2 panels) and descending passes (lower 2 panels) by T/P cycles. 
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The statistics of Jason-1-Envisat dual crossover differences by Envisat cycles are 

shown in Figure 2.10. The total number of dual crossovers between these two satellites is 

approximately 20000 by cycle, and the mean and standard deviation of the differences are 

computed from Envisat cycles 9 to 94. The figure shows that the variations of the mean 

and standard deviation of SSH differences at crossovers by cycle are very small and 

regular, except for those of cycle 51. The mean differences are variable from 10 cm to 14 

cm, and the standard deviations vary from 8 cm to 12 cm, excluding those of cycle 51. In 

addition, a sine wave appears, as in the previously shown results of ERS-2 and T/P, 

indicating the annual ocean variability.  

In cycle 51, the standard deviation at crossovers is over 2 m, so it is undeniably out 

of the boundary of data reliability. Thus, the Envisat SSH of every track in cycle 51 is 

examined through the crossover method, and it was found that outliers are due to the SSH 

measurements in track number 187 of Envisat. The associated SSH data at crossovers with 

Jason-1 and track number 187 of cycle 51 in Envisat are computed and plotted in the upper 

panel of Figure 2.11. For comparison as a reference, the dual crossovers between Jason-1 

and the same track number of cycle 52 in Envisat are computed and plotted in the lower 

panel of Figure 2.11. The horizontal axis (x axis) indicates dual crossovers between the 

SSH data of track number 187 of Envisat and Jason-1 SSH data. The vertical axis (y axis) 

represents the sea surface height values. The unit is in meters (m). The red circle represents 

the Jason-1 SSH value, while the blue star represents the SSH of track number 187 of 

Envisat at dual crossovers.  
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Figure 2.10: Mean and STD of Jason-1-Envisat crossover differences in ascending passes 
(upper 2 panels) and descending passes (lower 2 panels) by Envisat cycles. 
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Figure 2.11: Jason-1-Envisat dual crossover differences for track 187 of cycle 51 (upper 
panel) and cycle 52 (lower panel). 
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 By comparing the upper and lower panels by Figure 2.11, the Envisat SSH 

measurements of track 187 in cycle 51 are much lower than those of cycle 52 at the same 

dual crossover locations. The upper panel shows that the differences with Jason-1 are over 

50 m, while, the lower panel, though almost identical in terms of meter level for cycle 52, 

displays expected results. Such high SSH differences at dual crossovers, shown in the upper 

panel, seem to be obviously abnormal. It is inferred that they might be measured or 

processed inaccurately for some reason. Therefore, this provided the unusually high 

standard deviations in cycle 51 shown in Figure 2.10. Since such inaccurate SSH affect all 

the points in the same track in the integrating process, Envisat data of track 187 in cycle 51 

was excluded for the rest of process in this research.  

2-4-4. Summary 

 The method and computational algorithm of dual crossover computation, for the 

initial values and constraints necessary for the integrating process are described in this 

section. In addition, the results from dual crossover determinations are analyzed by 

statistics in terms of mean and standard deviation of SSH differences by cycles. Statistics 

from Jason-1-each satellite dual crossover differences display the approximate amount of 

adjustments to be performed from the original SSH datasets to the new SSH datasets.  

In particular, the statistics by cycles for satellites, except the old mission Geosat 

ERS, reveal the regular sinusoidal waves, which are due to signals of annual ocean 

variability of each satellite. The variability of ocean will be still preserved in the new SSH 

data processed through the integrating method, but reduced later while computing mean 
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profiles. By product, abnormally inaccurate Envisat SSH data of track 187 in cycle 51 are 

found from this analysis, and will be eliminated for the rest of processes for this research.  

2-5. INTEGRATING PROCESS FOR NEW SSH DATASETS OF EACH SATELLITE 

After the first and second steps, we obtain datasets of the along-track SSH 

gradients, crossover locations, and the interpolated mean SSH value of Jason-1 at the 

crossovers by each cycle in the satellites Geosat ERS, ERS-2, Envisat, and T/P, including 

ERS-1 geodetic mission data. As the final step, with the datasets described above, the new 

SSH datasets are obtained by integrating bin-by-bin using along-track SSH gradients from 

crossover locations. Through this computation, the new SSH datasets of each satellite, in 

ascending and descending passes separately, are obtained, and they are expected to be 

improved and close to the level of Jason-1 quality and, ultimately, become homogenous 

with each other enough to combine for new mean sea surface. 

The key idea of this step is to integrate the along-track SSH gradient bin-by-bin 

with an initial value. An initial value is the MSS value of Jason-1 at dual crossover 

locations, which is computed through Figure 2.5. In general, multiple crossovers meet in 

one pass of the satellite track, so multiple new SSH data at a point can be computed by 

integrating from multiple crossover locations. A more optimal method to determine a single 

final result from several outputs could be used; but in this research, the new final SSH data 

is determined after selecting ‘two’ new SSH data computed from the nearest two dual 

crossovers: one is the nearest crossover point ahead (in backward direction), and the other 

is the nearest crossover point behind (in forward direction). There are some cases in which 
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the new SSH data is computed from crossovers in only one direction: either the forward 

direction or the backward direction. In this case, the new SSH data is computed considering 

only one nearest crossover. 

Here are the mathematical expressions for integrating by the bin-by-bin method. If 

F is the nearest ‘behind’ crossover point for bin i, and the position of crossover F is the 

same as bin x of the pass, then the new SSH value of bin i in forward direction, 

_ ,	can be computed bin-by-bin starting from the Jason-1 MSS value of a dual 

crossover F ( : 

 

_ 	  + ∑ 	                     (2.7)                 

where, 

	  is the SSH gradients of k th row, 

d is the distance between two consecutive bins. 

 

Now, if B is the nearest ‘ahead’ crossover point for bin i, and the position of dual 

crossover is the same as bin y of the pass, then the new SSH value of bin i in backward 

direction, _ ,	can be computed bin-by-bin starting from the Jason-1 mean value 

of a crossover B ( : 

 

_ 	  - ∑ 	                      (2.8) 
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In general, the crossover point does not meet exactly in a bin location, so the SSH 

gradient between an exact crossover location and a neighboring bin location, is included in 

the integrating process. From the process, one or two SSH datasets in a bin are generated 

through integrating bin-by-bin. If there is one bin that does not have an along-track gradient 

between the nearest crossover point and the target bin for computation, the integration 

process would be stopped because of the discontinuity of bin-by-bin flows. In this case, the 

flow of integration continues by integrating along-track gradients of two distant bins. 

However, if there are more than two consecutive bins that do not have SSH gradients data, 

the integrating would be stopped, so the new SSH in a target bin at this time is not obtained. 

      After combining the two new SSH datasets that are computed from two nearest 

crossovers (both in forward and backward directions or one direction), the new SSH 

( _ 	is determined considering the distance as weighting factors. 

  

_
_ _

                           (2.9) 

 

Since dual crossovers computed between Jason-1 and the other satellite are limited 

to ±66º latitudes, the final new SSH data are obtained within ±60º latitudes by cycles in 

each satellite for accuracy. Finally, through this step, the new SSH datasets of Geosat ERM, 

ERS-2, T/P, Envisat and ERS-1 geodetic data are obtained for each cycle.  

As mentioned earlier, these new SSH datasets are expected that their accuracies and 

their homogeneity with the most accurate reference surface, Jason-1 mean SSH, are 
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improved. To evaluate the degree of improvement, the new SSH datasets of each satellite 

are analyzed in terms of mean profiles, which are obtained by averaging SSH data. The 

analysis will be described in the next chapter.  

2-6. SUMMARY OF ADJUSTMENT METHOD 

The new SSH dataset for each satellite is obtained, in order to enhance the SSH 

data quality from the original dataset, which contain different accuracies and initial 

systematic biases due to applied different models and algorithms. This adjustment was 

derived based on the integrating method, which is composed of three steps performed using 

the advantage of the bin-by-bin Stackfile format. First, the along-track SSH gradients of 

each satellite by available cycles are computed. Second, the interpolated Jason-1 mean SSH 

data at dual crossover locations are determined through dual crossover technique. This 

computation is also carried out by cycles of each satellite. Third, using two kinds of results 

obtained through first and second processes, the new SSH data are obtained by integrating 

the along-track SSH gradients with the Jason-1 mean values at dual crossovers as an initial 

values or constraints. Therefore, the improved SSH datasets by all available cycles in each 

satellite are obtained through the integrating method.  

