|§ EARTH-SCIENCE

Accepted Manuscript

Australian Sea Levels — Trends, Regional Variability and Influencing Factors

Neil J. White, Ivan D. Haigh, John A. Church, Terry Koen, Christopher
S. Watson, Tim R. Pritchard, Phil J. Watson, Reed J. Burgette, Kathleen L.
Mclnnes, Zai-Jin You, Xuebin Zhang, Paul Tregoning

PII: S0012-8252(14)00095-6

DOl: doi: 10.1016/j.earscirev.2014.05.011
Reference: EARTH 1988

To appear in: Earth Science Reviews

Received date: 7 October 2013

Accepted date: 17 May 2014

Please cite this article as: White, Neil J., Haigh, Ivan D., Church, John A., Koen, Terry,
Watson, Christopher S., Pritchard, Tim R., Watson, Phil J., Burgette, Reed J., McInnes,
Kathleen L., You, Zai-Jin, Zhang, Xuebin, Tregoning, Paul, Australian Sea Levels —
Trends, Regional Variability and Influencing Factors, Earth Science Reviews (2014), doi:
10.1016/j.earscirev.2014.05.011

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.earscirev.2014.05.011
http://dx.doi.org/10.1016/j.earscirev.2014.05.011

Australian Sea Levels — Trends, Regional

Variability and Influencing Factors

Neil J. White, *3van D. Haigh, *John A. Church, “Terry Koen,
>Christopher S. Watson, Tim R. Pritchard, Phil J. Watson,>°Reed J.
Burgette, *Kathleen L. Mclnnes, “Zai-Jin You, *Xuebin Zhang, ®Paul

Tregoning

!Centre for Australian Weather and Climate ResearchWealth from Oceans Flagship, CSIRO Marine and

Atmospheric Research, Hobart, Tasmania, Austriaigl. White@csiro.auJohn.Church@csiro.au,

Kathleen.Mcinnes@csiro.aXuebin.Zhang@csiro.au

2Ocean and Earth Science, National Oceanographyedmiversity of Southampton, European Way
Southampton, UK. I.D.Haigh@soton.ac.uk

3School of Civil, Environmental and Mining Engineggiand the UWA Oceans Institute, The University of
Western Australia, M470, 35 Stirling Highway, Craw] WA 6009, Australia.

“Office of Environment and Heritage, Department rRier and Cabinet, PO Box A290 Sydney South, NSW
1232, Australia Terry.Koen@environment.nsw.gov-Eim.Pritchard @environment.nsw.gov.au,

Phil.Watson@environment.nsw.gov.au

®School of Land and Food, University of Tasmanidayate Bag 76 Hobart, Tasmania, Australia. 7001.
Christopher.Watson@utas.edu.au

®Department of Geological Sciences, New Mexico Sthtiversity, Las Cruces, NM, 88003, USA.

burgette@nmsu.edu

’School of Civil Engineering, Ludong University, Ytain China, b.you@Idu.edu.cn

®8Research School of Earth Sciences, Australian Nakioniversity, Canberra, ACT, Australia.

paul.tregoning@anu.edu.au



Abstract

There has been significant progress in describimd) anderstanding global-mean sea-level
rise, but the regional departures from this glabakn rise are more poorly described and
understood. Here, we present a comprehensive @alydustralian sea-level data from the
1880s to the present, including an assessmenteaifitgaaltimeter data since 1993. Sea levels
around the Australian coast are well sampled fr@&61to the present. The first Empirical
Orthogonal Function (EOF) of data from 16 sitesuarb the coast explains 69% of the
variance, and is closely related to the El Nifio tBetn Oscillation (ENSO), with the
strongest influence on the northern and westerstsoRemoving the variability in this EOF
correlated with the Southern Oscillation Index @Rithe differences in the trends between
locations. After the influence of ENSO is removew allowing for the impact of Glacial
Isostatic Adjustment (GIA) and atmospheric presseffects, Australian mean sea-level
trends are close to global-mean trends from 196®1®, including an increase in the rate of
rise in the early 1990s. Since 1993, there is gogréement between trends calculated from
tide-gauge records and altimetry data, with som&bie exceptions, some of which are
related to localised vertical-land motions. For pleeiods 1966 to 2009 and 1993 to 2009, the
average trends of relative sea level around thstioa are 1.4 + 0.3 mm yrand 4.5 + 1.3
mm yr!, which become 1.6 + 0.2 mm¥yand 2.7 + 0.6 mm ¥rafter removal of the signal
correlated with ENSO. After further correcting f8tA and changes in atmospheric pressure,
the corresponding trends are 2.1 + 0.2 mihamd 3.1 + 0.6 mm ¥ comparable with the
global-average rise over the same periods of D®B4mm yt* (from tide gauges) and 3.4 +
0.4 mm yi* (from satellite altimeters). Given that past ctesin Australian sea level are
similar to global-mean changes over the last 4%syetis likely that future changes over the
21 century will be consistent with global changes. ganeralized additive model of
Australia’s two longest records (Fremantle and 8ydimeveals the presence of both linear
and non-linear long-term sea-level trends, withhbmcords showing larger rates of rise
between 1920 and 1950, relatively stable mean eezsl between 1960 and 1990 and an

increased rate of rise from the early 1990s.
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1 Introduction

1.1 Overview

Sea-level change has become a major global seemsgue involving a wide range of
disciplines (Churclet al. 2010) with broad societal impacts (Nicholls andz€lamve 2010).
While there has been significant progress in dbsagi(Douglas 1991; Churcét al. 2004;
Church and White 2006, 2011; Jevrejega al. 2006; Ray and Douglas 2011) and
understanding (Churcht al. 2011; Mooreet al. 2011; Gregoryet al. 2013, Churclet al.
2013) global-mean sea-level (GMSL) rise, the regialepartures from this global-mean rise
are more poorly described and understood. The matarof GMSL rise over the $@entury
was around 1.7mm ¥r with an increase to around 3mmyover the last 20 years (Church
and White, 2011). Recent descriptions of local lsgat changes have been completed for a
number of regions, some examples being studiethefNorth Sea (Watdt al. 2013), British
Isles (Woodworthet al. 2009), the English Channel (Haigh al. 2009), the German Bight
(Wahl et al. 2011), Norwegian and Russian coasts (Heztnal. 2012), the Mediterranean
(Tsimpliset al. 2011, 2012; Calafat and Jorda 2011), USA (Setagl. 2007; Sallengeet al.
2012), and New Zealand (Hannah and Bell 2012)|nidimn Ocean (Hagt al. 2010), Pacific
Ocean (Merrifieldet al. 2012) and Australia (Churadt al. 2006). In this paper, we focus on
describing and improving understanding of sea-leigel and variability around Australia, and

its connection to variability in the surroundingeaas.

1.2 Previous Analyses
Gehrelset al. (2012) used sea levels recorded in salt marshmseds to infer sea level was
stable in the Tasmanian and New Zealand regiorgbaut 0.3 m lower than at present,
through the middle and late Holocene up to the 18t& century. The rate of sea-level rise
then increased in the late" 8entury, resulting in a 30century average rate of relative sea-
level rise in eastern Tasmania of 1.5 + 0.4 mth Hihis, and other analyses (e.g. Gehrels and
Woodworth 2013, Lambeck 2002) suggest an increasieei rate of global and regional sea-
level rise in the late 19 and/or the early 20 Centuries. The earliest known direct
measurements of sea level in Australia are fromaaytear record (1841-1842) at Port Arthur,
Tasmania relative to an 1841 benchmark (Hueted. 2003). Hunteet al. (2003) estimated a
sea-level rise over the 159 years to 1999-200218®m (at an average rate of 0.8 mm)yr
If, following Gehrelset al. (2012), most of this rise occurred after 1890, 288 century rate
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would be 1.3 mm yt, or 1.5 mm yt* after correction for land uplift (Huntet al. 2003 and

Hunter pers comm).

Recent analyses extend to studies involving thelbrng near-continuous tide-gauge records;
on the East coast at Sydney (Fort Denison, 18864,0n the west coast Fremantle (1897-).
You et al. (2009) estimated rates of relative sea levelaisEort Denison of 0.63 £ 0.14 mm
yr' for 1886-2007, 0.93 + 0.20 mmYyifor 1914-2007 and 0.58 + 0.38 mni‘yfor 1950-
2007. Mitchellet al. (2000) estimated a trend of 0.86 mn yor 1914-1997. For Fremantle,
Haighet al. (2011) found rates of relative sea level rise .@bl+ 0.15 mm yt for the period
1897-2008, -0.54 + 2.42 mmYfor 1967-1990, 1.71 + 0.68 mmyfor 1967-2008, and 5.66
+2.90 mm yt* for 1992-2008. Other long running sites (e.g. Wfitistown and Port Adelaide
Inner Harbour) have not been useful for determiniogg-term trends because of
deficiencies, including large gaps and/or datuntsiior Williamstown, and land subsidence
for Port Adelaide. The Newcastle records also hprablems with subsidence (Watson,
2011). In general, individual Australian tide-gaugeords are too short and contain too much
variability for detection of statistically signifimt accelerations or decelerations in sea-level

rise.

In a companion paper to the present study, Burgetss. (2013) used a network adjustment
approach to mitigate inter-annual and decadal lditya estimating weighted average linear
rates of sea-level change relative to the lanch@te 1 standard error) of 1.4 + 0.6, 1.7 £ 0.6
and 4.6 + 0.8 mm ¥k, over three temporal windows including the altiemetra: 1900-2011;

1966-2011; and 1993-2011 respectively. Similariapahtterns in rates of sea-level change
were observed, with the highest rates present mthid Australia. Burgettet al. (2013) also

showed that time-series variability (noise withpest to a linear model) changes spatially,
best described by a first-order Gauss-Markov maddhe west, whilst east coast stations

were better described by a power-law process.

