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Abstract

In this study, we analysed decadal and long-term steric sea level variations over 1966-2007
period in the Indo-Pacific sector, using an ocean general circulation model forced by reanalysis
winds. The simulated steric sea level compares favourably with sea level from satellite altimetry
and tide gauges at interannual and decadal timescales. The amplitude of decadal sea level
variability (up to ~5 cm standard deviation) is typically nearly half of the interannual variations (up
to ~10 cm) and two to three times larger than long-term sea level variations (up to 2 cm). Zonal
wind stress varies at decadal timescales in the western Pacific and in the southern Indian Ocean,
with coherent signals in ERA-40 (from which the model forcing is derived), NCEP, 20" century
and WASWind products. Contrary to the variability at interannual timescale, for which there is a
tendency of El Nifo and Indian Ocean dipole events to co-occur, decadal wind stress variations are
relatively independent in the two basins. In the Pacific, those wind stress variations drive Ekman
pumping on either side of the equator, and induce low frequency sea level variations in the western
Pacific through planetary wave propagation. The equatorial signal from the western Pacific travels
southward to the west Australian coast through equatorial and coastal wave guides. In the Indian
Ocean, decadal zonal wind stress variations induce sea level fluctuations in the eastern equatorial
Indian Ocean and the Bay of Bengal, through equatorial and coastal wave-guides. Wind stress curl
in the southern Indian Ocean drives decadal variability in the south-western Indian Ocean through
planetary waves. Decadal sea level variations in the south-western Indian Ocean, in the eastern
equatorial Indian Ocean and in the Bay of Bengal are weakly correlated to variability in the Pacific
Ocean. Even though the wind variability is coherent among various wind products at decadal
timescales, they show a large contrast in long-term wind stress changes, suggesting that long-term
sea level changes from forced ocean models need to be interpreted with caution.



1. Introduction

The need to adapt to our time-evolving climate has raised great concern amongst scientists
and policy makers due to the significant socio-economic and environmental consequences of these
changes. Long-term (interannual to multi-decadal) climate variations are driven by a combination
of anthropogenically forced climate change and natural climate variability. A clear understanding of
the natural sea level variability at those timescales is crucial to confidently attribute the long-term
sea level changes found in observations (see Cazenave and Nerem 2004, Bindoff et al. 2007). Even
though the low-frequency sea level variations and the long term sea level trends along the Indian
coast (Shankar and Shetye 1999, Unnikrishnan and Shankar 2007) as well as in the basin scale (Lee
and McPhaden 2008, Cheng et al. 2008, Han et al. 2010) have been previously investigated, the
picture of decadal/multi-decadal variability in the tropical Indo-Pacific region is still far from

precise.

Natural and human-induced sea level trends in the Indo-Pacific region are embedded within
a variety of timescales, ranging from intra-seasonal to multi-decadal. Amongst these different
timescales, the most energetic is by far the seasonal one. This is particularly true in the Indian
Ocean where the alternating northeast/southwest monsoon acts as a strong annual and semi-annual
forcing that drives a basin-scale sea level response involving equatorial and coastal wave dynamics
along the rim of the northern Indian Ocean (McCreary et al. 1993, McCreary et al. 1996). At intra-
seasonal timescales, the Indo-Pacific warm pool region is home to the Madden-Julian Oscillation,
an eastward moving energetic fluctuation of deep atmospheric convection and surface winds in the
30-110 day range (Zhang 2005). These intra-seasonal wind signals drive surface current and sea
level in the equatorial Indo-Pacific wave guide (Han 2005, Sengupta et al. 2007, Cravatte et al.
2003, Lengaigne et al. 2005, Zhang et al. 2009) as well as along the northern coast of the Indian
Ocean (Durand et al. 2009, Vialard et al. 2009, Oliver and Thompson 2010).

A large body of literature investigated the mechanisms responsible for interannual sea level
variations in the Indo-Pacific region. Apart from the great whirl region off the east coast of Africa,
where the variability is largely driven by the chaotic nature of ocean dynamics (Wirth et al. 2002),
two climatic modes dominate the interannual sea level variations in the Indo-Pacific region: the El

Nifio Southern Oscillation (ENSO; McPhaden 2006) and the Indian Ocean Dipole (I0D; Saji et al.



1999, Webster et al. 1999). Figure la illustrates the satellite observed mean sea level during
October 1997-March 1998, a period characterized by the peak of a large El Nifio in the Pacific
(McPhaden 1999) and a strong Indian Ocean Dipole in the Indian Ocean. During an El Nifo,
westerly wind anomalies in the central Pacific force eastward propagating Kelvin waves that
depress the thermocline in the eastern Pacific cold tongue region (Fig. 1a). Those wind anomalies
also force westward propagating Rossby waves that lift the thermocline in the western Pacific (Fig.
la). A large number of observational and modelling studies (Clarke 1991, Clarke and Liu 1993,
Meyers 1996, Masumoto and Meyers 1998, Potemra 2001, Potemra et al. 2002, Wijffels and
Meyers 2004, Cai et al. 2005a, Cai et al. 2005b, Feng et al. 2003, Feng et al. 2005) showed that
these Rossby waves initiate coastally trapped waves at the coast of Papua-New Guinea, which
eventually propagate southward to the north Australian and west Australian coasts (the negative
signals at the northern and western Australian coasts in Fig. 1a). Most of the sea level anomalies in
the Indian Ocean are however linked to the dynamics of the Indian Ocean Dipole in the fall of 1997
(Fig. 1a). IOD-related easterly wind anomalies in the central Indian Ocean indeed force eastward
propagating Kelvin waves, driving sea level interannual variations along the coast of Sumatra and
the Bay of Bengal (Fig. 1a, Clarke and Liu 1994, Llovel et al. 2010, Rao et al. 2010). Finally, both
IOD and ENSO induce Ekman pumping south of the equator in the Central Indian Ocean. This
pumping forces Rossby waves that induce thermocline variations in the Seychelles-Chagos
thermocline dome region (Masumoto and Meyers 1998, Tozuka et al. 2010). IOD events, however,
rather drive sea level variations north of 10°S, while those south of 10°S are mainly forced by

ENSO related wind forcing (Rao and Behara 2005, Yu et al. 2005).