The computational algorithm for the three steps for adjustment are summarized in 

Figure 2.12. Through the integrating process, it is expected that some of the long 

wavelength and bias errors, residual errors due to correctional models, and systematic 

biases between Jason-1 mean SSH and each satellite will be reduced. Furthermore, it is 
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expected that their accuracies are improved, and they are made quite homogenous to each 

other, including Jason-1, which is considered as an accurate reference surface.  

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Adjustment procedure based on integrating method for improved SSH 
dataset. 

Process 1: Along-track SSH computation 
 
Compute along-track SSH gradients of each satellite using 3 
points considered: ahead, current and behind SSH values of 
the current bin. 

Process 2: Dual crossover determination 
 
Compute the exact crossover locations and the interpolated 
SSH data of crossover locations between Jason-1 mean 
ground track and ground-track of the other satellite. 

Process 3: Integrating bin-by-bin 
 
Integrate the along-track SSH gradients with the MSS of 
Jason-1 at crossover locations as an initial value and 
determine one final SSH data by combining two integrated 
SSHs from the nearest crossovers in forward and backward 
directions. 

SSH datasets from Altimeter 
files of Stackfile format. 

 
New SSH dataset 
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Chapter 3: Computation of Accurate Mean SSH Profiles 

 

3-1. INTRODUCTION 

Through the three steps of the adjustment procedure described in the previous 

chapter, sea surface height datasets are computed by integrating along-track SSH gradients 

referenced to the mean SSH value of Jason-1 satellite. Then, they are improved and made 

more homogeneous with respect to the Jason-1 SSH data. These new SSH datasets are used 

for deriving a new accurate mean sea surface in this research by gridding them as inputs. 

In this case, the mean SSH profiles of each satellite, which are obtained by computing an 

averaged SSH data along the ground track of a satellite, are actually being utilized. Since 

some outliers of these adjusted SSH datasets remain, simply averaging the new SSH 

datasets by applied cycles is not enough to obtain the adequately accurate mean profiles. 

Therefore, more editing is required to remove these outliers prior to averaging.  

In this chapter, the computation and evaluation of the accurate mean profile, with 

upgraded SSH of each satellite, are described. Section 3-2 will present how to compute the 

accurate mean SSH profile. As mentioned in the previous chapter, the new SSH datasets 

of each satellite contain the signals of annual and semi-annual ocean variability, which will 

introduce biases in the mean sea surface. Therefore, they are estimated and reduced before 

they are averaged into the mean SSH profiles of each satellite. In addition, more 

computations performed to increase the accuracy of the mean SSH profiles for the ERM 

and GM data are described, and the complete processing steps are summarized.  
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In Section 3-3, the Jason-1 mean SSH profile, which is chosen as a reference 

surface in this research, is evaluated by comparing it with two recent and accurate mean 

sea surfaces, DNSC08 and DTU10. Those two MSS are major references for comparisons 

of the results during this research. DTU10 is an upgraded version of DNSC08 MSS, using 

almost the same data and the same processing and gridding method, except the time span 

of data used as a reference field and the number of corrections used for the old data. Due 

to such differences, the initial systematic biases between them exist, which should be taken 

into account in analyzing the results in this research. In sub-sections, these systematic 

differences (or biases) between DNSC08 and DTU10 are discussed; then, the comparison 

of them with Jason-1 mean profile are described.  

The mean profiles of the adjusted SSH datasets in each satellite are assessed in 

Section 3-4. Both the mean profiles of the original and new SSH datasets are compared 

with two reference surfaces, DNSC08 and DTU10 mean sea surfaces. The statistics of the 

differences are computed, and compared and figures are illustrated geographically by GMT 

(Genetic Mapping Tools).  

3-2. COMPUTING MEAN PROFILES OF EACH SATELLITE 

For this research, the mean profile of each satellite is computed by averaging new 

SSH datasets, whose qualities are enhanced closer to the level of Jason-1 data through the 

adjustment method. Note that some outliers still remain, although new SSH datasets are 

improved and more homogeneous, so several more processes to remove those outliers are 

performed. The new SSH datasets contain annual and semi-annual signals of ocean 



 

58 
 

variability, revealed in the test of the dual crossover computation described in sub-section 

2-4-3. In addition, certain errors caused by the integrating process, outliers due to the less 

accurate SSH data in each satellite remain in the new SSH. Therefore, the processes to 

reduce such remaining outliers are carried out prior to the mean SSH profiles computation. 

 First, annual and semi-annual signals in the new SSH data are estimated and 

removed. Trend, annual and semi-annual signals in the SSH data are estimated by the 

following model:  

	 	 ∙ ∆ ∆ ∆ 	 

                      ∆ ∆                (3.1)                

where, 

Mean is an initial mean value of SSH in each bin, 

trend is a secular trend, 

∆  is time of observation – epoch (in days), 

 and  are the annual and semi-annual frequencies, 

A,B,C,D are the harmonic constants for the signals. 

 

The coefficients of the model are estimated by minimizing the square of the residual signals 

using linear least squares. Then, the signals are removed from the new SSH data.  

 Second, the 3-sigma editing process is applied to each bin in order to exclude 

especially erroneous data or outliers. The average and standard deviations are computed 
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from the new SSH of all available cycles bin-by-bin. Then, the SSH data outside of three 

sigma of standard deviation are removed.  

Third, the new SSH datasets are re-compared with the grid file of Jason-1 mean 

SSH, and data with high differences (more than 30 cm or less than -30 cm) are removed. 

Then, to fill the new SSH data in those edited bins, the new SSH are re-integrated from a 

new constraint from the grid of Jason-1 mean SSH values, using their original SSH 

gradients. This process helps to remove most of the outliers that occurred from integrating 

through a long distance, which causes an accumulation of integration errors. 

Finally, the mean SSH profiles are computed by averaging the new SSH data by all 

applied cycles in each bin. These are considered as more accurate profiles than those that 

result by simply averaging due to these editing processes. Through the processes, 2-year 

Geosat ERM mean profiles, 6-year ERS-2 mean profiles, 8-year Envisat mean profiles, and 

10-year T/P mean profiles of adjusted SSH data are obtained. Figure 3.1 shows the 

summary of steps to compute the accurate mean profiles of ERM satellite SSH data. 
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Input: New SSH data adjusted through integrating process. 

Step 1: Estimate and remove annual, semi-annual and secular terms in new SSH. 

Step 2: Perform 3-sigma editing. 

Step 3: Compare with the grid file of Jason-1 mean SSH, remove data with high 

differences, and update by re-integrating.  

Step 4: Average bin-by-bin. 

          Output: Accurate mean profiles of each satellite 
 

Figure 3.1: Summary of editing and processing for accurate mean profiles. 

 
The GM data of ERS-1 phase E and F (4/1994~3/1995) are not exactly repeated 

mission data, so an instantaneous SSH profile is generated instead of a mean SSH profile. 

The geodetic mission data have short wavelength spatial resolutions, and are very essential 

for high resolution MSS determination. The original GM data were processed to be 

adjusted relative to Jason-1 mean profile, through the integrating procedure. The adjusted 

GM data will help cover the vicinity of enclosed small seas, isolated seas and coastal areas, 

and empty spaces between the ERM data. As in ERM satellites, outliers will remain, but 

there will be even more remaining outliers for GM due to less accurate and noisier data in 

the original GM data. 
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For editing, the new instantaneous SSH data of ERS-1 phase E and F are compared 

with the grid file of Jason-1 mean profile, then the high differences, which ranges more 

than 30 cm or less than -30 cm are eliminated, the same as the editing of ERM satellite 

data. However, the new GM data for bins which are edited out, are re-integrated using the 

DTU10 MSS gradients. The use of existing MSS gradients, instead of using its original 

SSH gradients, is because more precise data are needed for the areas of the short 

wavelength features. Figure 3.2 shows the distributions of GM data between the mean 

profiles of ERM data. It clearly shows the GM data filling in the gaps between the ERM 

ground tracks. 

 Figure 3.2: Distributions of 6 different satellites data in 1º×1º cell. Blue stars represent 
SSH data of ERS-1 GM satellite, while the other symbols show ERM data.  
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Finally, the mean SSH profiles and the instantaneous SSH profiles of the new SSH 

datasets are obtained after additional computations to improve their quality, and they are 

now ready to be gridded together for a new mean sea surface.  