Aubrey and Emery (1986) estimated an average velata-level rise of 1.3 mm¥yfrom 25
Australian tide-gauge records with length varyingni as little as 11 years to as much as 87
years. They ascribed the sea-level rise in thehseast and the sea-level fall in the north to
differential land motion. Bryanét al. (1988) pointed out that this spatial variabilityasv

mainly due to climatic, not geological, signals.téfiell and Lennon (1992) found a median
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value of relative rise of 1 mm yrand an average of 1.51 + 0.18 mrit ¥85% confidence
interval) for 39 Australian Records, the shorteavihg a length of about 11 years. Amin
(1993) estimated an average rate of rise of 1.7ymhusing data from just four ports on the
west and north-west coast of Australia (Frema@keraldton, Wyndham and Darwin) for the
21-year period from 1966-1986. Chureh al. (2006) estimated a relative sea-level trend
averaged around Australia of 1.2 mniyfrom 1920 to 2000. Haigbt al. (2011) analysed
data from 14 tide gauges around Western Australiay concluded that the Fremantle record
indicated a rate of rise comparable with estimatagobal mean change, and that in southern
Western Australia the rate of MSL rise was lessntlize global average, but that it was
greater than the global average in northern Wedestralia. For the period of high-quality
satellite-altimeter data (since 1993), sea levatsirad Australia have been rising at close to
the global average (about 3 mmtyin the south and south-east and above the gileahge

in the north and north-west (Dergal. 2011; Haighet al. 2011).

Multiple studies (Pariwonet al. 1986; Amin 1993; Fengt al. 2004; Churchet al. 2004,
2006; Haighet al. 2011) all identified inter-annual and decadal lise@! variability related to
ENSO on the west, south-west and south coasts stirdlia. In particular, Fenet al. (2004),
Churchet al. (2006) and Haiglet al. (2011) showed that sea level rose rapidly in tB20%
and 1940s and again in the 1990s at Fremantleywasitrelatively stable between 1970 and
1990. These studies also noted that the multidécadmtions in Fremantle sea level were
related to climate variability in the tropical Placias characterised by the Southern
Oscillation Index (SOI). Haigbt al. (2011) found the strength of the correlation afriRantle
sea level and the SOI was not constant in timetlaithe variability in sea level around the
Western Australian coast was weakly negativelyatated to the Indian Ocean Dipole (I0D)
index and weakly positively correlated to the SeathAnnular Mode (SAM) for the period
1967-2008. For the Pacific and Indian Oceans, Zl@mgChurch (2012) showed that, for the
satellite altimeter data since 1993, a multiplesdin regression of sea level on time, a
Multivariate ENSO Index and the Pacific Decadal illstton explained more of the variance
than a linear regression on time only. Howeverygheas low skill in the Tasman Sea,
consistent with a several year lag between ther-iideadal Pacific Oscillation and low

frequency sea level at Sydney (Holbraakal. 2011).



1.3 Aims and Structure

In this paper, we present a comprehensive analy#isistralian sea-level data from the 1880s
to the present, with a focus on understanding arahtifying the long-term trends and the
influence of inter-annual and decadal variabiliand correlations of this variability with
climate indices. We also consider the effects @ngfes in atmospheric pressure (the inverse

barometer effect, Wunsch and Stammer 1997), asaselértical land motion (VLM).

When discussing trends, the quantity of most istete coastal managers, engineers and
planners, is the rate of mean sea-level rise veldt the land, referred to herein as relative
mean sea level (RMSL). Our analysis is focussedtlmanges in RMSL determined using
monthly means of tide gauge measurements, eachhichvare observed relative to the land
supporting the tide gauge. Estimates of RMSL chaage not directly comparable to
measurements of sea level made from satellite eftimwhich by definition are made with
respect to an Earth-fixed geocentric reference drammereon termedyeocentric MSL
Comparison and interpretation of relative and gatae MSL requires understanding of
ongoing vertical land motion (VLM) and its influemon sea level observed over all spatial
scales from point locations to across the globahaos. In this context, we introduoeean-
volume MSL (OVMSL) as a measure of change in the volume of water énaditeans,
corrected for the various effects of VLM, includimipanges in the Earth’s gravity field
(geoid) and shape of the ocean basins. We defirdetail relative, geocentric and ocean-

volume MSL in Section 2.3.

We commence with a review of data sets and refereinames (Section 2), before
investigating the characteristics of inter-annuad aecadal variability in the sea-level data
(Section 3). Sea-level trend estimates are pregdBiections 3 & 4) then discussed (Section

5) and finally conclusions are given (Section 6).

2.0 Data sets
2.1 Tide-gauge Records

Tide-gauge measurements of sea level began in8hedntury with visual observations of
the heights of high and low waters at a few locetigmostly in Europe). By the 1830s

automatic float tide gauges had been developedcthat record the full tidal curve and by



the end of the 19 century these had been installed at most majas goound the world
(Woodworth et al. 2011). The observations were originally designed stipport port
operations and navigation. In Australia, they waleo used to determine the Australian
Height Datum (AHD) using data from 1966-1968 frof Bde gauges (Featherstone and
Filmer 2012).

Our analysis focuses predominantly on monthly meata from the Permanent Service for
Mean Sea Level (PSMSL; Woodworth and Player 20@\8L 2012). Data are available for
more than 2000 gauges around the world in the fofboth monthly and annual (derived
from the monthly values) RMSL. However, there ipacity of long southern hemisphere
tide gauge records; only two of 123 records heldth®y PSMSL which pre-date 1900 are
located in the southern hemisphere, the two longastrds being Sydney (Fort Denison)
from 1886 and Fremantle from 1897.

The data available from the PSMSL are designattftbreiMetric Data’ or ‘Revised Local
Reference’ (RLR) data. Many Metric records hav@edadiscontinuities from one section of
data to the next. For RLR records, sufficient lérmgl information is available to
unambiguously join a number of sections into onetiooous record (relative to a common
benchmark) suitable for analysis of long-term teerithus, the RLR records are preferred for
trend analysis. However, some of the RLR recoriishstve problems due to localised VLM
(e.g. wharf instability or local subsidence), andhs of the longer Metric records are usable

for long-term analysis due to their continuous ratu

The Australian National Tidal Centre (NTC), whichriow part of the Australian Bureau of
Meteorology, collects data from several state asggdions and port authorities who operate
tide gauges around the coast of Australia and geomonthly MSL values to the PSMSL.
The NTC also maintains a national network of 1@ tighuges around Australia as part of the
Australian Base Line Sea Level Monitoring NetwofBSLMP). This array of SEAFRAME
(SEA-level Fine Resolution Acoustic Measuring Eouént) tide gauges was installed
between 1991 and 1993.

The PSMSL's RLR and Metric subsets contain 81 @sdrom 76 sites and 215 records from
139 sites from around the coast of Australia, retpely. We focus on the RLR dataset, but
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exclude records with less than 15 years of dataNéwcastle and Sydney (Fort Denison),
different records were combined to form single kngime series at each site (see
supplementary material for details). After carefahsideration, we supplemented this RLR
dataset with records from the Metric set. In sorases, we replaced RLR records with the

equivalent Metric record where these were longeérfeae from datum issues.

Our final dataset comprises records at 69 sitegu(Eil, Table 1). In addition to the PSMSL
guality control procedures, each record was contbtwethe time series from neighbouring
sites and to a ‘MSL index’, that represents theeteht part of the MSL variability around
Australia (see Section 3). This MSL index was @datfollowing a method described in
Woodworthet al. (2009), Haighet al. (2009) and Wahét al (2013), by: de-trending each of
the time series using linear regression over tivawle record length; and then, for each year,
averaging all of the MSL values available for thatr. Using this method, we were able to
identify values which deviated significantly fromig index. The values (1% of the data set)
were then excluded from the analysis. A detailetldi the acceptable records as well as the
suspect values excluded from the analysis, alotty figures showing the comparison of each
record with time series from neighbouring sites &hd MSL index, is given in the
supplementary material. In addition, if, for anyecalar year of any record, there are less than

11 good monthly values, all values for that yeat eatord are rejected.

A graphical comparison of yearly averaged RMSL frtme Australian tide gauges with
globally averaged GMSL from Church and White (20Td@y be undertaken by first
expressing both datasets as OVMSL (Figure 2(a),Sssion 2.3 for detail on corrections
required to generate OVMSL — note that the Churuth White (2011) GMSL is already in
the sense of OVMSL). For this comparison, the 120@0 mean was first removed from the
GMSL time series (already expressed in the senseadn-volume). Tide-gauge time series
were then added following conversion from RSL toMBL using GIA (but not GPS VLM)
data and removal of mean differences with respecthe GMSL series over whatever
common years they had in the 1971-2000 (inclusive® span. This time span was chosen
because it is the earliest 30-year period for whilthide-gauge records have sufficient data.
The records flagged because of possible ground meneand credibility issues are not used
in calculating averages, but are shown on figusg &{r comparison. It is clear these suspect

gauges deviate significantly from the majority afetgauge records and the GMSL time
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series. Since 1920, OVMSL around the Australianst@gproximately follows the global
mean over longer (multi-decadal) time periods,\eitih substantial excursions from the long-
term mean due to inter-annual and decadal varial§fiigure 2(a)). For example, Australian
MSL rose slightly faster than the global averagemr1920 to 1950, slower than the global
average from about 1960 to 1990, and similar togllobal average since about 1990. Note
the clearly coherent signals (such as the fallsem level during the 1983, 1986 and 1997 El
Nifio events). Figure 2(b) is similar, except thagnals correlated with ENSO (as
characterised by the Southern Oscillation Index Gl)Shave been removed from the

Australian tide-gauge data that is displayed, disheidiscussed in detail in Sections 3 and 4.

