
RESEARCH ARTICLE
10.1002/2017JC013053

Reconstruction of Local Sea Levels at South West Pacific
Islands—A Multiple Linear Regression Approach (1988–2014)
V. Kumar1,4 , A. Melet2, B. Meyssignac1 , A. Ganachaud1 , W. S. Kessler3, A. Singh4 , and
J. Aucan5

1LEGOS, Universit�e de Toulouse, CNES, CNRS, IRD, UPS, Toulouse, France, 2Mercator Ocean, Ramonville-Saint-Agne,
France, 3NOAA/Pacific Marine Environmental Laboratory, Seattle, WA, USA, 4PaCE-SD, University of the South Pacific, Suva,
Fiji, 5LEGOS, Universit�e de Toulouse, CNES, CNRS, IRD, UPS, Noum�ea, New Caledonia, France

Abstract Rising sea levels are a critical concern in small island nations. The problem is especially serious
in the western south Pacific, where the total sea level rise over the last 60 years has been up to 3 times the
global average. In this study, we aim at reconstructing sea levels at selected sites in the region (Suva,
Lautoka—Fiji, and Noum�ea—New Caledonia) as a multilinear regression (MLR) of atmospheric and oceanic
variables. We focus on sea level variability at interannual-to-interdecadal time scales, and trend over the
1988–2014 period. Local sea levels are first expressed as a sum of steric and mass changes. Then a dynami-
cal approach is used based on wind stress curl as a proxy for the thermosteric component, as wind stress
curl anomalies can modulate the thermocline depth and resultant sea levels via Rossby wave propagation.
Statistically significant predictors among wind stress curl, halosteric sea level, zonal/meridional wind stress
components, and sea surface temperature are used to construct a MLR model simulating local sea levels.
Although we are focusing on the local scale, the global mean sea level needs to be adjusted for. Our recon-
structions provide insights on key drivers of sea level variability at the selected sites, showing that while
local dynamics and the global signal modulate sea level to a given extent, most of the variance is driven by
regional factors. On average, the MLR model is able to reproduce 82% of the variance in island sea level,
and could be used to derive local sea level projections via downscaling of climate models.

1. Introduction

Sea level rise is one of the most important threats related to global warming and associated climate change
in the Pacific islands. Unlike other long-term climate-related threats, rising sea levels are no longer a distant
hazard, but present reality in many coastal communities (Hallegatte et al., 2013; Neumann et al., 2015;
Wong et al., 2014). Most Pacific islands have a high population density and infrastructure concentrated
along the coastal zones (Nurse et al., 2014; Webb & Kench, 2010; Wong et al., 2014). These factors, combined
with others, such as geographical isolation, limited financial resources, and technical expertise, make the
islands among the most vulnerable in the world to the growing threats of sea level rise (Barnett & Campbell,
2010; Garschagen et al., 2016; Mimura, 1999; Wong et al., 2014).

The Pacific islands are characterized by high-rise volcanic formations and low-lying reef atolls. While the lat-
ter are more endangered, and face the likelihood of inundation by the end of the 21st century, even the
mountainous islands have had communities forced to relocate due to saltwater intrusion, perigean spring
tide events, and flash floods during extreme events (Albert et al., 2016; McNamara & Jacot Des Combes,
2015; Nurse et al., 2014; OCHA—United Nations, 2014). As warming continues, sea level will continue to rise
(Church et al., 2013), further exacerbating coastal impacts. Thus, there is a compelling need for information
on regional sea level variability and its key drivers to help plan proper adaptation measures and build
capacity for climate resilience.

According to analysis of tide gauge records, the global mean sea level (GMSL) rose at a rate of �1.5 6

0.4 mm/yr between 1901 and 2010, accounting for a total rise of around 0.17 m during that period (Church
& White, 2011; Hay et al., 2015; Jevrejeva et al., 2008; Ray & Douglas, 2011). Satellite altimetry reports a faster
global mean rate of 3.1 6 0.5 mm/yr over 1993–2016. Yet, sea level rise is far from being spatially uniform.
During the satellite altimetry era, for example, sea levels in the western tropical Pacific rose at rates up to
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3–4 times the global mean, reaching trends of up to 10 mm/yr (Figure 1) (Cazenave & Llovel, 2010; Merri-
field & Maltrud, 2011; Nerem et al., 2010). In contrast, sea level rise rates in the eastern tropical Pacific were
lower (Bromirski et al., 2011; Thompson et al., 2014).

Global mean sea level variations, interpreted in terms of the volume of the global ocean, are essentially due
to the thermal expansion of oceans with rising global/ocean temperatures resulting from the Earth’s net
energy imbalance, and mass loss from glaciers and ice sheets, i.e., steric and mass changes (Church et al.,
2013; Church & White, 2011).

Regional sea level variations, on the other hand, are driven by dynamical changes associated with ocean cir-
culation and atmospheric interactions. Sea level variations are essentially a change in the volume of the
water column, which in turn is the sum of changes in mass and seawater density (steric component). Steric
sea level changes are due to heat content variations (thermosteric component), and salinity changes (halos-
teric component). They derive from complex changes in heat, mass, density spatial distribution, and cur-
rents, and are mostly controlled via coupled-climate variability. The observed pattern of sea level rise in the
tropical Pacific over the altimetry era (Figure 1), having a strong dipole-like pattern with positive trends in
the western Pacific and negative trends in the eastern Pacific, has been related to climate modes such as El
Ni~no Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) (Becker et al., 2012; Levitus et al.,
2009; Lombard et al., 2005; Meyssignac et al., 2012; Stammer et al., 2013; Zhang & Church, 2012). This pat-
tern directly corresponds to the strengthening of trade winds in the central and eastern tropical Pacific,
with piling up of waters in the western Pacific basin (Merrifield & Maltrud, 2011; Nidheesh et al., 2013; Tim-
mermann et al., 2010). Intensification of the trade winds has also been directly linked to the deepening of
the thermocline and heat redistribution in the ocean, all consistent with ENSO dynamics (McGregor et al.,
2012; Merrifield, 2011; Merrifield & Maltrud, 2011; Palanisamy et al., 2015a).

