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Abstract

Mean Dynamic Topography (MDT) is the difference between mean sea surface height and geoid. Satellite altimetry data are
known as sea surface height, including geoid height, MDT, and dynamic sea surface topography h;. To determine MDT from
satellite altimetry data, the geoid height and dynamic sea surface topography should be removed from sea surface height. In
this study, geoid height was computed from spherical harmonic coefficients of global Earth Gravity Model (EGM). h; was
determined using crossover adjustment technique. Finally, gridded MDT model was established by using Collocation
interpolation method. By experimental processing and analysis, authors have successfully built 5°x5” gridded MDT model,
named HUMG16MDT, for East Sea, using data of four altimetric satellites, namely ERS-1, T/P, ENVISAT, and JASON-2.
For validation, this model was compared with the measurements of 9 tidal stations, figuring out a least square error of
+0,164m.
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1. Introduction

Altimetry, a new technological approach in satellite geodesy, has been widely used all over the world in many
fields, namely determining geoid models of seas, estimating marine gravity anomaly, studying sea geophysics,
mapping and monitoring the ice caps, and determining mean dynamic topography, and so on [10]. A number of
MDT models have been built to date using satellite altimetry data such as DNSCO8MDT, DTU10MDT,
DTU13MDT [6], [2],... The accuracy of those models meets the requirements of many general research works in
oceanic science and geodetic surveying. In Vietnam, some of previous studies have effectively applied the
above-mentioned models for studying the East Sea [6], [8]. However, these studies only focused on exploiting
those existing MDT models, but discussing about establishing MDT model for Vietnam. Existing MDT models,
normally built using altimetry data observed in a specific time, do not meet the requirements in studying the
change of MDT models in different periods. To better study the East Sea, temporal MDT models must be
investigated. In this report, authors present primary result of the establishment of an MDT model for the East
Sea using altimetry data.

2. MDT modeling approaches using altimetry data
2.1. An overview on altimetry derived MDT determination approaches.

Altimetry satellites fly over and transmit radar radiation to sea surface, and this signal is reflected back to
satellites. By measuring the returned time of radiation transmission, the distance (h) between sea surface and
altimeter is estimated. The exact positions of altimeters are normally determined using Global Positioning
System (GPS), or other technologies, namely Doppler Orbitography and Radiopositioning Integrated by
Satellite (DORIS), Satellite Laser Ranging (SLR). Those technologies would determine the altitude (H) of
altimeters above a reference ellipsoid. Hereby, sea surface height is calculated using following formula [15].

SSH =H -h+h,, ()
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where hg,,, are corrections. Sea surface height is presented through geoid height (N) and dynamic sea surface
height (hg) in equation (2).
SSH =N +h, @)

Dynamic sea surface height is divided into two components including mean dynamic topography hypr and
dynamic topography h; [1]. Accordingly, sea surface height is computed through the following equation.

SSH =N +hy5; +h ®)

As can be seen in equation (3), to determine hypr, geoid height and dynamic sea surface height h; must be
removed from sea surface height (SSH). Geoid height was determined using harmonic coefficients C,,, and Sy,
of EGM model. Component h; was removed using crossover adjustment technique.

Finally, the flow chart for estimating mean dynamic sea surface height (SSH) is presented in Fig. 1.
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Fig. 1. The flow chart for estimating mean dynamic sea surface height (SSH)
2.2. Determining geoid height from harmonic coefficients

For each EGM model, if harmonic coefficients C,,, and S, are known, then geoid height is calculated in the
equation [13].

N =¥ i(%) Zn:(cn’m cosmA+s, ,sinmA )P, . (sing) @)
7 n=2 m=0

2.3. Locating the positions of crossover point of altimetry tracks and determining the sea surface height
difference at crossover point using polynomial simulation approach.

+) Altimetry data distribution

An Altimetry satellite is designed for all the altimetric points form long point tracks (named bowstrings) on
the sea surface. Those tracks intersect each other to form crossover points. Crossover points are normally not
coincident with observed points; hence, the first and important work need to be done in altimetry data
processing is to locate the positions of crossover points and calculate the sea surface height difference at those
points. This is the basis of other following processing such as the determination of mean dynamic sea surface
height, calculation of geoid height, and estimation of sea gravity anomaly, and so on.