Based on satellite observations of sea level and wind over the 1993-2006 period, Lee and
McPhaden (2008) (hereafter LMOS) revealed a near coherent large-scale decadal variability in
much of the Indo-Pacific sector with a phase change at the end of the 20" century (i.e. opposite
trends during the 1993-2000 and 2000-2006 periods). Trade winds and sea level variations in the
tropical Pacific and in the south Indian Ocean are anti-correlated during this period, implying anti-
correlated variation of the sub-tropical cells in the two oceans. Figure 1b is identical to LMO08 sea
level trend estimate over the 2000-2006 period, and hence provides an estimate of typical decadal
sea level change signals. At decadal timescales, regions of enhanced variability match relatively
well with the regions at interannual timescales, although the amplitude of the signals are about half

(Fig.1b). Multi-decadal variations of sea level and sub-tropical cells have also been observed,



although with a considerably weaker magnitude than their decadal counterpart (Zhang and
McPhaden 2006, McPhaden and Zhang 2002, McPhaden and Zhang 2004). Similar to the
variability at interannual timescales, decadal and multi-decadal sea level variations along the west
Australian coast are coherent with those in the western Pacific, through oceanic tele-connections
along equatorial and coastal wave guides (Feng et al. 2004, Feng et al. 2010). Tropical Pacific
decadal and multi-decadal variability hence bears strong resemblance to interannual ENSO
variations, leading Vimont (2005) to speculate that the oceanic processes at these timescales may be

related to each other.

How much decadal and multi-decadal fluctuations may affect the detection of regional sea
level changes due to anthropogenic climate change remains a debate (Cai et al. 2008, Zhang and
Church 2011). Decadal sea level variability is indeed larger than available estimates of long-term
trends (compare the estimates in Fig. 1b and 1c), and can hence strongly alias estimates of long-
term trends. For example, estimates of trends since the early 1990’s, indicate sea level increase in
the western tropical Pacific (Feng et al. 2010, Carton et al. 2005). This supports the notion of a
strengthening Hadley circulation in recent decades (Mitas and Clement 2005) and appears to partly
contradict observational and modelling results highlighting a weakening of the tropical circulation
in the Pacific in response to global warming at longer timescales (Vecchi et al. 2006, Vecchi and
Soden 2007, Yu and Zwiers 2010, Tokinaga et al. 2012). But trends estimated over a longer period
(1958-2001) show a multi-decadal sea level decrease in the South Pacific (Timmermann and
McGregor 2010), which can be linked to changes in the wind stress curl related to the weakening of
trade winds in the Pacific (Vecchi et al. 2006). In the Indian Ocean, trends over the altimeter period
(Fig. 1c) are strikingly different from estimates over longer periods (1960-1999 in Alory et al.
2007, 1961-2008 for Han et al. 2010), which show that sea level has substantially decreased in the
south tropical Indian Ocean while it has increased elsewhere. Han et al. (2010) attributed this basin-
wide feature to changes in the surface winds partly attributable to rising levels of anthropogenic
greenhouse gases. Alory et al. (2007) and Schwarzkopf and Boning (2011) suggested that the trend
discussed by Timmermann and McGregor (2010) in the Pacific may also be transmitted to the
Indian Ocean by the Indonesian throughflow and hence partly explain the observed sea level

decrease in the south tropical Indian Ocean.



The above studies indicate that there is still a lot of discrepancy in the description of long-
term changes in sea level variations and their causes. A better understanding of the dynamics of
decadal to multi-decadal natural variability is therefore crucial for the attribution of observed long-
term trends in the climate system (Meehl et al. 2009). Only a few studies have so far investigated
the decadal sea level variability in the Indian Ocean, either focusing on the recent satellite period
(LMO8) or on the western Pacific-west Australian coast oceanic connection using tide gauge data
(Feng et al. 2010). In this paper, we aim at describing and understanding the decadal variability of
the Indo-Pacific region over a 42 years period using an ocean general circulation model (OGCM)
validated against available observations. Although our focus will be more on the Indian Ocean, we
consider the entire Indo-Pacific region owing to the known Indo-Pacific connections (Feng et al.
2010) and also discuss interannual variability as a basis of comparison for decadal fluctuations.
Section 2 describes the numerical simulations and the observed datasets used for validation, as well
as the method used to extract the signals at different timescales. Section 3 validates the sea level
variations in our OGCM simulation against satellite and tide gauge datasets. In section 4,
interannual and decadal sea level variations and the related atmospheric forcing and oceanic
mechanisms are described for the entire Indo-Pacific region. We also assess the robustness of the
decadal forcing of the model (largely based on the ERA-40 re-analysis) by comparing it with three
other wind products. In section 5, we briefly describe the long-term steric sea level (1966-2007)
trends in our model, and the corresponding wind forcing trends in three other wind products. A

summary with concluding remarks is provided in the final section.
2. Datasets and methods
2.1 Observational datasets

We used altimeter measurements of sea surface height (SSH) and in-situ measurements of
sea level from tide gauges to validate the model steric sea level variations. The satellite SSH data
combine the joint US-French missions TOPEX/POSEIDON (October 1992 to October 2002) and
JASON-1 or Envisat (October 2002 to present). The data have been processed by CLS Space
Oceanography Division and distributed over weekly intervals on a one-third degree Mercator grid.
The weekly data were converted into monthly-averaged sea level data and those monthly data were

used in the present study.