3-3. VALIDATION OF JASON-1 MEAN SSH PROFILES 

Jason-1 mean SSH profiles are used as reference fields for adjusting other satellite 

data, and as the primary surface for gridding into the new MSS. Thus, they significantly 

affect the accuracy of the new MSS determination more than any other satellite data. In 

this section, Jason-1 mean SSH profile, which is computed by averaging data of from 

January 2002 to December 2008, is analyzed by comparing it with two recent reference 

fields, DNSC08 and DTU10.  

DNSC08 and DTU10 are derived from the same research center (DTU Space), and 

the same scientific methods and computations for MSS determination. However, DTU10 

used slightly more improved datasets with better range and geophysical corrections and a 

longer period of data by 5 years than that of DNSC08. Due to inconsistencies of applied 

corrections and time span of the dataset used as a reference field, the systematic differences 

between two MSS exist. In sub-section 3-3-1, such systematic biases between the two 

MSS, DTU10 and DNSC08, are explained in detail. Sub-section 3-3-2 represents an 

assessment by comparing Jason-1 mean SSH profile with the two MSS. For an evaluation, 

the statistics in terms of mean and standard deviation of height differences between Jason-

1 mean SSH profile and two MSS are computed within ±60º latitudes.  
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3-3-1. Systematic differences between DNSC08 and DTU10 

In general, the systematic differences or biases between two MSS occur due to 

different applied range and geophysical corrections, different orbits and different time 

averaging periods, etc. Both of DNSC08 and DTU10 MSS used T/P and Jason-1 combined 

mean profile as a reference surface. The primary difference between them is the time span 

of the referencing surface, for which that of DTU10 is longer by 5 years of Jason-1 data. 

Table 3.1 represents information about the reference surfaces, their referencing time spans, 

and database sourface for both MSS models [Anderson, 2010]. For comparison with our 

reference surface, facts regarding the Jason-1 mean profile used in CSRMSS14 are 

included in Table 3.1 as well. 

   DNSC08 DTU10 CSRMSS14 

Reference 
surface 

T/P+Jason-1  
mean profile 

T/P+Jason-1 
mean profile 

Jason-1  
mean profile 

Period of 
reference surface 

1993-2004 1993-2009 2002-2008 

Database source NASA Pathfinder 
V13.1 

NASA Pathfinder 
V13.1 

CSR Stackfile 

Table 3.1: Information of reference surfaces of DNSC08, DTU10 and CSRMSS14. 

 
DNSC08 and DTU10 are released with 1-minute resolution, and they are extracted 

into 5-minute resolution (consistent with CSRMSS14) and compared within ±60º latitudes 

for this research. For the test, the differences between DNSC08 and DTU10 are computed 

by subtracting directly. The mean of height differences between them is 5.7 cm, and the 
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standard deviation of height differences is 3.5 cm. Their differences will affect the 

evaluations of our new MSS, CSRMSS14, in comparing with these two MSS models later. 

The MSS differences between DNSC08 and DTU10 are illustrated geographically in 

Figure 3.3. The comparison shows both positive and negative differences, most likely 

caused by the inter-annual variabilities of the ocean between the time span of the Jason-1 

mean profiles used for the MSS determination: 1993-2004 vs. 1993-2009 [Andersen, 

2010].  

 

Figure 3.3: Map of the MSS height differences between DNSC08 and DTU10. The color 
scale range is in cm, and the latitudes are restricted to ±60º. 

 

cm 
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3-3-2. Comparision of Jason-1 Mean SSH profiles with DNSC08 and DTU10 

In this sub-section, the 7-year Jason-1 mean SSH profiles are compared with two 

accurate MSS, DNSC08 and DTU10, respectively. Height differences between the Jason-

1 mean SSH profile and the interpolated MSS along the Jason-1 mean SSH profile are 

computed within ±60 degrees latitudes, then the mean and standard deviation of height 

differences are calculated. Assuming that 7-year Jason-1 mean profiles are the most precise 

profile available, the mean of height differences show us the systematic biases between the 

7-year Jason-1 mean profile and the two MSS. Moreover, the standard deviation represents 

the accuracy of the 7-year Jason-1 mean profile with respect to the two MSS.  

The mean of the Jason-1 mean SSH profile with respect to DNSC08 is 17.2 cm and 

the standard deviation is 2.7 cm. The comparison with DTU10 shows that the mean of 

differences is 12.2 cm and the standard deviation of differences is 2.5 cm. The results from 

standard deviation of height differences (2.7 cm and 2.5 cm, respectively) shows that the 

7-year Jason-1 mean profile is very close to the two reference surfaces, and is slightly 

smoother and closer to DTU10 than DNSC08. Assuming that the Jason-1 mean profile and 

the two MSS are comparable in accuracy, the statistics of mean indicate that our Jason-1 

mean SSH profile has systematic biases between DNSC08 and DTU10, and that the biases 

could be approximately 17.2 cm and 12.2 cm, respectively.  

To see the relative height differences geographically, the differences between the 

7-year Jason-1 mean SSH profiles and DNSC08 are plotted in Figure 3.4 within ±60 

degrees latitudes after subtracting the mean of the height differences (17.2 cm). The figure 
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shows that large positive/negative differences appear, and that they are associated with 

strong ocean variability areas, such as in the Tropics currents and parts of other major 

currents.   

      

Figure 3.4: Height variations between Jason-1 mean profiles and DNSC08, after 
subtracting their systematic bias (17.2 cm). 

 
For results of comparison with DTU10, 12.2 cm, which is the systematic bias 

between the 7-year Jason-1 mean profile and DTU10, is subtracted and plotted in Figure 

3.5.  

cm 
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Figure 3.5: Height variations between Jason-1 mean profiles and DTU10, after 
subtracting their systematic bias (12.2 cm). 

 
The figure shows significant reductions in areas of large differences present in 

Figure 3.4, especially the eastern Pacific Oceans of South Asia (open oceans area). The 

main differences between the two figures are due to the change of ocean variability between 

the time period of the reference surfaces of DNSC08 and DTU10. The time span of the 7-

year Jason-1 mean profile (ending in 2008) is closer to that of DTU10 (ending in 2009) 

than that of DNSC08 (ending in 2004), so the differences shown in Figure 3.5 are lesser 

and smoother. The statistics of height differences obtained between the 7-year Jason-1 

cm 
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mean profile and the two MSS are used as reference data to investigate the accuracy of 

mean profiles of the other satellites, and new MSS, CSRMSS14, later.  

 3-4. VALIDATION OF THE MEAN SSH PROFILES OF OTHER SATELLITE MISSIONS 

As described earlier, with SSH data adjusted into the Jason-1 mean SSH by the 

integrating method, a mean SSH profile for each satellite is computed by averaging after 

several editing iterations. In order to evaluate its accuracy, it is compared with the reference 

surfaces, DNSC08 and DTU10. The height differences between a mean SSH profile of 

each satellite and DNSC08 or DTU10 are computed, and the mean and standard deviation 

of the differences are obtained. Statistics of the mean of differences indicate the average of 

height differences, and the standard deviations represent the accuracy of the mean SSH 

profile with respect to the MSS. In addition, by comparing the results of Jason-1 mean SSH 

profile as described in Section 3-3, the statistics also indicate their homogeneity with 

respect to the Jason-1 SSH data, which was used for the data adjustment.  

In sub-section 3-4-1, the results of the comparison with DNSC08 are described, and 

the evaluation by comparing with DTU10 are shown in the next sub-section, 3-4-2. The 

maps of comparisons for each satellite are plotted. The latitudes for the computation are 

limited between -60º and +60º.  

3-4-1. Comparison with DNSC08 MSS 

The original mean profiles derived by averaging the original SSH data and updated 

mean profiles, which are computed from the adjusted SSH datasets, are compared with 



 

69 
 

DNSC08. This analysis indicates the degree of change in the new mean SSH profiles from 

the mean profiles of the original dataset with respect to the MSS through the integrating 

method. Moreover, it also demonstrates their consistency and homogeneity with each other 

with respect to Jason-1 data.  

First, the mean profile of the original dataset is obtained by averaging the SSH data 

in the database, without any editing process (from step 1 through step 3) in Figure 3.1. 