+) Modeling trajectory of ascending and descending tracks using quadratic function.

Assuming point i(B;, L;) on a track (either ascending or descending track) is simulated by the following
quadratic function.

L=aB?+bB+c (5)
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where a, b, ¢ are unknown parameters. To determine these parameters, there should have at least three known
points on a track (namely altimetric points). If the number of points is larger than 3, the least square principle is
applied.

+) Locating approximate position of crossover points.

If ascending and descending track are simulated by the quadratic function L, = atB2 +b,B+c, and

Lg =a, B? + bg B+ Cy. respectively; then the coordinate of crossover points are the roots of the following

system of equations.

L=a,B?+bB+c,

2 (6)
L=a,B°+b,B+c,

There are two roots in the system of equations (9) or there are two crossover points. These points are situated
on the two opposite branch of parabola of the quadratic function simulating ascending and descending track.
The reasonable point is the one situates on the ascending and descending track. Comparing these two points
with the starting and ending points of the ascending or descending track, the crossover point should be found.

+) Exactly locating the crossover positions.

The above-found location is just approximate position of the crossover point. Comparing these coordinates
with those of points on ascending and descending track, four vicinity points were found. Based on these four
points, the exact position of crossover points is found using Cramer algorithm [12].

2.4. Crossover adjustment for determining dynamic sea surface height component.

+) Modeling the dynamic sea surface height component.

There is a difference in height on ascending and descending track dH (Fig. 2) because of the existence of
dynamic sea surface height component at crossover points. The crossover adjustment algorithm is based on the
dH component to determine the dynamic sea surface height h.
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Fig. 2. Height difference at crossover point. Fig. 3. The distribution of observation points
of four satellites ERS-1, T/P, ENVISAT va JASON-2
at the East Sea.

Within this study area (the length of a track is shorter than 2000 km), h, is simulated through two parameters,
difference a and slope b. Hereby, the component h, of a point k on the i" track (ht"k) is presented in the
following formula.

hti‘k = (ai + bi ':uik) (7)

where: a;, b; are the difference and slope at i" track;
,uik is the relative longitude of point k to the mean longitude of i track.
+) Conducting crossover adjustment to determine parameters of the model.
To model dynamic sea surface topography, the height difference at crossover point C of track i and j is.

dHi(j: = (& +b.) —(a; +b, ,UT) +V; ®)
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where a;, a; are height difference; b;, b; are slopes; ,uiC ,,uj? are relative longitudes to the mean longitude of
track i and track j at crossover point C, respectively.
The system of the equation (18) is rewritten as the matrix structure as follow.

L=AXx+V 9)

where x is unknown matrix that contains parameters a and b, there are two unknowns at each track; if the
number of ascending track is m and the number of descending track is n, there will be 2(m+n) unknowns; V is
the matrix of correction, each crossover point has one correction; L contains dH, each crossover point has one
dH value.

This is a modal equation. To solve this equation, the track-fixed algorithm must be applied. However, the
altimetry accuracy of the two tracks are similar that make it difficult to choose which one is the fixed one. The
equation could also be solved using least square principle V' PV =min with a normalization condition
X' PX=min :

However, the disadvantage of the two aforementioned approaches is that the mean dynamic topography
derived from the adjustment is not suitable to geoid model. To avoid this weakness, it is needed to model the sea
surface topography at observation points on track | through deviation (a,o) and slope (b,o), and fit those track
with geoid model. Thereby, the correction equation for point i; on track | is illustrated as follow.

SSH,; =a) + 0.4 +V, (10)

Here 14, is the relative longitude of point ij; V; is the height correction of ij; SSH;i1 is sea surface height

after removing geoid height and mean dynamic topography. Before having mean dynamic topography, geoid
height removed mean sea surface height is used, then mean dynamic topography computing process is
conducted using iterative algorithm.

N
Parameters aE and bf of track | is determined using least square principle with condition ZV,E =min,
i=1
n, is the number of points on track I.