Dynamical changes such as these are therefore dominated by steric variations (density-related), particularly
the thermosteric component, which are nonuniform across the ocean (Church et al., 2013; Fukumori &

Figure 1. Sea level trends in the Pacific region over the 1993–2014 period from altimetry observations (GMSL trend
included). The inset shows the study sites—Suva, Lautoka, and Noum�ea.
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Wang, 2013; Gregory & Lowe, 2000; Levitus et al., 2005, 2012; Lombard et al., 2005, 2009; Meyssignac &
Cazenave, 2012; Stammer et al., 2013).

Thermosteric sea level trends in the tropical Pacific have been shown to be driven by surface wind stress
and related changes in circulation patterns in ocean numerical models (Carton et al., 2005; K€ohl et al., 2007;
McGregor et al., 2012; Nidheesh et al., 2013; Timmermann et al., 2010). Wind stress curl anomalies can con-
trol the thermocline depth and the resultant sea levels in the tropical Pacific by modulating the near-
surface Ekman transport, Ekman pumping, and consequent oceanic Rossby waves. As such, wind stress
plays a critical role in determining and/or reproducing regional sea level trends.

Additionally, regional sea level change also includes other processes, such as the inverted barometer effect
(atmospheric loading) (Wunsch & Stammer, 1997), and the glacial isostatic adjustment (GIA) (Peltier, 2004).
However, their effects relative to thermosteric and halosteric changes, especially in the tropics, are small,
and can be described as a larger scale signature in terms of sea level.

In coastal zones, sea level change is a composite of the global mean sea level, regional processes, and
local modulations (Melet et al., 2016a; Milne et al., 2009; Stammer et al., 2013). At local scales, sea level
variations can be induced by atmospheric surges due to wind and pressure effects, wave-induced setup
and run up, and tides. Relative sea level at the coast can further be influenced by site-specific geographic
features associated with vertical land motion. This can be in the form of land subsidence, or even uplift
due to natural causes such as earthquakes, volcanic activity, other tectonic processes, and sedimentation,
or due to anthropogenic activities such as groundwater pumping (Ballu et al., 2011; Stammer et al., 2013;
Wong et al., 2014).

Based on this knowledge of processes determining local sea level changes, we aim to simulate sea level at
selected sites in the southwest Pacific. Our objective is to express sea level as a multiple linear regression
(MLR) of statistically determined variables, representing remote and local drivers. For this study, we focus
on interannual-to-interdecadal time scale sea level variability and trend. The MLR we develop provides
insights and a better understanding of the different drivers of sea level variations in the region. With a sta-
tistical model such as this, projections from coarse resolution climate models can be refined on the local
scale for future applications (Church et al., 2013).

Our study sites are (1) Suva and (2) Lautoka in Fiji, and (3) Noum�ea in New Caledonia (Figure 1). These sites
have been selected based on their vulnerability to sea level rise (Garschagen et al., 2016; Wong et al., 2014).
The selection can be perceived as a preliminary step to research that can be applied at more extensive
scales, covering more sites in future projections of sea level trends in the region. Having such information
available on local scales in vulnerable regions, more effective adaptation and risk minimization measures
could be developed.

2. Data Sets

2.1. Tide Gauge Records
Monthly mean Revised Local Reference (RLR) tide gauge records for Suva and Lautoka were retrieved from
the Permanent Service for Mean Sea level (PSMSL, http://www.psmsl.org) (Holgate et al., 2013). For Noum�ea,
a merged sea level series from sites Chaleix and Numbo was used (Aucan et al., 2017).

Details on the tide gauge records used are shown in Table 1.

Table 1
Tide Gauge Station Data for Suva, Lautoka, and Noumea, With Longitude/Latitude Coordinates, Data Duration, and
Percentage of Missing Data

Site Grid location
PSMSL

station IDa Duration
% of gap (max. length

in consecutive months)

Suva 178.428E, 18.148S 1327 Oct 1972 to Dec 2014 6 (6)
Lautoka 177.448E, 17.608S 1805 Nov 1992 to Dec 2014 0.4 (1)
Noum�ea 166.438E, 22.308S Feb 1967 to Dec 2014 2 (11)

aFor Suva and Lautoka only.
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All missing values were filled in using linear interpolation to obtain continuous time series, and anomalies
were computed with respect to the 1993–2012 period (as for satellite altimetry). Anomalies were adjusted
for the inverted barometer (IB) effect (Wunsch & Stammer, 1997) using sea level pressure anomalies from
the ERA-Interim data set. Site-specific anomalies were computed by removing the mean over the global
ocean of the sea level pressure anomalies from the local pressure time series, and then divided by the local
gravity to obtain the net IB effect acting on a particular grid point.

No additional correction was applied to the tide gauge sea level time series for vertical land motion, but
information provided by PSMSL and related literature (Aucan et al., 2017) were used to explain inconsisten-
cies in trends relative to altimetry, reanalysis data, and to the overall performance of the model developed
(see section 4.1).

Figure 2. 2-D correlation maps generated to select proxy boxes for the wind stress curl dominated MLR experiments for
Suva (ORAS4) over 1988–2014. Top figure shows correlation between local sea level and wind stress curl-driven SLAs, bot-
tom figures show correlation between the residual and the halosteric, sx, sy, and SST at 0 month lag. The outlines mark
the proxy box bounds, and the study site is marked by a black dot. For concision reasons, proxy boxes are only shown for
this experiment. They slightly differ for each experiment.
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2.2. Altimetric Sea Level
To compare the tide gauge records with altimetry data, 2-D gridded sea surface height delayed time
anomalies produced by the Ssalto/DUACS system and distributed by the Copernicus Marine and Environ-
ment Monitoring Service (CMEMS, product 008–027, Retrieved from http://marine.copernicus.eu/,
accessed 20 January 2016) were used over the period 1993–2014. The data set is provided at weekly inter-
vals on a 1=48 regular grid as anomalies computed with reference to the 1993–2012 period. Sea level
anomalies for the study sites were extracted from the global data set using distance weighted remapping
for the corresponding longitude/latitude coordinates in the tide gauge records.