Since the sea level from altimetry covers only the last two decades, we also used historical
tide gauge data obtained from the Permanent Service for Mean Sea Level (PSMSL - Woodworth
and Player, 2003). As many of the gauge stations in the Indo-Pacific region suffer from large data
gaps, we selected a few tide gauge stations (with shortest gaps in regions of largest decadal
variability). The selected gauge locations, shown as stars on Figure la are 1.Yap B (138E; 9.5N),
2.Honiara II (161E; 9.5S), 3.Fremantle (115.7E; 32S), 4.Langkawi (99.8E; 6.4N), 5.Paradip (86.7E;
20.3N) and 6.Port Louis (57.5E; 20.15S). The representativeness of these local data with respect to

the box-averaged regions will be discussed in Section 3.
2.2 Ocean model experiment

The numerical simulation used in this study is from the DRAKKAR project (Brodeau et al.
2010), and is based on NEMO (Nucleus for European Modelling of the Ocean, formerly known as
OPA) Ocean General Circulation Model (hereafter, OGCM, Madec 2008). The model is based on
the standard primitive equations, uses a free surface formulation (Roullet and Madec 2000) and
computes the density from potential temperature, salinity and pressure using the Jackett and

McDougall (1995) equation of state.

The experiment in this study uses an eddy permitting "4° resolution. The vertical grid has 46
levels with a 6-m spacing at the surface increasing to 250-m in the deep ocean. Bathymetry is
represented with partial steps (Barnier et al. 2006). Vertical mixing is computed from a turbulence
closure scheme based on a prognostic vertical turbulent kinetic equation, which performs well in
the tropics (Blanke and Delecluse 1993). Lateral mixing acts along isopycnal surfaces, with a
Laplacian operator and a constant 200 m’s” isopycnal diffusivity coefficient (Lengaigne et al.
2003). Short-wave fluxes penetrate into the ocean based on a single exponential profile (Paulson

and Simpson 1977) corresponding to oligotrophic water (attenuation depth of 23 m).

The model is forced with the 1958-2004 DFS3 dataset described in detail in Brodeau et al.
(2010). This forcing is essentially based on the corrected ERA-40 re-analysis (Uppala et al. 2005,
and ECMWF operational analyses beyond 2002) for near surface meteorological variables and on
the corrected ISCCP-FD radiation product (Zhang et al. 2004) after 1984. No surface temperature
restoring is used and salinity is restored to climatological values, with a relaxation time scale of 33

days (for a 10 m thick layer). The model simulation is initialized in 1958 with Levitus et al. (1998)



climatology. The model is then run over the 1958-2007period, using the DFS3 forcing. Because this
study aims at investigating interannual to decadal timescales, the beginning of this simulation has to
be discarded (until the model has “forgotten” the initial shock at the beginning of 1958). We did
discard the first 8 years of this simulation (1958-1965) and analysed the output only for the 1966-
2007 period. This choice of discarding the first 8 years can be justified as follows: i) empirical
orthogonal function (EOF) analysis of the steric sea level over the full period (1958-2007) shows a
first EOF whose principal component changes steeply over the first 8 years and then remain quite
flat; ii) the typical first-baroclinic mode planetary wave phase velocity is about 0.05 m.s™ at 30°
latitude (i.e., 12000 km in 8 years), and about 0.1 m.s™ at 20° latitude i.e. 24000 km in 8 years

(Chelton and Schlax 1996) : this leaves enough time for basin-scale adjustment within the tropics.

The OGCM has been extensively validated with various forcing strategies in uncoupled
mode (e.g. Vialard et al. 2001, Cravatte et al. 2007) and in coupled mode (e.g. Lengaigne et al.
2006, Lengaigne and Vecchi 2009). This model accurately simulates equatorial dynamics and basin
wide structures of currents and temperature in the tropics. The particular simulation analysed in this
paper also reproduces observed equatorial currents and interannual variations of the heat content in
the tropical Pacific (Lengaigne et al. 2012) and mixed layer depth in the Indian Ocean (Keerthi et
al. 2012) accurately.

