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Abstract

The sea level rise issue is one of the major tapiashave gained global attention. In particulés impacts on many
Pacific island countries have been more prevalamrdhe last two decades. The tiny island of Naonce a wealthy
nation, is no exception to the effect of climatangie. With its highest point ~61 m above sea Jeal the threat of sea
level rise evident, Nauru is under pressure to sitsedf from sea level rise problem. Sea leveadabm the AusAID
funded South Pacific Sea Level and Climate MomigpRroject will be focussed on despite the fact tha length of data
is not sufficiently long. The project was set nprésponse to concerns raised by Pacific islandnties over the
potential impacts of an enhanced greenhouse effealimate and sea levels in the South Pacific2Z@dryears initially.
Based upon 17 years of sea level data from theeptofhe sea level rise rate in Nauru as at Julg®@@as 4.4 mm ¥t
This is at least 2-3 times higher than the globaérage of 1-2 mm per yr Sea level in the Nauru area has risen
approximately 7.5 cm since the inception of thgqmiol7 years ago (July 1993). Although theredssignificant impact
on the sea level trends, it is to be noted thatiahe is quite stable and the rate of land risisg0i01 mm yt. Although
the data length is for the last 17 years, the sagll trend values do not fluctuate significantlgcsi 2002. It simply
indicates that the rate of sea level rise in thaiNiaregion is not accelerating as anticipated bg tommunity.
Keywords: Sea level rise, Nauru, climate change, nodal cy&lesAlD

1. Introduction potato-shaped island with an exclusive economicezon

It is not only some small island states that nemd t(EEZ) of 320 000 krhas shown in Figure 1. The lowest
worry about sea level rise. More than 70% of theldvs ~ topographic point (from the beach) to the higheshipis
population live on coastal plains and 11 of theldierl5 ~61 m above sea level. The 2002 census shows a
largest cities are on the coast or estuaries (@esme, population of 10 065. The climate is equatorial imeiin
2010). Over the 2Dcentury, sea levels rose between 10nature. There are no cyclones in the area siriseaimost
and 20 cm. The IPCC (2007) puts predictions of 21 at the equator. Although rainfall is cyclic and ipdic
century sea level rise at 9-88 cm. There are mangroughts are a serious problem during the lastdeaades.
variables influencing sea level rise, including hawch ~ There are limited natural fresh water resourcesoef r
the expected increase in precipitation will addstww  Storage tanks collect rainwater, but islanders ragstly
packs and, most importantly, our greenhouse gassionis  dependent on a single aging desalination planodiring
over the next decades. What we do know is that even portable water in a cost effective manner is arjiyido
small amount of sea level rise will have profourgjative = Nauru and therefore solar desalination is an oppdyt to
effects on our daily lives. be investigated (SPREP, 2010).

The inhabitants of every Pacific island atolls snaall The people of the tiny, potato-shaped Republic of
islands are convinced that what they are observinflauru were once the second richest nation on Eantfe
regarding the changes in their islands today isnany 20 years ago. Nauru's wealth was bird droppings:
cases very different from what they knew one or enor phosphate used in fertiliser production. Duringt thesy
decades ago. These include extensive coastaloarosi time Nauru could afford everything and even fresitew
persistent alteration of regional weather patteemsl was imported from Australia. Things have gradually
decreased productivity in fisheries and agriculturigher ~ changed due to several years of mismanagement. In
sea levels are making some soils too saline fdivation  reality, not only sea level around Nauru, but aito
of tropical crops such as taro, pulaka and yamsas@b economy was also rising and falling over the lasly@ars
roads, bridges, foreshores and plantations areersugf Or SO.
increased erosion, even on islands that have not
experienced inappropriate coastal development. sit 1.2 Historical Sea Level Changes
obvious that we cannot prevent sea level rise amdvill In fact, the rise and fall of sea level is not avrissue
never be able to. All we can do is to mitigate addpt to  for mankind although it has become one of the rheated
avert the most extreme scenario. As usual, thet leagopics recently. For example, during the lastage, sea
developed nations are at most risk, and Nauru, angary  level fell to more than 120 m below present day Iseel
wealthy island nation, is one of several in theifRac as water was stored in ice sheets in North America

Ocean. (Laurentian, Cordilleran), Greenland, Northern Eero
(Fennoscandia and the Barents region) and Antarctic
1.1 A Brief Background History of the Study Area When the ice melted, starting around 20 000 yegos sea

Nauru is a small island nation in the South Pacificlevel rose rapidly at average rates of about 10 yrif(or
Ocean, south of the Marshall Islands located aR®&3 1 m per century), and with peak rates of the omfe40
latitude and 166.55°E longitude. The total lanchdseonly  mm yr! (or 4 m per century), until about 6000 years ago
21 knf and it has a 30 km long coast line around thgChurchet al, 2001). Figure 2 shows the historical sea
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Figurel. Map showing the island topography and locatioNafiru in the Pacific Ocean.
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Figure2. Sea level changes over the last 140 thousand ¢@8tRO, 2010).

level changes to indicate that rise and fall of sl is
not a new phenomenon.