Then, the height differences between the mean profiles of original dataset and DNSC08 

were computed by interpolating the DNSC08 at the mean profile positions. The mean and 

RMS of height differences were calculated, and the results are shown in Table 3.2; units 

are in cm. The statistics are computed by dividing in case of all different points, and points 

whose differences are within ±30 cm. The averaging takes away some of the ocean 

variability, but the large ocean variability signals remain. Thus, the statistics indicate that 

the mean profiles of the original SSH data for each satellite contain high variability signals 

relative to the global homogeneous surface, DNSC08.  
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Satellite 

    All differences -30 cm < Difference < +30 cm 

Number of 
points 

Mean (RMS)

(unit: cm) 

Number of points Mean (RMS) 

(unit: cm) 

Geosat ERM 788432 -12.0 (35.2) 765072 -11.0 (15.0) 

ERS-2 1515501 10.8 (19.8) 1508494  10.8 (11.3) 

Envisat 1300070 5.4 (6.4) 1299128 5.4 (6.1) 

T/P 453479  2.0 (3.2) 452492  1.8 (2.9) 

ERS-1 Phase E 6351314 0.9 (10.7) 6247896 1.0 (9.3) 

ERS-1 Phase F 6325180 1.6 (11.1) 6214320 1.5 (9.7) 

Table 3.2: Statistics of the mean or SSH profiles of the original SSH datasets from 
Stackfile and RADS with respect to DNSC08, in terms of Mean and Root 
Mean Square (RMS). 

 
The statistics of the height differences between the mean profiles of new SSH data 

sets and DNSC08 are represented in Table 3.3. With the same method, the mean and 

standard deviation of height differences were computed, excluding those with over 30 cm 

of height difference. For the GM data, ERS-1 phase E and F, the instantaneous SSH profiles 

which were obtained with the new SSH data sets and edited more rigorously, are compared 

with DNSC08 as well. By the statistics of Table 3.3, the mean of height differences of both 

ERM and GM satellites became much closer to the value of 17.2 cm, which is the 

systematic bias between the Jason-1 mean profile and DNSC08. The standard deviations 

of the height differences for the ERM data vary from a minimum of 2.6 cm and a maximum 

of 3.9 cm, and for the GM data, 4.8 cm.  
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Satellite 

Mean or SSH profiles of new SSH - DNSC08 

Number of compared 
points 

Mean 

 

STD 

Geosat ERM 786894 17.0 3.9 

ERS-2 1513549 17.0 3.6 

Envisat 1299720 17.2 2.7 

T/P 453163 17.2 2.6 

ERS-1 Phase E 6351294 17.2 4.8 

ERS-1 Phase F 6325161 17.2 4.7 

Table 3.3: Statistics of height differences between mean or SSH profiles of new SSH and 
DNSC08; units are in cm and height differences over 30 cm were 
eliminated. 

 
Considering Table 3.2 and Table 3.3, which represent the statistics of the 

comparison of the original SSH data sets and the new SSH data sets with DNSC08, the 

new SSH data sets for each satellite became much better adjusted into the referencing 

surface, the Jason-1 mean SSH, and more homogeneous and consistent with each other. 

Therefore, this analysis indicates that the mean SSH profiles and SSH profiles computed 

with the new SSH datasets through the integrating method are more accurate profiles.  

In order to show the distribution, the height differences between mean profiles or 

SSH profiles of the new SSH for each satellite and DNSC08 are plotted with 40 minute 

resolution. For the height variation with respect to the mean value of height differences 

with respect to DNSC08, the value of 17.2 cm, which is the systematic bias between Jason-

1 mean and DNSC08, is subtracted.  
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In the map for Geosat ERM in Figure 3.6, significant differences are evident along 

the tracks in the vicinity of the Indian Ocean. This is because the new SSH for Geosat ERM 

are obtained by integrating and editing bin-by-bin, and the change before and after the 

adjustment are the largest among the satellites. The lower panel of the figure shows results 

for T/P, which also indicates prominent trackiness along the east coastal area of the South 

American continent.  

All of the maps show that high differences are evident in the regions of large ocean 

variability signals and enclosed small seas, near multiple islands of Southeast Asia and 

coastal areas. In general, for accurate MSS determination, more sophisticated processes are 

performed in the vicinity of small seas, multiple islands and coasts, where denser and more 

accurate SSH data are necessary. Thus, the results of the comparison with mean profiles of 

new SSH and DNSC08 show the dominant differences around those areas.  

In fact, considering the differences range between -7.5 cm to +7.5 cm in the maps, 

the degrees of high differences are at an acceptable level. Moreover, considering the 

remaining ocean variability signals in each satellite, and inter-annual variability signals 

between the 7-year Jason-1 mean profile and DNSC08, the results of this comparison 

indicate that the SSH data of each satellite are adjusted to a reasonable level. The maps of 

the height variations between each satellite and DNSC08 are provided in Figures 3.6 to 

3.8; the offset due to systematic bias between Jason-1 and DNSC08, 17.2 cm, is excluded.  
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Figure 3.6: Height variations of Geosat ERM(Top) and T/P mean profiles (Bottom) 
computed with new SSH data with respect to DNSC08, after subtracting 
17.2 cm. 

 

cm 
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Figure 3.7: Height variations of ERS-2 (Top) and Envisat mean profiles (Bottom) 
computed with new SSH data with respect to DNSC08, after subtracting 
17.2 cm. 

cm 
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Figure 3.8: Height variations of the SSH profile of ERS-1 Phase E (Top) and ERS-1 
Phase F (Bottom) computed with the new SSH data with respect to 
DNSC08, after subtracting 17.2 cm. 

cm 
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3-4-2. Comparison with DTU10 MSS 

In this sub-section, the new mean profiles are evaluated by comparing them with 

the DTU10 MSS. The test is the same as that for DNSC08. The height differences between 

the mean or SSH profiles of each satellite and DTU10 are computed, and the mean and 

standard deviation of the differences are calculated. Table 3.4 summarizes the statistics of 

the comparison for the ERM and GM data with DTU10; units are in cm.  

 

 

Satellite 

Mean or SSH profiles of new SSH – DTU10 

Numbers of compared 
points 

Mean STD 

Geosat ERM 793339 12.1 3.6 

ERS-2 1535883 12.0 3.7 

Envisat 1299842 12.2 2.4 

T/P 456383 12.2 2.5 

ERS-1 Phase E 6351468 12.2 4.5 

ERS-1 Phase F 6325254 12.2 4.4 

Table 3.4: Statistics of height differences between mean or SSH profiles of new SSH and 
DTU10; units are in cm and height differences over 30 cm were eliminated. 

 
In all cases, the mean value of height differences for each satellite is very close to 

12.2 cm, which is the systematic bias between the 7-year Jason-1 mean profile and DTU10. 

The standard deviation of height differences ranges from 2.4 cm to 3.7 cm for ERM 

satellite, while the values are slightly higher (4.4 cm and 4.5 cm), for GM datasets. The 

results indicate that the all mean profiles or SSH profiles of the new SSH datasets are very 
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consistent and homogeneous with respect to DTU10 and the Jason-1 mean profile, as well 

as with DNSC08. The maps of the height differences with respect to DTU10 after 

subtracting 12.2 cm, which is the value of the systematic bias between Jason-1 mean SSH 

and the DTU10 surface, are given in the following figures. 
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Figure 3.9: Height variations of Geosat ERM(Top) and T/P(Bottom) mean profiles 
computed with new SSH data with respect to DTU10, after subtracting 12.2 
cm. 

cm 
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Figure 3.10: Height variations of ERS-2 (Top) and Envisat (Bottom) mean profiles 
computed with new SSH data with respect to DTU10, after subtracting 12.2 
cm. 

cm 
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Figure 3.11: Height variations of ERS-1 Phase E (Top) and ERS-1 Phase F (Bottom) 
SSH profiles computed with new SSH data with respect to DTU10, after 
subtracting 12.2 cm. 

 

cm 
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The maps for Geosat ERM and T/P show that relatively high negative differences 

(about -5 cm) have noticeable satellite track patterns in Figure 3.9. In addition, large 

differences are found in the regions of enclosed seas and the vicinity of coastal areas. As 

explained previously, the data for those areas in the MSS are treated very carefully, so the 

differences are likely a reflection of more uniform and homogeneous MSS, DNSC08 or 

DTU10. However, mostly, the large differences due to high oceanic variability signals are 

not found in all maps of comparison with DTU10. This is consistent with the differences 

between the 7-year Jason-1 mean SSH and DNSC08, and between the 7-year Jason-1 mean 

SSH and DTU10, featured in Figures 3.4 and 3.5, respectively. It also demonstrates that 

the surface from the adjusted SSH datasets in each satellite is smoother and closer to 

DTU10 than DNSC08, because the 7-year Jason-1 mean SSH is closer to the reference 

surface used for DTU10. Therefore, the mean profiles or SSH profiles of enhanced datasets 

in each satellite are within the desired accuracy level of approximately 5 cm.  

