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SUMMARY

Precise monitoring of changes in the mean sea tdvwble oceans is critical for understanding
not just the climate but also the socioeconomicsegnences of any rise in sea level. Though
the impacts of sea level change are of internaltiomacern, they are especially significant for
small island states, such as those in the Caribl&gaall Island States are especially at risk
from the effects of climate change and sea lewd largely because of their environmental
and economic dependence on coastal zones. Exdogrbas vulnerability is the fact that the
Caribbean region is plagued by a lack of dependabsdédu tide gauges and spatially effective
systems for monitoring sea level.

This paper aims to fill the gap in available meaa kvel data in the Caribbean region using
satellite altimetry. Satellite altimetry providesnegthod that resolves the sparse, unreliable sea
level monitoring system in the Caribbean. The tégqnm of satellite altimetry is examined in
its use to effectively monitor and compute meanieeal (MSL) and subsequently derive sea
level rise (SLR) rates for the Caribbean.
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1. INTRODUCTION

Over half of the world’s population lives within 6km of the shoreline, and coastal
populations in many countries are growing at doub&e national rate (Turner et al, 1996).
Small Island Developing States (SIDS) have charasties that make them particularly
vulnerable to the effects of climate change, sealleise and extreme events, including:
relative isolation, small land masses, concentnabiopopulation and infrastructure in coastal
areas, a limited economic base and dependencytaraheesources, combined with limited
financial, technical and institutional capacity fadaptation (IPCC, 2007b). These countries
are expected to be among the earliest and mostcteghdy climate change in the coming
decades. Climate change is expected to jeopardimésin revenues, fisheries, commercial
and agricultural enterprises and human life in S(D&ner et al., 1996). This places exigent
importance on coastal cities and SIDS to contimuertsure sustainable development and to
decrease or eliminate any threat which may be pesely detrimental to their socioeconomic
prosperity.

Sea level change has been an imperative issuegthwatithe course of time. The steric and
eustatic sea level variations are direct effectsliofate change, affecting both society and the
environment. This is a main product of the warmeoigthe climate system, which is now
evident from observation of increases in global rage air and ocean temperatures,
widespread melting of snow and ice and rising dlavarage sea level (IPCC, 2007a).

Sea level monitoring, if it is based upon accuiatd reliable measurements collected over
long periods, is an excellent tool for determinangl predicting changes and trends in the sea
level. Unfortunately, long term consistent sea lem®nitoring has been lacking in the
Caribbean. As suggested by Church et al (2001 heseestimate of sea level change over the
last century is based mainly on tide gauge obsensatHowever, throughout the Caribbean,
only forty four of these tide stations are opernaip most of which are plagued by problems
of sporadic distribution, faulty equipment, datgpgand discontinuous results and coverage
over time periods too short to account for clima@eiations - this creates data gaps in Mean
Sea Level (MSL) data (Sutherland, Miller and Da2608). Using data solely from this
method of measurement, without taking into accatstrawbacks, would produce models
with credibility too frivolous to be used for anycsessful future predictions. As an example
of this shortcoming, Figure 1 shows a digital etera model of the island of Bequia, St.
Vincent and the Grenadines, which includes a ptedicsea level of 0.4 metres above the
mean — a potentially valuable tool to assist in eligping appropriate adaptation and
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mitigation strategies. The lack of consistent ldagn tide gauge measurement, however,
detracts much from the models predictive capaedliti

Figure 1 — Digital Elevation Model of the IslandBéquia

Bequia is not unique in its experience in the Gzedn with regard to establishing or
maintaining its vertical datum. The lack of tideuges and long term tidal data in most of the
means that mean sea level is currently undefinedinathe specific case of Bequia, or
benchmarks can no longer be verified or updatdus paper presents a modernistic approach
to sea level monitoring and Mean Sea Level deteatian in the Caribbean, through satellite
altimetry. Presented with the challenges of maiirig an effective tide gauge infrastructure,
the potential of satellite altimetry is examinedgerform these two key functions of tide
gauges in the region.

