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Abstract

The physical climate defines a significant portion of the habitats in which biological communities and species reside. It is
important to quantify these environmental conditions, and how they have changed, as this will inform future efforts to
study many natural systems. In this article, we present the results of a statistical summary of the variability in sea surface
temperature (SST) time-series data for the waters surrounding Australia, from 1993 to 2013. We partition variation in the SST
series into annual trends, inter-annual trends, and a number of components of random variation. We utilise satellite data
and validate the statistical summary from these data to summaries of data from long-term monitoring stations and from the
global drifter program. The spatially dense results, available as maps from the Australian Oceanographic Data Network's
data portal (http://www.cmar.csiro.au/geonetwork/srv/en/metadata.show?id = 51805), show clear trends that associate with
oceanographic features. Noteworthy oceanographic features include: average warming was greatest off southern West
Australia and off eastern Tasmania, where the warming was around 0.6°C per decade for a twenty year study period, and
insubstantial warming in areas dominated by the East Australian Current, but this area did exhibit high levels of inter-annual
variability (long-term trend increases and decreases but does not increase on average). The results of the analyses can be
directly incorporated into (biogeographic) models that explain variation in biological data where both biological and
environmental data are on a fine scale.
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Introduction

A ubiquitous driver of ecosystem function is temperature. The
way temperature varies through days, seasons and longer time
scales is often a delineating feature of ecological habitats. There
has been much recent research in the past two or three decades
focussing on just one aspect of temperature, namely long-term
temperature rise through long-term climate change [1-4]. While
long-term climate change is undoubtedly important, it is not the
only temperature-related ecosystem driver. Other sources of
temperature variability are likely to affect communities and
species (e.g. the size of annual temperature cycle).

Variation in temperature is likely to cause wide-spread
perturbations to all levels of ecosystems [2,4]. In the marine
realm, a warmer climate will affect the ecosystem by increased
water temperatures, changed circulation patterns, a changed
oxygen content and acidification [3,4]. The water’s temperature is
largely controlled by the boundary between the oceans and the
atmosphere (the sea surface) as this is where the radiation balance
is controlled. There are, of course, other drivers like advection,
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river run-off and ice melt but these are of secondary importance
and will be local pressures. This argument implies that the sea
surface is an obvious quantity to investigate for variation in
temperature, including long-term climate change induced re-
sponses.

The magnitude of variation in temperature will not be uniform
throughout the ocean, including long-term climate change [3,5].
An understanding of the patterns of temperature variation will aid
identification of areas that experience unique environmental
conditions. It will also aid identification of those areas that have
experienced substantial long-term change. The ability to quantify
these variances and changes in the physical properties of the ocean
would also be useful to understand the stresses that communities,
ecosystems and species endure, and it will give some idea of the
change in stresses in the coming decades. The potential change is
of direct importance to environmental agencies when they
consider various management strategies. Quantification of the
sources of variation in temperature could also be a key component
in describing species distributions into the future [2,6].
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Using statistical approaches to produce summaries of change for
historical data has substantial appeal [5,7-13]. A statistical
summary provides a quantification of historical change in climate,
with relevant measures of uncertainty. This approach allows
identification of areas that have already experienced some change
and it defines a delineator for the current patterns of biodiversity
or its historical change [13]. It is only available in situations where
there is a substantial monitoring effort, through time and
preferably through space. In contrast, predictions of physical
ocean properties have been made from physical models, at various
temporal and spatial scales [14], but are typically limited to large
spatial scales which restricts their utility for relating to finer-scale
biological data. Physical model predictions, which obey physical
properties, can be used for short and long-term prediction.
Currently however, quantifying the uncertainty around these
prediction is a relatively new field [15], which makes interpretation
of predictions from physical models more ambiguous.

We analyse sea surface temperature (SST) for the oceans
surrounding Australia. SST is likely to be a very important
physical property that has been remotely sensed from satellites for
the last two decades. We analyse these data using a flexible non-
linear statistical model to investigate the patterns in SST through
time. We partition the SST time series into a number of different
components that could play important roles in the dynamics of
communities and ecosystems. This study differs from previous
approaches in its finer spatial scale, the statistical approaches
applied and the statistical summaries of trend and variance in
climate, all of which are utilised to quantify ecologically relevant
aspects of SST variation.

Materials and Methods

Data

Sea Surface Temperature Data. We use a 20-year long
archive of Sea Surface Temperature (SST) imagery produced by
the CSIRO Remote Sensing Group using the Advanced Very
High Resolution Radiometer (AVHRR) High Resolution Picture
Transmission (HRPT) data broadcast by the National Oceanic
and Atmospheric Administration (NOAA) Environmental satellites
(NOAA9 to NOAA19). The temporal extent of the data used in
this study was from the 1¥' of October 1993 to the 19" of February
2013. These data are downlinked directly by a number of
Australian ground stations and joined together to form long swaths
(approx. 55°S to 5°N, 80°E to 190°E) that produce a unique data
set for the Australasian region that is both high resolution (approx.
1 km pixels at nadir) and covers a large geographical area. Details
on the processing of the downlinked data are given in [16]. For this
study we use the 1-day composite images that consist of a grid of
cells with 0.042° x 0.036° resolution, which is about 4 km x 4 km
at mid-latitude. With the HRPT data, there are up to 8 views of a
point on the surface per day, so the number of raw SST data
contributing to each grid-cell is up to 8 x 16=128.

Cloud-clearing [17] was performed but some clouds will remain
undetected, especially at night when the visible channel provides
no information for discrimination. Any remaining observations
contaminated by clouds will result in erroneously low raw-SST
data. Conversely, the raw SST data from satellite over-passes
between ~1100h to ~1700 h local time, are sometimes
upwardly biased when the winds are particularly weak. This is
due to the formation of a thin hot surface layer which can be
several degrees warmer than the underlying water. Historically,
these sources of excess variation have been mitigated when
compiling the 1-day composite images by using the 757 percentile
of the raw SST data for each 4 km x4 km pixel. This is the

PLOS ONE | www.plosone.org

Variation in Australian Sea Surface Temperature: 1993 to 2013

percentile with the least error against drifting buoy values (D.
Griffin pers. comm). We use this percentile approach for the SST
data in our study but note that refinements could be made. Any
method to identify and remove clouds, including the percentile
approach, is unlikely to be 100% successful. In particular, they are
unlikely to be successful when the number of data per grid-cell is
small or when the mechanism for bias (e.g. cloud cover) persists for
an entire day. In short, the satellite-derived SST data may contain
excess variation and possibly bias. Consequently, analyses based
on SST data need to be checked against other sources of data.
However, we do not aspire to ‘correct’ the SST data or the signal
that it contains to match the other sources of data. For the
methods used in this article, correction would have to be
performed at the level of each grid cell unless we assume that
the bias is similar throughout the entire study area, which seems
not to be the case. For most grid cells there is simply not enough
alternative data to perform this correction with confidence, so we
leave the satellite estimates uncorrected.