2.3. ERA-Interim Data (Wind, SST, SLP Data)
ERA-Interim is the European Center for Medium-Range Weather Forecast’s (ECMWF’s) global atmospheric
reanalysis product (Dee et al., 2011; retrieved in 2016). It extends back in time until 1988, and is continu-
ously updated in near real time.

Zonal and meridional surface wind stress fields (sx, sy), mean sea level
pressure (SLP), and sea surface temperature (SST) data sets were
extracted from ERA-Interim for the duration of the data set, as
monthly means and at a resolution of 18 3 18.

2.4. ECMWF Ocean Reanalysis System 4—ORAS4
Local sea levels were taken from a reanalysis product, in addition to
tide gauge record observations. The main reason for doing this is that
tide gauge records typically have gaps, and may show biased trends
due to vertical land motion (as for the Suva tide gauge) (PSMSL,
2016).

We use ORAS4, which is among reanalysis products that have good
comparison with the tide gauge sea levels (Balmaseda et al., 2015)
used in this study (Figure 3), and have steric sea levels lying within the
spread of a reanalysis ensemble (Storto et al., 2015), making it a repre-
sentative reanalysis product. ORAS4 spans a period from 1958 to pre-
sent. From 1989 to 2010, the surface fluxes in the reanalysis are from
ERA-Interim (Balmaseda et al., 2013). Thus, there is consistency
between the wind, SST, and SLP data we are using for this study over
most of our period of interest (1988–2014). ORAS4 uses a Boussinesq
approximation, where the ocean model preserves volume. The steric
component of the global mean sea level is thus not represented by
the model, but estimated by vertically integrating the density field of
the ocean analysis and added to the sea level output. ORAS4 does not
model land ice melt and thus does not represent directly the ocean
mass increase due to land ice loss. The ocean mass increase due to
land ice loss is estimated at each time step n from altimetry observa-
tions corrected for the thermosteric sea level from ORAS4 of time step
n-1. This land ice loss estimate is then added to the water flux from
the atmosphere in the form of a uniform water flux over the ocean. In
the end in the ORAS4 sea level output both components of the sea
level rise are present: the thermosteric and the ocean mass. For this
reason, the ORAS4 GMSL includes all terms and is consistent with the
GMSL from the altimeter data (Balmaseda et al., 2013).

Ocean temperature, salinity, and sea surface height fields were
extracted from ORAS4 as monthly means, and at 18 3 18 resolution
for the period 1988–2014. Thermosteric, halosteric, and total steric sea
levels were computed for depths of 0–700 m using the Gibbs Seawa-
ter Toolbox (McDougall & Barker, 2011). Sea surface heights at the

Figure 3. Sea level time series at (top) Suva, (middle) Lautoka, and (bottom)
Noum�ea over the 1988–2014 period. Blue lines represent tide gauges, green
lines represent ORAS4, and magenta shows altimetry time series.
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study sites were extracted using bilinear remapping, and anomalies were derived with respect to the 1993–
2012 period.

2.5. Mass Change Estimate
Mass changes estimates for Suva, Lautoka, and Noum�ea over the 2003–2014 period were extracted from an
ensemble of 720 Gravity Recovery and Climate Experiment (GRACE) solutions computed from five raw
GRACE solutions (provided by CSR—Center for Space Research, GFZ—GeoforschungsZentrum, JPL—Jet
Propulsion Laboratory, GRGS—Groupe de Recherche de Geodesie Spatiale, and TUG—Graz University of
Technology) using different postprocessing parameters for the geocenter motion correction, earth oblate-
ness correction, filtering, leakage correction, and glacial isostatic correction (Carret et al., 2016). This data set
extends from the end of 2002 onward. We used the ensemble mean for the mass change estimates and the
spread around the ensemble mean (1.65 sigma) as an estimate of the uncertainty.

The global mean of the ensemble was taken as the mass change component for all three of the study sites.

3. Methodology

The methodology we use in this study to model sea level at the Pacific island sites is comparable to that in
Sterlini et al. (2016), who also use a multiple linear regression approach, combining local and remote drivers,
to model sea level variability in the North East Atlantic. We develop a similar model for the western tropical
Pacific region, and extend it by using ‘‘proxy’’ boxes to represent each of the predictor variables based on
areas having highest correlation with the local sea level, as in Sprintall and R�evelard (2014). There is thus
one proxy box per variable and experiment configuration. The sea level time series we aim at modeling
(either the ORAS4 sea surface height anomaly, or the tide gauge record for each site) is called the predic-
tand or island sea level hereafter.

3.1. Interannual-to-Interdecadal Sea Level Variations and Trends
The study period was from August 1988 to July 2014. To extract the interannual-to-interdecadal variability
from the time series, all data sets were first detrended using a linear fit. The annual cycle was then removed
using a least squares fit of a 12 month cosine function. A low-pass Hamming filter of 1.2 years was then
used to isolate the interannual-to-interdecadal variability. The MLR analysis was performed on both
detrended (interannual-to-interdecadal time scale) and undetrended (interannual-to-interdecadal time
scale, and trend) time series data. For the latter case, the trend removed in the first step was readded to the
time series of interannual-to-interdecadal sea level time series.

Sea level trends at Suva, Lautoka, and Noum�ea from the different data sets—tide gauge records, ORAS4,
and altimetry, were computed and time series shown. Uncertainties in trends were expressed as the formal
error of the least squares linear regression, as in Becker et al. (2012, 2014).

3.2. Multiple Linear Regression Analysis
In this study, the island sea level is expressed as a multiple linear regression of potential predictors (drivers
of sea level changes).