2.2 Altimeter Data

Satellite altimeters have provided high qualityamglobal measurements of sea-surface
height (SSH) since 1993. Altimeter derived SSH datd Hz (~7 km along-track) has an
accuracy of ~2-3 cm with respect to an Earth-fireig@rence frame (Fu and Cazenave 2001).
Local, regional or global means of altimeter SSHy/ha expressed as geocentric or OVMSL
(see section 2.3). Here, we use data from the T@P&¢idon (1993-2002), Jason-1 (2002-
2009) and OSTM/Jason-2 (2008-2011) satellite atémenissions (the years in brackets
indicating the years of data used from each mijdiost measure SSH from 66°S to 66°N
every ~10 days. The dataset used in this papebders mapped to a 1°x1° grid and averaged
into monthly values (see Church and White 2011, pBral of Fu and Cazenave 2001,
http://www.cmar.csiro.au/sealevel/sl_meas_sat tait.hand http://www.altimetry.info/ for
further detail).

The satellite altimeter data uses orbits referertoeldRF2008, and has (as far as possible)
consistent corrections for path delays (dry tropese, wet troposphere, ionosphere), surface
wave effects (sea-state bias) and ocean tideseTfeo adjustment to agree with tide gauge
data. See Fu and Cazenave (2001), Church and \(20ife) for more detail. Note that the
altimeter processing has been upgraded since Clamdh/Nhite (2011) and, apart from the

improved corrections, there is now no calibratigaiast tide gauges for any of the missions.

2.3 Reference Frames and Vertical Land Movements
In order to place locally observed trends in reatiSL (RMSL, the focus of this paper), into

a regional or global context and compare with olke@wns from satellite altimetry, we need
9



to consider the different reference frames in uskaccount for the effects of VLM. Vertical
movement of the Earth's surface is driven by aearsfggeophysical processes operating over
various spatial and temporal scales, such as trdsfarmation induced by earthquakes,
uplift/subsidence caused by changes in loads oi#nth's crust through the accumulation or
extraction of ground water or oil and the on-gogigstic and visco-elastic response of the
crust to changes in present and past ice mass, lkade/n as Glacial Isostatic Adjustment
(GIA). GIA models combine information describingetbvolution of ice extent (and volume)
over the Earth's surface with information descdbthe internal Earth structure to derive
several quantities of interest for sea level stidfes part of these computations, changes in
the rotational behaviour of the Earth caused byasmciated mass redistributions introduce a
feedback that is considered with the model. For purposes, the model outputs of
significance are

a) vertical velocity of the crust (including thentinent surface and ocean floor),

b) vertical velocity of the sea surface (the "géan GIA terminology, Tamisiea 2011,

Tamisiea and Mitrovica 2011).
Derived from a) and b) is c) the vertical rate b&wge of the thickness of the water envelope.
The later item (c) is usually referred to as rektsea-level change due to GIA and is
normally used for correcting tide gauge data, wkelen b) is normally used for correcting
satellite altimeter data (Tamisiea 2011, Tamisreh Mitrovica 2011).

Localised VLM in the vicinity of a tide gauge caddsy ground water extraction for example,
has a direct and obvious effect on measuremerfviSL. More subtly, the GIA component
of VLM will induce changes in the Earth's gravitglfl (geoid) as well as in the shape (and
hence volume) of the ocean basins (Tamisiea andoWilia 2011). Both of these changes
influence relative and geocentric MSL dictatingtthamall correction is required in order to
infer changes in ocean volume (the most useful oreafor understanding the physical
reasons for MSL change). When considering globatayes derived from satellite altimetry,
GIA related effects that induce changes in seaffmmition and variation in the gravity field
will contribute -0.15 mm yt to -0.5 mm yt to changes in geocentric GMSL (Tamisiea
2011), with the range reflecting variability in @abdle Earth and ice models used in modeling
GIA. Models of GIA are therefore required to remavese effects from RMSL (at tide
gauges) and geocentric MSL (from altimetry) to ¢iektimates in the sense of OVMSL. The

10



GIA correction applied to the altimeter data ist&ply varying, rather than a global-mean

value as is often used for global studies.

The nomenclature surrounding GIA and MSL is oftemfasing across the oceanographic,
geodetic and GIA modelling literature. The term&antric and absolute MSL have been
used interchangeably in much of the GIA and geodégrature (e.g. Woppelmaret al.
2009; Tamisiea 2011; Kingt al. 2012). Here, we prefer to use only the term geimeM SL,
defined as the measurement of MSL relative to arthHxed reference frame with its
coordinate origin at the time-averaged centre ofssmaf the Earth (the geocentre).
Observations of both relative and geocentric MSévitably include some component of
GIA, hence we choose to use the term OVMSL to deraoty measurement (relative or
geocentric) that has been corrected to remove ffeete of GIA, and thus imply sea-level
change in the sense of changing ocean volume. Wieotlgonsider sources of VLM other

than GIA for this analysis because of the lacknddrimation available.

While traditional surveying techniques are usedntmitor the local stability of a tide gauge
relative to the local benchmark, observations fommtinuously operating Global Positioning
System (GPS) sites are the preferred data for congpWLM in the same reference frame as
satellite altimetry known as the International ®strial Reference Frame (e.g. ITRFO08,
Altamimi et al. 2011). These geocentric estimates of VLM derivammf GPS receivers
located at or near to tide gauges enable the tramation from relative to geocentric MSL,
and thus allow direct comparison with altimetryg(eW6éppelmanret al 2009; Kinget al.
2012). Here we use the analysis of sparsely locafe8 data from Burgett al. (2013) that
provides VLM at 12 Australian GPS stations (eacthwi least five years of near continuous
GPS data) located within 100 km of tide-gauge liocat (Figure 1; Table 2). These data are
processed using the preferred strategy of TregoaiyWatson (2009), including the latest
developments in algorithms, particularly relatimgthe treatment of the atmospheric delay
and crustal loading induced by the atmosphere. $enate VLM from the GPS coordinate
time series using a maximum likelihood approaclmgdemented in the CATS (Create and
Analyse Time Series) software (Williams 2008). Rartdetail on the approach and noise
models (consistent with other studies that investignoise properties across the global
tracking network, e.g. Santamaria-Gormeéal. 2011) can be found in Burgeteal. (2013).
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The GPS-derived VLM estimates (Table 2) suggestissinbsidence at many sites, however
velocities at 7 of the 12 sites are not signifibadifferent from zero at the one standard error
(typically 0.3 to 0.8 mm 1) level. Hillarys (HIL1) and Perth (PERT) show lasdbsidence
that is likely associated with fluid extraction (ieet al. 2011; Featherstoret al. 2012) with,
possibly, an extra contribution from land settlemanHillarys, highlighting that localised
effects are important in some regions. The Adel@&S (ADEL1) site also shows subsidence,
but at a slower rate than for Hillarys, consisteith earlier analysis (Belperio 1993). The
Darwin site (DARW) shows subsidence, but at a th& is only just significant at the one
standard error level. We note that the Darwin $ites the largest formal uncertainty,
highlighting that the linear plus periodic compotsemodel used to describe the time series
are a poor descriptor of the complex quasi-seasenaigy, largely of hydrological origin,
that is evident in the time series for Darwin (&.gegoninget al. 2009). The Yarragadee GPS
site (YAR2, which is ~45 km inland) has a signifitpositive (upward) vertical motion, and,
with the exception of a possible effect from an aliftcated antenna radome and a time

variable GPS constellation, we have no explandtothe trend observed at this site.

The predicted contribution of GIA to VLM may be cpared with the GPS based estimates
of VLM (Table 2). Using the model described in Tama (2011), we extract both the
contributions of GIA to VLM (hereon GIA VLM), as Weas its contribution to relative MSL
(hereon GIA RMSL), at sites around Australia wh¥teM is directly measured using GPS
data. The GIA-induced crustal motions throughow #9th century are small, but mostly
negative ranging from -0.2 mm Yrto 0.0 mm y* at these locations. The corresponding
contributions to RMSL change at these sites areeghtive (Table 2), but again small. At the
69 tide gauge sites used in this study, GIA alopnald/cause a RMSL fall by -0.1 to -0.4 mm
yr'! (Tamisiea 2011, Fleminet al. 2012). That is, for the 20th and 21st centuriessé GIA
motions cause RMSL rise around Australia to be favan they would otherwise be.

In summary, predictions of GIA and measurementsnfrGPS show that vertical land

movements around most of the Australian coastlire small, with more pronounced

localised subsidence at a few specific sites.