Long-term Hydrographic Station Data. The data from
four long-term hydographic stations are used for this study. The
stations are Maria Island (off the east coast of Tasmania, 42.6°S
148.2°E; Figure 1), Rottnest Island (off the coast of Western
Australia, 32.0°S 115.4°E; Figure 1) and two near Port Hacking
(off the coast at Sydney, 34.1°S 151.2°E; Figure 1). The Port
Hacking stations are located at depths of 50 m and 100 m. All this
data is available on the IMOS Ocean Portal (http://www.cmar.
csiro.au/geonetwork/srv/en/metadata.show?id = 51805).

The Maria Island station has been measured regularly from
1944 untl present (October 2012 was the last measurement used
here) [8,18]. The sampling frequency varied: the mean sampling
interval is approximately one month and the maximum is just
under a year. The Rottnest Island data [19] commences in 1951
and has larger gaps in the record. The largest of these gaps is from
1956 to 1969, but there are also sizeable gaps from 2003 to 2009
and 1997-1999. The sampling interval varied and the mean was
approximately 3 weeks (ignoring the large gaps for non-monitoring
periods). The Port Hacking 100 m data [18] commences in 1953
and has only one sizeable gap (July 2007 to February 2009). The
Port Hacking 50 m data started prior to 1944. The sampling
frequency for the Port Hacking data was weekly for the first part of
the series (1953-1987) and then approximately monthly (with
substantial variation). The Port Hacking data that we obtained
had no data later than April 2010.

These data provide a rare opportunity to tie recent trends to
those in earlier history. They are not without fault though:
measuring instruments have changed through time, as have
sampling protocols and personnel. Hence, there may be some
small scope for confounding between sampling bias and trend in
the time-series. Nevertheless, they do provide an excellent
opportunity to validate recent analyses and to extend inferences,
qualitatively, through history.

A further complication for comparing satellite derived SST and
the temperatures obtained from i sifu measurements, such as these
series, is that the measurements are of slightly different quantities.
The satellites measure only the topmost layer of the ocean, less
than a millimetre deep, whilst the @ sifu measurements integrate
over a metre (at least) of depth. While general agreement is
expected, exact agreement is not. In spite of this disparity, we also
use observations from deeper time-series from the i situ
measurements to verify the shallow readings. There should be
relatively little change in the series between the depths considered,
except for a cooling with depth.

Drifter Data. The data from the Global Drifter Program
(GDP) (http://www.aoml.noaa.gov/phod/dac/dacdata.php) are
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Figure 1. Location of long-term hydrographic stations and example locations. Red dots are hydrographic stations, green dots are example
locations and the large boxes identify areas used to compare with drifter data.

doi:10.1371/journal.pone.0100762.g001

also used in this study in a similar manner to the hydrographic
stations’ data, to check the robustness of our analyses of the SST
data. The drifter data, like the hydrographic stations’ data, do not
measure the same quantity as the satellites and so some
discrepancy between the drifter and the SST data is inevitable.
The key difference between the drifter data and the other two data
sources is that the drifters are mobile and therefore cannot provide
a time-series of temperature for a single location. To aid
comparison, we define three regions with substantial area and
use the data within each region to form a composite (regional) time
series. Note that the variation in location, within a region, is not
yet accounted for. The regions are: East (bounded by 38°S, 25°S,
150°E and 160°E), South (bounded by 50°S, 40°S, 105°E and
160°E) and West (bounded by 40°S, 20°S, 105°E and 120°E). We
did not specify a northern region due to a lack of drifter data.
These data can not be compared to the SST data using the same
methods as the long-term hydrographic stations due to the
mobility of the sensors.

Data Handling and Statistical Models

The primary goal of the analysis is to produce a map of
summaries of the observed SST change in the Australasian region.
The SST data set is spatial and temporal and can be thought of a
large set of time series, one for each spatial grid cell. Each time
series spans a period of approximately 20 years. The SST spatial
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resolution is high, so there is no need to do spatial interpolation;
analyses on individual spatial locations is sufficient. There are
almost 2 million non-empty grid cells with more than 750
observation days throughout the entire period which are analysed
separately. Each of these 2 million grid cells has a model fitted to
it, which is a substantial computational challenge. Any grid cell
with less than 750 observation days is not analysed as the amount
of information may not be sufficient to support the model. This is a
conservative approach but it excludes only a tiny proportion of
grid cells. Summaries of the individual analyses can be represented
spatially to give an idea about spatial variation but neighbouring
locations are not incorporated into each grid cell’s analysis.

Statistical Models and Methods. It is clear from time-series
plots of the data for each location (see Figure 2 for an example
location) that there is a large amount of temporal variance in the
data. Some of this variance is signal, attributable to estimable
proceeses, and some of it is noise. The noise appears to be
manifested in two components: randomness common to all data,
giving random scatter, and; ‘outlying’ data that is due to artefacts,
either physical or instrumental. In principle, a statistical model
may be able to investigate signal and both types of noise. However,
pragmatically it may be better to remove any outliers prior to
analysis — a statistical model that allows for them would have to
make some, possibly severe, assumptions about the nature of the
outliers.
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Figure 2. Temporal data for a location near Maria Island, off the east coast of Tasmania (42.57S, 148.36E). Panel A: All data including
possible outliers (red triangles). Green line is the robust fit for data validation. Shaded region is the interval that contains data that is likely to be valid.
Panel B: Fitted model and model summaries for cleaned data. The lines are: green - fitted values; blue - fitted values excluding seasonal component,
and; red - linear summary of long-term trend. Panel C: Cleaned temperature data with seasonal cycle subtracted. The lines are as in panel B.

doi:10.1371/journal.pone.0100762.g002

We start by describing the statistical model used to describe the
signal in the temporal data. It follows the model described in [20]
(Section 6.7) and is similar to [10,21,22]. We will assume that
outliers have been removed as this simplifies notation. The basic
principle is that the temperature time-series, for any spatial
location, can be decomposed into:

Inter-annual variability. This includes the long-term trend
and any variability with multi-year time-scale. This is modelled as
a smooth function of time f(f), say. Here ¢ reflects the day since
the start of the observation and 0<7<7091 days, where 7091 is
the number of observation days included in the study.