The above least square process and crossover adjustment could be conducted simultaneously. Thereby, a° =
a, b%=b and the system of correction equation is shown as follow.

{Vij = (& +bi'/uj)_(aj +bj'zui)_dHij

Vi, = (@& +b.) - SSH, iy (11)

Parameter a and b are derived using least square principle with the following condition.
D Vi +w) Vi =min (12)

Here w is relative weight. After figuring out parameters a and b, mean dynamic topography is computed in
the following equation.

hyor = SSH — N — (a+b.z) )

The gridded MDT model was established by using Collocation interpolation method.
3. Experimental results of determining MDT model at the East Sea using satellite altimetry data.
3.1. Satellite altimetry data.

For academic research purposes, data from four types of satellites was collected including ERS-1, T/P,
ENVISAT va JASON-2. Those data was all provided by AVISO [3], [4]. The dataset has been primarily
corrected and geo-referenced to the WGS-84 coordinate system. The above-mentioned data was collected with
exact repeat observation method. The information about these dataset is shown in Table 1.

Table 1. Data statistics

No. Satellite Number of cycle Observation time Total observation time (month)
1 ERS-1 12 09/4/1995 + 02/6/1996 14
2 T/P 56 24/3/2004 + 04/10/2005 19
3 ENVISAT 33 20/7/2009 + 08/4/2012 33
4 JASON-2 73 28/7/2012 + 22/7/2014 24
Total 197 90
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3.2. Data classification and selection.

Data was collected with exact repeat observation method (Exact Repeat Mission — ERM), it is implied that
previous tracks are repeated by following tracks. To enhance the density of observations, the combination of
different satellites is necessary. The distribution of track lines of four types of satellite is illustrated in Fig. 3.
With this density, 5°x 5” resolution MDT model could be constructed.

The study area is situated between 8° and 22° in latitude and 105° and 114° in longitude. To assure the
accuracy, dataset was collected to a larger extent (between 7° and 23° in latitude and 104° and 115° in
longitude).

3.3. Result of building MDT model from data of four different satellites.

The MDT modeling result at 5°x 5” spatial resolution grid is stored in HUMG16MDT.txt with the following
statistics.
- The highest MDT value: 1.194m
- The smallest MDT value: 0.549m
- The mean MDT value: 0.891m
In Fig. 4, MDT modeling result is illustrated in contour with different colours.
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Fig. 4. MDT result computed from data of four satellites.
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3.4. Validating MDT model by comparing with tidal measurements.

+) Introduction to MDT model established from tidal measurements.

Data from 9 tidal stations were used in this study including Co To, Hon Dau, Hon Ngu, Tien sa, Quy
Nhon, Nha Trang, Vung Tau, Con Dao, Phu Quoc. All stations had been installed and monitored tide for over
18.6 years. Those data was provided by Prof. Sc.D. Minh Hoa Ha through a national scientific project [1]. Tide
derived MDT data was geo-referenced to VN2000 coordinate system, and zero-tide system, and referenced to
regional quasigeoid of Vietnam. For comparison, all MDT data were transferred to WGS-84 coordinate system,
independent tidal system, and global quasigeoid.

+) Comparing MDT constructed from data of four satellites with tidal measurement.

To compare the two datasets, the MDT value at tidal stations were interpolated from MDT model, those
values were then compared with tidal measurements at corresponding stations. The standard deviation is m =
+0,164m.

4, Conclusion

This report presents an MDT modeling approach using altimetry observations. Accordingly, to obtain MDT
values, geoid height was removed, and dynamic topography component was also excluded by utilizing
crossover adjustment technique. MDT values of grid points were interpolated using Collocation method.

HUMG16MDT was constructed using data from four different altimeters, namely ERS-1, T/P, ENVISAT,
and JASON-2, acquired over the East Sea between 8° and 22° in latitude and 105° and 114° in longitude, with
the grid size of 5’x 5°.

The standard deviation of HUMG16MDT model reaches £0,164m, by comparing with the measurements of
nine tidal monitoring stations.
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