It is to be noted that sea level changes on a rafige
temporal and spatial scales. For example, sea level
Nauru is rising but the sea level in New Zealand/ha
falling due to melting of land ice and the reboweftect.

In fact, the total volume of the ocean can chargye gesult

of changes in ocean mass (addition of water toottean «
from land or evaporation) and expansion or coriwacbf
ocean water as it warms or cools (due to thermal
expansion), respectively.

1.3 What Can We Expect Now? .
According to the latest IPCC (2007) Summary for
Policymakers, the following can be noted:

ice caps, Greenland ice sheets and Antarctic ieetsh
is 1.1 + 0.5 mm yt between 1961 and 2003 and 2.8 +
0.7 mm yi* between 1993 and 2003. It is indicated
that the rate is faster during the last 10 years.

The observed rate of sea level rise is 1.8 + 0.5ymMm
between 1961 and 2003 and 3.1 = 0.7 mrt yr
between 1993 and 2003.

Whether the faster rate for 1993-2003 reflects daka
variability or an increase in the longer term traad
unclear. There is high confidence that the rate of
observed sea level rise increased from tHe tb9the
20" century.

The total sea level rise in the™6entury is estimated
to be 17 £ 5cm.

This new report mentions that global warming isr{ve

* The estimated rate of sea level rise based upon thikely” man-made. This is the most powerful langeag
thermal expansion of water, melting of glaciers andused by the world’s leading climate scientists.
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2. Methods
2.1 TheAustralian Project [South Pacific Sea L evel and
Climate Monitoring Project]

As a simple and clear example, using the data ftloen
Australian Project, the barometric pressure and leeeal
anomalies plot are shown in Figure 3. Basically, ave

In response to concerns raised by Pacific islandware of the inverted barometer effect and 1 hRagghin
countries over the potential impacts of an enhancegressure can vary the sea level by approximatein Xe.g.
greenhouse effect on climate and sea levels irSteth  Singh and Aung, 2005).

Pacific region, the South Pacific Sea Level andn@te If one focuses in 1997-98 period of the plots, dld be
Monitoring Project was set up in early 1990s. I lneen remembered that a very severe El Nifio took plasenglu
fully funded byAusAID for the forum region. As part of that time. As a consequence of the El Nifio, bammet
the project, a SEAFRAME (SEAlevel Fine Resolution pressure in the Nauru area was significantly highnhiany
Acoustic Measuring Equipment) gauge was instalied i months. Despite the slight time lag, the inveltedometer
Nauru in July 1993. The gauge has been returnighg h effect played a major role and the fall of seallexes clearly
resolution and reliable scientific quality datacgirihen. evident in the lower panel of Figure 3. The sigaift fall of

SEAFRAME gauges not only measures sea level byea level for many months resulted in negative lseel

two independent means, but also a number of ancilla anomalies in the Nauru area, which can be seeiyimd=4.

variables, such as, air and water temperaturesl speed,
wind direction, wind gust and atmospheric pressineere

In fact, the sea level fall during that time wasrenthan the
inverted barometer effect and it will make the @piof sea

is an associated programme of levelling to deteeminlevel changes more complex. If we carefully analjise

vertical movement of the sea level sensors dueodal |

barometric pressure anomaly, the highest increasd hPa,

land movement. Continuous Global Positioning Systenbut the sea level fall during that time is overc2 which is
(CGPS) measurements are now also being made and ewident in the lower panel of Figure 3. This ireide alone

determine the vertical movement of the land witbpezt
to the International Terrestrial Frame (ITF).