Annual cycle. This is a periodic function with the same
timing and amplitude every year. It is assumed to be a smooth
function of day-within-year but not necessarily trigonometric or a
function of trigonometric functions. Denote this function as g(d)
say, where 0 <d <365 days (or 366 days in a leap year).

Residual. All random (and some non-random) deviations
from the model’s expectation. It includes: a) patterns that occur on
a time scale that is shorter than the 1-day data (diurnal effects — a
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cell is not measured at the same time each day), and 2) non-
smooth trends and other model misfit issues. The latter can occur
when one of the modelling assumptions fails. An example is when
the annual cycle changes abruptly between years, as can happen in
an El Nifio year, for example.

The components of variation in the time-series data can be
formally included into a statistical model, viz

We.d)y=f(O)+g(d)+e

where y(1,d) is the SST observation on the ¢ day after the time-
series starts (0<7<7091 days) that is observed on the d day of
the year (0<d<365). The functional form of the longer-term
trend, f(#), and the seasonal cycle, g(d), could take many forms.
Here, a penalised cubic regression spline is used for f(¢) and a
penalised cyclic regression spline is used for g(d) [20]. In both
spline terms we use nine knot points. More knots could be used but
this increases the computational burden and if increased too far
could start detrimentally partitioning variance that belongs at
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shorter time scales. Other choices of function forms are available
for f(¢) and g(d), such as linear f(¢) and a low order Fourier
approximation for g(d) ([21,23], for example). In a situation like
this, where there is no a priori assumption of a functional
relationship between time and SST, spline formulations offer
compelling advantages as they are flexible, smooth but yet allow
the incorporation of important aspects of the data (such as
periodicity for g(d)). The text books [20,24] present a detailed
argument of when spline methods, and other statistically similar
methods, should be preferred.

The model is completed by specifying a probabilistic distribu-
tion for the residual effects, ¢,. For these data a normal distribution
appears to be adequate and was checked at a small number of
locations using standard residual diagnostic measures (results not
shown). We allow for the possibility of temporal auto-correlation
using an AR(1) process, sensu [25]. This model is based on the idea
that e, =pe,_1, but is parameterised to give var(e) =02R where
02 is the variance of the AR(1) process and R=R(p) is the usual
(scaled) covariance matrix from an AR(1) process. The matrix R is
large and dense, and computation for the model requires that it is
repeatedly inverted. To ease this burden, R is approximated by
assuming that the residuals e are correlated within a year and
independent between years. This gives an approximation of R as
block diagonal, that is R~1,® R where I, is the identity matrix
of size equal to the number of years, Ry is an AR(1) covariance
matrix for the data within the year and ® is the usual Kronecker
product. The resulting variance matrix is less computationally
demanding due to its structured nature and its sparseness. This
approximation is taken from [20] (Section 6.7).

The functions f(¢) and g(d), along with the distribution of the
residuals e; will be governed by parameters that will be estimated
from the data. This is performed using restricted maximum
likelihood, REML [26], which gives unbiased estimates of the
variance parameters.

Removing Outliers. The presence of outliers could adversely
affect the model’s fit and subsequently affect all components of the
model’s summaries. Their presence will bias the residual variation
and possibly (and subsequently) bias all of the model’s summaries.
We feel that it is better to be slightly aggressive about removal of
outliers rather than inflating the risk of inclusion of outliers.
Identification of outliers is done in a pre-analysis step. A model
with a slightly simplified structure is fitted using robust estimation
methods and outliers are defined as those data that are far away
from the model’s fit [27]. The M-estimation method for statistical
models [28] attempts to provide a good estimate of the model’s
expectation, even in the presence of a moderately large number of
outliers [29] (Section 6.5).

The model is similar to that described previously but with a
number of simplifications needed to allow robust fitting. First, both
the spline functions are regression splines ([29], for example) rather
than penalised splines [20]. The number of degrees of freedom for
these splines is assumed to be nine, which should provide a smooth
model for the amount of data at each location. Second, the
residuals are assumed to be independent rather than auto-
correlated. Both these assumptions are made to enable standard
software to be used [29].

We define an outlier to be any datum that is more than 4
standard deviations away from the robust model’s fit. If the data
are truly normally distributed (and independent) then it is expected
that over 99.9% of the data will lie within this interval. Hence, any
observation outside this interval has small chance of being a
legitimate observation and a high chance of being an outlier.

This process is demonstrated in Figure 2a. The solid-green line
is the robustly fitted model and the grey area is the interval

PLOS ONE | www.plosone.org

Variation in Australian Sea Surface Temperature: 1993 to 2013

dividing legitimate data (black dots) and outliers (red triangles). In
this example, all obviously erroneous data are labelled as outliers.

Comparison with in situ data. We compare the SST results
against the data from the hydrographic stations by comparing the
fit of models constructed on each data source. We do not have an
SST time-series at the exact location of the station, so we find the
nearest four SST grid cells and use the analysis from those for
comparison. The exception is the Port Hacking 50 m station that
was too close to land to get all four comparative cells. For Port
Hacking 50 m we only use the seaward grid cell. We do not expect
the stations’ data to exhibit large amounts of auto-correlation as
the data are less dense through time (almost all are separated by at
least two weeks). Hence, for analysis of the historical data, we omit
the auto-correlation term. Also, since the series is longer than the
SST series we increase the number of knot points for the long-term
spline. This was done so that there are (roughly) the same number
of knots per year in both data sets. This increase in knots is
potentially tempered by the splines penalty, which is the major
driver of the spline’s flexibility.

The SST data is compared against the drifter data using similar
philosophy and methods. However, the analysis needs to be
slightly altered to accommodate the fact that the drifters are
mobile. First, a comparable SST data is found by finding the
nearest SST datum to each drifter datum in time and space. The
difference in the two data sets is plotted against time. Also, a
generalised additive model, identical to f(z) above, is fitted to the
difference and is plotted on the difference graph to aid visual
interpretation. If there is no difference in the signal from the two
sources then this model will be identically zero for all times. The
size of departures from zero will suggest some level of bias.