2. SEALEVEL AND SATELLITEALTIMETRY

Satellite altimetry has developed into an estabtistechnology for measuring sea level, and
in contrast to the sparse network of coastal taleggs, measurements of sea level from space
by satellite altimetry provide near global and hgem@ous coverage of the world’s oceans.
Altimetry, as shown in Figure 2, uses pulse-limitedlar to measure the altitude of the
satellite above the closest point of the sea serfa@nd global precise tracking coupled with
orbit dynamic calculations to determine the heigithe satellite above the ellipsoid, The
difference between these two measurements resuttsei height of the sea surfategiven

as;

h=H-R
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Figure 2 — Principle of Satellite Altimetry

However, accurate estimates®fandH are not sufficient for oceanographic applicatiofs o
altimeter range measurements. The sea surfacethieigflative to the reference ellipsoid is
the superposition of a number of geophysical effelrt addition to the dynamic effects of
geostrophic ocean currents that are of primaryraéstefor oceanographic applicatiorsjs
affected by undulations of the geoid, about the ellipsoidal approximation, tidal height
variations, h; and the ocean surface response to atmosphericupgeksding,h,. These
effects on the sea-surface height must be modatiddemoved fror in order to investigate
the effects of geostrophic currents on the seaserheight field (Chelton et al., 2001). Thus
the sea level is given as

h=H— R+ ZARj—hg—hr—ha
Jj

Attaining the required sub-millimetre accuracy &ma level rise monitoring, is challenging
and requires satellite orbit information, geophgkiand environmental corrections and
altimeter range measurements of the highest acgula@lso requires continuous satellite
operations over many years and careful controiagds (Church and Gregory, 2001).
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Over the past 20 years satellite altimetry has idem/ a global, high resolution, consistent
monitoring of sea level and ocean circulation. Twch of Topex/Poseidon mission in 1992
was the advent of accurate altimetric based sed tata. With a repeat period of ten days,
satellite measurements provided more details thasitu tide gauge based observations over
the last hundred years. Later in 1995, the Eurodmesed ERS-2 satellite was launched
followed by the Jason-1 in 2001, Envisat in 2008 amore recently Jason-2 in 2008. This

multi-mission satellite period brought increasingtad quality with the reprocessing of

measurements, along with the continuity and homeigerof data. At present the Envisat

satellite with a 35 day cycle, Jason-1 and Jaseat@llites with a 10 day cycle are in orbit

providing very precise sea level data.

3. SEALEVEL MONITORING

The spatial and temporal distribution of satelfitemetric data, combined with the fact that it
is a space-based measurement system means tlaat thén potential to address many of the
problems that plague tide gauge installation, ihstron and maintenance. It is therefore a
particularly advantageous alternative to tide gaugeasurements in regions like the
Caribbean where these problems are characterstibe challenge of effective sea level
monitoring and consequently coastal zone management
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Figure 3 - Jason satellite groundtrack in relatmthe selected tide gauges (Jaggan and
Davis, 2012)
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Several studies have been undertaken to show fiieality of the use of altimetric data as

an alternative to tide gauge measurements (Madseal.,e2007; Ginzburg, 2010 and

Robinson, 2010). Jaggan and Davis (2012) desearibemparison of sea levels within the
Caribbean between altimetric and tide gauge datathe study, eight tide gauge sites in
distributed in Puerto Rico and the Gulf of Mexies, shown in Figure 3, were compared to
interpolated satellite altimetry measurementsliergeriod 2001 to 2010.

The results displayed an encouraging agreementketihe tide gauge and altimetric data as
shown in Figures 4 (a), (b) and (c), which depla tifferences from three of the eight

selected sites. Overall, the variations were gelyeof the order of 2cm in the mean and 5cm
in the RMS between the tide gauge and satelliimelty measurements.

Port Isabel - U.S.A.
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Figure 4 (a)- Sea level anomalies averaged ovewrghnfor Port Isabel 2001 — 2010
(Jaggan and Davis, 2012)
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Figure 4 (b) - Sea level anomalies averaged oweorth for Apalachicola 2001 — 2010

(Jaggan and Davis, 2012)
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Figure 4 (c) - Sea level anomalies averaged oweorsth for San Juan 2001 — 2010

(Jaggan and Davis, 2012)
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In the determination of sea level rise rates, edirregression analysis was performed on the
altimetric data with a summary of the results pnése in Table 1. Taking into account the
temporal and spatial differences between the measnt parameters; the altimetry being a
10-day discrete, open water measurement systegorgnuous coastal measurements for the
tide gauges, the sub millimeter agreement for tha kevel change demonstrates the
applicability of the technology for sea level manihg in the region.