The MLR model used here for sea level anomalies, sla, at a given time, t, can be expressed as:

Table 2
Sea Level Trends (mm/yr) From Tide Gauge, ORAS4 and Altimetry at Suva, Lautoka, and Noum�ea Over the August 1988 to
July 2014 and January 1993 to July 2014 Periods

Site

Trends (mm/yr)

Tide gauge ORAS4
Altimetry

1988–2014 1993–2014 1988–2014 1993–2014 1993–2014

Suva 6.8 6 0.3 8.5 6 0.4 4.1 6 0.2 6.1 6 0.3 6.1 6 0.3
Lautoka 5.5 6 0.3 3.9 6 0.2 5.8 6 0.3 5.5 6 0.3
Noum�ea 0.6 6 0.3 2.5 6 0.1 2.8 6 0.1 4.2 6 0.2 4.1 6 0.2
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sla site; tð Þ5
X

i
/i Pi x i ; y i ; t2tið Þ1E site; tð Þ (1)

where site is the geographical site studied (Suva, Lautoka or Noum�ea), ai are the site-specific regression
coefficients, Pi are the potential predictors (representing sea level change drivers) averaged over a spatial
area that is site-specific (xi,yi), ti is a temporal lag, and E is a site-specific residual (which is not part of the
MLR model, and represents the difference between the island and modeled sea level time series).
3.2.1. Preliminary Analysis—Steric Plus Mass MLR Models (2003–2014)
In the first set of MLR experiments, we demonstrate that the majority of the variance in sea level at the
study sites can be explained by the thermosteric and halosteric components, plus test the effect of mass
changes emanating from the melt of land ice and determine proxy boxes for the MLR. We are only able to
show this from 2003 onward because of limited duration of the mass change data.

Of the three potential predictors considered for this set of experiments (thermosteric, halosteric sea level,
and mass), the island sea level time series of each site shows the high-
est correlations with the local (located close to the study site) thermo-
steric sea level. Thus, spatial maps of the correlation between the
predictand (1-D) and the thermosteric sea level (2-D) were first com-
puted for each site. A ‘‘proxy box’’ for the thermosteric component is
selected as a small area having the highest correlation. Ideally, this
region would be directly encompassing the study site. However, the
Suva and Lautoka points in the ORAS4 land mask are not well
resolved, which is typical for smaller islands. The grid points of the Fiji
sites (Table 1) are thus located on the coasts of Fiji in the ORAS4 data
sets, and the regions of highest correlation between island sea level
and the thermosteric sea level are found in the close vicinity of the
study site (within 1–48, similar to Figure 2).

Correlations are also higher in the deep ocean as the thermosteric
component is much closer to the total sea level, while our sites of
interest are located in the coastal, shallow ocean zones (Williams &
Hughes, 2013).

Field mean values over the selected proxy box were computed to
obtain the regressor time series for the thermosteric component. A
linear fit minimizing the root-mean-square difference was used to
determine the proportion of observed sea level explained by the ther-
mosteric component. The residual was then correlated with the halos-
teric sea level in order to avoid/minimize the covariance between the
regressors. The halosteric proxy box was determined from the area
having the highest correlation around the study site. As for the ther-
mosteric regressor, a field mean was taken over the proxy box to
extract the halosteric regressor time series. As all potential predictors
considered here have an immediate signature on sea level (steric and
mass), no temporal lags were considered.

With the thermosteric and halosteric regressors isolated, and the mass
change component taken as the global mean (section 2.5), a stepwise
regression was performed to determine the statistically significant var-
iables at 95% confidence interval. In this function, predictor terms can
be interactively added or removed to test the model performance
with a particular predictor. In the last step, a multiple linear regression
fit for the island sea level was computed using the set of predictors
selected in stepwise function.
3.2.2. Wind Stress Curl (Rossby Wave Model) Dominated MLR
Models (1988–2014)
The main set of wind stress curl dominated MLR experiments contin-
ues from the direct representation of local sea level as a composite of

Figure 4. Time series of detrended ORAS4 sea levels (blue), plus potential pre-
dictors—thermosteric component (orange), halosteric component (cyan), and
mass (red) over 2003–2014—(top) Suva, (middle) Lautoka, (bottom) Noum�ea.
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steric and mass changes in the preceding section to a more mechanistic approach that considers ocean
dynamics, and regional as well as local drivers of sea level.

Steric changes can be due to surface buoyancy fluxes, mixing, and adiabatic motions of the isopycnals
caused by adjustments to wind-driven circulation (Meyssignac et al., 2017; Piecuch & Ponte, 2011). Wind
stress curl produces divergence or convergence of the surface layer (Ekman pumping), which is balanced
by vertical ‘‘heaving’’ of the thermocline. Heaving can induce changes in the vertical stratification and heat
content of the water column (e.g., Huang, 2015). At interannual-to-interdecadal time scales, the thermoste-
ric sea level variability is mostly induced by the internal reorganization of ocean water masses in response
to the wind stress curl forcing (Stammer et al., 2013). Based on previous studies (e.g., Forget & Ponte, 2015;
Meyssignac et al., 2017), wind stress curl is therefore considered as the dominant predictor of thermosteric
sea level, and hence of sea level in the region.

Here to get the first-order off-equatorial and low-frequency sea level
response to wind stress curl at each site, the wind stress curl proxy
was taken as the resultant sea level anomaly from a linear model of
long quasi-geostrophic Rossby waves (Kessler & Cravatte, 2013):

dh
dt

1 cr
dh
dx

1Rh5 2curl
s

fq

� �

where h represents the pynocline depth anomaly, cr represents the
long Rossby speed (cr5 2bc2=f 2, where c is the internal long gravity
wave speed (taken as 2.8 m/s), f is the Coriolis parameter, and b
its meridional derivative), R represents a damping time scale (taken as
1/24 months), and s represents the wind stress. We associate h with
pynocline depth anomalies resulting from wind stress curl-driven
propagating Rossby waves. The model was forced with monthly zonal
and meridional wind stress fields, (sx, sy), from ERA-Interim at 18 3 18

resolution over the study period (1988–2014). Pynocline depth anom-
alies h were then converted to sea level anomalies g from the single
active layer model assuming a mean pynocline depth H of 160 m:

g5h
c

gH

where g is the earth’s gravitational acceleration. This model captures
the integral response of sea level to remote and local effects of wind
stress curl at a given latitude through the western propagation of
Rossby waves.