Model Summaries

The model is interpreted by exploiting the relationship between
penalised spline models and mixed models [20,30]. The inter-
annual spline term can be expressed as f(f)=p+at+x()7f
where u is an intercept, of is a linear trend and x(l)Tﬁ' is a spline
function whose basis, x(f), is orthogonal to the linear term. The
penalised spline treats f# as random and assumes that they are
(multivariate-)normally ~ distributed with variance. With this
representation a number of useful summaries can be extracted
from each location’s model. They are:

ALTT The average long-term trend. This is the slope of the
dotted-red straight line in the Figure 2b. It is measured by o in the
mixed model representation.

ALTT SE The standard error of the average long-term trend.
This gives a measure of uncertainty in the long-term trend
estimate and indicates how much it can vary depending on the
observed data. It is estimated via the relevant element of the
mverse of the Fisher information matrix. It measures only the
amount of information in the historical data and does not provide
a measure of predictive performance for future events.

AvSST The average SST over the time period. This is
calculated as the SST on the 67 of June 2003, the data’s mid-
date, using the long-term average trend only. It does not contain
any annual component and hence will reflect the average long-
term SST. The date of calculation is arbitrary and any day could
be used. However, a date at the centre of the data has the
advantage of having the smallest level of uncertainty.

AvSST SE The standard error of the average SST estimated
from the inverse of the Fisher Information matrix.

Trend RMSE The amount of non-linearity in the long-term
trend. This is measured as the root mean-square error (RMSE)
between the fitted long-term spline and the average long-term
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. 1 N
trend. Formally, it is \/N thl[f(t)—(u-i-oct)]z, where

t=1...N indexes the days in the study. Informally, the RMSE
can be thought of as a standard deviation. This summary measures
the amount of departure of the blue line from the red line in
Figure 2b.

Annual RMSE The amount of annual variability. This is
measured as the RMSE for the fitted cyclic spline. It measures the
amount of departure from the green line to the blue line in
Figure 2b.

Residual SD The level of unexplained variability in the data.
This is measured as the residual standard deviation (SD), 62 and is
obtained directly from the fitted model. It measures the departure
from the data to the solid-green fitted line in Figure 2b.

e-fold time The short term (temporal) autocorrelation of one
datum to its neighbouring days data. In the model this is
parameterised as AR(1) parameter, p. However, we choose to
display it as the e-fold time — the lag in days before the temporal
correlation is equal to 1/e, where e is Euler’s number (approx-
imately 2.718). We note that 1/e is arbitrary and any choice could
be used. However, all choices are (monotonically) related and will
produce similar maps that differ only in scale.

These summaries are calculated for each of the grid points with
sufficient data. This produces a set of summaries for each of
approx. 2 million grid locations. We display each of these
summaries graphically as a map. In addition to the maps of
estimated ALTT and its standard error, we also present a map of
t-statistics. These statistics are defined as the estimated ALTT/
ALTT SE for each spatial location and gives an indication of how
far the average long-term trend is from zero.

Results

The SST data set is 20-years long, which is substantial for a
geophysical data set, especially over this geographical range.
However, it does not span climatological scales. The long-term
trend over the 20-year period is a combination of the trend that
can be expected to persist into the future (the secular trend) and
other (possibly cyclic) trends that could change or reverse over the
coming decades. It is the secular trend that is of long-term interest
but over the time scales examined here, the decadal variation in
SST change is likely to be larger. The SST data set does not have a
sufficient time span to completely remove the decadal signals from
the secular rate of change. Thus, the trend given by o will be the
combination of secular and decadal signals.

The fitted models appear to capture the important aspects of the
variation in the time series. For example, the long-term trend
reflects the inter-annual fluctuations and the annual trend captures
the seasonal cycle in the data. The decomposition, illustrated in
Figures 2a and 2b, i1s obviously useful but it is not perfect. The
imperfections are attributable to slight variation from modelling
assumptions to reality. As an example, consider Figure 2c, which
shows the SST data adjusted by subtracting the fitted annual cycle,
and the components of the long-term trend. If the fitted annual
trend component is adequate then there should be no annual
pattern in the adjusted SST data. This is not the case and the slight
misfit appears to arise from the progression of the annual pattern
to differ between year to year in both timing and in magnitude.
We do not believe that this is problematic for the inferences we
draw from the data, especially when the entire continent is
considered rather than a particular grid cell and could be resolved
with more data in the future. The major components of the
systematic variation are captured.
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SST average long-term trend (ALTT)

We estimate the ALTT of SST in Australian waters to range
from about —0.2° per decade to +1° per decade (Figure 3a), in the
mterval from 1993 to 2013. The estimates near the extremes of
this range could be due to data errors or artefacts or the
interaction between secular trend and decadal variability. Possible
artefacts include the inclusion of pixels nearer to land in the latter
part of the time-series, which can artificially inflate a grid-cell’s
ALTT if it is very close to the coast.

The most extreme result (f-statistic of 7 or more) is that the
ALTT for the 1993-2013 period was between 0.4° and 0.6° per
decade for much of the area south-west of a line passing through
Port Hedland on the north-west coast and Cape Howe at the
south-east corner of the Australian mainland (Figure 3a, but see
Figure 1 for location names). These values are well in excess of the
global averages [7], and are considerably higher than estimates for
this region (over longer intervals, see [19]). The two regions within
this area of greatest ALTT, relative to their standard error, are
near Cape Leeuwin at the southwest corner of the mainland, and
cast of southern Tasmania, near 43°S 151°E. Both of these regions
are affected by warm, southward-flowing boundary currents, the
Leeuwin Current on the west and the East Australian Current on
the east. Both locations lie within the Subtropical Convergence
Zone.

An interesting detail of Figure 3 is that the edge of the
continental shelf is clearly recognisable. In the time-period of the
data, ALTT was greater seaward of the 200 m isobath than
landward of it. This suggests that at least some of the change can
be attributed to increased advection of warm tropical waters,
which flow south to Cape Leeuwin and then east, almost
exclusively seaward of the 200 m isobath [31]. These areas also
show up in the other model summaries, to lesser and larger
extents.