2.4 Climate Indices
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In order to investigate the inter-annual variapitf MSL and how it might be affected by
regional climate variability, we make use of sixr@te indices. The Southern Oscillation
Index (SOI) is a descriptor of the El Niflo-Southdédscillation (ENSO) (Walker 1923;
Montgomery 1940). Sustained negative values of S indicate El Nifilo episodes and
positive values are associated with La Nifia eveéltts. Multivariate ENSO Inde¢MEl) is a
more complete and flexible descriptor of ENSO (Wiolt987; note that its definition has the
opposite sign to the SOI). The Pacific Decadal dimn (PDO) is a pattern of climate
variability with a similar expression to El Nifioytbacting on a longer time scale, and with a
pattern most clearly expressed in the North Pdbiich American sector (Trenberth and
Hurrell 1994). The Inter-decadal Pacific OscillatidPO) (Poweret al. 1999, Parkeet al.
2007) is a manifestation of the PDO covering mdrthe Pacific Ocean (down to 55°S). The
Indian Ocean Dipole (IOD), represented by the D#pMode Index (DMI), is a coupled
ocean-atmosphere phenomenon in the Indian Oceamasd strong relationship to ENSO
(Sajiet al. 1999). The Southern Annular Mode (SAM) effectivelgdicates the strength of the
westerly winds in the Southern Oceans (Gong andg\#99). The source of the different
climate indices uses in this paper, periods coveredl a brief description of how they are

calculated are listed in Table 3.

3.0 Australia-wide sea level variability and trends

We focus here on the 45 year period from 1966 tb020@nclusive) as this is the longest
period for which data is available around the whodeintry. There are 16 near-continuous
tide-gauge records providing coverage of all arehdhe Australian coastline with the
exception of the Gulf of Carpentaria (Figure 1,Ufeg3). Coverage is significantly lower
before 1966 (figure 2(c)). After 1993, there arerenthan twice the number of records
available but the spatial coverage is similar, Wite exception of an additional gauge in the

Gulf of Carpentaria.

3.1 Variability

Seasonal (annual and semi-annual) signals werevesifsom each record by estimating
simultaneously annual and semi-annual sinusoidsgugiast squares. After filling 1-month
gaps by spline interpolation we filled the remaghsmall gaps (max length 58 months) in

records at 10 stations with data from the neighingustations. In all, 298 months were filled
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(3.4% of the total). This procedure is justified the clear along-shore coherence between
nearby gauges and the fact that leaving out therdewith the largest gap makes minimal
difference to the results. The variances of thethigrMSL are a maximum at Darwin in the
north and decrease going anti-clockwise around rAlist(with a second maximum in the
South Australian gulfs) to Townsville, for whichetivariance is less than half that at Darwin
(Table 4, col. 3). Note that we use records front Rdelaide (Outer) and Newcastle here to
focus on variability rather than trends but trefidsn these records are not used, due to
datum and subsidence issues as discussed previodsy calculated a low-frequency
component using a one-year low-pass filter, usirignte Impulse Response (FIR) filter (-
6dB at one year) — see Figure 4, solid lines. BeglirOrthogonal Functions (EOFs;
Preisendorfer 1988) were calculated from the loaspd, de-trended (using least squares)
data to identify the variability that is commonr@any records and the Principal Component

(PC) time series were correlated against eacheo$ithregional climate indices.

For the high frequency component (the differenceveéen the original monthly time series
and the low-passed time series), the variancesl¢bcol.7) are largest on the south coast
where the strong westerly winds and the wide dipeiferate large amplitude coastal-trapped
waves (Provis and Radok 1979; Church and Freel@8d)1The first EOF mode of the high
frequency component (not shown), accounting foraasin®0% of the variance, has maximum
amplitude on the south coast, decreasing northweloig) the east coast, and little signal on
the west coast. EOF 2, accounting for almost 20%hef/ariance has a maximum on the west
coast and EOF 3 has a maximum amplitude on theceast. These results are consistent
with wind forced coastal-trapped waves propagatingth along the west coast (Hamon
1966), east across the Great Australian Bight (Bramd Radok 1979; Church and Freeland
1987) and northwards along the east coast (Ham66; Freelancet al. 1986; Churcklet al.
19864, b).

Low frequency variability (i.e. inter-annual or per) dominates the MSL time series at
Darwin (over 4000 mf) 75% of the total variance at Darwin) and the rhiynanomalies
appear to propagate rapidly southward along the¢ e@sst of Australia, eastward along the
south coast (the direction of coastal-trapped wanapagation), but with the magnitude of
perturbations decreasing with distance (Figure dbld 4, col. 5). The perturbations are
almost in phase along the east coast and have lieswariance (of order 1000 nfmabout
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30% of the total at each location) than on the vaest south coasts. The first EOF mode of
the low-passed signals (Figure 5(a)), accountin@®8%6 of the variance , has a simple spatial
structure of decreasing amplitude around Austr&iarrelations and lags between Principal
Component 1 (PC 1, i.e. the time series associaigtdthe first EOF, Figure 5(b) are most
highly correlated with the SOI (+0.87 at 0 lag).¥aum correlations and their associated
lags for the six climate indices are shown in Tahl&OF 2 only explains about 11% of the
variance, has maximum amplitude along the soutlstcaad the maximum correlation with
climate indices is with the SAM (-0.43 at 0 lag).

The large percentage variance explained by one E©Bimple spatial structure, and its high
correlation with the SOI (and other Pacific climatdices) suggests that it should be possible
to robustly remove significant inter-annual andatkd variability from individual records. To
do this, for each locationwe produce an ENSO-removed time serigeg)(hs follows:

herj:h)r,i—exbeXSOl

where: ;; is the original (low-passed) RMSL time seriespag-igure 4 at location g is the
value of EOF 1 at location(as on Figure 5(a)\; is the eigenvalue associated with EOF 1, b
is the regression coefficient of PC 1 against tBé& (SOl being the independent variable) and

SOl is the low-pass filtered SOI time series.

For Darwin, this simple procedure reduces the magaabout the linear best fit by about 75%
(Figure 4, dotted lines; Table 4 col. 7) with tlesultant time series having reduced inter-
annual to decadal variability. For other locatiovessiance of the order of 60% was removed
on the west coast, 30-50% on the south coast, &480% on the east coast. This process very
effectively reduces the differences between thee tsaries (Figure 6(a) and (b)), allowing
more accurate estimation of the long-term trendRNMISL, which in turn leads to a clearer

picture of the spatial variation in trends.

We also tested more complicated schemes where Wesen direct correlation between the
SOl and each individual record, including allowifog a time lag, and following Zhang and

Church (2012), simultaneously regressing each Rk&8brd against a high passed version of
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the SOI and a low passed version of the PDO. Aljhahese models have a greater number
of parameters, the results were very similar. A®sult, for further analysis, we used the
simple scheme that exploited the highly correlatatlire of the variability; i.e. using the EOF
signal correlated with SOI. This simple model ig@ukte for this analysis. We also note that,
although the low-passed sea level and SOI mainitato variations at inter-annual time
scales, there is still some variability at longere scales. There is debate on whether the PDO
and ENSO are totally independent of each othegesithe PDO and ENSO are highly
correlated at decadal and longer time scales (Newehal 2003; Power and Colman 2006).
The low-passed sea level and SOI contain not antBrdannual variability but also decadal
(and longer) variability, which could be associateith ENSO and PDO. See Zhang and
Church (2012) for a more detailed discussion ofrétationship between ENSO and the PDO.

3.2 Trends

Fourteen of the sixteen gauges are useful for tzlog trends (section 3.1). The 1966-2010
average of the RMSL trends from the monthly datamfthese 14 tide gauges is about 1.5
mm yr!, with a range from 0.8 mm yrat Sydney and Victor Harbour to 2.6 mmi'yat
Darwin. The 14 rates have a standard deviation®f@m yi* (Table 4). Trends are derived
using linear least squares, and serial correlasi@tcounted for using an autoregressive error
structure of order 1 AR(1) model (Chandler and S@6tl1). Filtering and calculation of
anomalies is as in Section 3.1. There is cleadpiicant inter-annual variability about the
long-term trends in each of the records (Figurem@ 6(a)) that is directly related to inter-
annual climate variability. Much of this inter-aratwariability can be removed using the
strong zero lag correlation of PC 1 with the lowsged SOI (Figure 6(b) Table 4) thus
reducing the residual from a line of best fit by topabout 80% at some locations. Clearly

some inter-annual variability remains that is nietctly correlated with ENSO.

The trends (x 1 standard error) of the mean ofitheecords after low-passing and removal of
the ENSO-correlated signal (as in columns 6 anfiTable 4) are 1.6 + 0.2 mm Vifor 1966

to 2010, 2.2 + 0.5 mm yrfor 1990 to 2010 and 2.4 + 0.6 mmi‘yfor 1993 to 2010. For
comparison with global MSL trends we use the Chuaod White (2011) time series. This
time series ends in 2009, and is in the sense d1SIV(section 2.3), so we convert the tide
gauge RMSL trends to the sense of ocean volumecaluwdlate trends ending in 2009 for

consistency. For the tide-gauge time series, th&16Vtrends become 1.9 + 0.2 mni'yfor
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1966-2009, 2.6 £+ 0.5 mm '§7rfor 1990-2009 and 2.9 + 0.6 mm']yfor 1993-2009. The
equivalent trends, for the same periods from tlebal MSL time series are 2.0 £ 0.3, 2.5
0.6 and 2.8 + 0.7 mm Vr indicating that there is good agreement betweastralian and
global-mean trends, even over short periods, oheeBNSO-related variability has been

removed and the correction for GIA made.

Further smoothing of these records (with a ten yeaning mean) reveals a period of rising
(with some variability) RMSL (Figure 6(c) and 6(d))he average of these records is shown

by the dashed black line in Figure 6(c) (expressdade sense of OVMSL).

There is a distinct pattern of increasing atmosphpressures over Australia during this
period as shown by the linear trends from the H&#5Hata set (Allan and Ansell, 2006),
slightly depressing observed sea level trends,iqodaitly in the east and north-east of
Australia (Figure 7). This depression of sea leselbout 0.2 mm y’rfor the majority of the
east Australian coast and over 0.25 mrl from 28°S to 36°S. If we then also apply the
inverse barometer correction the mean Australide gjauge trends become 2.1 £ 0.2, 2.9
0.5 and 3.1 + 0.6 mm Yrfor 1966 to 2009, 1990 to 2009 and for 1993 toR0espectively,

still close to the global-mean rates. (Table 6).