In conclusion, from comparing the mean profiles or SSH profiles of the new SSH 

with DNSC08 and DTU10, they showed small variations of relative height differences 

overall. The figures show that relatively high positive or negative differences are evident 

in the regions of enclosed small seas, vicinity of coastal area and high oceanic variability. 

Thus, more accurate data is needed in those areas for gridding into an accurate mean sea 

surface determination.       
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Chapter 4: Gridding into New Mean Sea Surface 

 

4-1. INTRODUCTION 

The mean or SSH profiles of the new SSH datasets, which were improved through 

the integrating process, were derived for both multiple ERM and ERS-1 GM satellites: 

Geosat, ERS-2, Envisat, T/P, and ERS-1 phase E and F. They were processed in order to 

make them homogeneous datasets using the accurate Jason-1 mean SSH data as a 

reference. Therefore, their accuracies are enhanced as their data were made similar to that 

of Jason-1. They are ready to be used as inputs of gridding as the final step of the mean sea 

surface determination.  

Gridding is a 2-dimensional technique used to obtain the results of regular 

geographic locations from scattered positioned data. For MSS derivation, gridding 

provides the interpolated results on a uniform grid, given multiple satellite SSH datasets. 

Most of the recent MSS models have used least squares collocation as a gridding technique, 

whose method uses a second-order Gauss-Markov covariance function with a certain 

correlation length.  

In this research, assuming that inputs for gridding are very homogeneous and 

consistent with respect to the reference surface, Jason-1 mean SSH, the algorithm for 

gridding uses a 2-D spline interpolation in tension with a Green’s function. Section 4-2 

derives the 2-D interpolation using Green’s function in tension mathematically and 

conceptually, and the computation algorithm for gridding into the new MSS, named 
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CSRMSS14 is explained in Section 4-3. In Section 4-4, the determination method of the 

tension term for the research is described.  

4-2. GRIDDING USING GREEN’S FUNCTION TECHNIQUE 

Green’s function is not only commonly used for solving differential equation, but 

also for deriving mathematical techniques for finite difference methods. It is also called the 

inverse matrix of the Laplace operator and treated as a data kernel for minimum curvature 

interpolation. Sandwell [1987] presented a gridding technique with bi-harmonic spline 

interpolation using Green’s function and applied it to sea surface topography mapping 

using GEOS-3 and Seasat satellite altimeter data. He demonstrated that the gridding 

technique using a Green’s function is very flexible and easy to apply to more dimensional 

results, while there is a limitation of input data and stability of computation.  

The mapping surface is the result of the linear combinations of Green’s functions 

computed at given individual datum. Wessel and Bercovici [1998] presented a more 

efficient and general method, adding a tension factor to 2-D interpolation with Splines 

using Green’s function. Splines are very commonly used to provide data constraints 

smoothly, but they can produce unwanted large oscillations between two constraints. By 

adding tension on the curve, these phenomena can be significantly suppressed. The 

derivation of the two-dimensional (2-D) gridding method using Green’s function for 

splines in tension, based on Wessel and Bercovici [1998], is described in the following.  

 Let’s consider a set of irregularly scattered N sea surface heights, hi, at position, 

xi. The general equation of a point force for a Green’s function, g ,	for a spline in tension 
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is composed of the bi-harmonic operator (  and Laplacian ( , and it should satisfy the 

following equation: 

 

g g 	δ                                  (4.1) 

 

Here, T is the tension factor, F is the rigidity factor, and δ  is a dirac delta function. By 

applying this equation to the SSH dataset, the gridded sea surface heights at position vector 

x in terms of Green’s function is written as: 

 

 ∑                                   (4.2) 

 

where, x represents an expected position vector of outputs, and  is a given position 

vector of constraints (or input data). Applied to the real data, x is the vector of gridded 

positions in 5-minute (1/12º) spatial resolution, and  is the SSH datasets in mean or SSH 

profiles of 6 different satellites.  indicates a matrix of gridded sea surface heights at 

x, which means the results of the MSS. The G matrix is a matrix of Green’s functions and 

the A matrix is the coefficient matrix. Therefore, the multiple SSH datasets are gridded into 

the MSS through the linear combination of the A matrix and the G matrix.  
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The A matrix is determined with input data by computing the linear system given 

by: 

		 ∑ ∑                                (4.3) 

 

where, 		is the data constraint or, in this research, the given SSH for the gridding method. 

 is the Green’s function of given input datasets. If the Green’s function between 

input datasets, , is determined,  is obtained by inverting equation (4.3). 

For the numerical solution, twice integration and more steps are derived. The final 

solution of the Green’s function,  in order to derive 2-D spline interpolation in 

tension, is written as: 

  

       	 Q| | 	log	 Q| |                              (4.4) 

 

Here, K0 is the modified Bessel function of the second kind and order zero (refer to 

numerical recipes in FORTRAN [page 229 ~ 231]). Q is a normalized tension term, and T, 

the tension factor, is less than one and greater or equal to 0. 

 

  Q =                                               (4.5) 

 



 

86 
 

Finally, once the A and G matrices are determined, the interpolated sea surface 

heights at the desired positions, i.e., the MSS, are solved by the linear system (4.2).  

4-3. ALGORITHM DESIGN FOR GRIDDING 

The computing algorithm for gridding into mean sea surface is designed here to be 

implemented with Fortran 90 in the unix environment, using 2-D spline interpolation in 

tension with Green’s function. This gridding process requires that input data be quite 

homogeneous with respect to the reference data for accurate results. For the input data, the 

mean SSH profiles for ERM satellites such as Geosat, ERS-2, Envisat, and T/P, and SSH 

profiles of ERS-1 GM satellite are used, which have been made more consistent with the 

Jason-1 SSH data. Jason-1 mean profiles of both ascending and descending passes are 

included as input data as well.  

There are some considerations and pre-determinants for this gridding method. First, 

the grid size, input, and output window size should be resolved, because a program is 

repeated by small assigned locations due to computation storage and time. The grid size 

for output determines the spatial resolution of a gridded mean sea surface. For this research, 

the resolution of the gridded mean sea surface is determined to be a °	 5  

resolution, and a window size of the output data for one time processing is assigned 

as	1°		longitude	by	1°	latitude. Therefore, 144 outputs at 144 grid points are produced in 

one time computation.  
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The window size for input data is expanded by 0.3 degrees in longitude and latitude 

from the output window size. For outputs at boundaries and neighboring boundaries, input 

data outside of the input window should be considered to determine the accurate results, 

since the gridded outputs are resolved by only input data inside the input window. Thus, 

the input window size is 1.3º in longitude by 1.3º in latitude for one time computation. 

Figure 4.1 shows the input window and grids of output in a one-time process of the gridding 

computation. It is an example area of longitude from 300º to 301º, and latitude from 23ºN 

to 24ºN. Blue stars represent the real SSH data within an input window, and red circles 

show grids resulting in output positions.  

Second, the tension factor, T should be determined and included in the algorithm. 

Tension ranges from 0 to 1 (0 1 .	If T is equal to 0, it means that the curves are able 

to pass freely like the standard cubic splines interpolation, while T = 1 means a linear 

interpolation. The following section will describe a test done using the sampled SSH data 

in order to determine an appropriate tension value for this research.  
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Figure 4.1: Input window and grids for output in one time process of gridding; blue stars 
show the real SSH datasets and red circles represent the output grids. 

 
Finally, the programs for gridding into the MSS are implemented in FORTRAN 

90, using 2-D spline interpolation in tension with Green’s function. Due to limitations of 

computation storage and time, MPI (Message Passing Interface) parallel coded 

environment is included in the serial coded programs for the global results. The numerical 

steps for gridding method are described in Figure 4.2. Through the process, the newly 

gridded mean sea surface, CSRMSS14, is produced.  
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Figure 4.2: Flow chart of Gridding Algorithm. 

Region1 Region2 Region N 

Serial Code Environment 
 
 
     
 
                                                                     
 
 
 
 
 
 
 
 
 
 
 
 
 
   
   
 
         

Step 1: Collect the input data from irregularly scattered data (SSH datasets) 
into a regular input window: [H]in 

Step 2: Compute matrix of Green’s function for locations of input data:  
[G]in 

MPI parallel computing are initialized. 

MPI parallel computing is finalized. 