2.3 Surface wind products

Estimates of long term variations from re-analyses (such as the ERA-40 reanalysis, on which
the model forcing is based) are subject to spurious variations caused by changes in the observing
system, or measurement methods (e.g. the effect of anemometer height discussed in Tokinaga and
Xie 2011). To assess the robustness of the model wind forcing, we compared the decadal variability
with other wind datasets covering the entire 1958-2007 period, namely the NCEP and 20th Century
re-analyses and the WASWind dataset. The NCEP/NCAR reanalysis uses a state-of-the-art
analysis/forecast system to perform data assimilation using past data from 1948 to the present, with
an original ~ 1.9° resolution (Kalnay et al. 1996). The 20™ century reanalysis project (Compo et al.
2010) is an effort to produce a reanalysis dataset spanning the entire twentieth century, assimilating
surface pressure and sea level observations from the International Surface Pressure Databank

station component version 2 (Yin et al. 2008), International Comprehensive Ocean-Atmosphere



Data Set (ICOADS, Woodruff et al. 2009) and from the International Best Track Archive for
Climatic Stewardship (IBTrACS, Knapp et al. 2010) in every six hours. This dataset offers 6-hourly
wind data from 1870 to 2008. Finally, we also used a new surface wind dataset from the wind speed
and wind wave-height ship observations archived in the ICOADS database. This Wave and
Anemometer-based Sea surface Wind (WASWind; Tokinaga and Xie 2011) dataset is corrected for
spurious upward trend due to increases in anemometer height and provides wind velocity and scalar
speed at monthly resolution on a 4° x 4° longitude—latitude grid from 1950 to 2008. All these

datasets were interpolated onto the regular 2.5°x2.5° NCEP grid to ease comparison.
2.4 Methods

Changes in temperature and salinity in a water column result in changes in vertical height of
the column, referred to as 'steric' sea level variations (Pattullo et al, 1955). Changes caused by
temperature and salinity variations are respectively referred as the thermosteric and halosteric sea
level anomalies (hereafter TSLA and HSLA). The sum of TSLA and HSLA is the total steric sea
level anomaly (SSLA). SSLA variations have been computed for the upper thousand meter layer of

the Indo-Pacific ocean from the model temperature and salinity fields as follows :

1000 1000
1 ov 1 odv

z=0 z=0

(see Antonov et al. 2002) in which v is specific volume, z is depth and AT and AS are the
temperature and salinity anomalies computed by subtracting the mean temperature and salinity field
for the entire period from the raw values at each standard depth. Specific volume v has been
computed at each standard depth level as a function of monthly mean temperature and salinity
fields and pressure using the 1980 equation of state for sea water (UNESCO 1981; Millero and
Poisson 1981).

Because of the Boussinesq approximation, the model global average sea level does not
account for a sea level rise due to a net thermal (or haline) expansion/contraction (Greatbatch
1994), i.e. the global average ocean mass can vary under the effect of a surface buoyancy flux
imbalance, but not the global average sea /evel. We hence use steric sea level variations, rather than

the sea level in the free-surface NEMO simulation in our analyses because: 1) it can account for a



basin-average sea level increase due to a uniform buoyancy flux and ii) it does not include the long-
term sea level drift caused by unbalanced freshwater (evaporation minus precipitation and runoff)
over the global ocean in the forcing dataset. Since the changes in steric sea level are an important
contribution to local changes in sea level on seasonal and climatic time scales (Pattullo et. al 1955,
Church et. al 1991, Gregory 1993), it is reasonable to assume that the steric sea level variations

discussed in this study are more or less equivalent to the actual sea level variations.

The interannual and decadal signals of the monthly SSLA data were extracted using the
STL (Seasonal-Trend decomposition procedure based on Loess) filtering method (Cleveland et al.
1990). STL is a robust iterative non-parametric regression procedure using loess smoother, which
allows decomposing a time series into long-term, seasonal and remainder components. As for all
non-parametric regression methods, STL requires subjective selection of a smoothing parameter to
define the lowest frequency component. We chose a 7-year threshold to extract long-term (decadal)
component in the steric sea level data. Results from this procedure are illustrated on figure 2 for
SSLA variations in the northwest Pacific. The STL method successfully extracts the seasonal
variations (Fig. 2b) as well as the long-term evolution (Fig. 2d) accounting for SSLA variations
with timescales larger than 7 years. The remainder (Fig. 2c) is the residual of the full field once the
seasonal and long-term components subtracted and will be referred to as interannual sea level in the
following sections. Sensitivity tests using cut-off period ranging from 4 to 8 years were performed
for the extraction of long-term component and we found that the main results and conclusions of
this study were not altered. This method was applied both to the steric field and to the various wind

products described above to extract signals in decadal timescales.

In sections 3 and 4 of this paper, we will focus on decadal sea level and wind forcing
variations (and interannual variations, for comparison purposes). We will briefly discuss multi-
decadal variability in the model outputs and several forcing products in section 5. We define
interannual variations as the residual after applying the STL procedure (i.e. monthly anomalies
with respect to the seasonal cycle, with time scales less than 7 years). We isolate multi-decadal
variability, either linked to anthropogenic or natural climate variations, from the linear trends of the
STL-derived long-term component over the 1966-2007 period (see Fig. 2d for an example). We
obtain the decadal variability as the difference between the STL derived long-term component and

this linear trend (Fig. 2d).