The time-series of SST at 4 key locations, specified in Figure 1,
are given in Figure 4. These illustrate important features of
temporal summaries in Figure 3. Two of the example locations are
within the south-west region of high ALTT: one ~150 km west of
Perth and one ~ 150 km south of Albany (Figures 4a and 4b but
see Figure 1 for locations). At both locations the inter-annual
variability is certainly not monotonic, but features a downward
trend after the minor peak in 2000, followed by a fairly steady rise
from about 2004 off Perth and 2006 off Albany. SST reached
unprecedented heights in early 2011 off’ Perth [32] and this is
evident in our results, but modelled trend has remained high
through to the end of the series. This is in spite of the reduction off
Perth of the summer values in 2012 and 2013 compared to 2011
(Figure 4).

The east coast of Australia shows similar patterns. The area east
of Cape Howe shows a large spike in SST in 2011, but on average
only a very small increase in SST over the 20 years sampled
(Figure 4c). In contrast, the high ALTT in the water east of
Tasmania does reflect a fairly monotonic increase of the inter-
annual trend (Figure 4d). Both these inter-annual trends rise most
quickly from 1997 to 2002 and feature a slight cooling trend at the
beginning of the series. The difference between the two example
locations can be seen in the ALTT (Figure 3a); much of the East
coast of Australia shows a marginal warming trend (with low
values for the t-statistic), whereas the area to the east of Tasmania
shows pronounced warming over the same time period.

The least smallest ALTT, with respect to variability (f-statistics
less than 3), are along the northern and eastern seas between
Joseph Bonaparte Gulf (13°S 127°E) and Cape Howe. The
Tasman Sea off the south east coast of Australia (latitudes 28°S to
37°S) is the largest region of low #-statistics. In both these areas we
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have the least certainty as to whether SST rose and fell. An
example time series for this area is given in Figure 4c, which
features an extended cold period in 1995-1996, a subsequent
rapid rise followed by relatively little change until 2012 and 2013
which are cooler than immediately earlier years.

We estimate that the surface waters of the Great Barrier Reef
warmed at an ALTT of between 0.1 (southern and central regions)
and 0.3° per decade (northern and far northern regions). This is
somewhat more than the 0.08° per decade area-average previously
reported [33] for the 1985-2009 period. Notably, the waters just
offshore from the continental shelf had a greater ALTT than the
waters inside the 200 m isobath, for most of the length of the
isobath.

Average SST (AvSST)
There is a clear, and unsurprising, north-south decline in
AvSST throughout the region (Figure 5a). There are some
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departures from this general pattern however. The area affected
by the Leeuwin Current, which brings warmer water from the
north of the western boundary, is warmer than the surrounding
water. The narrow band, which is bounded by the east coast of
Australia near Sydney and the oceanic area affected by the East
Australian Current (EAC), is cooler than the seaward waters. This
is due to the EAC not affecting the inshore waters as regularly as
the seaward waters. The lagoon of the southern Great Barrier
Reef off the coast of Queensland is cooler, on average, than the
oceanic waters seaward.

Inter-annual variability of SST (Trend RMSE)

Many of the patterns shown in the ALTT (Figure 3a) can be
explained by examining the patterns of trend RMSE (see Figure 5),
which describes the amount of non-linearity in the inter-annual
trend. Trend RMSE is high for substantial sections of the south
west and south east coasts (approx. 0.4°C and 0.5°C respectively).
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Figure 4. Examples of time-series data and model fit at four isolated locations. Black dots are SST observations, green line is the fitted
model, blue line is the fitted long-term trend, red line is the average long-term trend and grey line is the overall mean of the data.
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These are the regions also associated with substantial warming
(Figure 3) and are under the influence of the Leeuwin Current and
the East Australian Current respectively. In both these areas
warm-core eddies are prevalent. Trend RMSE is just 0.1°C to
0.2°C for northern Australia and the Great Australia Bight —
regions not influenced by the continent’s largest seasonal currents
(Leeuwin Current and the East Australian Current). In addition
the following observations are noteworthy (see Figure 1 for
geographical locations):

® Trend RMSE along the path of the EAC from Fraser Island
(25°S) to Byron Bay (29°S) has a much lower value than south
of Byron Bay. This indicates that the extra variability south of
Byron Bay does not result from a purely advective process (as
might be reasonably hypothesised to be the case over short
distances).

® SST along the south eastern coastal margin, inshore of the
EAC, has fairly low trend RMSE as far south as 34°S. At this
point it suddenly increases to 0.5°C. Indeed, the coastal stretch
with the greatest trend RMSE in Australia is between Sydney
and Woolongong (34°S to 34.5°S). Here the EAC frequently
comes very close to the coast (as it did on the 12 of October
2013: http://oceancurrent.imos.org.au/SNSW/2013101206.
html).

® Irend RMSE has a local minimum near Lord Howe Island,
presumably because the Lord Howe Ridge inhibits the passage
of warm-core and cold-core eddies.

® The Tasmanian continental shelf has much lower (0.2°C) trend
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RMSE than the adjacent continental slope (0.4°C). There is a
sharp boundary along the 200 m isobath, indicating that the
Tasman leakage [34] is strongly constrained to follow the
continental slope.

® There is relatively little (approx. 0.2°C) trend RMSE between
north-west Tasmania and the western Great Australian Bight
(125°E), even though the Leeuwin Current extension, the
South Coast Current, Bonnie Coast upwelling zone and the
Zechan Current are phenomena that respond to inter-annual
forcing. However, these phenomena are visible in the other
summary statistics.

® Across the tropics, the area with the greatest trend RMSE is
the Joseph Bonaparte Gulf and the adjacent shelf. This is also
the region of minimum average long-term trend, as mentioned
previously.

Annual variability of SST (Annual RMSE)

The amount of annual variation (measured by the annual
RMSE for the fitted cyclic spline) varies substantially over the
region (Figure 5d). Some areas exhibit relatively low amounts of
annual RMSE (approx. 0.75°C). The oceanic environment in the
extreme south-west of the study region (south of 42°S) shows very
little seasonal variation. The Bonney coast (38°S, 138E) is of
particular interest. It is an area associated with high productivity
for marine fauna. It has very low values of seasonal variation
because s it strongly influenced by the Leecuwin Current (a warm
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winter current) and the Bonney upwelling (a summer upwelling).
These two phenomena reduce the difference between winter and
summer SST in this region. There are no other areas on the coast
of Australia with such low seasonal variability.

