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ABSTRACT

Satellite #imetry aml the Glotal Pasition System
(GPS) are onvenienty given in the sane reference
frame and can therefore hesed to onstuct a vertical
reference surfacefor offshore nawjation. Herea new
Mean Sea Surface DTU10MSS is pmted with a
vertical accuray better thartO cmin most areas of the
world canfirmed by extnsve conparison with GPS
leveled tide gawes arourd Britain and Norway. It is

proposel that this model is usal as a global vertical

reference

This paper briefly outlines he updite d the prewvous
DTU model to DTU10MSS and pre#s conparisons
on GPS paitions measued atthe shp relative tothe sea
surface mdel.

1. INTRODUCTION

The nost important requirerarts for shp sdety are the
ahlity to deternine clearanes ketween the sedloor
and he keel of the ship, arloetwea the mainrast and
overhead structures

For many yeas shp positions havebeenreferencedto
local detums mairtained by semrate coutries aml
trarsformations ae oten required to trarsfer the GPS
positions into chart caordinates in tlese systes
Furthernore, hese daims might be tme-dependent
and time-variant becaiseof local updates.

Here it is proposithat an dimetric mean sea surface is
used as \ertical referee. In this way GPS psition
measued at the sip will be relative to the sea surface
ard determination of clearames will ke very simple ard
indepedent of any local trangormation. The only
depature from themean seaurface, that the navigat
must accountfor are he locd tides aml oceanogaphic
signal sich assurges.

The stuation is shown in Figure 1 adapted from Maul
ard Kumar (2006)
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Figure 1. GPS observations used to navigate the ship
gives the 3 coordinates of i.e. the Pilot House or where

ever the GPS antenna is mounted. Using this
information along with knowledge about the ship, the
two clearances are easily determined when the sea
surface height and the height of the overhead structure
is given relative to the same reference frame. Figure
adapted from Maul and Kumar (2005)

The local tides can globally be determired very

accurately usig tide models like GO®.7 (Ray, 1998)
or Andeasen 06 (Andersen 1995 global ocea tide

model. All of these radels are accurate to the deeier

level evenin mary shallow water regons (Andersenet
al., 19%)

It must naturdly be ensurechat the nean ga surfaces
determined relative to the sane elipsad used to
determne the GPS psition. Futhernmore it must be
engred that the two wfaces are procesd ushg the
sane tide system

2. THE DTU10 MEAN SEA SURFACE

Previous stidies by Andesen ad Knudsen 2009

descrbed in detil a global mean sea stface

DNSQ8MSS This model was dened from the

physically observed time-aveaged heght of the ocean’s
surface fromatotal of 8 dfferent satellitesred a total of
8 different satllite missins like i.e., he T/P, ERS,

ENVISAT andICESat.

The DrUlOMSS B derived from sevengen ears of
repeatd obsevations fromTOPEX/Poseidon masured
along wilely spacd ground-tracks and mergjewith



derse na-repeatng dad from the Geodetic Missbn

satellites from the GEOSAT and ERS-1 satellite
missions to gie mean seasface reslving strucures
down to 20 km wawlengh. Direct irterpolation of the

avergied seasurface height (SSH) observabns or the
along track SH gradients ushg various sopisticaied
interpolation techngues is used b geneate the MSS
(Andersen ard Knudsen, 1998 Hwarg et al., 20®;

Hemandez ard Sdadfer, 2009. The DTU10MSS is

shown relative tothe WGS& Ellipsad in Figure 2

D 30 60 90 120 150 180 210 240 270 300 330 360

e ——
=50.0 =20.0 100 40.0 70,0

Figure 2. The height (in meters) of the DTUIOMSS
relative to the WGS84 ellipsoid.

The DTULOMSS/DNSCO8MSS intpolation eror
which is aproxy for thevertical accuracyof the nean
sea surface is shown in Figude The spatl variations
of the eror estimate with zones of highe and lower
errar carelate withthe sea site anl the availaldity of
satellite altimetry observations The interpdation errar
is on average goproximately 6 cmglobaly.

DTU1OMSS has exended time-series (1993-2009),
improved range carections (ging i.e., Dynamic
Atmosphere correction MDG2D in sead of the
tradtional inversebarometer correctioh and improved
sea ével deermination athigh latitudesusing 14 nonth
of ICESat bwest le\el filtereddata.
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Figure 3. Global interpolation error fields for the
DNSSO08MSS. The color scale is given in centimeters.

For oceanogragphic purposes a hgh reslution 1 mnute
global geodetc Mean Dyiamic Topogaphy caled
DTU10MDT has ale been calculag from the
smoothed dfferencebetween the DTUIOMSS and he
EGM2008 geoid.