3. Observed and modelled variability in key regions

The ocean model experiment discussed in this paper reproduced interannual variability in
the Pacific (Lengaigne et al. 2012) and Indian Oceans (Keerthi et al. 2012) accurately. It is more
difficult to validate decadal variability, for which suitable long records are rare. Figure 3 shows
regions of strong interannual, decadal and multi-decadal SSLA variations. Figure 3 will be further
discussed in section 4, but is mentioned here in order to define regions of strong variations for
which the model to be validated. We define six regions of relative maxima in decadal SSLA
variations, which also display clear variations at interannual timescales: the Northwest Pacific
(NWP - 120E:200E, 5N:20N), West Australian Coast (WAC - 105E:125E, 15S:30S), Southwest
Pacific (SWP - 150E:200E, 5S:20S), Eastern Equatorial Indian Ocean (EEIO - 90E:110E, 2N:128S),
Bay of Bengal (BoB - 80E:100E, 10N:22N) and the Southwest Indian Ocean (SWIO - 40E:80E,
5S:20S). We also selected one tide-gauge time series record, within each of these regions. The
representativeness of the location of tide gauges with respect to the large-scale region (shown by
boxes in Fig. 1) is illustrated in Table 1, which displays the correlation between the box-averaged
model steric sea level and the steric sea level at the corresponding tide gauge location, at
interannual and decadal timescales. In the western Pacific (NWP, SWP), in the eastern equatorial
Indian Ocean (EEIO) and along the west Australian coast (WAC), the selected tide gauges are very
representative of the whole region at both interannual and decadal timescales (correlation ranging
from 0.79 to 0.96). The Paradip tide gauge is less representative of the entire Bay of Bengal with
correlations of ~0.65 at both timescales. Finally, the interannual sea level evolution at the tide
gauge of Port Louis is not representative of the interannual evolution in the SWIO box (r=0.33),

while it is more representative at decadal timescales (r=0.56).

The ability of the model to simulate the sea level evolution in the selected regions is
illustrated in Figure 4, which compares the evolution of the model SSLA anomalies (green curves)
with regionally-averaged altimeter data (red curves, left panel) and selected tide gauge data (blue
curves, right panel). Interannual and decadal variations from model outputs compare both
remarkably well with satellite and tide gauge estimates in the NWP, SWP and WAC (correlations
ranging from 0.71 to 0.95). The model SSLA evolution at decadal timescales in the NWP and WAC
also agrees well with the Feng et al. (2010) observational analysis using tide gauge data (their Fig.

3). In the EEIO, the model compares well with the satellite estimates, with a correlation of above



0.85. Model and tide gauge data also display a very good agreement at Langkawi in the eastern
Indian Ocean and a reasonably good match at Paradip station along the western Bay of Bengal. At
Port Louis, on the southern border of the SWIO region, the IOD influence is rather weak (see Fig.
la and Table 1), and the model does not capture interannual sea level variations properly. On the

other hand, the decadal evolution is similar to the tide gauge data from the mid-80’s onward.

Apart from an accurate model evolution over the periods where observations are available,
Figure 4 also reveals evident connections between sea level variability in several regions at both
interannual and decadal timescales. The strength of the relationship between sea level evolution in
various regions or at various tide gauge locations for both model and observations is provided in
Table 2, while Table 3 allows to discuss the oceanic tele-connections inferred from the model SSLA
at interannual and decadal timescales. Sea level variations in NWP and WAC display a very similar
evolution (Fig. 4), with correlation between 0.6 and 0.8 at the tide gauge location and regionally,
the NWP signal leading the WAC signal by 0-4 months (Table 2). This strong relationship holds
good for both interannual (r=0.79) and decadal (r=0.64) timescales. At interannual timescales, there
are indeed relative minima during El Nifio events (e.g. in 1972, 1982, 1987, 1997) and relative
maxima during La Nifia events (e.g. in 1975, 1984, 1988, 1999)1 for both locations. The NWP and
WAC regions also display a comparable decadal evolution (black curves), with a maximum in the
mid-1970’s, mid-1980°s and around 2000 and a minimum in the 1960’s, in the early 1980’s, in the
early 1990’s and in the mid-2000’s in both regions.

Regionally averaged sea level signals in SWP and NWP also display a good agreement
between the model SSLA and satellite estimates, with a correlation around 0.6. The agreement is
weaker at tide gauge locations, where correlation of about 0.5 for both datasets (Table 2) is found.
As illustrated in Table 3, this co-variability between NWP and SWP holds true for both interannual
and decadal variations. At interannual timescales, both locations display relative minima during El
Nino events and relative maxima during La Nifia, the SWP lagging the NWP signal by 6 months
(Table 2 and Table 3). This co-variability is even slightly stronger for decadal timescales (1=0.71)

compared to interannual timescales (r=0.63).

1. ENSO and IOD years are taken from Ummenhoefer et al. (2009)



The EEIO exhibits very clear signatures of IOD events at interannual timescales with
negative SSLA anomalies during positive IOD events (e.g. in 1982, 1994, 1997, 2007) and positive
SSLA anomalies during negative IOD events (e.g. in 1985, 1988/89, 1996). Most of these extrema
are also present in the Bay of Bengal (BoB), which displays a very similar evolution to the EEIO,
with correlations above 0.8 (with no lag) for both model and observations (Table 2). At decadal
timescales, variations in the BoB agree well with variations in the EEIO (r=0.85; Table 3) with an
increase from the late 60’s until the early 80’s, a minimum in the mid-90’s and a maximum in the

early 2000’s (Figs. 4g, 41).

The steric sea level evolution averaged over the boxes shown in Figure 1 indicates that
variations in the SWIO region are significantly anti-correlated with those in the EEIO and NWP,
with correlation below -0.7 (Table 2). The relationship between the variability in the SWIO and
EEIO/NWP regions is evident at interannual timescales, with positive IOD events associated with
positive sea level anomalies in SWIO and negative in EEIO (e.g. in 1994 and 1997). When
considering tide gauge locations, this anti-correlation is considerably weaker, (correlation ~ -0.35)
for both model and observations. This mismatch between the results for box averages and tide
gauge locations can be understood as follows: The IOD signal is rather weak at Port Louis station,
which is located at the very southern border of the SWIO box (Fig. 1a and Table 1). Sea level signal
at Port Louis is dominated to a large extent by decadal variations (in contrast to the box average): at
this timescale, the SWIO stands out as partly independent from other regions (last two lines of
Table 3): while SWIO and EEIO exhibit opposite decadal evolution during the last 10 years of the

simulation, there is no obvious relationship during the early part of the simulation (Figs. 4g and 4k).