4.0 Trends over other periods

We now examine the trends of RMSL (for records #ratat least 80% complete as indicated
in Table 1) as measured directly by the tide galgeswithout any corrections for VLM or
the inverse barometer effect). We focus here onpgemods: the first being that spanned by
the two longest tide gauge records (Sydney from61882010 and Fremantle from 1897 to
2010); and the second being the period from Janl@®8 to December 2010 when many
more tide gauge records (57), and also satelliimeter data, are available. Different but
related statistical approaches have been usedalysandata from these three periods; the
chosen methodology depends upon whether the facas specific or multiple gauge sites,
the length of series, and how best to quantify r@mdove inter-annual variation. Uncertainties

in trends are expressed as one standard erro8&Pe confidence level).

4.1 The long records
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Monthly RMSL data from Australia’s two longest redimg sites (Fremantle and Sydney)
were independently used to search for the presehbeth linear and non-linear long term
trends (Figures 8(a) and 8(b) respectively). Arerded multiple regression method known as
generalized additive models (GAMs; Wood 2006) wasduas the basis for developing a
flexible statistical model to quantify non-lineangoth time trends in RMSL. GAMs have an
advantage over the more globally-fitting modelshsas polynomials in that nonlinearity is
fitted locally and hence trends can be of an abjtshape. The process implemented closely
followed that of Morton and Henderson (2008).

A general statistical model was proposed, the camapts of which accounted for: (i)
seasonality (annual and semi-annual variability);a climate 'noise’ covariate (inter-annual
variability as measured by SOI since the EOF tepiaicannot be applied to a single RMSL
series); (iii) nonlinear trend (modelled as a splisee further details below); and (iv) serial
correlation (autocorrelation) of the residual terifise model took the form:

RMSL = a3 cos(Zit — 1) + 0z cos(4t; —¢2) seasonality

+ SOI climate
+y1 + 72t + s(t; df) time trend
tE noise 1)

wherei refers to successive monthly observations ardtiime in years. The amplitude and
phase of the annual and semi-annual seasonal etesths (1, @1 andogy, @2, respectively)
were estimated from the linear coefficients of ogbnal sine and cosine basis functions in
each case. Inter-annual variability was modelleda dmear relationship between SOI and
RMSL (regression coefficiert), with SOI being filtered using a 3 month runnimgan to
mimic its short term cumulative effect upon RMSLheTtime trend was composed of two
parts: the first being the linear component £ vy, t} wherey; is the model's intercept term
andy; is the estimated linear rate of change spanniegfuli time series; and the second
denoted by s{t df), is a cubic smoothing spline with formal degreéfreedomdf chosen as
6 for this analysis. This spline term accountsdeviations from linearity over time, with a
flexibility approximately equivalent to a polynorhiaf a similar degree (df) (Morton and
Henderson 2008). An autoregressive error struatfirerder 1 (AR(1)) was included in the
model whereby the error fal" observation is formed ag = peiqs + &, with p being the

estimated first order autocorrelation afdis an independent random error term. All
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parameters were estimated using the method of mamirikelihood. The model was
implemented using the statistical software packBy€The Comprehensive R Network:

http://cran.r-project.org/).

Having checked model assumptions via residual disim plots, the model fitted the
Fremantle data somewhat better (approximate adjuBfe0.67) than the Sydney data
(R?=0.42), with all model terms highly significant loth sites. Results from the model fit
show significant annual (36.0 and 102.7 mm) and isemual (21.2 and 30.4 mm)
amplitudes for Sydney and Fremantle respectiveabld 7). Annual maxima in RMSL occur
in late May at Sydney, and early June in Fremantiasistent with other studies (e.g. Fig 4 in
Burgetteet al, 2013). Further investigation of the seasonal &og#s using an alternate
technique (not shown here) that treats the modelst@s time variable quantities with defined
process noise within a Kalman filter (Daws$ al. 2012), suggests a possible trend in the
annual amplitude at Fremantle (~99 mm in ~1920164~-mm in ~2011). These values lie
within the formal error of the GAMs time-constastimate of 102.7 £ 3.3 mm. About a 10%
increase in annual amplitude is evident at Forti&®n (~33 mm in ~1925 to ~37 mm in
~2011), again broadly consistent with GAMs timestant estimate and standard error of
36.0 £ 2.2 mm.

The results for the linear SOl model term are csiest with the analysis of Section 3 and
show a significant correlation of SOI with interraral variability in RMSL, with correlation
stronger at Fremantle<0.47, SOI ternf3 = 3.15 + 0.28) than at Sydne=0.17, = 0.92 +
0.18). Using the alternate Kalman filter strategye note small increases in the SOI
coefficient over time (~3 in 1920 to ~4 in 2011Fa¢mantle, and ~0.2 in 1910 to ~1 in 2011
at Fort Denison), consistent with the changes olseby Haighet al. (2011). As per the
seasonal terms, this average of the time variailenates is consistent with the GAMS time

invariant model parameters.

The non-linear component of the time trend (i.€; (df), equation 1) is significant at both

sites (Table 7). This suggests that the linear @orapt {; + vy, t;, equation 1) inadequately

describes the underlying trend within these datézrAmantle, the rate of rise (Figure 8(c)) is

positive over long periods (1897-2010) with an agerlong-term linear trend of 1.58 + 0.09

mm yr* (Table 7). However, between 1920 and 1960 theltamerages to about 2.2 mmtyr
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is near zero from 1960 to 1990, and then increesgidly to approximately 4.0 mm yrover
the last two decades. For Sydney (Figure 8(d)), RMIfs curiously between 1910 and 1940,
a period which coincides with the digitising of laineed charts (Hamon 1987). RMSL reaches
a maximum rate of rise of about 3 mnihyaround 1950, falls again to a minimum of close to
zero in about 1980 and is then rising at 1.5 mrhawer the final decades and about 2 mm yr
! at the end of the record. Sydney'’s rate of riser @ available data (1886 to 2010) is 0.65 *
0.05 mm yt* (Table 7) and the 1914-2010 trend is 0.98 + 0.67yn'.

In summary, it is clear that RMSL is increasingamerage at both sites, and that variability is
strongly correlated with ENSO (most significantly Bremantle). Having accounted for
correlation with the SOI and modelling noise usamgAR(1) process, the rates of RMSL rise
at both sites were found to be non-linear, moshiaantly for the Fort Denison record.
Variation in rates away from the linear trend (Fe&(c), and 8(d)) show little coherence in
time between Fremantle and Fort Denison, suggestmdributions from local effects (e.g.

VLM and regional oceanographic and atmosphericaalrty).

4.2 1993 to 2010 — Comparison of satellite altimedad tide-gauge data

Results in Sections 3.2, 4.1 and 4.2 suggest lilea¢ thas been an increase in the rate of MSL
rise around Australian since early in the 1990se high-quality satellite-altimeter record
commences in 1993 following the launch of the TOHEO$eidon satellite. Tide-gauge
coverage and quality from this time is also siguaifitly improved, with the national
ABSLMP array (BoM, 2011) of high-quality acoustiauges commencing operation in the
early 1990s. Prior to presenting an analysis ualh§7 available tide-gauge records covering
this period and the off-shore altimeter data, wepprcally compare monthly sea-level time
series from a subset of representative tide gaugghsthe altimeter data in Figure 9. The
locations have been chosen to illustrate the raofgeariability around the coast. In this
comparison, we use the unfiltered, monthly tideggadata, convert it to the sense of ocean
volume, then match the means of the two time sexiegs remove the common mean (the
satellite-altimeter data set used here is in tmses®f ocean volume). There is no adjustment
of the altimeter data to make it agree with tideigga (or otherin situ) data. It is also
important to note that this comparison is of seallebserved at the coast (at the tide gauge)
with that observed at the nearest offshore altimgtéent (~40-200 km away). The altimeter
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therefore is sampling different oceanic procesbkas tan affect the coherence of two time

series (Figure 9).

The tide-gauge and altimeter time series show h hegel of coherence at many sites. At
some locations (e.g. Darwin and Milner Bay), thenthty time series are very highly

correlated across all time scales, with matchirgh lirequency variability and annual signal.

At other locations (e.g. Cape Ferguson and Fremgnthe annual signal has a larger
variability at the coast than offshore, likely asul#t of local winds, ocean currents and
seasonal temperature and salinity variations omvitle continental shelf. For locations on the
southern east coast of Australia, there are saamfi differences at high frequencies, most
likely related to the effect of East Australian @t and its associated mesoscale variability

dominating the offshore altimeter record.

A careful comparison for Gold Coast Seaway indidtee section of the tide-gauge record
from about 1993 to 1999 is most likely anomalousibpbly as a result of a previously
undetected datum shift in about 1999/2000. Burgsttal. (2013) verified this finding using
differences in adjacent tide gauge time series.eMi@tailed analysis of the altimeter and tide-
gauge records at the Burnie site (Figure 9) cordithe high quality of both records. The
Burnie gauge serves as one of few internationaitun validation sites for the Jason-class
altimeter missions (Watsaet al 2011). When sea levels are estimated off shora Burnie
with in situ instrumentation (such that the altimeter and ithesitu observations are both
measuring geocentric sea level at the same tirhe)RMS (Root Mean Square) difference
from the two measurements is approximately 30 mmdjcating the quality of the both
observing systems and confirming the altimeter esyst are observing within their

specifications.