3. DIFFERENCES BETWEEN BETWEEN
DTU10MSS AND DNSCO08MSS

Figure 3 &ows the differences baveen the
DNSQ8MSS and he DTU10MSS ndicaing a nean
value araind3 cm

The two centneters are dut the wse of the improved
MOG2D Dynamic Atmosphee correction ompared to
the ol inversebaometer correcton. Thedifferentmean
pressires n the wo modek (1013 versus 1011 mbar)
raises he MSSby roughly 2 am.

The last cmis contrbuted to the fact that6 yearsof
additional data eriers tle DTU1OMSS (2D04-2009)
shifting thecenter by 3 yars. Sea levechangds
currently around3 mm/year which raises he MSS by
anoher1 cmover3 years.
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Figure 3.1 Differences between the DNSCOSMSS and
the DTUIOMSS.

4. IMPROVING THE DTU10MSS IN THE
ARCTIC

High latitude regions provide special poblems for
deermining MSS anl MDT modek. Thisis becaise sea
ice causedheradar return to be distorted.

Laser altiretry from ICESatdata wereused toaugnert
radar altimetry in the partly ice-corered prts of the
Arctic Ocean (betveen 70°N- 86°N, 10CE - 270°E)
and at latitudesbove80°N in all of he Arctic Ocean in
order to extend tle MSS toward the North Pde.
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Figure 4.1) The mean difference between 14 months of
ICESat laser observations and DTUIOMSS. The color
scale ranges +/- 15 cm

The ICESatdata were oy used in partly ice-covered
regionsdue © the slort aveaging peiod as shavn in
Figure 4.1. In order to investigate any possble inter-
satellite differerces letween ICESat andthe radr
altimetric derved MSS, he diference betwween 14
concateated months of IESat data red the prewvous
DTU model DNSCO08is show in Figure 4.2
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Figure 4.2) Difference between 14 concatenated months
of ICESat data and DNSC08

The differece is remarkable snall and consistent,
degite the fact that only 14 monthswasusel. Howeve,
the investigatn indicates,that the diffeent ICESat
lasers gve a dobal sea ¢vel trendof 2.0 cmyears. See
Figure 4.3. This is tb curertly the sibject d further

investigationand the reaen whythe use ol CESat was
limited to the icecoered regons in the Arctic am
Arctica where no other data were @&ailable from
primarily ENVISAT.
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Figure 4.3 Global data and latitude weighted average
of ICESat epoch data from GLAS 15. Result is
consistent with similar findings by Gunter et al., 2009

5. GPS OBSERVATIONS OF SEA SURFACE
HEIGHT.

An expeaiment was cared out on the Danish Gasthea
3 BExpedition during 2007. In this experiment it was
investigatel how acarate the sea surfateight could
be measued with GPS andhe lewel of agreenert with
the DNSQO8MSS ould be nede.

Ellipsolde
Figure 5 Sea surface height from GPS on-board a ship
compared with sea surface height from satellite. GPS
measures the height H = N+L+¢  relative to the
ellipsoid.

The obseved GPS hejht / is relatedto the ocean
dynanic topography and the geoid height through



H(1) = MSS + L(1) + (1) +e (1)

Whee N is the geid height aove the refeence
ellipsad, £ is the timevariable cceantopogaphy, L is
the antana hdght &ove te sea arface ad e is the
errar. The setp is illustrated in Figue 5. The
obsvation eror e comprises diect obsewvaton erors
by the GFS heght obsewvatonsalong with contributions
from errois in the geid heght, dynanic topogaphy,
GPSprocessing, and antenna height.

The GPS aitenna height is in principle aproxy for the
instantaneus &a surfacéeight, if be distace betwep
the GPS antenna and theasurface is knowmprecisely.
Howewer, the situation is corsideralle more canplex as
one shoud accownt for the dip’'s own movenents and
changing weight.

In the Galathea-3 expriment two GPS atennas were
mounied m the rod of the Bridge of he $ip in oder b
have areduncant system The GPS atennss weae
mountd D the portside and starsde of the shp and
placed sulc that noobjectson the shp shadefor the
antennas (sedigure 6 where the GPS antennaare
indicated witharrows.

Mourting the anenras on the roof of the Bridge is
rouchly 13 meters abowe sa-level ad the distance
betwea the antennasand he sea surfacavill deped on
the speed andhe weght of the shp alorg with the tilt
and roll movenents due © i.e. waves In order to
measure theistance beteen the GPSréennas ad the
sea surfacand to transfethe GPSheight to seaurface
heights, a laser were ounted at the sice of the Bridge
of the shp. It was found that whe averaged
ob=vations were useda mngant of 13 meters could be
usel for the GPS antnnaheight above seadvel ard this
number wa ued b transfer the GPS heght of the roof
to sea srfaceheight obsevations

Figure'6, The GPS antennas mounted onboard the fbof
of the ship during the GALATHEA-3 test between the
Virgin islands and Boston crossing the Gulf Stream.