2.2 Riseand Fall of Sea Leve

Before this discussion, it is appropriate to be ifam
with what sea level means.
defined as the arithmetic mean of hourly water hisig

observed over the 18.61 years period (one noddexyc

Shorter series are specified in the name as momtleign
sea level and yearly mean sea level (Rockville, 9198

noteworthy point here is that sea level is theltdsam the
complicated combination of many influences, such(gs
daily tides; (ii) meteorological effects (atmosphegrressure
and winds, evaporation, precipitation); (iii) thedmeffect
(volume expansion of water due to global warmingltinmg

land ice); (iv) seismic activity (underwater earibie,
tsunami); (v) oceanographic effects (El Nifio, Rgsshves,
Kelvin waves, density changes, etc.); and (vi)isalrtland
movement.

This brief definition alone can highlight the comty

The mean sea levelbean

can portray that the sea level issue is much monepkex
than one can imagine.

3. Resultsand Discussion
3.1 SealLevel Trendsin Nauru Over a Nodal Cycle

Most Pacific islanders are fully aware that seallés
controlled by many factors; some periodic like idsome
brief but violent like cyclones, and some prolongjkd El
Nifio — because of the direct effect of changesd tpon
their lives. The effects vary widely across theioag
Along the Melanesian archipelago, from Manus Islénd
PNG) to Vanuatu, tides are predominantly diurnalpmce
daily, while elsewhere the tide tends to have tighé and
two lows each day (semidiurnal) including Nauru.

Figure 4 depicts the evolution of the short-terma se
level trends at Nauru SEAFRAME station, from onarye
after installation to July 2010. During that peridtere
were four El Nifio events that took place, includagery
severe one in 1997-98, which generated a signifisaa
level drop in the Nauru area. The usual positigng)

of sea level changes since there are many physicaka level trends were changed to negative valadis)

phenomena involved and most of them cannot be gieetli

for several months due to the effect of the El Nifithe
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Figure 3. Barometric pressure (hPa) [Top] and sea levetraties (m) in Nauru (NTC, 2010) [bottom].
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Figure 4. Sea level trends for Nauru during the last 17 years

process of data analysis and trend calculatios feliows:
To begin the analysis, the first year of observedrly
values of sea level for a location [say Nauru iis ttase

trends although it is reducing the sea level riager
slightly. In this paper, a special focus is madepbhgsical
aspects of sea level rise and we are not in aiposit

and the data from July 93-June 94] was analysedafor touch island geology or sediment budget. In summary
trend value. The full harmonic model of 112 tidal Table 1 highlights the critical values for sea leigsue in
constituents was applied so as to identify the Itidathe Nauru area.

component and at the same time a trend analysis is

conducted. The value of this trend is plotted aes fitst
point in Figure 4. The next stage begins by adglisgone
month of additional hourly data, repeating the gsialand
plotting the trend result in Figure 4. The procedsse

3.2 Length of Data

From a statistical point of view, every scientisstthe
same view that the longer the data length, theebeitl be
the trend calculation. Some have even arguedhkadata

repeated adding one month at a time to the data sébm the Australian Project is not long enough to d

presented for analysis until the entire availaldéacset is
exhausted. Each estimate given and plotted théreisea
level trend evaluated over the entire preceding ti@ries,
regardless of the start date for a particularatati

It is to be noted that the early part of the trénd was
not stabilised due to a very short length of daBut we
can see that the estimate is becoming progressivedyier
in magnitude and that the line is becoming smoo#met
stable. The length of the data so far is sligloter 17
years (not exactly one nodal cycle yet); some figanit
fluctuations in the trends do not show any moreurimiy
the last 17 years or so, there were at least fiv&liEo
periods; one was prolonged, one was very severghand
others were weak ones. It is also to be noted tteat
gauges located close to the equatorial wave guates;n

anything for scientific purpose. When we discuss data
length for trend calculation with reasonable cettes, it is
appropriate to introduce a term calleddal cycle It is a
period of approximately 18.61 Julian years requftedhe
regression of the Moon’s nodes to complete a dirotii
360° of longitude. It is accompanied by a corresiieg
cycle of changing inclination of the Moon’s orbélative
to the plane of the Earth’s equator, with resulting
inequalities in the rise and fall of the tide apeead of the
tidal currents (Rockville, 1989). According to Redle
(1989), the specific 19-year period is adopted las t
official time segment over which tide observatiom®
taken and reduced to obtain mean values for tidaird.