Some areas exhibit much larger annual RMSE (approx. 2.25°C
and more), in particular sheltered areas along the coastline, such as
bays and gulfs throughout the north and in South Australia, and
the Great Barrier Reef Lagoon. These areas have high annual
RMSE due to the combined effect of solar radiation, shallow water
and low circulation. The Tasman sea shows about twice the level
of seasonal RMSE of the other open-ocean regions (Tasman sea
annual RMSE ranges from 1.75°C to 2.25°C).

Unexplained variation in SST (residual SD)
Variation in the amount of residual standard deviation (SD) is
influenced by two underlying processes: the true day-to-day
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variability in the SST at any location, and measurement error (due
to atmospheric conditions and data processing). The map of
residual SD is given in Figure 5e. The map shows an area of very
high residual SD (>2°C) near Papua New Guinea and extending
towards Vanuatu. This is an area that is far from the receiving
stations and is an area of high cloud prevalence, especially during
the summer monsoon season. Both these facts imply that the
measurement error is likely to be high in this area. The large areas
of water off the east coast (around 35°S, 152°E), the south-west
coast (around 37°S, 115°E) and off southern Tasmania (43°S,
148°E) with a substantial residual SD, around 2°C. These are all
areas under the influence of strong seasonal currents and part of
the high residual SD may be attributable to the model not picking
up variation in the timing of the seasonal currents and their
strength. The striations in residual SD, most prominent in the
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southern ocean, are due to the methods for pre-processing of the
raw data to remove cloud.

e-fold time (temporal autocorrelation)

The temporal autocorrelation (day-to-day) in Figure 5f, quan-
tified as e-fold time, is greatest on the continental shelf off the
north west coast (around 19°S 117°E) and near the coast in the
Gulf of Carpentaria. In both cases the e-fold time is around 2.2
days. The areas off south eastern Australia and eastern Tasmania
have elevated, but not extreme, autocorrelation (e-fold time of
around 1.25 days).

Comparison with hydrographic stations

The historical data and the associated SST analysis show similar
patterns (Figure 6). The Maria Island series shows a noticeable
Increase in temperatures throughout the period but are accentu-
ated by two periods of more rapid change. These are (approxi-
mately) from 1944 to 1950, and from 1995 to 2002 (Figure 6a).
The latter period is matched by the satellite data, as is the
flattening off after the increase. At other times there is little to no
temperature increase.

The Rottnest Island long-term trends show periods of warming
and cooling, for which there good agreement for trends from both
SST data and historical data. The historical data suggest that the
recent changes in temperature are larger than anything that has
happened through measured history. However, we feel that this is
not definitive due to the gaps in the time-series.

The Port Hacking long-term trends (Figures 6¢ and 6d) indicate
that there have been a number of periods of warmer temperatures
and periods of cooler temperatures. The SST data near the Port
Hacking stations also has peaks and troughs of SST, however they
occur on a much shorter time scale. Both data sources indicate
that the series show an increase in SST from about 1995 but the
length of increase differs and the SST model has additional peaks
and troughs not shared by the stations’ data.

Comparison with drifter data

The difference between the drifter data and the matching SST
data is given in Figure 7. Also given is the mean prediction from
the fitted model. The time-varying mean difference is always
above zero, which indicates that the satellite consistently measures
cooler temperatures than the drifters. The amount of bias changes
over time with the more recent measurements generally being less
different than the earlier measurements. The bias appears to
change over time and the amount of change depends on the
region. Both the east and west regions showed a decrease in bias of
around 0.2°C per decade, while the south region’s decrease was
much more modest (around 0.05°C per decade).

All three regions showed some reduction in long-term bias,
indicating that the estimates of average long-term trend from the
SST data are likely to be over-estimated when compared to those
estimated from drifter data. However, the amount of over-
estimation depends on the location of the grid cell. There is no
single adjustment that can be made to all grid cells.

Discussion

There are some marked patterns in the maps of the model
summaries (Figures 3 and 5). Our analysis of average long-term
trends (ALTT) show many similarities to previous studies using
longer term records [8,19,35-37], but there are some important
differences. The most notable ones are the areas of higher ALTT
in south-west Australia and also off eastern Tasmania. Previous
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studies have identified these areas as regions where the climate has
changed [8,19], although both studies reported changes less than
found in our analysis. Some previous work has identified similar
regions [36,37] on the west coast of Australia but identified the
east coast of the Australian mainland rather than the east coast of
Tasmania as a region of rapid change. There are a number of
possible reasons for the discrepancies: 1) the time period analysed
(the Rottnest SST series has increased substantially in the time
period matching the SST data, see Figure 6b); 2) a different SST
product was used, which is processed differently; 3) the east
Tasmanian study [8] analysed data from a mooring on the
continental shelf, an area that did not exhibit the severe warming
and so could not detect the higher change (see Figure 3a).

The area to the east of mainland Australia is well studied. It is
known to be dominated by the East Australian Current (EAC, see
[38] and references therein), which is a strong southward current.
It exhibits very low ALTT, meaning very modest long-term
changes in average SST (Figure 3a) and the change is not
substantial at any location, with respect to the variability in the
estimate of change. In addition there is high inter-annual variation
(measured by trend RMSE, see Figure 5c). This is an area that has
been identified as having rapid change due to long-term climate
change, but appears to be more associated with high variability
rather than rapid change [39]. This implies that the SST in the
EAC governed area might oscillate smoothly, at least within the
period investigated, and could be caused by smooth oscillations in
the strength of the EAC — when the EAC is strong the SST is
warmer and when it is weak then the SST is cooler.

Our analysis shows more than just average long-term trends,
and this has implications for future studies using historical data (on
any oceanographic system). There is substantial variability in the
temporal temperature data and some of this is systematic (e.g.
seasonal cycles and inter-annual trends). There is also substantial
spatial heterogeneity (both small and large scale) in all the
statistical summaries. All these sources of variability are important
for the biogeography of the region and having these summaries, at
high resolution, should aid future cross-disciplinary research. In
this work, the spatial patterns in temperature series are highlighted
for the oceans around Australia. We expect that other regions
would exhibit similar levels of spatial and temporal variability. We
recommend against spatial and temporal aggregation prior to
analysis. Such aggregation can confuse fine-scale variation with
uncertainty.