Finally, the long-term linear trends computed from the simulated SSLA and observed sea
level at tide gauge locations are given in Table 4. This Table first illustrates that for the six regions,
the model displays a long-term trend of the same sign as the considered tide gauge, with a sea level
rise at all stations in the Indian Ocean (Fremantle, Langkawi, Paradip and Port Louis) and a
decrease in the western Pacific (Yap B and Honiara). While the model reasonably captures the
amplitude of the observed long-term trend at Honiara, Langkawi, Paradip and Port Louis, the model
SSLA trend is larger than the tide gauge trend at Yap B and weaker at Fremantle. When the SSLA
trend is calculated over the entire model period (values in bracket), its value varies considerably,

even changing in sign at Yap B and becoming negligible at Port Louis and Honiara. This illustrates



the strong sensitivity of the sea level trend to the considered period, which can partly be attributed

to the aliasing by the interannual and decadal variability, further illustrated in section 5.

To summarize, the above results demonstrate that the model captures interannual and
decadal sea level variations reasonably well, over periods where observational estimates from
satellite and tide gauge data are available. In addition, our analysis suggests that interannual and
decadal variations in both model and observations are very similar between the WAC, NWP and
SWP regions and between the EEIO and BoB while the SWIO region stands out as partly
independent from other regions of the Indo-Pacific sector at decadal timescales. In the following,
we therefore use the modelled SSLA with some confidence to infer the interannual and decadal sea
level variability at the basin scale over the 1966-2007 period and investigate the main processes

responsible for these changes.
4. Decadal sea level variations and related mechanisms
4.1 Overall description

Figure 3a-b shows the standard deviation of the model SSLA for both interannual and
decadal timescales. Regions of maximum decadal variability are also home to strong interannual
fluctuations in the western Pacific and the Indian Ocean (NWP, SWP, SWIO, EEIO, WAC and
BOB). This may indicate some relationship between the variability at these two time scales, even
though the amplitudes at decadal timescales are nearly half than those in interannual variations in
NWP, SWP and WAC and half to one-third in EEIO, BoB and SWIO. It is to be noted, however,
that while interannual variability displays a clear maximum in the eastern equatorial Pacific,
explained by Kelvin wave response to interannual wind anomalies, no such maximum appears at
decadal timescales. The coherent pattern of long-term variability diagnosed in the model for the
SWIO (Fig. 3c) has been discussed by Han et al. (2010), who suggested that it is due to more
intense Walker and Hadley circulation in the Indian Ocean, partly attributable to rising levels of
atmospheric greenhouse gases. Figure 3, however, illustrates that this long-term trend has
considerably weaker amplitude in most of the Indo-Pacific sector as compared to both interannual
and decadal variations, ranging from a bit less than twice weaker than decadal variations in the BoB

and SWIO to more than three times weaker in the western Pacific.



As revealed by Figure 5, decadal SSLA variations are almost entirely driven by thermosteric
variations, with halosteric variations playing a significant role in only a few regions (e.g. western
Indonesian seas and north of Australia), where amplitude of decadal signals are weak (Fig. 5b). A
similar conclusion can be drawn for interannual timescales (not shown). Interannual and decadal
variations discussed in the following sections are hence essentially associated with the temperature

changes in the upper thousand meters layer over the Indo-Pacific ocean.
4.2 Basin-scale pattern of sea level variations

The large-scale interannual and decadal SSLA variations in the Indo-Pacific region were
inferred using an empirical orthogonal function (EOF) analysis. The first two EOF modes as well
as the corresponding principal components for both interannual and decadal timescales are
displayed in Figure 6. These two modes represents more than 60% of the total variance at decadal
timescales. The regression coefficients of the zonal and meridional wind stress to the normalized

PC of each EOF have also been overlaid in each panel.

At interannual timescales, the first two modes respectively explain 41% and 16% of the total
variance, with each of the higher modes represent less than 5%. These EOF modes for interannual
timescales agree well with a similar analysis performed on the D20 of the BMRC reanalysis in the
tropical Pacific by Meinen and McPhaden (2000) over the 1980-1999 period (their Fig. 3). The first
mode (Fig. 6a) represents an east-west tilting mode in the tropical Pacific, typical of the mature
phase of La Nifia events with an anomalously shallow thermocline in the east, deep thermocline in
the west and related easterly wind anomalies at the equator (Harrison and Larkin 1998). Minima of
EOF]1 time series (Fig. 6b) are indeed observed during the largest El Nifio events during the past 50
years (1972, 1982, 1986 and 1997). As IOD events tend to co-occur with ENSO events, EOF1 also
displays typical features of negative IOD events (Saji et al. 1999, Webster et al. 1999), i.e. positive
SSLA in the eastern Indian Ocean along the coast of Java and Sumatra, and negative SSLA in the
southwest Indian Ocean (Fig. 6a). IOD-related wind anomalies generate equatorial Kelvin waves,
that further propagate northward as coastal Kelvin waves as they reach Java, explaining the in-
phase SSLA variations along the western rim of the Bay of Bengal, in agreement with observations

(Rao et al. 2010). Finally, the positive signal that appears along the western coast of Australia is



related to the variability in the western Pacific through coastal wave propagation in the Indonesian

region (e.g. Clarke 1991, Wijffels and Meyers 2004, Feng et al. 2003).