Figure 10(a) shows linear trends from January 1@OBecember 2010 for the Australian
region from the satellite-altimeter data (contourerlaid with estimates from the tide-
gauges (coloured dots). Both data sets show tgedatrends of up to 12 mm™yor more
occurring in the north and north west. The loweshds occur along the east coast of
Australia between 20°S and 35°S, with magnitudesggly ranging from about 2 mm™¥r
(at about 27°S) to over 5 mmyiin the altimeter and tide-gauge data, and off rsemt

Australia where the rates are more than 4 mim yr
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In general, the offshore and coastal rates of eeal-change are similar (Figure 10(a)), with a
few exceptions. As discussed above:

» the Gold Coast seaway contains a datum shift aral result has anomalously large
rates compared to the neighbouring stations andotfshore rates (the red dot on
figure 10(a) at about 28°S). The locations wherrdhis significant subsidence, as
discussed in section 2.3 (Hillarys and Port Adalgidhave larger rates in the tide-
gauge records than the altimeter series.

* There is a secondary maximum off shore from soa#tezn Australia (about 35°S)
with peak off shore rates of over 5 mmi‘ybut coastal rates of 3-4 mm™yrThe
difference is related to the strengthening of tlestBAustralian Current (Hilet al.
2008; Dencet al. 2011).

« The records at Wyndham and Port Pirie show largsrof rise but we have no GPS
observations to confirm whether this is a resultmaition of the tide gauge or more
local MSL trends associated with their locationshat head of gulfs and distant from
the open ocean.

* Gauges at Eden (south east), Bunbury (south wedtKang Bay (north west) all have
trends that are anomalous compared with nearbyidmsato both the north and south.

There may be unresolved datum or VLM issues widsétrecords.

As discussed in Section 3 (especially Figures and 6), there is significant inter-annual

variability that is highly correlated with a humbef climate indices. Because the 1993 to
2010 period is short, this variability is respohsifor a significant fraction of the regional

pattern of trends and a linear trend is a poorasmrtation of the longer-term rates of change
in MSL, particularly in the north and west of thentinent (Zhang and Church 2012). Figure
10(b) shows trends after removal of the ENSO-cateel signal. Note that this is done in a
slightly different way to how it is done for 196640, as we don’'t have EOF values at all

locations. A simple regression of the MSL time egragainst the SOI is used here.

Uncertainties (1 standard error) on the trends show Figure 10 are typically around 1-2
mm yr! , so there is a clear change in the pattern fftimgrocess. Note also that on figure
10(b) most trends around the coast are around Padyr, consistent with the global mean
rate over this period.
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5.0 Discussion

Most assessments of regional RMSL have been iningllumented regions of the Northern
Hemisphere. The Australian region is perhaps th& bestrumented southern hemisphere
location for a comparable assessment, as perfolmasal Australia has the two longest sea-
level records in the southern hemisphere, Sydney Benison from 1886 and Fremantle
from 1897. The number of tide gauges around therAlisn coast increased slowly until the
mid 1960s when there was a significant increaseetrly 30. For 1966 to 2010 (45 years,
approximately a full PDO cycle and many ENSO cykthsre is almost complete coverage of
the Australian coastline. The number of gaugeseamed further during the late 1980s-early
1990s and we used 57 for this study.

Our analysis indicates considerable inter-annuad a@ecadal variability in RMSL at
Australian gauges; largest in the north and weasba10-15 cm) and smallest in the south
and east. A large part of the variability is comeraround the whole of the coastline and is
closely related to Pacific Ocean climate variapiéis represented by (e.g.) the SOl and PDO
indices. The RMSL signal is transmitted from the Sféen Pacific Ocean through the
Indonesian Archipelago to Australia's north-wesistqwhere the variability is highest), from
where it propagates anti-clockwise around Austrglidijffels and Meyers 2004) with
magnitude decreasing with distance. Sea-level béitiafrom the western equatorial Pacific
Ocean is weaker along the Australian east coastemvestward propagating Rossby wave
signals from the subtropical Pacific Ocean direatipact on coastal RMSL (Holbroak al.
2011). The Indian and Southern Oceans have a meekex influence on Australian RMSL

than the Pacific Ocean.

For 1966 to 2010, a single pattern of inter-annualability is able to explain 69% of the
low-passed variance around the Australian coastlkesimple model based on an EOF
analysis of Australian monthly RMSLs and correlatwith the SOI removes much of the
combined impact of the inter-annual and decadaakdity on the observations, reducing the
differences in the trends. Our results show thatr decadal and longer periods, geographical
differences in the rate of RMSL change around tlstralian coastline are related to ocean
variability and change rather than to differenfgad motion (as argued by Aubrey and Emery

1986).
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In comparison to many regions on Earth, much ofAtstralian coastline is stable in terms of
vertical land motion. The GIA component of VLM iattuces only small contributions to
RMSL (up to about -0.4 mm Vr in the sense of the land rising relative to the surface).
However, localised subsidence at specific tide gauipg important for some sites (e.qg.
Hillarys, Port Adelaide and, potentially, Darwingading to a higher rate of RMSL rise at
these locations compared to adjacent tide gaudesseTresults also highlight the importance
of undertaking regional assessments of RMSL, cenmisig data from a number of tide-gauge
records, rather than drawing conclusions basedalysis of a single tide-gauge record, even
if that record is long. For shorter periods (sia®83) the satellite-altimeter data is a powerful

tool.

Changes in atmospheric pressure also influencerdlisst RMSL by rates up to a few tenths
of a millimetre per year over 1966 to 2010. Thetigpacale of these changes is again of the
order of hundreds to thousands of kilometres whih largest changes being an increase in
atmospheric pressure over much of eastern AustaBa this period, resulting in a decreased
rate of RMSL rise as measured by the tide gaughs @&ffect can be larger for shorter

periods.

The above results indicate that the spatial schtde variability in RMSL observed in the
region is in the order of thousands of kilometres @oint to the importance of assessing
regional changes. For comparison the New South $\tdastline is approximately 1,100 km

from end to end. Note, however, that local VLM sscan still be important.

After correcting for the impact of changes in atptoeric pressure (the inverse barometer
effect), removing the SOI-correlated signal andregping estimates in the sense of ocean-
volume (i.e. correcting for the effects of GIA)ethverage Australian trend over 1966 to 2009
was 2.1 + 0.2 mm yr(trend + 1 standard error), comparable with trobgl-average rise over
the similar period (1966-2009) of 2.0 + 0.3 mntyThe GIA contribution is small (~10% of
the signal) and will continue essentially unchanded centuries. The inverted barometer
correction is of similar magnitude over recent dkxsa but can change sign and we would

expect the net effect to be small over longer @emil) time periods. However, these effects
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are important in understanding Australian sea-leisd and its relationship to global sea

level.

Since 1993, Pacific climate variations caused OVMSh the Australian coastline,
particularly in the north and west, to rise muchren@pidly than the global mean (as much as
four times the global averaged trend) but OVMSLlesaof rise were similar to the global
average in the southeast of the continent. Howewach of this regional pattern is associated
with climate variability and, after removal of t&®I-correlated signals, the maximum in the
altimeter regional pattern off the northern coadt\ustralia is significantly reduced. This
pattern is very similar to the results (for 19932@09) of Zhang and Church (2012) who
analysed satellite altimeter data and its relatignto the SOI and the PDO.

The two periods (1966 to 2010 and 1993 to 2010kaggestive of an increase in the rate of
rise of Australian (SOI-corrected) OVMSL from 1.802 mm yf* to 2.6 + 0.6 mm yt, and
2.1+ 0.2 mm yT to 2.8 + 0.6 mm yt when also corrected for atmospheric pressure tsffec
The two long records (Sydney and Fremantle) indieakarger than average rate of rise prior
to 1960 (Section 4 and Watson 2011 and Heaighl. 2011), as does the ocean-volume GMSL
time series (Church and White 2011).

The trends over the various time periods are sutsadhrin Table 6. The most complete
comparisons are available for periods 1966 to 20Q90 to 2009 and 1993 to 2009 as the
tide gauge-based GMSL data finishes in 2009. Feselperiods the average trends of relative
sea level around the coastline are 1.4 + 0.3, 209+and 4.5 + 1.3 mm yr which become
1.6 £ 0.2, 2.4 + 0.5 and 2.7 + 0.6 mm*yafter removal of the signal correlated with ENSO.
After further correcting for GIA and changes in aspheric pressure, the corresponding
trends are 2.1 + 0.2, 2.9 + 0.5 and 3.1 + 0.6 mi) yomparable with the global-average rise
over the same periods of 2.0 + 0.3 and 2.5 + Gréym" (from tide gauges) and 3.4 + 0.4 mm

yr'! (from satellite altimeters).

There is good agreement between our results (a&iteoving the ENSO signal) and Burgette
et al. (2013) who differenced adjacent time series toimmize the effects of common-mode
signals on the trend estimates. This suggestshibtht techniques are removing a common
signal that would otherwise influence the deterrtiamaof underlying rates of RMSL rise. For
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the ten common tide gauges in the two studies aedlpver the period beginning in 1966,
the mean difference in rate is 0.2 + 0.3 m. ythe correspondence between the results from
these very different strategies shows both metleads robustly resolve precise rates of
RMSL change, and, therefore, more clearly idertiy climatic origin of the dominant large-

scale signal in the tide-gauge records.