It is necessary for standardisation because obgieriand
apparent secular trends in sea level, that is, psoiodic

particular those near to the western boundary & thtendency of sea level to rise, fall or remain stary with

Pacific, will undergo substantial fluctuations diiENSO
episodes. Based upon these 17 years long seadatzel
(NTC, 2010), the rate of sea level rise in Naumraas 4.4

time. Technically, it is the slope of a least-ggsdine of
regression through a relatively long series of kaeel
values. For this reason, the Australian project iniially

mm yr! (as of July 2010). The value is very much stableset to run four 5-year phases, in total of 20 ydarshe

and the variation from the previous months is madiend
as small ast 0.1-0.2 mm yt. This local value is still

whole project. The project has now been planned to
continue long over the initial 20-year period.

approximately 2-3 times larger than the IPCC global
average of 1-2 mm ¥t During these 17 years, sea level in3.3 Sea Level Trendsfrom Satellite Altimeter Data

Nauru rose approximately 75 mm. When we look at th

In order to enhance the land-based sea level data a

surveying data for the vertical land movement, thethe trends calculation, we will briefly look at tisatellite

SEAFRAME station area is rising 0.12 mm for the [bs
years  period through  conventional
Accordingly, the rate of rising land is ~+0.01 mer [year
and there is no significant impact on the sea leissd

data as well to achieve a more realistic point iefwon

surveying.sea level changes. According to (CSIRO, 2010), high

quality measurements of global sea level have Ineste
since late 1992 by satellite altimeters, in paféicu

Table 1. Significant parameters for the sea level situmiiothe Nauru area.

Parameters Values Comments

length of data 17 years not long enough yet (almpstnodal cycle)
sea level trend +4.4 mmyr very small change from previous months
sea level rise ~7.5cm for the last 17 years

vertical land movement ~+0.01 mmi'yr  not significant (slight reduction in sea level)
number of El Nifio 5 including one severe and ormdomged




67 M. Husseiret al: Rise and fall of sea level in Nauru area

TOPEX/Poseidon (launched in August, 1992), Jason-bf the severe effects of the 1997-98 EIl Nifio relaea level
(launched in December, 2001) and Jason-2 (launahed drop). It clearly indicates that the sea leved niate is not
June, 2008). These data have shown a more ostlesdy  gradually increasing in the recent past or at ldasng the
increase in Global Mean Sea Level (GMSL) of aro8r&l  Australian Project period although monthly fluctaatof +
+ 0.4 mm yi* over that period. This is more than 50% 0.1-0.2 mm ¥ takes place. It is also to be acknowledged,
larger than the average value over th& 2@ntury and nevertheless, that visually at least and at tlsigestthere is
more than the IPCC estimate of 1-2 mnt.yr no clear evidence for acceleration in sea leveldseover
Figure 5 shows the GMSL measured fromthe course of the last century based upon the terg-
TOPEX/Poseidon, Jason-1 and Jason-2 satellitesis It data elsewhere. More precisely, Mitcheli al (2000)
believed that global warming from increasing gremme  stated that the acceleration assessment from wiokddw
gas concentrations is a significant driver of bioitreases industrialisation over the last two centuries sedmbe
in ocean mass and ocean thermal expansion as cemigon very slow to appear. Accelerations of the tremtdsiified

of recent and future sea level rise. in their exercise are at best extremely smalleast on this
evidence from just five available long data sets.
3.4 Isthe Rate of Sea Level Riselncreasing in the Indeed, it is good news for the future generatién o
Nauru Area? Nauru and they now can concentrate more on theveggo

As mentioned in earlier sections, sea level hasbeeof their failed economy. However, to see the tgaind to
rising and falling for a long time in history, lomgfore the accept the scientific fact, local people need reags
global warming issue was introduced. Accordingtg sea education and a Pacific wide capacity building pangme
level rise issue is not really a new problem todaily lives. is essential. Otherwise, hearsay stories will iooiatly
But the real danger may be if the rate of sea leisel disturb their lives.
increases with time (i.e. accelerating) as clairogdnany
people. The main question for us is to find owtdh level 3.5 Thermal Effect Dueto Global War ming
rise rate is gradually increasing in the recent.péfsbeing Thermal expansion is one of the main contributors t
the case, the real danger is getting closer andPHuific  long-term sea level change, as well as being pért o
islanders might need to find a new land to live floeir  regional and short-term changes. Water expand& as
future and people from Nauru are no exception. warms and shrinks as it cools. From 1993 to 2068,

If we look at the sea level trends with time shown thermosteric contribution was estimated to be alfou®
Figure 4 for the Nauru area, it is quite obviouatttiends mm yr?, about a quarter of the total GMSL trend of 3.3
for Nauru are more or less horizontal since eBy2once  mm yr* over the same period (Dominguesal, 2008).
the length of data is stabilised for trends cakimteand out From 1955-95, earlier estimates of ocean thermal