The second interannual mode (Fig. 6¢) involves a north-south tilting along an axis centred
near 5°N, with a maximum of variability in the southwest Pacific. This second mode represents the
recharge-discharge mode of warm waters in the equatorial region, described by Jin (1997). The
equatorial recharge indeed leads the east-west tilting of the thermocline associated with El Nifio
events by about 8 months in the model (Fig. 6d vs Fig. 6b), consistent with theory and lag
correlations between NWP and SWP shown in Table 3. This second mode is associated with weaker
SSLA and negligible wind signals in the Indian Ocean. The combination of the first two EOFs in
the southern tropical Indian Ocean (strongly correlated at a lag of 8 months) also describes

westward propagation of Rossby waves during and after IOD events.

The picture is somewhat different at decadal timescales (Fig. 6e-h). The first two modes
explain 47% and 15% of total variance respectively. In contrast to interannual timescales, there is
less difference in the variance explained between the second and third mode that explains 11% of
the total signal. In the tropical Pacific, the first mode (Fig. 6¢) is similar to the typical SLA pattern
describing decadal variations of the subtropical cells (see Fig. 1 of LMO0S8). The wind pattern of
Figure 6e indeed induces a typical Kelvin upwelling—Rossby downwelling response. The
geostrophic flow associated to these waves results in an increase of equatorward convergence of
pycnocline waters, i.e. a strengthening of the lower branch of the Pacific sub-tropical cells since the
early 1990s (Fig. 6f, LMO08) and a weakening before (Fig. 6f, McPhaden and Zhang 2002). This
pattern is related to a sea level rise along the west Australian coast, consistent with the decadal
variability in this region being forced remotely by winds in the tropical Pacific and transmitted via
the Indonesian Archipelago (Feng et al. 2010), as for interannual timescales. Interestingly, this first
mode is neither related to SSLA anomalies nor to any wind signals anywhere else in the Indian
Ocean. These results are in apparent contradiction with LMO08, who revealed a near-coherent large-
scale decadal variability in much of the Indo-Pacific region, with anti-correlated trade winds, SLA
and sub-tropical cells variability at decadal timescales in the two oceans. This will be further

discussed in the following section.



The second mode (Fig. 6g) displays smaller scale patterns as compared to the first mode. This
mode shows decadal variations in the far western Pacific in the Mindanao dome region (Kashino et
al. 2009), varying in phase with the west Australian and Indonesian coast. Opposite signals are
found in the SWIO region. In contrast to the first mode, this Indo-Pacific SSLA pattern is
associated with wind anomalies in both the Indian and Pacific Ocean, reminiscent of decadal
modulation of the Walker circulation intensity: easterlies in the far western Pacific, and westerlies
in the eastern equatorial and south tropical Indian Ocean. Depending on the period considered, the
temporal evolution of the first two EOFs for decadal timescales can either vary in phase (as during
the late 1990’s where they both show a decrease), or vary in phase opposition (like at the end of the
period).

4.3 Mechanisms of regional decadal variability

In this section, we discuss the possible driving mechanisms of decadal SSLA in each region.
We chose not to present the same analysis for interannual variability, because it shows well-known
ENSO and IOD patterns (and inter-basin connection between the western Pacific and WAC), which
have been discussed in the previous section and elsewhere in literature (e.g. Landerer et al. 2008,

Wijftels and Meyers 2004).

It suits to have a brief discussion on the expected dynamics at decadal timescales. Some of
the concepts necessary to understand the response of an ocean basin to wind stress are laid-out in a
seminal paper by Anderson and Gill (1975). This paper demonstrates that the typical adjustment
time to attain the Sverdrup (1947) balance at any given point is the time it takes for planetary wave
to reach this point from the boundary (or forcing region, in the case of non-uniform wind stress).
Here, we focus on decadal sea level variations, i.e. variations with typical timescales longer than 7
years and focus on the tropical region (i.e. equatorward of 20° of latitude). A first baroclinic Rossby
wave travels at ~0.07 ms™ at 20° of latitude (and faster equatorward). In 7 years, such waves will
travel more than 15000 km, leaving enough time to cross the entire Pacific or Indian ocean, in the
whole tropics. At decadal timescales, we can hence consider that waves travel almost instantly: this
is what being referred to as the “fast wave limit” in some studies (e.g. Neelin, 1991). The Sverdrup
balance can be rewritten to link the zonal sea level gradient with the curl of the wind stress away

from the equator and with the zonal wind stress at the equator. In the 'fast wave limit', we hence



expect decadal sea level variations to be the result of upstream (i.e. to the east) wind stress curl
variations away from the equator. At the equator, decadal sea level variations should be linked to
zonally-averaged wind stress. Some regions, like the Bay of Bengal, are connected to the equatorial
strip by a coastal waveguide (e.g. McCreary et al. 1996), and can also be influenced upstream by

average equatorial zonal wind stresses in the Indian Ocean.