The considerable variability, unless removed, $igantly biases estimates of the underlying
RMSL trends, particularly in shorter tide-gaugeorels. This leads to the question: What is
the minimum record length required to determin@glderm’ RMSL trends around Australia.
Douglas (1991), Tsimplis and Spencer (1997), Woatiwet al. (1992), Woodworthet al.
(1999), and Haigret al. (2009) analysed datasets from different partshef world and
demonstrated that 30 and 50 years of records apugreel to obtain standard errors in the
order of 0.5 and 0.3 mm yr respectively. However, the effect of serial clatien was not
taken into account in these earlier studies. Whetuding the effect of serial correlation we
find that, to obtain standard errors of 0.5 mrit {8.3 mm yi) record lengths of about 45
(65) and 30 (45) years are required for Fremamtte Sydney, before the coherent part of the
variability is removed and about 30 (40) and 25) (@&ars, after the coherent variability is

removed.

Given that past changes in Australian OVMSL areilaimo global-mean changes over the
last 45 years, it is likely that future changesrotree 2f' century will be consistent with
global changes. Ongoing GIA would result in RMSLaegbes around Australian being
slightly less (between 0.2 and 0.3 mm:yequivalent to 1.8 to 2.7 cm between 2010 and
2100, neglecting any error in GIA models) than thebal-mean changes. Another effect
related to GIA is the visco-elastic and gravitatibresponse of the Earth to modern-day ice
melt (Tamisiea and Mitrovica 2011). This is expédie increase sea levels in the Australian
region by a few (perhaps 3-5) centimetres thiswwgriChurchet al. 2011). It is possible that
other, as yet poorly determined, spatial pattefnsea-level rise associated with changes in
ocean circulation may have regional impacts aslaog larger, than those of GIA. Analysis
of long tide gauge records revealed both linear reomttlinear long-term sea-level trends, so

simple extrapolation is inappropriate, especiaiiger climate change scenarios.
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The detailed description of the Sydney Fort Denisde gauge and its data (Hamon, 1987)
highlights a number of uncertainties and potemrablems in the earlier parts of this record.
Some of these may be related to chart digitisirabl@ms and some to registration errors,
both physical and in the data recording. Great saieuld be taken in interpreting a single
long record, no matter how much care was taken vahthe time of digitisation and in post-
processing. The scales of the phenomena discussedife of the order of several hundred to
thousands of kilometres (Figure 3, 4, 5, 6 and 4@\ve should not rely on single records for
predicting long-term and large-spatial-scale phegen There is more data for a number of
sites around Australia that could be digitised andde available, and doing this would
improve our knowledge of the recent past and tlesemt. Maintenance and upgrading of
existing equipment and the associated infrastractuch as GPS receivers is also important.
New GPS receivers are being added to the netwndk)ding installations at Fort Denison

and Newcastle in 2012.

6.0 Conclusion

A large part of the inter-annual and decadal vditgbn sea level around the whole coast of
Australia is coherent and highly correlated witle thouthern Oscillation Index and can be
represented by a single EOF. Removing this coheranability from both tide-gauge and
altimetry records around Australia significantlyloees uncertainties of sea-level trends with
more uniformity in regional trends than previousyported. An assessment of the two longest
tide-gauges records (Sydney, 1886-2010; Fremab®8@7-2010) shows that the rate of rise
has been non-linear in nature with both recordsvsiglarge rates of rise around the 1940s,
relatively stable RMSLs between 1960 and 1990 anthereased rate of rise from the early
1990s. From 1966 to 2010, when there is good cgeeod most of the Australian coastline,
the average Australian relative rate of rise isvsiothan the global mean prior to about 1985,
but the mean Australian OVMSL rate from tide gaugeslose to the global mean. Since
1993, MSL trends are considerably higher than fbbad mean around Northern Australian
and similar to the global mean around southern ratiat Higher sea-level trends in northern
Australia are largely associated with natural ctenzariability. Even after attempts to remove
the effects of this natural variability, trends amd most of Australia, show an increased rate

of rise from the early 1990s, consistent with glahaan trends.
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Table 1: Summary of useable tide-gauge data. Columns festitd right are (1) name as in
the PSMSL archive, (2) shorter version of the na(BePSMSL id, (4) RLR or Metric (see
section 2), (5) is this an ABSLMP station, (6) tiadie, (7) longitude, (8) first and (9) last year
of useable data as defined in the text, (10) usedfends (T), Variability (V) or not at all
(X), (11) comments.
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Table 2: Vertical land motion (VLM) at the 12 GPS sites Itazh within 100 km of tide
gauges and having at least 5 years of continuo® @fa. VLM estimates provided include
linear rates derived from GPS (GPS VLM, mni yr 1 standard error), the predicted GIA
crustal velocities (GIA VLM, mm yh) and the GIA induced contribution to relative meaa
level (GIA RMSL, mm yi). GPS VLM estimates (from the CATS analysis), gigantly
different from zero at the one standard error learel shown in italics. GPS and GIA VLM
velocities are in the sense of positive being ww.tRe GIA RMSL trends, a negative number

means that the land is rising with respect tosdee surface.
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Table 3: Definitions and sources of climate indices.
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Table 4: RMSL and OVMSL linear trends (mm¥rand variances (mfpof sea-level

records for the period 1966 to 2010. A low-pagsffi(see text) is used to obtain the low-and
high-frequency components. The variances of thétergd and filtered monthly data
(columns 3 and 5) are calculated after removallofear trend (columns 2 and 4). The
variances after removing the component of the BEQFE linearly correlated to ENSO and the
linear trend are given in columns 7 and 6. Thedlirieend after removal of the SOI-correlated
signal and including the adjustment for atmosphegressure and GIA is given in column 8.
The means and standard deviations in the last royvuse data from 14 of the 16 stations —
i.e. not including Port Adelaide and Newcastle e- $able 1 and the associated discussion.
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Table 5: Maximum correlations and their associated laga/éen PC 1 and the climate
indices. A positive lag indicates that the indelater than PC 1.

Table 6: Rates of Australian averaged MSL rise for difféne@riods compared with rates of
GMSL. Note OV is ocean volume and AP is atmospheméssure correction. The first row
shows trends without removal of SOI-correlated aigricorresponding to the solid lines on
figure 4 — tagged ‘(Unc)’). The second, third andrth rows show trends after removal of the
SOl-correlated signals, plus other correctionsaed— tagged ‘(ER)’. Note also that mean
tide-gauge trends shown here are a trend of maadsaccount is taken of the time varying
spread of the tide gauge data. As a result thesders can be slightly different from the
‘mean of trends’ numbers shown on the bottom rowabfe 4. For example the first number
in the third row of this table (1.8) is slightlyybinsignificantly) different from it's near-
equivalent (1.9) in the last entry in the bottorw f table 4.
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Table 7: Estimates of linear parameters (and standardgpritam fitting the long term trend GAM to
monthly RMSL data from Fremantle and Sydney. Sgefte a description of model terms.

42



Figure 1(a): Tide-gauge locations (black and cyan dots) and &S (crosses) used in this
study. The lengths of the records are indicate&igure 1(b). Bars on Figure 1(b) start at
Milner Bay and go anti-clockwise around the coastlio Karumba with a diversion to
Tasmania. The 16 gauges used in section 3 and 4abie shown as cyan dots and named.
The gauges used in section 3 are named and showgaasdots. The open cyan circles

indicate the gauges used for variability, but mends in section 3.

Figure 1(b): Data spans for records used in the study are shywthe bars, blue for RLR
records and red for Metric records. Small unusihlgments have been removed as described
in the text. The '(A)' annotations after the nanmelicate that the record is at least partly an
ABSLMP array.

Figure 2: (a) Overview of Australian sea-level data and cangon with global sea-level

estimates, all expressed as OVMSL (section 2.33. gduges flagged “TV” in column 10 of

Table 1 are plotted in grey. The records flaggechbse of possible ground movement and
credibility issues are plotted in cyan, but notcuse calculating averages. The arithmetic
mean of the tide gauges considered to be of rebogaality is plotted as a heavy black line.
The GMSL estimated from satellite altimeters (seeti®n 2.2) is plotted as a heavy red line,
and the area-weighted mean from satellite altinsedéong a line around the Australian coast
is plotted in orange. The cyan trace that goes kegly at the end is Wyndham, and the one
that goes very low in the 2000s is Point Lonsd@gAs in (a) but after the signal correlated
with the Southern Oscillation Index is removed (Seetion 3). (¢) The changing number of

gauge stations available for use over time.

Figure 3: Monthly RMSL time series for the 16 near continsioeicords available for January
to December 2010, from Darwin in the north, antiklwise to Townsville in the northeast.
The SOI is also shown. Cross-correlations betweBacant time series are shown on the

right. The cross-correlation between Townville &atwin is shown below Townsville.
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Figure 4: Low-passed RMSL time series for the 16 near caotis records available for the
period 1966 to 2010, from Darwin in the north, eloickwise to Townsville in the northeast.
The low-passed Southern Oscillation Index and P&elalso shown. The sea-level records
after removing the inter-annual variability repneteel in the first EOF and linearly related to

the SOI are shown by the dashed lines. Cross-atiors are shown as for Figure 3.

Figure 5: (a) The first EOF of the low passed sea-level tgages plotted against the tide-

gauge sites; and (b) the corresponding PC and kssqul SOI plotted against time.

Figure 6: (a) Low-passed RMSL sea levels for the 14 recax@ddlable for 1966 to 2010, and
(b) after the component of EOF 1 related to ENS@Hzeen removed. Note: Newcastle and
Port Adelaide (Outer) are not displayed. In (cg thata smoothed with a ten year running
average are compared with the average of the reand the global mean sea level from
Church and White (2011). All data is in the senE®WYMSL. (d) As in (c), but with the 14

tide-gauge records plotted in different colours toore easily distinguish them.
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Figure 7: (a) Trends in local atmospheric pressure fromHadSLP2 data set from 1966 to
2010; (b) equivalent trends in sea level from ajgythe inverse barometer effect using the
atmospheric pressure changes shown on the top pEatVe to the time-varying over-ocean

global-mean atmospheric pressure.