A key difference between this study and previous work
has been our utilisation of advanced statistical tools that
allow for both a linear trend and an understanding of the variance
around that trend, both inter annually and annually. The climate
impact on ecosystems from rapid, non-secular, trend is likely to be
substantially different to gradual long term change and it is
important to understand where the different patterns are
occurring.

We compared the results from the analysis of the spatially and
temporally dense SST data to two alternative sources of data, four
hydrographic stations and drifter data in three regions around the
continent. The station data and the drifter data are both n situ
measurements and hence, some minor disagreement between the
results between these sources and the SST data should be
expected. Broadly speaking, there was good agreement in nearly
all the series, with similar patterns exhibited. The notable
exceptions were the Port Hacking hydrographic sites. Also,
temperatures from the satellite SST data tended to be lower than
that from the drifter temperature data, which is slightly
accentuated near the start of the time series. This will produce a
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higher estimated ALTT from the satellite data than from the
drifter data. There are several potential reasons for this
discrepancy between the two data sources. They include time-
varying bias in the instrumentation, time-varying bias in the
processing methods, time-varying sampling bias and how these
interact with the analysis methods. Biases may occur in both the
satellite (AVHRR HRPT) data and the drifter data.

In our statistical approach we attempt to detect and remove
individual datum that have an elevated chance of being outliers,
considering a single location at a time. This seemed successful in
all test locations that we investigated. However, it will only detect
problem data within a location — it will not detect problems between
locations. If problem locations exist, they may cause spatially non-
smooth patterns in the summary statistics. This could be evident in
the SST results presented here, particularly in striations in the
residual variance and the e-fold time summary statistics in the
Southern Ocean. We suspect that these arose from the manner in
which the raw data were processed to produce the I-day
composite product. Investigation of this artefact is outside the
scope of this article. However, we note that a statistical approach,
like that based on a robust estimation method, could be expanded
to include multiple locations. It is our firm belief though that this
should only be used after an investigation of other possible reasons
have been exhausted.
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The statistical model utilised in this work is a simple
description of the complex patterns of SST through time,
one that could be fitted to a large number of time series (~2
million locations). The model has the strength that many facets of
the SST time-series can be modelled flexibly, without making too
many unnecessary assumptions and accounts for the inherent
auto-correlation in the data. The two situations where this is
particularly important are if the long-term trend is non-linear, or if
the seasonal cycle cannot be described effectively by a first or
second order Fourier approximation. These types of model mis-
specification have the effect of inflating the residual variance and
the model’s standard error, giving an overly conservative
representation of the uncertainty in the data. Failing to account
for temporal autocorrelation will have the opposite effect, it will
make measures of uncertainty overly optimistic.

Representing a non-linear trend using a straight line, which is
regularly performed [9,19,36], may give adequate estimates of the
average slope in many cases. However, if the non-linear trend is
such that the earliest or latest observations are the most deviant
from the linear approximation, then these points will have an
unwarranted amount of influence on the model’s fit ([40] for
example). An alternative to linear or non-linear models is to simply
difference the averages for a period late in the series and a period
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early in the series. At first glance this approach circumvents the
modelling choice. However, it does assume that there is no trend
within those periods. It is also highly dependent on the way in
which the period boundaries are chosen.

Conclusion

We have analysed 20 years of high-resolution Sea Surface
Temperature data in order to produce a set of data summaries
with unprecedented spatial resolution and statistical rigour for the
Australasian region. The summaries include the output from
statistical analyses and are available digitally at http://www.cmar.
csiro.au/geonetwork/srv/en/metadata.show?id = 51805. We
have also compared our analyses with available n-sifu data and
found that there was good broad agreement between the two
sources. The statistical summary that is possibly of widest interest
is our estimate of the average long-term trend in SST over the past
20 years. Our estimates of the average long-term trend in SST do
differ from other published estimates. Reconciling those differ-
ences, however, is beyond the scope of the present study. We note
that simply changing the number of years analysed is enough to
change the average long-term trend in most analyses (due to the
inter-annual variation). We expect our analysis to be more robust,
as this randomness 1s incorporated in the model, but we doubt that
it is infallible as we assume that this randomness is smooth through
time. All the statistical summaries presented in this paper have

References

1. Root T, Price J, Hall K, Schneider SH, Rosenzweig C, et al. (2003) Fingerprints
of global warming on wild animals and plants. Nature 421: 57-60.

2. Parmesan C (2006) Ecological and evolutionary responses to recent climate
change. Annual Review of Ecology, Evolution, and Systematics 37: 637-669.

PLOS ONE | www.plosone.org

been estimated before but never at this spatial resolution, or so
carefully. The summaries are provided to the community for
further analysis.

Acknowledgments

Scott Foster and Piers Dunstan were supported by the Marine Biodiversity
Hub, a collaborative partnership supported through funding from the
Australian Government’s National Environmental Research Program
(NERP). NERP Marine Biodiversity Hub partners include the Institute
for Marine and Antarctic Studies, University of Tasmania; CSIRO Wealth
from Oceans National Flagship, Geoscience Australia, Australian Institute
of Marine Science, Museum Victoria, Charles Darwin University and the
University of Western Australia. We heartily thank Peter Campbell,
Jeanette O’Sullivan, Ken Ridgway, Ben Howell, Tim Lynch, David Peel,
Nic Bax, James Risbey, Yun Li, Chris Rathbone, Glen Smith and Peter
Turner.

Author Contributions

Conceived and designed the experiments: PKD SDF. Performed the
experiments: SDF. Analyzed the data: SDF DAG. Contributed to the
writing of the manuscript: SDF DAG PKD.

3. Hoegh-Gulberg O, Bruno J (2010) The impact of climate change on the world’s
marine ecosystems. Science 328: 1523-1528.
4. Doney S, Ruckelshaus M, Duffy J, Barry J, Chan F, et al. (2012) Climate change

impacts on marine ecosystems. Annual Review of Marine Science 4: 11-37.

July 2014 | Volume 9 | Issue 7 | e100762


http://www.cmar.csiro.au/geonetwork/srv/en/metadata.show?id=51805
http://www.cmar.csiro.au/geonetwork/srv/en/metadata.show?id=51805

20.

21.

. Cane M, Clement A, Kaplan A, Kushnir Y, Pozdnyakov D, et al. (1997)

Twentieth-century sea surface temperature trends. Science 275: 957-960.