Step 4: Compute matrix of Green’s function for output locations: [G]out 

 

Step 3: Inverse matrix of Green’s function [G]in
-1 and 

      Compute coefficient matrix [A]:  [A] = [G]in
-1[H]in 

 

Step 5: Compute the gridded mean sea surface heights, [H]out  
[H]out= [A][G]out 
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4-4. EFFECT OF TENSION TERM, T  

In this section, the effects of the tension term in the gridding method using Green’s 

function are demonstrated. Since the cubic spline interpolation is not appropriate for noisy 

data, and a linear interpolation is too weak to represent the scattered data on sphere, the 

reasonable tension term should be between zero and one. To determine an appropriate 

tension factor for this research, a test by trial and error is performed by selecting a sample 

area using real SSH data. 

The input window area was selected between the longitudes 181º to 182 º and the 

latitudes -21 º to -20 º. Then, the real SSH data from mean or SSH profiles of 6 different 

satellites are used as input datasets, and the outputs of the area are produced through a 

gridding program using Green’s function in tension and varying the tension terms. Tension 

terms, T, are inserted with values of 0.1, 0.3, 0.5, 0.7 and 0.9. Then, the outputs are 

compared with the reference field, DNSC08, in the same area. The standard deviation of 

the differences between the two MSS models are evaluated. It is assumed that the smaller 

the standard deviation of the differences, the more appropriate the tension term is.  

Figure 4.3 demonstrates the standard deviations of the differences between outputs 

gridded by various tension terms and DNSC08, tested in the sample area. The horizontal 

axis, indicates the tension terms, and the vertical axis represents the standard deviations of 

the differences (in cm). Since it shows the least value of the standard deviation when 

tension is 0.5 in this test, the tension term, T = 0.5 is chosen for the gridding method for 

this research. Ideally, the investigation should be done globally, not just for a sample 
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region. However, the sample test demonstrated that the simple cubic spline interpolation is 

not adequate for gridding with different satellite datasets, and thus the tension term should 

be between 0.3 and 0.7 for this research. As seen in Figure 4.3, the results are not especially 

sensitive to the tension term in this range.    

 

Figure 4.3: Standard deviations of SSH differences between new gridded SSH and 
DSNC08 by various tension terms. 

  

4-5. SUMMARY 

This chapter described the gridding method using 2-D spline interpolations in 

tension with Green’s function based on Wessel and Bercovici [1998]. 1º interval for the 

input window and a 5-minute uniform grid for the output was adopted. Moreover, by a 

sample test, the tension term of T=0.5 was chosen for this research. For global results, an 
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MPI parallel program was added to the serial computational algorithm to save computation 

time. Therefore, through this gridding technique, the new mean sea surface, CSRMSS14, 

is obtained using SSH data from 7-years of Jason-1 data, and adjusted 2-year Geosat ERM, 

6-year ERS-2, 8-year Envisat, 10-year T/P, and ERS-1 GM data. The global gravity model, 

EGM2008 geoid data, was used over land. The evaluations for CSRMSS14 are discussed 

in the next chapter. 
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Chapter 5: Evaluation of New Mean Sea Surface 

 

5-1. INTRODUCTION 

The mean or SSH profiles of the adjusted SSH datasets from 5 different satellite 

missions, including the Jason-1 mean profile, were gridded into a new mean sea surface, 

CSRMSS14, using 2-D spline interpolation in tension with Green’s function. CSRMSS14 

was computed on a 5-minute (1/12º) grid between latitude ± 60 º oceanwide. To be 

consistent with the comparison models DNSC08 and DTU10, the EGM2008 geoid was 

used to fill in over land. The CSRMSS14 is shown in Figure 5.1. In this chapter, the 

accuracy of CSRMSS14 as a representative of the mean sea surface is validated through 

three comparisons. 
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Figure 5.1: CSRMSS14 Mean Sea Surface 

 
 First, CSRMSS14 is compared with two accurate altimetric mean profiles, which 

were used as inputs for deriving CSRMSS14. These mean profiles are the 7-year Jason-1 

mean profiles, which are used to reference other satellite datasets, and the 8-year Envisat 

mean profile, an accurate mean profile of adjusted SSH data from the original data in the 

RADS database. This validation is not an independent assessment of the accuracy of the 

MSS, since Jason-1 and Envisat data are already included in CSRMSS14. However, it 

would infer the reliability level of the gridding method used in this research, assuming that 

cm
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the mean profiles used for inputs are very accurate. Section 5-2 will present the results of 

comparison of outputs versus inputs through the gridding method.  

Second, as a grid-to-grid comparison, CSRMSS14 is validated by comparing it with 

two existing accurate mean sea surface models, DNSC08 and DTU10. This comparison 

concentrates on the height differences between three MSS, and focuses on the results of 

similarities among them. As described previously, there are systematic differences between 

the three MSS, due to different orbit and correction models, different gridding technique, 

and the use of different satellite data and time spans of the reference surface, so they should 

be taken into account when analyzing the results. In particular, note the inter-annual ocean 

variability witnessed between DNSC08 and DTU10 in Figure 3.3. The results of this direct 

grid comparison will be described in Section 5-3.  

Finally, Jason-2 mean profiles are used for the evaluation of CSRMSS14. Jason-2 

SSH data are not used for CSRMSS14, DNSC08 or DTU10, so this assessment will be an 

independent comparison. This assessment allows us to see CSRMSS14 as an accurate 

representation of a reference surface, comparable to DNSC08 and DTU10. Section 5-4 will 

describe the analysis. 

5-2. COMPARISON WITH ALTIMETRIC MEAN SSH PROFILES 

An assessment is performed by comparing CSRMSS14 with the 7-year Jason-1 

mean profiles and the 8-year Envisat mean profiles, which are used for gridding into 

CSRMSS14. The idea of the test is that the outputs, processed through the gridding method, 

are compared with inputs in order to assess the precision of the gridding process. For this 
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evaluation, height differences between the mean profile and CSRMSS14 are computed by 

interpolating the grids to the mean profile. Then, the mean and root mean squares (RMS) 

of height differences along the mean profiles are computed, and the results represent the 

change quantitatively. Table 5.1 shows the statistics of the height differences between 

CSRMSS14 and two altimetric mean profiles in terms of the mean and RMS.  

Statistics 

(in cm) 

7-year Jason-1 mean profile 

 vs. CSRMSS14 

8-year Envisat mean profile 

 vs. CSRMSS14 

Mean  -0.002 -0.02 

RMS  2.5 2.8 

Table 5.1: Statistics of results by comparison between CSRMSS14 and mean profiles of 
Jason-1 or Envisat used for CSRMSS14 determination. 

 
Statistics of the along-track height differences show that the mean is almost zero, 

and RMS ranges from 2.5 to 2.8 cm for Jason-1 and Envisat mean profiles, respectively. 

The fact that the mean is zero proves that the outputs through the gridding method faithfully 

represent the input data, globally. Regarding the RMS, it is not expected to be almost zero 

for the accuracy of the gridding method, because the MSS was determined to be a more 

homogenized surface, using multiple satellite datasets. The point of analysis from RMS, 

with respect to mean profiles, is to see a reasonable difference. Note that the standard 

deviations between the 7-year Jason-1 mean profile and DNSC08, and between the 7-year 

Jason-1 mean profile and DTU10 are 2.7 cm and 2.5 cm, respectively, as mentioned earlier. 

Thus, the values of 2.5 cm or 2.8 cm in the table above shows a comparable level of 
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accuracy in terms of RMS, considering ocean variability contained in these two altimeter 

satellite data.  

Figure 5.1 shows geographically the height differences between the 7-year Jason-1 

mean profile and CSRMSS14, while Figure 5.2 represents the results between the 8-year 

Envisat mean profile and CSRMSS14.  

 

Figure 5.2: Height difference between the 7-year Jason-1 mean profile and CSRMSS14.  

 

cm 
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In Figures 5.1 and 5.2, the results for most of the open oceans show that height 

differences are between ±2 cm, except in isolated seas between the European and African 

continents and Southeast Asia seas. Moreover, high differences are shown mostly in coastal 

areas. The high differences result from comparison of mean profiles to more uniform and 

homogeneous surface, CSRMSS14, which was determined with the combination of 

EGM2008 geoid data on lands, and denser data, in particular, geodetic data, ERS-1 phase 

E and F.  

Figure 5.3: Height differences between the 8-year Envisat mean profile and CSRMSS14. 

 

cm 
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Figure 5.2 indicates smaller differences oceanwide, because Envisat SSH data are 

denser with high accuracy, so they contribute to these small seas, isolated seas and seas 

near the coasts, during the mean profile process. Through this analysis, the gridding 

technique is evaluated to be reliable and accurate with respect to two main input data used 

for this research.  