The residual of thermosteric sea level variability from that induced by
wind stress curl anomalies is due to buoyancy forcing at the air-sea
surface, and the intrinsic ocean variability (Meyssignac et al., 2017). To
capture thermosteric sea level variability induced by surface heat forc-
ing, the local SST is added as a potential predictor (Meyssignac et al.,
2017). The other predictors include the wind stress in the vicinity of
the island, representing the wind setup, and the halosteric compo-
nent for salinity changes.

To extract the predictor time series, island sea level was first regressed
on wind stress curl-driven sea level anomalies output by the Rossby
wave model. Note that for the undetrended experiments in this sec-
tion, the GMSL trend computed from the ORAS4 sea surface heights
global data set was removed from the local sea levels prior to analysis,
as the regressors account for the regional and local signals, while the
global mean remains unaccounted for. As in the preliminary analysis,
proxy boxes were selected based on areas having highest correlation
and located close to the study site, as shown in Figure 2. A field

Figure 5. Same as Figure 4, but for undetrended sea levels and predictors. The
dotted cyan line shows the halosteric component before removing the mean.
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average was taken over the proxy box to obtain the dominant predictor time series, and a linear fit minimiz-
ing the root mean square difference was computed to determine the proportion of local sea level
explained. The residual from this step was then correlated with the remaining potential predictors, halos-
teric sea level, sx, sy, and SST (Figure 2). Local proxy boxes featuring the highest correlations were selected
as before, and field averages taken to obtain the regressor time series.

These were passed into the stepwise regression function to extract the statistically significant predic-
tors (95% confidence interval), and used to construct a multilinear regression on the local sea level
predictand.
3.2.3. Stationarity Test
Stationarity of the wind stress curl dominated MLR models was tested by applying the model to periods
other than those over which it had been calibrated. This test served as a useful assessment of the potential
skill of the model for application to future projection of sea levels.

As we are focusing on interannual-to decadal time scale variability
and trend, at least two decades of data were needed to perform the
stationarity test. The test was conducted by calibrating an MLR model
equation using the same set of predictors as determined in section
3.2.2 over the first half of the time series (August 1988 to July 2001),
and then applying it to the second half of the time series (August
2001 to July 2014). The resulting predicted modeled sea level time
series was compared to that of the predictand, and the initial MLR
modeled time series covering the entire study period (1988–2014).
The test was also applied in the opposite direction, i.e., determining
an MLR model fit over August 2001 to July 2014, and applying it over
August 1988 to July 2001.

4. Results

4.1. Island Sea Level Trends
Sea level time series from tide gauge records, ORAS4 and altimetry at
the study sites over the 1988–2014 period are shown in Figure 3, and
trends listed in Table 2.

Trends are sensitive to the period over which they are computed (e.g.,
Singh et al., 2011). Of the three sites considered here, trends are
the highest at Suva over both the 1988–2014 and 1993–2014 periods.
The Suva tide gauge trend over 1993–2014 is the highest at 8.5 6

0.4 mm/yr (Table 2). This value is much higher than those in ORAS4
and altimetry (6.1 6 0.3 mm/yr), indicating possible biases in the Suva
tide gauge record. This is further evidenced in Figure 3 (top plot),
where the tide gauge time series exhibits a strong positive trend
before 1992 (Figure 3, top plot). Inconsistencies are also seen after
2010, where the tide gauge anomalies are higher than those in altime-
try and ORAS4. Additionally, the pronounced differences between the
trends in the tide gauge records for Suva and Lautoka over the 1993–
2014 period (Table 2) are larger than what would be expected from
ocean dynamics given the proximity of the two sites. Suva and Lau-
toka indeed exhibit comparable trends over both periods in ORAS4
and altimetry, as expected from their proximity. According to PSMSL,
land subsidence at the Suva site accounts for the apparent higher
trend. In ORAS4, for both Suva and Lautoka, the trends increase by
approximately 50% moving from the 1988 to 2014 period to 1993 to
2014. This large regional pattern of sea level trends in the tropical
Pacific was attributed to internal climate variability, as the effect of

Figure 6. Detrended ORAS4 (blue) and MLR modeled (red) sea level time series
based on steric and mass predictors over the 2003–2014 period for (top) Suva,
(middle) Lautoka, and (bottom) Noum�ea.
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any external anthropogenic signal is not yet significantly detectable (Bilbao et al., 2015; Meyssignac et al.,
2012; Palanisamy et al., 2015b).

The Noum�ea tide gauge record exhibits a lower trend than the Suva and Lautoka records, with a trend of
0.6 6 0.3 mm/yr over the 1988–2014 period, increasing to 2.5 6 0.1 mm/yr over 1993–2014. In ORAS4, how-
ever, trends are much higher than in the tide gauge records: 2.8 6 0.1 and 4.2 6 0.2 mm/yr for the 1988–
2014 and 1993–2014 periods, respectively. As for Suva and Lautoka, the ORAS4 and altimetry trends are
close for Noum�ea. The marked difference between the tide gauge record and ORAS4/altimetry may be
explained by uplift at the Noum�ea site, leading to a lower ground-relative sea level rate (as seen by the tide
gauge) than the absolute sea level rate (as seen by altimetry and ORAS4). Indeed, according to earlier stud-
ies (Aucan et al., 2017; Nerem & Mitchum, 2002) uplift rates of 1.3–1.4 mm/yr over most of the duration of
the record can be inferred via comparisons with satellite altimetry and global sea level reconstructions.

4.2. Multiple Linear Regression Model Results
The MLR analysis was performed using sea levels from both ORAS4
and tide gauge records as predictands. However, given the overall
good agreement between tide gauge records and ORAS4 sea levels
(Figure 3), evidential vertical land movement affecting the tide gauge
records and longer time series available for Lautoka in ORAS4, only
results using the ORAS4 sea levels will be shown here. We start with a
reconstruction using the thermosteric sea level from ORAS4 (section
3.2.1), and then introduce the dynamical component from the wind
field forcing (section 3.2.2).
4.2.1. Preliminary Analysis—Steric Plus Mass MLR Model Results
(2003–2014)
4.2.1.1. Steric Plus Mass Regressor Time Series
In the first group of MLR analyses, we used the local thermosteric sea
level, halosteric sea level, and ocean mass changes resulting from the
melt of ice sheets, glaciers and ice caps as potential predictors to
reconstruct the island sea level time series over 2003–2014.