Figure 8: Upper panels show the fitted generalized addiieelels (GAMs) and approximate

pointwise 95% confidence intervals fitted to RMSidjusted for SOl and seasonality) at
Fremantle and Sydney. Note the use of different Rid&les. Lower panels show the non-
constant trends as instantaneous rates of chaingted{fferences) and approximate pointwise
95% confidence intervals; dashed lines are thenestid long-term linear trend of 1.58 mm

yr’ for Fremantle and 0.65 mmy/for Sydney.
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Figure 9: Comparisons of monthly tide-gauge and satellitenater data, expressed as
OVMSL for a selection of locations. Tide-gauge datplotted in blue, satellite altimeter data
in red. Tide gauge names and positions are in lalnd,satellite altimeter grid points in red.

Correlations between the pairs of time series laogve in black.

Figure 10: Sea-level trends from January 1993 to Decembed #0in satellite altimeters
(colour contours) and tide gauges (coloured dbts)) expressed as OVMSL — (a) trends
prior to removal of the ENSO signal and b) trermbofving the removal of the ENSO signal.
The red dot on the east coast at 28°S is Gold (Gemtvay — see text. Mean trend differences
between altimeter/tide gauge pairs are less thaard 1.0 mm vt (tide gauge mean lower)

on panels (a) and (b) respectively. Standard dewsiare 2.0 and 2.1 mm¥yrespectively.
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Table 1

PSMSL Short PSM RLR/M ABSL Lat Lon Sta En T/V/ Comm
name name SL etric MP? g rt d X? ent
id
MILNER Milner 1160 RLR Yes - 136. 19 20 TV
BAY Bay 13. 42 94 10
(GROOTE 86
EYLANDT)
DARWIN Darwin 935 Metric Yes - 130. 19 20 TV
12. 85 61 10
47
WYNDHA  Wyndha 1116 Metric - 128. 19 20 X see text
M m 15. 10 67 10
45
BROOME Broome 1159 RLR Yes - 122. 19 20 TV
18. 22 92 10
00
PORT Port 189 RLR - 118. 19 20 TV
HEDLAND Hedland 20. 57 66 10
32
CAPE Cape 1328 RLR - 117. 19 20 X insuffic
LAMBERT Lambert 20. 19 84 10 ient
59 data
KING BAY King 1549 RLR - 116. 19 20 TV
Bay 20, 75 83 10
62
ONSLOW Onslow 1631 RLR - 115. 19 20 TV
21. 13 86 10
65
EXMOUTH Exmouth 1762 Metric - 114. 19 20 X insuffic
21. 14 90 10 ient
95 data
CARNARV Carnarvo 1115 RLR - 113. 19 20 TV
ON n 24. 65 67 10
90
GERALDT Geraldto 1031 Metric - 114. 19 20 TV
ON n 28. 60 66 10
78
HILLARYS Hillarys 1761 RLR Yes - 115. 19 20 X see text
31. 74 92 10
83
FREMANT Fremantl 111 RLR - 115. 18 20 TV
LE e 32. 75 97 10
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Table 2

Site  Latitude Longitude Data start Dataend n GPS GIA GIA

no VLM VLM RMSL
HOB2 -42.8047 147.4387 2000.1 2011.0 241780.0+05 -0.2 -0.2
BUR1 -41.0501 145.9149 2002.2 2007.0 10766€0.2+0.8 -0.1 -0.2
TOW2 -19.2693 147.0557 2000.1 2011.0 241640.2+0.4 -0.0 -0.2
DARW -12.8437 131.1327 2000.1 2011.0  224141.6+1.4 0.0 -0.3
KARR -20.9814 117.0972 2000.1 2011.0  242620.2+0.8 -0.1 -0.2
HILL  -31.8255 115.7386 2003.0 2011.0 176543.1+0.7 -0.1 -0.2
PERT -31.8019 115.8852 2000.1 2011.0 2293®.1+0.7 -0.1 -0.2
YAR2 -29.0466 115.3470 2000.1 2011.0 246260.9+0.4 -0.1 -0.2
MOBS -37.8294 144.9753 2002.8 2011.0 1886%0.3+0.5 0.0 -0.3
CEDU -31.8667 133.8098 2000.1 2011.0 242120.3+04 -0.1 -0.3
SYDN -33.7809 151.1504 2005.4 2011.0 12800.4+0.7 -0.1 -0.2
ADE1 -34.7290 138.6473 2000.1 2010.7 234150.4+0.3 -0.0 -0.3
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Table 3

Climate Period Description

Index

SOl 1880 — 2011 Defined as the normalized air pressure differeretevéen Tahiti and
Darwin. http://www.bom.gov.au/climate/current/soitit shtml

MEI 1950 — 2011 Based on six observed variables over the tropiaeifie, namely:
sea-level pressure, zonal and meridional comporaérte surface
wind, sea surface temperature, surface air temperand total
cloudiness fraction of the sky.
http://www.esrl.noaa.gov/psd/enso/mei/mei.html#data

PDO 1900 — 2011 Defined as the leading principal component of Né&t#tific SST
variability. http://jisao.washington.edu/pdo/

IPO 1880 — 2008 Defined as the leading principal component of Namd South
Pacific SST variabilityhttp://www.iges.org/c20c/

DMI 1880 — 1997 The intensity of the IOD is represented by the &8dmaly
difference between the eastern and the westericéldpdian
Ocean. This gradient is named the Dipole Mode Ir(@8wl).
http://www.jamstec.go.jp/frsgc/research/d1/iod/éér.html

SAM 1948 — 2011 Defined as the normalized air pressure differeratevéen between

40°S and 70°S. http://web.lasqg.ac.cn/staff/ljp/d&m-sam-

nao/sam-aao.htm
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Table 4

1 2 3 4 5 6 7 8
Site Monthly + low-pass filter + ENSO +—-
removal OcVol
RMSL res RMSL res RMSL res OVMSL
trend var trend var trend var trend
(mrP yr (mm? (mrP yr- (mm?) (mrP yr (mm?  (mmyr?)
)
Darwin 2.6 5429 2.4 4129 2.7 999 3.1
Port Hedland 1.8 5351 15 3920 1.9 1126 2.1
Geraldton 1.2 4787 1.0 3064 1.3 1040 1.5
Fremantle 1.8 4615 1.7 2920 2.0 965 2.3
Bunbury 0.9 4524 0.8 2637 1.1 1140 1.4
Albany 0.9 3547 0.8 2039 1.1 757 1.4
Port Lincoln 1.9 4130 1.9 1632 2.0 944 2.3
Port Pirie 2.0 5102 2.0 2349 2.2 1321 2.6
Port Adelaide 1.7 5518 1.6 2161 1.9 1304 2.2
(Outer)
Victor Harbour 0.8 5306 0.7 2193 0.9 1335 1.2
Geelong 1.2 3269 11 1271 1.3 907 1.7
Williamstown 2.1 3689 2.0 1420 2.2 1132 2.7
Sydney 0.8 2497 0.8 819 0.9 620 1.3
Newcastle 1.2 3149 1.2 1180 1.3 823 1.8
Mackay 15 3099 1.3 1184 1.4 1077 1.8
Townsville 1.3 2474 1.2 980 1.3 751 1.8
mean (s.d.) 1.5(0.6) 1.4 (0.5) 1.6 (0.6) 1.9 (0.6)
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Table 5

Index Correlation Lag (months)

SOl
MEI
PDO
IPO
SAM
DMI

+0.87
-0.84
-0.63
-0.82
+0.26
-0.43

+0
+1
+3
+1

-9
+0
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Table 6

1966- 1990- 1993- 1966- 1990- 1993-
2010 2010 2010 2009 2009 2009
Tide gauge relative (Unc) 1.4+0.3 4.0+x09 41+12 1403 42+09 5413
Tide gauge relative (ER) 1.6+0.2 22+05 24+06 16+02 24x05.7206
Tide gauge + OV(ER) 1.8%+0.2 24+05 26+06 19+0.2 26+05.920.6
GMSL + OV 20+£03 2506 2807
Tide gauge + OV+AP 21+02 26+05 28+06 21+£02 29x05.1806
(ER)
Altimeter GMSL (OV) 3.3x04 3404
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Table 7

Fremantle Sydney

Source Parameters  Model term __ Estimate S.E. Estimate S.E.
Intercept Y1 Intercept 3595.88 171.24 5697.95 89.54
Seasonality o Amplitude 102.68 3.32 35.96 2.20

01 Phase 2.65 0.03 2.16 0.06

o Amplitude 30.38 2.51 21.19 191

02 Phase -0.70 0.08 -1.09 0.09
Climate B SOl 3.15 0.28 0.92 0.18
Linear Trend Y2 t 1.58 0.09 0.65 0.05
Non-linear trend S(t df) F5,1246= 3.00,P=0.011 E114g7= 17.64,P<0.001
Autocorrelation  p AR(1) 0.45 0.06 0.27 0.05
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Figure 1la
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Figure 1b
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Figure 2
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Figure 3
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Figure 4

0.87

©C 095
- C 095

o~ 094

- Z 069
CC 077
<~ 089

.~ 073

Monthly MSL (mm)

- 075
- 077
~ 0.66
- 084
- Z 037

4, ~ 0.65

0.62

1970 1975 1980 1985 1990 1995 2000 2005 2010

62



Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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