Table 1 — Comparison of sea level change ratesdeigauge and altimetry

(Jaggan and Davis, 2012)

Station L ocation Sea L evel Change Rates (mm yr™) Differences
TideGauge | Satellite Altimetry (mmyr™

Sabine Pass, Texas 4.58 3.87 0.71
Port Isabel, Texas 7.14 7.80 0.66
Apalachicola, Florida 3.55 4.45 0.90
Clearwater Beach, Florida 7.88 7.86 0.02
Key West, Florida 6.09 6.34 0.25
Grand Isle, Louisiana 3.27 3.18 0.09

Isabela De Sagua, Cuba 0.97 0.85 0.12

San Juan, Puerto Rico -1.92 -1.07 0.85

4. DETERMINING MEAN SEA LEVEL

Currently many Caribbean states lack an accuratedafinitive reference of mean sea level
due to the absence of long term functioning tidaggs. As a result, islands such as St.
Vincent do not have a vertical reference system ¢ha be easily maintained or verified.

Although the geoidal model, CARIB97, exists as tenence surface, the geoid does not
equate to mean sea level as the latter is not @gip&ential surface.

Sideris and Fotopoulos (2006) highlight a few apph®es to determine a vertical reference
system (MSL).

- Using a network of tide gauges, a free-network stdpent is done by holding one
station fixed. A correction factor is applied teethdjusted heights so that the mean
height of all tide gauges equals zero. Howevers tmethod relies heavily on
measurements from a single tide gauge and ignoreannsea level (MSL)
observations made at other stations.
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- MSL can be measured by a network of reference gialeges situated along the
coastlines and fixing the datum to zero at theagosts. This can result in distorted
heights since it ignores land motions and subsdquemements of tide gauges.

- Using the best model for the Sea Surface Topogrép8Yy) at a network of tide gauge
stations and then adjusting the network by hold#fgL to zero for all tide gauges.
SST models are not accurate near the coasts amésahin distortions for MSL.

- Using estimates of orthometric heights derived frelfipsoidal heights and precise
gravimetric geoidal heights along a network of tgiuges. This relates the regional
vertical datum to a global vertical reference stefgellipsoid) and supports the
realization of a World Height System.

Satellite altimetry has provided two decades ofrnglabal, continuous sea level data.
However, while consistent and reliable data is labé&, altimetric data is based on the open
ocean and its weakness lies in coastal measureraadtsnonitoring. A vertical reference
system must be localized as local factors influatscdetermination. Hence, satellite altimetry
derived data alone is not sufficient to effectivatyd accurately determine mean sea level.
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Figure 5 — Concept of MSL determination using Jigéehltimetry and .Tide Gauges
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To compensate for the weaknesses of the altimeteasurements closer to land, a method
using a combination of satellite altimetry and shterm tide gauge sea level monitoring, is
proposed in an attempt to address this problemeqguia, St Vincent and the Grenadines.
The realization of a vertical datum would necessithe installation of a network of tide
gauges collocated with GNSS receivers at stratggiats along the coast of Bequia to record
short term sea level data. The GNSS measuremelhtaoviitor and allow corrections for any
vertical land movement taking place. Since tidaggs measure sea level relative to land,
satellite altimetric based data will be used totlhie tide gauge data in an absolute reference
frame. Studies by Dong et al. (2002) and Mitchu®9@.and 2000) have been successful in
verifying and integrating satellite altimetry datath tide gauges. These studies provide the
basis and methodology that will be used to integtiaé different measurement techniques in
order to determine a MSL reference datum.

With MSL established, appropriate scenario analgais now take place applying the sea
level rise rates determined through the satellitenatry. Applying the sea level rise
parameters to an incorrect vertical datum will dieaverestimate or underestimate any
potential impacts and consequently affect any ebasbne planning policy mitigation
strategies adopted.

5. CONCLUSIONS

The situation regarding the vertical datum esthhbtisnt and monitoring in Bequia, St Vincent
and the Grenadines is a representative of manyeodtates in the Caribbean. Considering the
vulnerability of the region to changes in sea leveé definition of the vertical datum is a
major concern. This critical issue however hagdbr been overlooked because of the
difficulty in establishing and maintaining adequiti®e gauges as well as tide gauge records.

Satellite altimetry provides consistent accuracgyetage, and independent space-based
measurements in a geocentric reference frame, wdwiehall necessary for the practical
realization of a vertical datum. From the samaratric datasets, there is the potential not
only to obtain data to establish MSL, but also tonitor changes in sea levels. Currently,
there is 20 years worth of altimetric data avagalhich would represent a long term data set
for tide gauge records, adequate to establish MSétellite altimetry gives an even spatial
distribution free from issues of vandalism, theftlack of proper maintenance that can
account for the lack of tide gauges in the regitiriherefore has the potential, once calibrated
with tide gauge and GNSS data, to fulfil two of thajor functions of the missing tide gauges
in the region; establishing MSL and monitoring kaeels
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