Time series of sea level and potential predictors (averaged over the
proxy boxes for the steric components, taken as the global mean for
mass) are plotted in Figure 4 for the detrended time series, and in Fig-
ure 5 for undetrended time series.

The thermosteric sea level has a very high correlation with sea level at
all sites and explains most of the variance in island sea level (87–95%,
both detrended and undetrended series) and is therefore the domi-
nant predictor. This is consistent with previous studies that showed
that thermosteric effects dominate the interannual-to-interdecadal
sea level variations in the southwest Pacific (Meyssignac & Cazenave,
2012; Meyssignac et al., 2012; Fukumori & Wang, 2013; Stammer et al.,
2013; Storto et al., 2015). For the undetrended series, the thermosteric
component also captures the local sea level trend (Figure 5). The ther-
mosteric component was also selected as the prime regressor in the
stepwise regression function in all cases, confirming that local sea
level variability at the study sites is primarily thermosteric (not
shown).

Correlations of the local halosteric component and ocean mass with
the predictand are weaker. Nevertheless, the halosteric component
was selected as significant regressor across all the experiments (all
sites, both detrended and undetrended).

The contribution of the mass change component is in general much
smaller in comparison with the steric components. For the detrended
time series, the mass component shows low correlation (0.13–0.23)

Figure 7. Same as Figure 6, but for undetrended ORAS4 (blue) and MLR (red)
modeled sea levels.
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with the local sea levels, accounting for �4% of the variance on aver-
age with a slight decrease on the undetrended time series. The mass
component time series also exhibits a positive trend over this period
(Figure 5), concurrent with the increased correlation and percentage
variance. Over the last decade, sea level rise in the western tropical
Pacific from ice mass contribution was estimated at 1.4–1.6 mm/yr
(Bamber & Riva, 2010). In terms of the stepwise regression results,
only Noum�ea in the detrended experiments had mass as a significant
predictor. In the undetrended experiments, mass was selected as a
significant regressor in all three cases. This indicates that while contri-
bution from the mass component is still relatively small, it becomes
increasingly important when trends are considered.
4.2.1.2. Steric Plus Mass MLR Models
The ORAS4 and MLR modeled sea level time series are shown in
Figure 6 (detrended) and Figure 7 (undetrended). Correlation coeffi-
cients between the predictand and MLR modeled sea levels, and the
percentage of variance explained by the MLR model are provided in
Table 3, and trends are shown in Table 4.

The correlation coefficients between the ORAS4 and modeled sea lev-
els are very high (>0.94, both detrended and undetrended time
series). The MLR models are able to explain 90–97% of the variance in

the ORAS4 sea levels (Table 3). In addition, the models demonstrate very good skill in reproducing the
ORAS4 sea level trends over this period (0.2–0.6 mm/yr difference) (Table 4).

Overall, these results not only show the efficiency of the MLR model approach, but also illustrate that sea
level variability at the study sites is mainly steric, dominated by the thermosteric component.
4.2.2. Wind Stress Curl Dominated MLR Model Results (1988–2014)
From the steric plus mass MLR analysis results, it was seen that while local ocean mass change may be a sta-
tistically significant predictor for sea level change in the region in most cases, it explains a very small per-
centage of variance overall. This contribution was neglected in the following sections to allow the study
period to be extended into the past, with an estimate of the variance lost due to mass. Note that for future
projections, however, the mass contribution may most likely be higher with continued warming, and
becoming a larger, significant predictor in the MLR model.

The wind stress curl being the main dynamical ocean forcing, was used as the dominant remote predictor
of the thermosteric sea level in this set of experiments.

The relation between the wind stress curl and sea level will also be explored, without the dynamical
model, using a six-month lagged time series of the average wind stress curl in a proxy box east of the
island. We present here the Rossby wave model predictor MLR; the lagged curl approach is discussed
section 5.2.

4.2.2.1. Stepwise Regression of Potential Predictors
The stepwise regression systematically selected the wind stress curl as
the dominant regressor for all experiments (all sites, detrended and
undetrended time series), confirming its efficiency as a proxy for the
thermosteric sea level. The halosteric regressor was confirmed consis-
tently, while the relevance of the zonal and meridional wind stress,
and SST greatly depended on each different experiment. With the
detrended time series, for instance, SST did not qualify for Suva,
meridional wind stress for Lautoka, and zonal wind stress for Noum�ea.
With the undetrended runs, no regressor is rejected for Suva, while
zonal wind stress and SST are rejected for Lautoka, and meridional
wind stress for Noum�ea.
4.2.2.2. MLR Models
The ORAS4 and modeled sea level time series for the wind stress curl
dominated MLR experiments are shown in Figure 8 (detrended) and

Table 3
Correlation Coefficients Between the ORAS4 and MLR Modeled Sea Levels, and
Percentage Variance Explained by the MLR Model for all Experiments

Site R2 % variance explained

Steric 1 Mass—Detrended (2003–2014)
Suva 0.94 89.0
Lautoka 0.96 93.0
Noum�ea 0.98 95.7
Steric 1 Mass—Undetrended (2003–2014)
Suva 0.95 90.9
Lautoka 0.97 92.6
Noum�ea 0.98 97.0
Wind Stress Curl Dominated—Detrended (1988–2014)
Suva 0.92 85.3
Lautoka 0.91 82.7
Noum�ea 0.89 79.5
Wind Stress Curl Dominated—Undetrended, GMSL-Adjusted (1988–2014)
Suva 0.93 85.6
Lautoka 0.89 80.5
Noum�ea 0.89 79.6

Note. All values are significant at the 95% confidence interval.

