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1. MOTIVATION

AsSealevelriseis anindicatorof globalclimatechangeg.g., through
5 melting of large massef icein polarand subpolarmregions,
Sthermalexpansiorof seawater,

5 changesin atmosphericand oceancirculation

ASealevel variations have a large impact on populationsin coastalregionsand on
Island,e.g., especiallyduringextremeweatherconditions

3, Coastakealevelneedsto be monitored

ATraditionaIIy,sealevel IS monitored with coastaltide gaugesj.e., relativeto the land
wherethey are establishedthus measurementsre affectedby land surfacemotion.

¥ To measure sealevel change due to ocean water volume and other
oceanographichangesall typesof land motion needto be known

ALandsurfacemotion canbe monitored by GlobalNavigationSatelliteSystemgGNSS)
¥, We developa new conceptto measureboth land
surfacemotion andcoastalsealevelvariations

the GNSShasedtide gauge(GNSSG)

%4 We operate the GNSS G prototype since2010 at
the OnsalaSpaceObservatoryfOSO)seeFigurel.

Aouraimisto:
S measureabsoluteandrelative sealevelchanges,

5 monitor the local sealevel on different time scales
Includingin reattime,

Simproveregionaltide models,
5 developapplicationsusingreflectedGNSSignals

Figure 1 z=The prototype installation of the GNSS-
based tide gauge at the Onsala Space Observatory
on the west coast of Sweden. This installation allows
to measures both coastal sea-level variations and
land surface motion.

2. CONCEPT

AThe GNSSasedtide gaugeconsistsof two standardgeodetictype GNSSecelivers
connectedto one antennaeach(seeFigurel):

SonezenithlookingRightHandCircularPolarized RHCP),
Sonenadir-lookingLeftHandCircularPolarized LHCP)

AThe RHCPantenna receivesthe GNSSignalsdirectly, whereasthe LHCPantenna
receiveshe signalgeflectedoff the seasurface ,seeFigure2.

AThereflected sighalsexperiencean additionalpath delay

%, The LHCPRantennacan be regardedas a virtual antennalocated below the sea
surface seeFigure?2.

AWhenthe sealevel changesthe path delayof the reflected signalchangesthus the
LHCRantennawill appearto changeposition

ASincethe height of the LHCRantennaover the seasurfaceis directly proportional to
the sea surface height and the RHCPantennais directly proportional to the land
surfaceheight,the installationmonitors.

S seasurfaceheight,
5land surfacemotion,
5 sealevelindependenbf land motion.

Figure 2 £GNSS signals are received
directly, with a Right-Hand Circular
Polarized (RHCP) antenna, and after
reflection off the sea surface, with a
Left-Hand Circular Polarized (LHCP)
antenna. The reflected signals
experience an additional path delay
a+b=c. The LHCP antenna appears as
a virtual antenna below the sea
surface at the same distance h as the
actual LHCP antenna is located above
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SUMMARY

By receiving GNSS signals that are reflected off the sea surface,
together with directly received GNSS signals (using standard
geodetic égpe receivers), it Is possible to monitor the sea level
using regular single difference geodetic processing. This is done
at the Onsala Space Observatory (OSO), at the west coast of
Sweden, with a GNSS-based tide gauge consisting of one zenith-
looking antenna (receiving the direct signals), one nadir-looking
antenna (receiving the signals that are reflected off the sea surface),
and two receivers (connected to one antenna each), see
2.CONCEPT. The resulting sea level from the single difference
processing (see 3.DATA ANALYSIS) Is compared with independent
data from two stilling well gauges about 18 km south and 33 km north
of OSO.

The GNSS-derived sea-level results from our analysis of 7 months of
data show a high degree of agreement with the stilling well gauge
observations. The root-mean-square agreement iIs less than 8.7 cm
and the correlation coefficients are larger than 0.90 (see 4.RESULTS).
Furthermore, an ocean tide analysis of the GNSS-derived sea leve
permits detection of several major tidal components, which show gooc
agreement with the corresponding results from one year of stilling wel
gauge observations.

We find that the GNSS-based tide gauge gives valuable results for
sea level monitoring (see 5.CONCLUSIONS) and we are currently
evaluating our new and improved GNSS-TG Iinstallation. Future plans
are to improve the processing techniques and to include multi-GNSS
observations (see 6.0UTLOOK).