The catinuows GPS obsevations collectd on board
Galathea3 were postprocessed usig precise point
pasition (PPP) techology basedon precise obit and
clock produwcts from IGS. The “TriP” PPP eftware
systen was used (Zhang, 2005). This sdtware has
succeslilly been usd to detamine height variationsf
the Amery ice shelf for tidal studies(Zhang ad
Andersen 2006).

It is importart that the GPS dta is pocessedin the

sare tidal systen as was uskfor the derivation of the

geoid. For the currert investigation we used EGM2008

(Pavlis et al., 2008)given in the zero tidesysten. The
GPS dataareprocessé in the tidefree swtem, and the
differencewascarrected for in orderto getthe dai into

the zero tidesystem.

The time-variable pa of the ocema topogrgphy &)
conyprises theocea tide sgnal ad the tme-variable
signa relatedto wind, waves, temperatue, salirty, and
pressire. Globally, the tideslomnate the itme variable
dynamc ocean topographynd analysis from altinetry
(Fu and Cazenave2001) siows that globait, more than
70% of the dynamic topagraphy variations are due to
ocean tides.

It was, cosaguenty, decided only to account for the
ocean tidesn this first investigation. ie ocea tide
model GOT4.7 (Ray, pesanal communicaion) is a
improved version of the GOT 99 ard GOT00.2 ocea
tide model (Ray, 1999, and is beleved to be anmong e
very bestglobd ocean tide mdelspresatly available.

The reallts presenéd hae were tken from a norh
going transectbeween St Croix on the Virgin Island
and Boston on the US eastcoast, wa used for his
preliminary investigation Sailing nathwards towards
Boston only the last pat of the route marked with bladk
arrows from araund 28N and rorthwards were usd.
Around 38°N the mean dyamic topogaphy dips by
aroundone meter as the ghicrosses thé&ulf Stream
going from the warmwater n the cerer of the Atlartic
Ocean to thecoole water bward the coast of North
America.
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Figure 7 The GPS observed sea surface height on-
board Galathea-3 as the ship sails from 28° N towards
Boston crossing the Gulf Stream between day 99.1 and
99.6.. GPS heights relative to the geoid without
correction for ocean tides are shown in Blue and with
ocean tide correction shown in Green. GPS heights
relative to the MSS do not contain the Gulf Stream
height effect and is shown in Red. The ocean tide effect
is shown in Black.

The reslts from the expennent is shown in Figure 7
and he conparisons arewnmarized in Thle 1 as the
ship sails fron 28 N in the Atlantic ocean nath of the
Virgin Islands towards Bostoncrossng the Gulf Stream
bewween. The Guf Streamis roughly crosed atday 99
of 2007. GPS heights rektive © the gedd withou
correction for oceatides are shown in Blue and with
ocean tide arrection fiown in Green.

Both of these cures relatie to tle Geoid show the
dramatic dop as the Gulf Strean is passed This is dwe
to the fact ttat the shp goes from wamer © cooler
water as it crossesdahGuf Stream Thermal exansion
in the upper200 neters of water colum creates a sea
surfaceheight signal (Mea Dynanic Topogrphy) of
roughly 2 meters

GPS Rights relative tothe MSSdo nat contain the Gulf
Stream height effect ard is shavn in Red. The
conparison between the istantmeous seasurface
height and thenean sea surface height stilbntains a
contibution from dynanic sea surfaevariatons die ©
i.e.,wind ard pressre. The conparison is presated in
Tabe 1. When the tidal signal is still presen the
conparison béveen30 ad 300 seonds @eraged GPS
sea stface heght obsewvatons and the DNSCO8MSS &
roughly 42 cm. Ths drop to below 20 cm once b the
tides have ben renpved aw the bestcamparison is
achievel for the 300 secvaragel sea srface hejht
with a camparison of 17 cm Similar canparisa on
other transecs corfirms a canparison of roughly 17 cm

Std Dev Std Dev Mean
(30 sec av) [(300 sec av)
SSHgps -0.42 0.41 0.51
MSSSatAltim
SSH¢ps-Tide-]0.17 0.16 0.05
M SSsataltim

Table 1. Comparison between the DNSCOSMSS mean
sea surface and instantaneous sea surface height
observations onboard the Galathea 3 transect between
the Virgin Island and Boston during one week of 2007.

6. CONCLUSION

The DTULOMSS Mea Sea surface (bagd on the
previous DTU model DNSQO8MSS is presenied and
proposé to be use as avertical refeence in sea
navigaton.

A comparison & DNSQO8MSS with 30300 secads

avergled GPSsea surfacéeight observationsneasured
onbaard the Danish Galethea3 expedition in 2007 was

presated. Theconparison revealed a dmtion of 17
cm betveen he wo methodson a tansectgoing from

the Virgin Islands to Boston acheved withou

correcting for the féect of dynamic sea srface
topography due tothe wind ard waves.
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