Table 4
ORAS4 and MLR Modeled Sea Level Trends for Experiments With Undetrended
Data

Site

Trends (mm/yr)

ORAS4 MLR model

Steric 1 Mass—Undetrended (2003–2014)
Suva 8.0 6 0.4 8.0 6 0.4
Lautoka 6.8 6 0.3 6.6 6 0.3
Noum�ea 8.4 6 0.4 8.76 0.4
Wind Stress Curl Dominated—Undetrended, GMSL-Adjusted (1988–2014)
Suva 1.6 6 0.08 1.8 6 0.09
Lautoka 1.4 6 0.07 1.6 6 0.08
Noum�ea 0.3 6 0.02 0.7 6 0.04
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Figure 9 (undetrended). The comparison metrics between the ORAS4
and modeled sea level time series are provided in Tables 3 and 4.

In the detrended experiments, the MLR models show very good
agreement with ORAS4 sea levels. The correlation coefficients
between the two range between 0.89 and 0.92, with the model
explaining 79–85% of the variance in the local sea levels.

The model performance in the undetrended experiments is similar,
with the correlation coefficients ranging between 0.89–0.93, and 80–
86% of the variance being explained by the model. While the correla-
tion coefficients and variances over the detrended and undetrended
series are relatively comparable (Table 3), inclusion of trends (Table 4)
enable a more thorough test of model skill. For Suva and Lautoka, the
modeled trends are very similar (�0.2 mm/yr difference). For Noum�ea,
the difference is more pronounced, at 0.3 mm/yr trend in ORAS4 and
0.7 mm/yr in the modeled time series. The model performance for
Noum�ea is also slightly lower in comparison to the other two sites in
terms of correlation and percentage of variance explained. This is
most likely related to the location of the Noum�ea site (238S) at lower
latitude than the Fiji sites (178S–188S), where the Rossby wave energy
would be slightly lower, corresponding to a lowered approximation of
the thermosteric sea level change.

The Rossby wave model therefore produces an efficient proxy for the
thermosteric sea level changes, showing the importance of the wind
stress curl-driven sea level changes at interannual-to-interdecadal
time scales at Suva, Lautoka, and Noum�ea. The combination of regres-
sors used here can effectively capture regional and island sea level
signals.
4.2.2.3. Stationarity Test
Stationarity tests were performed on each of the wind stress curl dom-
inated MLR experiments. Similar outcomes were observed among the
individual experiments in the detrended and undetrended time series.
For the detrended time series, the performance of the model is only
slightly reduced when it is calibrated over half of the period and
applied to the other, compared to when the model was calibrated
over the full period.

For the undetrended time series, on the other hand, the stationarity
test performance is comparably lower, showing limitation in model
skill in the presence of trends in the predictand. This is expected as
trends over different slices of a period may have significant
differences.

As an example, the stationarity test results on one of the undetrended MLR experiments, the Suva time
series, are shown and discussed here (Figure 10).

In the undetrended MLR experiment for the Suva site, the sea level trend is stronger over the second half of
the period than over the first half (blue line, Figure 10). When the MLR model is calibrated over the second
half of the time series (solid green line) and applied to the first half, the modeled sea level is generally com-
parable to original MLR modeled time series (calibrated over the full period; compare red and dotted green
lines in Figure 10 and Table 5). However, when the MLR model is calibrated over the first half of the time
series (solid magenta line) and applied to the second half, correlation with the predictand and with the orig-
inal MLR modeled sea level is reduced (compare the red and dotted magenta lines in Figure 10 and Table
5). The performance of the MLR model when calibrated over the second half, and then applied to the first
half, is generally better in comparison to when the test is conducted in the direction vice versa, but the
modeled sea level variance is overestimated (Table 5).

Figure 8. Detrended ORAS4 (blue) and wind stress curl dominated MLR mod-
eled sea level (red) time series over the 1988–2014 period for (top) Suva, (mid-
dle) Lautoka, and (bottom) Noum�ea.
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Nonetheless, it is worth noting that even when the stationarity tests
show a reduced performance of the MLR models, the outcomes of the
modeled sea level still show skill. Indeed, the amplitude and phasing
of the signal are still captured to a large extent, with more than 74%
of the ORAS4 sea level variance reproduced. The models are also able
to capture most of the variance over periods they were not calibrated
for. Moreover, as the MLR models are designed to simulate sea level
variability on interannual-to-interdecadal time scales, and lower, an
ideal stationarity test would need to span longer periods for more
robust results.

Results of the stationarity tests for all the other experiments are very
similar, and overall indicate that the MLR models calibrated using past
observations and applied to future projections of sea level still have
potential skill to downscale regional climate model output.

5. Discussion

5.1. MLR Experiments With Tide Gauge Records as Predictands
Similar MLR experiments were conducted using tide gauge sea levels
instead of the ORAS4 sea levels as predictands (supporting informa-
tion Figure S1). Results with the tide gauge sea level as predictands
were very similar to those calibrated with ORAS4 sea levels, although
with an overall slightly lower performance of the models (supporting
information Table S1). The greater skills of MLRs with ORAS4 sea level
as predictands is expected given the overall consistency between the
predictor and predictand data sets (sea level and steric sea levels from
ORAS4; wind components and SST from ERA-Interim, which is used to
force ORAS4 over most of the study period—section 2.4) (Balmaseda
et al., 2013). In addition, (1) site-specific variability, such as those due
to land subsidence/uplift and not related to ocean sea level change
and are unaccounted for here, (2) signatures of extremes such as river
regime changes, flood events on local sea levels, and (3) errors or
missing data, would all be present in tide gauge records, but not in
altimetry or reanalysis data sets. Particularly, the Suva tide gauge
series shows a strong inconsistency with the MLR before January 1985
(supporting information Figure S1; see section 4.1). Moreover, effects
of errors present in wind data sets (Merrifield & Maltrud, 2011) would
not be reflected in the tide gauge record. Except for Suva, the MLR
can reproduce fairly well the tide gauge series based on the predic-
tands over the 1989–2015 period (supporting information Figure S1).