5-3. COMPARISON WITH DNSC08 AND DTU10 

In this section, CSRMSS14 is validated with the most accurate mean sea surfaces, 

DNSC08 and DTU10. CSRMSS14 is directly compared to the DNSC08 and DTU10 5-

minute grid MSS, and the mean and standard deviation of height differences are computed 

within ±60 º of latitudes. The differences exceeding 30 cm were excluded in this plot. 

Originally, DNSC08 and DTU10 were determined at 1-minute (1/60 º) resolution, so they 

are extracted to 5-min resolution by sampling data at 5-min grids from 1-min resolution for 

comparison with the 5-min resolution of CSRMSS14. Table 5.2 shows the statistics of the 

results for this comparison (in cm). 

 CSRMSS14 - DNSC08 CSRMSS14 - DTU10 

Number of compared points 6187421 6192978 

Mean 16.3 11.3 

Standard Deviation 6.1 6.1 

Table 5.2: Statistics of three MSS differences: CSRMSS14, DNSC08 and DTU10. 
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The mean values of height differences between two MSS (CSRMSS14 vs. DNSC08 

or CSRMSS14 vs. DTU10) are 16.3 cm and 11.3 cm, which are very similar to the mean 

of differences between the 7-year Jason-1 mean profiles used as the reference surface for 

determining CSRMSS14 and DNSC08 or DTU10, respectively. The standard deviations 

of differences represent the similarity between new MSS, CSRMSS14, and two existing 

MSS, DNSC08 or DTU10. In addition, the statistics infer the respective accuracy of 

CSRMSS14. According to Hernandez and Schaeffer [2000], comparison between two 

different MSS within ± 66º latitudes showed that the standard deviations of height 

differences ranged from 6 cm to 10 cm [Hernandez and Schaeffer, 2000; Hernandez and 

Schaeffer, 2001]. In Table 5.2, the standard deviations of differences between CSRMSS14 

and DNSC08 or DTU10 is only 6.1 cm for both. This result indicates that CSRMSS14 is 

at the same level of accuracy as DNSC08 and DTU10.  

 For the maps of height differences between the two MSS, SSH differences were 

subtracted from the mean of the height differences between Jason-1 mean profile and 

DNSC08 or DTU10: 17.2 cm or 12.2 cm, respectively. These values correspond to the 

initial systematic biases between the two MSS. The figures are plotted in a resolution of 

20 minutes since details at 5-minute resolution would be too small to see. 
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Figure 5.4: Map of height differences between CSRMSS14 and DNSC08, after subtracting 
the initial systematic bias, 17.2 cm.  

 

Figure 5.5: Map of height differences between CSRMSS14 and DTU10, after subtracting 
the initial systematic bias, 12.2 cm. 

cm 

cm 
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In Figure 5.3, high positive or negative difference areas, larger than 5cm or less 

than -5cm, correspond to the same high difference areas shown in Figure 3.3. The 

differences between CSRMSS14 and DTU10 are more uniform overall because the ending 

periods of the two reference surfaces are relatively closer than that of DNSC08. Since 

DNSC08 and DTU10 have similar accuracies, and the main differences shown in two 

figures (Figure 5.3 and Figure 5.4) are likely representations of the inter-annual variability 

of the ocean observed in Figure 3.3. The SSH errors from the input datasets and the 

different gridding processes will also contribute to the differences.  

In summary, primary differences between CSRMSS14 and DNSC08 or DTU10 

occur because of two factors: systematic differences resulted from different data and 

different models of MSS determination from different institutions, and inter-annual 

variability of the ocean due to the different time periods of reference surfaces for the two 

MSS. In conclusion, this grid-to-grid comparison indicates that CSRMSS14 is a generally 

an accurate referencing surface comparable to DNSC08 and DTU10.  

5-4. COMPARISON WITH JASON-2 MEAN PROFILE 

An analysis for CSRMSS14 is carried out using 2-year Jason-2 mean profiles 

computed from the SSH data in the CSR-Stackfile. Currently, Jason-2 altimeter data for 

cycles 1 to 62 (July 2008 to March 2010), are available in the database, so data for these 

time frames are used. Jason-2 data are chosen for the independent analysis of CSRMSS14, 

because it is not used for DNSC08, DTU10 or CSRMSS14 determination. In fact, the time 

span of 2-year Jason-2 data overlaps somewhat with two MSS periods, DTU10 (1993-
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2009) and CSRMSS14 (2002-December 2008). Thus, considering time spans of the 

reference surface used for three MSS and 2-year Jason-2 mean profile, this test is not 

completely independent validation. However, this analysis is still useful to test the accuracy 

of CSRMSS14 as a representative surface for a new satellite.  

For this comparison, height differences between each MSS and Jason-2 mean 

profiles are first computed. Then, the mean and standard deviation of height differences 

are computed and plotted within ±60º latitudes. Since there are initial systematic biases 

between the three MSS, offset terms are added for computation. Equation 5.1 shows the 

height differences in a mathematical way: 

 

Height differences = [Jason-2 –offset–MSS]                    (5.1) 

 

Here, each MSS is interpolated to the mean sea surface on the Jason-2 mean profile.  

The systematic biases between the 7-year Jason-1 mean profile and the two MSS, 

which were computed previously and already used for several comparisons, are used as 

offsets for this analysis. Thus, the offset for CSRMSS14 is set to 0.0 cm, and offsets for 

DNSC08 and DTU10 are 17.2 cm and 12.2 cm, respectively. Table 5.3 shows the offset of 

three mean sea surface models used for this assessment. 
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MSS models Offset (in cm) 

DNSC08 17.2 

DTU10 12.2 

CSRMSS14 0.0 

Table 5.3: Used relative biases (offset) between the Jason-2 Mean profiles and three 
MSS: DNSC08, DTU10 and CSRMSS14. 

For statistics, the mean and standard deviation of height differences between the 2-

year Jason-2 mean profile and the three MSS are computed after applying offset factors. 

The mean corresponds to the average differences globally, and the results show a similar 

mean value for the height differences, 5.1 or 5.2 cm. The standard deviation indicates that 

DTU10 has the least value, at 3.8 cm, while DNSC08 and CSRMSS14 are at a comparable 

level of accuracy, at 4.1 and 4.2 cm, respectively. 

  
 Jason-2-DNSC08 Jason-2-DTU10 Jason-2-CSRMSS14 

Number of 
compared points 

437123 437123 437123 

Mean  5.1 5.2 5.2 

Standard Deviation  4.1 3.8 4.2 

Table 5.4: Statistics of DNSC08, DTU10 and CSRMSS14 for comparison with Jason-2 
Mean profile; offset was applied, and units are in cm. 

 
Maps of the height differences between the 2-year Jason-2 mean profile and the 

three MSS models are plotted geographically in the following figures. The three figures 
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are quite similar, except for the areas of high inter-annual variability, which is expected 

due to the different time spans for the MSS models and Jason-2.  

A closer analysis is carried out in Southeast Asia seas, where high positive 

difference areas appear in the all three figures. Since DTU10 contains Jason-1 SSH data 

that overlaps with a certain time period of the Jason-2 mean profile used in this analysis, 

the differences in those areas are the smallest (Figure 5.7), while the results for DNSC08, 

which does not have any overlaps, are the largest (Figure 5.5). CSRMSS14 has a small 

amount of difference in that area, because the model also incorporated a certain time period 

of Jason-2 mean profile (from July 2008 to December 2008), but DTU10 still displays 

smaller differences because it contains a greater period of overlap. This analysis indicates 

that CSRMSS14 represents well as a reference surface for the other satellite mission, as 

well as DNSC08 and DTU10 within ±60 º of latitudes.  
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Figure 5.6: Map of height differences between Jason-2 Mean profile and DNSC08.  

 

Figure 5.7: Map of height differences between Jason-2 Mean profile and DTU10. 

cm 

cm 
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Figure 5.8: Map of height differences between Jason-2 Mean profile and CSRMSS14. 