. Peterson A, Ortega-Huerta M, Bartley J, Sanchez-Cordero V, Soberén J, et al.

(2002) Future projections for mexican faunas under global climate change
scenarios. Nature 416: 626-629.

. Rayner N, Parker D, Horton E, Folland C, Alexander L, et al. (2003) Global

analyses of sea surface temperature, sea ice, and night marine air temperature
since the late nineteenth century. Journal of Geophysical Research: Atmospheres
108: 4407.

. Ridgway K (2007) Long-term trend and decadal variability of the southward

penetration of the east australian current. Geophysical Research Letters 34.

. Lough J (2008) Shifting climate zones for australia’s tropical marine ecosystems.

Geophysical Research Letters 35.

. Chollett I, Miiller-Karger F, Heron S, Skirving W, Mumby P (2012) Seasonal

and spatial heterogeneity of recent sea surface temperature trends in the
caribbean sea and southeast gulf of mexico. Marine Pollution Bulletin 64: 956

965.

. Wu L, Cai W, Zhang L, Nakamura H, Timmermann A, et al. (2012) Enhanced

warming over the global subtropical western boundary currents. Nature Climate
Change 2: 161-166.

. Payne M, Brown C, Reusser D, Lee HI (2012) Ecoregional analysis of nearshore

sea-surface temperature in the north pacific. PLoS ONE 7: ¢30105.

doi:10.1371/journal.pone.0030105.

. Baumann H, Doherty O (2013) Decadal changes in the world’s coastal

latitudinal temperature gradients. PLoS ONE 8: ¢67596. doi:10.1371/journal.
pone.0067596.

. Gordon C, Cooper C, Senior CA, Banks H, Gregory JM, et al. (2000) The

simulation of sst, sea ice extents and ocean heat transports in a version of the
hadley centre coupled model without uxadjustments. Climate Dynamics 16:
147-168.

. Maslin M, Austin P (2012) Uncertainty: Climate models at their limit? Nature

486: 183-184.

. Griffn D, Rathbone C, Smith G, Suber K, Turner P (2004) A decade of sst

satellite data, final report. Technical report, National Oceans Office, Canberra,
A.C.T., Australia. Available: http://www.cmar.csiro.au/remotesensing/
oceancurrents/ten_years_of_SST.doc. Accessed 2014 Jun 12.

Saunders R, Kriebel K (1988) An improved method for detecting clear sky and
cloudy radiances from avhrr data. International Journal of Remote Sensing 9:
123-150.

. Rochford D (1988) Coastal monitoring network. In: Mawson V, Tranter D,

Pearce A, editors. CSIRO at Sea, Marine Laboratory CSIRO. pp. 45-50.

. Pearce A, Feng M (2007) Observations of warming on the western australian

continental shelf. Marine and Freshwater Research 58: 914-920.

Wood S (2006) Generalized Additive Models: An Introduction with R.
Chapman and Hall/CRC.

Weatherhead E, Reinsel G, Tiao G, Meng XL, Dongseok C, et al. (1998)
Factors affecting the detection of trends: Statistical considerations and

PLOS ONE | www.plosone.org

13

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

Variation in Australian Sea Surface Temperature: 1993 to 2013

applications to environmental data. Journal of Geophysical Research 103:
17149-17161.

. Morton R, Kand E, Henderson B (2009) Smoothing splines for trend estimation

and prediction in time series. Environmetrics 20: 249-259.

. Dunn JR, Ridgway KR (2002) Mapping ocean properties in regions of complex

topography. Deep Sea Research I: Oceanographic Research 49: 591-604.

. Hastie T, Tibshirani R (1990) Generalized Additive Models. Boca Raton,

Florida: Chapman and Hall/CRC.

. Pinheiro J, Bates D (2000) Mixed-Effects Models in S and S-Plus. Springer.

ISBN 0-387-98957-0.

Patterson HD, Thompson R (1971) Recovery of Inter-Block information when
block sizes are unequal. Biometrika 58: 545-554.

Rousseeuw P, Hubert M (2011) Robust statistics for outlier detection. WIREs
Data Mining and Knowledge Discovery 1.

Huber P (1981) Robust Statistics. John Wiley and Sons.

Venables W, Ripley B (2002) Modern Applied Statistics with S. Fourth Edition.
Springer.

Verbyla A, Cullis B, Kenward M, Welham S (1999) The analysis of designed
experiments and longitudinal data by using smoothing splines. Applied Statistics
48: 269-311.

Cresswell G, Griffin D (2004) The leeuwin current, eddies and sub-antarctic
waters off south-western australia. Marine and Freshwater Research 55: 267
276.

Feng M, McPhaden M, Xie SP, Hafner J (2013) La nifia forces unprecedented
leeuwin current warming in 2011. Scientific Reports 3: Article number: 1277.
Ban N, Pressey R, Weeks S (2012) Conservation objectives and sea-surface
temperature anomalies in the great barrier reef. Conservation Biology 26: 799~
809.

van Sebille E, England M, Zika J, Sloyan B (2012) Tasman leakage in a fine-
resolution ocean model. Geophysical Research Letters 39: LO6601.

. Belkin IM (2009) Rapid warming of large marine ecosystems. Progress in

Oceanography 81: 207-213.

Lough JM, Hobday AJ (2011) Observed climate change in australian marine
and freshwater environments. Marine and Freshwater Research 62: 984-999.
Hobday AJ, Pecl GT (2013) Identification of global marine hotspots: sentinels for
change and vanguards for adaptation action. Reviews in Fish Biology and
Fisheries.

Suthers I, Young J, Baird M, Roughan M, Everett J, et al. (2011) The
strengthening east australian current, its eddies and biological effects an
introduction and overview. Deep Sea Research Part II: Topical Studies in
Oceanography 58: 538-546.

O’Kane TJ, Oke PR, Sandery PA (2011) Predicting the east australian current.
Ocean Modelling 38: 251-266.

Neter J, Kutner M, Nachtsheim C, Wasserman W (1996) Applied Linear
Statistical Models. Chicago: Irwin, fourth edition.

July 2014 | Volume 9 | Issue 7 | e100762


http://www.cmar.csiro.au/remotesensing/oceancurrents/ten_years_of_SST.doc
http://www.cmar.csiro.au/remotesensing/oceancurrents/ten_years_of_SST.doc