Supporting information Table S4 shows the tide gauge correlation and %variance based on the simplified
model of section 5.2 with the different predictands (using wind stress curl instead of the Rossby model)
with a substantial part of the variance being reproduced.

5.2. An Alternative/Simplified Approximation of the Wind Stress Curl Proxy
The ultimate aim of developing an approach to express local sea level time series as a combination of time
series of several other variables is to be able to derive information on future projections of sea level change
at local scales. Currently, sea level projections are indeed only available at global and regional scales (e.g.,
Church et al., 2013; Slangen et al., 2014). Information on local scales is much needed in the Pacific islands,
where sea level rise threats continue to exacerbate. While a statistical model such as the one used in this
study may be helpful in obtaining useful information for planning purposes, it necessitates a technical
expertise that is not always available to use the Rossby wave model. For a method more accessible to com-
munities, we tested a dominant regressor as leading and remotely located wind stress curl anomalies taken
eastward from the study site over the 1979–2014 period. The lag period for the wind stress curl anomalies

Figure 9. Same as Figure 8, but for undetrended (GMSL-adjusted) ORAS4 (blue)
and MLR modeled (red) sea levels.
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to be manifested in local sea level was approximated as 6 months,
and a proxy box (based on highest correlation with local sea level)
was selected approximately along the same latitude located in the
central/central-eastern Pacific basin, assuming Rossby wave dynamics
are at work. The rest of the predictors—halosteric sea level, zonal and
meridional wind stress, and SST, were selected the same way as
before (section 3.2.2).

Results obtained with this method showed moderately good results:
correlation coefficient of 0.77–0.86, percentage variance explained of
61–74%, and trend differences of 0.1–0.6 mm/yr (supporting informa-
tion Figure S2; Tables S2, S3) which is overall lower than those of MLR
incorporating the Rossby wave model. We have checked that this is
not due to the different time periods used when performing the
experiments, but is indeed due to the method itself (Rossby wave
model versus wind stress curl proxy based predictors). Losses in vari-
ance reflect limitations in the method employed to select the proxy,
such as using a fixed 6 month lag, and only one box to capture the
multi lag, locally and remotely forced propagating Rossby waves and

their signature on sea level. There were also cases where the wind stress curl was not selected as the first
(dominant) regressor in the stepwise function, which reflected especially poor agreement between the
wind stress curl proxy and the thermosteric component.

Although this lagged approximation method is an over simplification of the Rossby wave dynamics, it may
be useful in applications to extract local sea level variation estimate ranges.

6. Perspectives

Our results confirm that sea level variability at the study sites is mainly thermosteric, and demonstrate that
wind stress curl as a proxy for the thermosteric component can represent most of the variance in local sea
levels at Fiji and New Caledonia over the 1988–2014 period. The mass contribution component in the west-
ern Pacific region is relatively small with respect to steric changes (Dieng et al., 2015). The set of regressors
used in the MLR model encapsulate regional sea level variability.

One of the main implications of these results overall is that local effects related to coastal dynamics are rela-
tively small in comparison to large-scale regional drivers. This means that most of the local sea level variabil-
ity at the islands in the western Pacific is determined by large-scale ocean dynamics and global warming,
becoming an important associated result for use with climate models.

Climate models typically have resolutions ranging between 100 and 300 km (Church et al., 2013), which is
too coarse to extract information on the local scale for small islands. They are able to simulate large-scale
modes, which our results have shown drive the majority of the local sea level variability at the islands. By
showing that a larger part of local sea level variance in the islands of the western south Pacific is driven at
scales typically represented in climate models, we can say that the MLR technique demonstrated in this
study can be combined with adjustments for known biases in the tropical Pacific to yield useful information

Figure 10. Stationarity test for wind stress curl dominated MLR model for Suva
over 1988–2014 (undetrended). ORAS4 sea levels are shown by the blue lines,
and modeled sea levels are shown by the red lines. The solid magenta (green)
line shows the MLR model calibrated over the first half (second half) of the
ORAS4 sea level time series, and the dashed magenta (green) line shows the
model applied to second (first) half of the time series.

Table 5
Stationarity Test for Wind Stress Curl Dominated MLR Model for Suva (1988–2014, Undetrended)—Correlation Coefficients
Between the Observed and Modeled Time Series, Plus Variances Explained

Site

MLR first half applied over MLR second half applied over

First half Second half Second half First half

R2 % var. R2 % var. R2 % var. R2 % var.

Suva 0.94 88.7 0.88 74.1 0.90 81.9 0.92 118.9

Note. All values are significant at the 95% confidence interval.
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at local scales through downscaling studies. Furthermore, the mechanistic approach adopted in developing
the MLR model might be more consistent for downscaling climate model simulations than directly using
the local thermosteric components.

However, it must be recognized that climate models have inherent biases in the tropical Pacific region, such
as the double Intertropical Convergence Zone (ITCZ)/zonal South Pacific Convergence zone (SPCZ), and the
westward extension of the equatorial cold tongue (Flato et al., 2013). Simulations of sea surface tempera-
tures and sea level are connected to the representation of dynamical processes and key regional features
such as those described over the water column, and hence have resultant biases as well. Further uncertain-
ties in climate model simulations exist due to limitations in parameterizations of complex or unresolved
physical processes (Church et al., 2013; Flato et al., 2013; Melet et al., 2016b). Thus, these models must be
used with caution for practical planning by island agencies.

Furthermore, the dynamical Rossby MLR model might be more consistent for downscaling climate model
simulations than directly using the local thermosteric components, which may be affected by local biases.

Our MLR technique provides a better understanding of key physical drivers of sea level variability in islands
in the region, and can be applied to other regions, with some adaptation to site-specific dominant drivers/
modes (e.g., Sprintall & R�evelard, 2014; Sterlini et al., 2016). Additionally, vertical land motion affecting local
sea levels would need be taken in account if relevant, as the model regressors considered here do not
include it. Local scale information obtained from such studies will be greatly valuable in developing efficient
risk minimization measures, and planning effective adaptation techniques in areas threated by sea level
rise.
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