Figure 3 xLocal sea level in cm from the GNSS-based tide gauge at the Onsala Space Observatory (OSO), centre blue, the stilling well gauge at Gothenburg

(approximately 33 km north of OSO), top

, and the stilling well gauge at Ringhals (approximately 18 km south of OSQO), bottom

, both operated by

the SMHI. To improve visibility, the Gothenburg and Ringhals sea-level observations are presented with an offset of plus and minus 50 cm, respectively. The

times series span 7 months of data from September 16, 2010 to April 16, 2011.

5. CONCLUSIONS

AThe GNSSlerivedsealevel from the OnsalaSpaceObservatory(OSO)esembleswell the
Independentlyobservedsealevel from the two stilling well gaugesat Gothenburg(GOT)
andRinghalg¢RIN) 33 km north and 18 km southof OSOrespectively

Sthe RMSagreementsare 7.2 cm (OSGGOT)8.7 cm (OSCERIN),and 7.8 cm (GOTRIN),
Sthe correlationcoefficientsare largerthan 0.90.

AFromoceantide analysisseveralmajortidal componentsare determinedsignificantlyand
showgoodagreementwith resultsderivedfrom one yearof stillingwell gaugedata.

AA regionaltide modelshowsgoodagreementfor diurnaland semtdiurnalcomponents

6. OUTLOOK

Awe have recently completed a new and improved GNSS G installation at OSO The
Improvementsare:

Salargeropenwater surfaceresultingin more observations,
S possibilityof controlledantennaheightchangesn stepsof 25 cm (rangeof 2-4 m),
Sindependensealevelmeasurementfrom a co-locatedpressuresensomgauge

AForthe future, we are Improvingthe dataprocessingchemeby:.
Simplementingdoubledifferenceprocessing,
S better handlingof phasecentrevariations,cycleslips,and phaseambiguities,
Sinclusionof multi-GNS®bservationse.g., GLONAS&alileo,and COMPASS

3. DATA ANALYSIS

ADataset 7 monthsof 1 HzsampledGNSSlata (Septemberl6, 2010- April 16, 2011])
from both reflectedanddirectsignals

Sthereflectedsignalshavea lower signatto-noiseratio than the directsignals,

Sthereare lessobservationsfrom the nadir-lookingantennathan from the zenith
lookingantenna(onlyopenseasurfacein a southwarddirection),

Sit isa kinematicsituationdueto a movingseasurface
AProcessingvith anin-housesingledifferencesoftwarein MATLAB

ASqutionsetupt
520 minutesof data,
5 GlobalPositioningSystem(GPS), carrierphasedelayobservations,
5 broadcastsatelliteephemerides,
S applicationof elevationand azimuthmask,
5 horizontalbaselinefixedto measuredvalues(zero)

ALeastsquaressolutionwith estimationof:
Sverticalbaseline 4/ betweenthe antennas(for each20 minuteinterval),
5 phaseambiguitydifferenceqwhennecessary),
Sreceiverclockbiasdifferencegeachepoch)

Averticalbaselineis convertedto localsealevel by. =2h+d, seeFigure2.

4. RESULTS

AComparison with independent sea
level observations from two stilling
well gaugesoperated by the Swedish
Meteorological and Hydrological
Institute (SMHI)at Gothenburg(GOY)
and Ringhalg§RIN about 33 km north
and 18 km southof OSOrespectively

Sshow a high degreeof agreement
with correlationcoefficientsof 0.90
(OSCGRIN), 0.93 (OSGGOT), and
0.91 (GOTRIN) and RootMean
Square(RMS)ifferencesof 8.7 cm

Figure 4 + A zoom-in to the time
(OSERIN), 7.2 m (OSECOT)and | saries in Figure 3. Error bars for the

7.8cm(GOTRIN) GNSS solutions (10 times the formal

AGaps In the GNSStime series are |error) are shown In . A mean is
attributed to power failure, the |removed from each time series.
E ] Acdpadlityof keepinglock on
the reflected signals in rough sea AComparisonswith tidal components

conditions,and processingestrictions from one year (2010 of stilling well

auge data show good agreementin
AAn ocean tide analysisof the GNSS Jaug J 9

: , amplitudeandphase seeFiqgure5.
derived sea level determined several P | P J
major tidal components significantly, AThe tidal componentswere compared

e.g., M,, O, andM,, to aRegionallideModel (RTM)
Sreasonableagreement
M, O, M,  for diurnal and semi
diurnalcomponents,

Sthe model shows
limitations for long-
period signals (not
shownhere)

Figure 5 + Tidal components for M,, O,, and M, from Ringhals, ,
Gothenburg, , OSO (GNSS), blue, and OSO (RTM), dotted
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the sea surface.
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