GMSL from TOPEX/Poseidon, Jason-1 and Jason-2 satellite altimeter data
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Figure 5. Global mean sea level measured from TOPEX/Posgidlmson-1 and Jason-2 satellites during a noddé cy
(CSIRO, 2010).
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expansion is estimated to have contributed abautmn  Domingues, C.M., Church, J.A., White, N.J., Gleckle

yr' to sea level rise, less than 25% of the obseriss r  P.J., Wijffels, S.E., Barker P.M. and Dunn, J.R020

over the same period. Improved estimates of upper-ocean warming and multi
Kaseret al. (2006) estimate the melting of glaciers and decadal sea-level risdature453, 1090-1094.

ice caps (excluding the glaciers surrounding Geeshband  Greenpeace, 2010. Sea level rise. Available online

Antarctica) contributed to sea level rise by abdudt mm http://www.greenpeace.org/international/campaidims/c
yr'! from 1961-90 increasing to about 1.0 mn' yrom ate-change/impacts/sea_level rise

2001-04. Meieket al.(2007) also state that mass loss fromGregory, J.M. and Huybrechts, P. 2006. Ice sheet
glaciers is dominating the eustatic component aflsgel contributions to future sea-level changthilosophical

rise in the 2% century, providing 1.1 mm Vrof the total Transactions of the Royal Sociétyg64, 1709-1731.
eustatic contribution of 1.8 mm Yrin 2006. These IPCC (Intergovernmental Panel on Climate Chang2)72

estimates are somehow in agreement with otherestuafi Climate Change 2007: The Physical Science Basis,
Gregory and Huybrechts (2006). Summary for Policymaker€ambridge University Press,
Cambridge.
4. Conclusions Kaser, G., Cogley, J.G., Dyurgerov, M.B., Meier Mad
The global mean sea level increased by 19.5 cm Ohmura, A. 2006. Mass balance of glaciers and ages.c
between 1870 and 2004, and is continuing to risefairly consensus estimates for 1961-200&eophysical
steady rate of just over 3 mm~y(Nicholls and Lowe, Research Letters 33, L19501. DOI:

2006; Churchet al, 2004). This rate of rise is 1029/2006GL027511.

undoubtedly contributing to flooding problems ofwio  Meier, M.F, Dyurgerov, M.B., Rick, U.K., O'Neel, S.

lying island states like Tuvalu and Kiribati in tiRacific Pfeffer, W.T., Anderson, R.S., Anderson S.P. and

and the Maldives in the Indian Ocean. Glazovsky A.F. 2007. Glaciers dominate eustatic sea
In the Nauru area, the present sea level riseisadet level rise in the 22 century.Scienced17, 1064-1067.

mm yr* (in mid 2010) and it is not gradually increasiog f Mitchell, W., Chittleborough, J., Ronai B. and Lenp

the last decade. The rate is definitely higher tihenlPCC G.W. 2000. Sea level rise in Australia and the fRadn:

global average rate (1-2 mm™rand the GMSL trends  Proceedings of the Science Component: Pacific éidan

calculated from satellite data (3.2 mmi*yr During the Conference on Climate Change, Climate Variabilinda

last 17 years or so, the total sea level riseénNhuru area  Sea Level Rise (Linking Science and Policl).

is ~7.5 cm. When making plans and policy for the Grezchnik and J. Chittleborough (Eds), Nationalalid

economic rapid recovery and development of Naura, t Facility, Adelaide, 47-57.

threat of sea level rise problem should be takeo in Nicholls, R.J. and Lowe, J.A. 2006. Climate stahailion

account appropriately. While there is always likebd to and impacts of sea level rise. lAvoiding Dangerous

be a debate over the scientific accuracy of seal keends Climate Change H.J. Schellnhuber, W. Cramer, N.

and the length of data used, the Pacific islandarmot Nakicenovic, T.M.L. Wigley and G. Yohe (Eds),

wait indefinitely to see the more accurate sealleise Cambridge University Press, Cambridge.

results. Still, it is possible to address some bé t NTC (National Tidal Centre). 201®onthly Data Report:
uncertainties related to sea level monitoring anleter July 2010 South Pacific Sea Level and Climate
understanding of island change to make a better gtal Monitoring Project,  Adelaide.Available  online
policy for their own islands. http://www.bom.gov.au/ntc/IDO60201/IDO60201.20100

7.pdf
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