 

5-5. SUMMARY 

5-minute resolution mean sea surface model, CSRMSS14 was validated by three 

comparisons. First, it was compared with the 7-year Jason-1 mean profile and 8-year 

Envisat mean profile. Second, grid-to-grid comparison was analyzed by comparing with 

two recent MSS models, DNSC08 and DTU10. Third, the three MSS models (DNSC08, 

DTU10 and CSRMSS14) were evaluated using the 2-year Jason-2 mean profile as an 

independent comparison since none of these MSS have yet used Jason-2 data. Except for 

the differences expected from inter-annual ocean variability (and ignoring the systematic 

bias between the various MSS models), CSRMSS14 demonstrates a level of accuracy 

comparable to the DNSC08 and DTU10 models.  

cm 
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Chapter 6: Summary and Future Work 

 
6-1. SUMMARY AND CONCLUSIONS 

 

The data adjustment method based on the integrating approach has been derived 

and carried out in order to make consistent datasets for the purpose of constructing a mean 

sea surface. The primary process for the adjustments is composed of three steps. First, the 

along-track SSH gradients of each satellite using three SSH points (ahead, current and 

behind data) are computed. Second, dual crossover computation between Jason-1 and the 

other satellite is performed in order to obtain the initial values (or constraints) for 

integrating process. In this step, the Jason-1 mean SSH values were used as a fixed 

reference surface due to their high accuracy. Finally, the new SSH values of each satellite 

are obtained by integrating the SSH gradients bin-by-bin with the Jason-1 mean values at 

dual crossovers as initial values or constraints. Through this process, a total of 5 different 

satellite data from Geosat ERM, ERS-2, Envisat, T/P and ERS-1 GM were adjusted to the 

7-year Jason-1 mean profile. 

The analysis of dual crossover computation between the Jason-1 and the other 

satellite was performed in terms of mean and standard deviations of SSH differences for 

each satellite. The statistics represent the approximate level of correction from the original 

SSH datasets to the new SSH datasets of each satellite after the adjustment process. In 

addition, the statistics of the dual crossovers between Jason-1 and the other satellites 
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showed regular sinusoidal waves, indicating the annual ocean variability signals of each 

satellites (Figures 2.8 to 2.10). 

The adjusted SSH data for each satellite were averaged into mean profiles with 

additional computations: (1) removing annual, semi-annual and secular trend terms in the 

new SSH, (2) performing 3-sigma editing, and (3) removing large differences by 

comparison with the Jason-1 grid file. The mean profiles were validated by comparison 

with two recent mean sea surfaces, DNSC08 and DTU10. The statistics for the mean and 

standard deviation of the height differences indicate that the quality of the new SSH 

datasets was improved to a level of accuracy comparable to the Jason-1 mean profile, and 

ultimately, they became more homogeneous and consistent with each other.   

Prior to the analysis, the systematic differences (or biases) between DNSC08 and 

DTU10 models were investigated, and the mean of the height differences between them is 

5.7 cm, and the standard deviation of height difference is 3.5 cm (computation limited to ± 

60º latitude). The biases are likely due to inter-annual ocean variability resulted from the 

different time periods of the reference surface (T/P+Jason-1) used for the two MSS models: 

1993-2004 vs. 1993-2009. In addition, the 7-year Jason-1 mean profile, which is the main 

reference surface for new MSS in this research, CSRMSS14 model, was examined by 

comparing it with DNSC08 and DTU10. The mean of differences with respect to DNSC08 

and DTU10 are 17.2 cm and 12.2 cm, respectively, which are taken into account as initial 

systematic biases between CSRMSS14 and DNSC08 or DTU10 models, respectively.  
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A 2-D spline interpolation in tension with Green’s function based on Wessel and 

Bercovici [1998] was applied to derive the gridding method. For the gridding computation, 

the proper tension terms were simulated locally with real SSH datasets, and the results 

demonstrated that a tension value of 0.5 appeared to produce the best result, though the 

results were not particularly sensitive to the exact value. Finally, CSRMSS14 was gridded 

on a 5-minute (1/12º) resolution within the latitudes of ±60 º, using SSH data from the 7-

years Jason-1, and the adjusted 2-years Geosat ERM, 6-years ERS-2, 8-years Envisat, 10-

years T/P, and ERS-1 GM data. 

CSRMSS14 was evaluated by three comparisons. First, it was compared with the 

more accurate 7-year Jason-1 and 8-year Envisat mean profiles, which were already used 

for the CSRMSS14 model: inputs vs. outputs. The statistics of the differences were 

computed, and the results showed that the mean is zero, and RMS is 2.5 cm and 2.8 cm, 

respectively, for the Jason-1 and Envisat mean profiles. This comparison showed that the 

output (CSRMSS14) is accurate with respect to the inputs, and the gridding method is 

reliable. 

Second, CSRMSS14 was compared directly with DNSC08 and DTU10. The mean 

of the height differences with respect to the DNSC08 and DTU10 are 16.3 cm and 11.3 

cm, respectively, and the standard deviation of the differences is 6.1 cm for both. The 

results of this comparison showed that the CSRMSS14 is an accurate reference surface 

comparable to the DTU10 and DNSC08. In particular, CSRMSS14 is closer to DTU10 

than DNSC08. This may reflect a similar level of accuracy comparable to DTU10 
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(presumably more accurate than DNSC08) or the fact that the time spans used for 

CSRMSS14 (ending in 2008) and DTU10 (ending in 2009) are closer than that of DNSC08 

(ending in 2004).  

Finally, DNSC08, DTU10 and CSRMSS14 were analyzed by comparing with the 

altimeter data of Jason-2 satellite, which were not used for any of the three MSS models. 

Applying the systematic biases between the Jason-1 mean profile and the two MSS as 

offsets, the mean and standard deviation of the height differences between the 2-year Jason-

2 mean profile (07/2008-03/2010) and the three MSS were computed. Although DTU10 

compared most favorably with a standard deviation of 3.8 cm, DNSC08 and CSRMSS14 

were quite close at 4.1 and 4.2 cm, respectively. Bearing in mind that DTU10 has 17 years 

of total altimeter data, including 15 years of ERS-1 and Envisat ERM data, this level of 

comparison indicates that the approach used here to construct CSRMSS14 has provided an 

accurate representative mean sea surface model. 

In conclusion, the new mean sea surface model (CSRMSS14) was developed using 

a new data adjustments method based on integrating process, and using 2-D spline 

interpolation in tension with Green’s function as a gridding method in this research. The 

results indicate that this approach was successful and efficient in making datasets from 

different satellites more homogeneous and consistent with each other. For this method, it 

is important to choose the most accurate reference surface. Consequently, Jason-1, whose 

orbit is estimated to be accurate at the 1 cm level, was adopted as the reference surface for 
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the data adjustments. As a result, CSRMSS14 was created from multi-satellite radar data 

and demonstrated to be comparable in accuracy as other recent mean sea surfaces.       

 6-2. RECOMMENDATIONS FOR FUTURE WORK 

 
Several future works are recommended for a higher-accuracy and higher-resolution 

global mean sea surface model. First, a better integrating method may be possible, which 

is the last step of the data adjustment in this research. Instead of using only two new SSH 

data computed from the nearest two dual crossovers, a more robust method to minimize 

the errors of several new SSH data sets effectively could be investigated. In addition, the 

process for adjustments should be investigated for the higher latitudes area (over ± 66 º), 

where no crossovers with Jason-1 exist.        

Additionally, more recent and accurate radar datasets are recommended for a more 

accurate reference surface. For example, instead of 1980’s Geosat satellite data, more 

recent and accurate data, GFO (Geosat follow on) satellite data (spanning from 2000 to 

2008), will provide a better result. This data can be obtained from DEOS-RADS database. 

They can be pre-processed into the bin-by-bin format used by the CSR-Stackfile described 

in sub-section 2-2-2 and computed through new adjustments procedure for error and bias 

reduction.   

Finally, the use of ICESat ocean data is strongly recommended for inclusion in the 

MSS determination. The Geoscience Laser Altimeter System (GLAS) on ICESat uses a 

laser altimeter to measure the range to the surface [Urban and Schutz, 2005]. The DNSC08 
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and DTU10 MSS did incorporate some ICESat laser altimeter data at high latitudes only. 

It is recommended to utilize ICESat data ranging across the entire global oceans, including 

near coastal areas, and spanning the entire ICESat mission time (2003~2009). By including 

ICESat data, we are able to reach global coverage from -86º to +87º latitude and better 

results in vicinity of isolated and small seas.   

These recommendations will improve and expand CSRMSS14 to a more accurate 

and higher spatial resolution of a mean sea surface. The improved MSS can be used to 

study the ocean mass change component of the global water cycle and its interactions 

between atmosphere, land, and cryosphere components. A direct consequence is that the 

improved MSS will better reflect the geoid and ocean bottom topography, leading to a more 

accurate gravitational field. These and many other investigations will benefit from the 

improved MSS, which will enhance the understanding of the Earth’s oceans and climate.    
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