SSLA in NWP largely co-varies with SWP at decadal timescales, with a 0.71 correlation
(Table 3). Decadal variations in the western tropical Pacific (NWP and SWP) are both strongly
related to variations in equatorial easterlies (Figs. 7a and 7e). These SSLA patterns and associated
wind structures are similar to those of the first EOF of Indo-Pacific decadal variations displayed in
Figure 6e, with rather weak wind signals in the Indian Ocean. These SSLA changes in the Pacific
Ocean can easily be explained by upstream (i.e. to the east) wind changes. The northern flank of the
equatorial easterly wind perturbation (Fig.7a) is associated with negative wind stress curl (i.e.
downwelling in the northern hemisphere; red box on Fig. 7b), east of the maximum SSLA
perturbation in NWP. This is hence coherent with wind-driven downwelling, and westward
propagation of SSLA through planetary waves. The same mechanism accounts for SSLA variations
in the SWP, as the result of positive wind stress curl (downwelling in the southern hemisphere) on
the southern flank of the easterly wind perturbation (Fig.7e). Both NWP and SWP decadal SSLA
variations are strongly correlated with wind stress curl variations to the east (r=-0.91 and 0.89

respectively; see Fig. 7), thus confirming qualitatively the Sverdrup balance at decadal timescales.

As indicated on Table 3, decadal SSLA along the WAC is correlated to decadal SSLA
variations in the NWP (r=0.64) and displays an even stronger correlation (r=0.89) with SSLA
within the Mindanao Dome region in the western equatorial Pacific (5°N-5°S; 120°E-160°E). WAC
SSLAs are associated with a westerly wind signal in the eastern Indian Ocean and easterly wind
signals in the western Pacific (Fig. 7a and 7c¢). The local wind signal in the Indian Ocean can
however not explain the SSLA variations off the WAC, because this negative wind stress curl
indeed induces upwelling in the southern Indian Ocean, and would hence drive a negative SSLA. In
addition, the wind pattern is located westward of the maximum SSLA perturbation, which is not
consistent with the westward propagation of SSLA signals by planetary waves. The signal at the
WAC is hence linked to the upstream influence of the western Pacific through the Indonesian

throughflow at decadal timescales (e.g. Feng et al. 2004, 2010). The dynamical arguments above



suggest that those changes should be balanced by zonal wind stress changes in the equatorial
Pacific. The 0.8 correlation between the SSLA in the WAC and zonal wind stress to the west of the
dateline in the equatorial Pacific (not shown) further supports this hypothesis. Local wind
variations in the Indian ocean may however contribute to limit the westward expansion of
remotely-driven decadal sea level variations at the WAC, as they will tend to counteract the Rossby

wave signals radiated from the WAC region.

With the exception of WAC and BoB all other decadal signals in the Indian Ocean can
directly be related to regional wind perturbations. EEIO and BoB decadal SSLA strongly co-vary
(r=0.86; Table 3) and are both strongly related to zonal wind variations over the central and eastern
equatorial Indian Ocean (Figs. 7g and 7i). Equatorial westerly wind stress anomalies indeed
generate downwelling Kelvin waves, which induce SSLA variations in the eastern equatorial Indian
Ocean, and then propagate into the Bay of Bengal as coastal Kelvin waves, as observed at intra-
seasonal (Vialard et al. 2009), seasonal (McCreary et al. 1996) and interannual (Rao et al. 2010)
timescales. The strong correlation between the wind variations in the equatorial Indian Ocean and
SSLA variations in the EEIO and BoB (r=0.89 and 0.62 respectively) further support this
hypothesis. Decadal variability in this region is not strongly related to variations in the western

Pacific, with correlations between EEIO and NWP weaker than 0.5 at decadal timescales (Table 3).

Finally, in contrast to the variability at interannual timescales, SWIO SSLA variability stands
out as largely independent from the north west Pacific variations (r=0.08; Table 3) and to a lesser
extent from the variations in other regions in the Indian Ocean, such as the EEIO (r=-0.42; Table 3).
SSLA decadal variations in the SWIO are highly correlated (r=0.91) with wind stress curl further
east (Fig. 71), hence suggesting a similar mechanism (wind stress curl forcing in the fast-wave
limit) as in the NWP and SWP. In the model, the wind stress curl in the south Indian Ocean (SIO) is
weakly (~0.23, Table 5) correlated with Pacific equatorial decadal zonal wind stresses, hence
explaining the weak connection between the SWIO and the western Pacific (r=0.08, Table 3). The
wind stress curl in the SIO is more related to EIO zonal wind stress anomalies but not entirely (r=-
0.62). This is probably due to the fact that wind stress curl in the southern Indian Ocean is not only
influenced by equatorial wind stress, but probably also by wind variations further south. This
influence of extra-equatorial wind stress is hence explaining the relatively loose connection (r=-

0.42, Table 3) between the SWIO and EEIO SSLA variability at decadal timescales.



4.4 Robustness of the decadal wind forcing

The results discussed so far have been obtained from the OGCM forced with ERA-40
derived wind stress. So, these results may however be highly dependent on the forcing wind
product, as decadal wind variability may not be well constrained before the satellite era due to the
scarcity of in-situ near surface wind observations. Hence, we analysed decadal wind variability in
the NCEP, 20™ century re-analyses and WASWind datasets over the model forcing period (1958-

2007) to assess the robustness of the model results.

We first performed an EOF analysis to extract the main mode of wind decadal variability
depicted by each dataset. The first EOF mode displays similar patterns in each of the products (Fig.
8). It explains between 32% (WASWind dataset) and 44% (20" Century Reanalysis) of the total
variance and exhibits strong easterly wind anomalies in the central Pacific for all products. This
wind pattern is reminiscent of the wind variations associated with model decadal SSLA in the NWP
and SWP (Fig. 8a and 6e, whose associated principal components are correlated at 0.92). Despite
this broad agreement in the Pacific, there is more discrepancy in the Indian Ocean. In the 20™
century reanalysis, south-easterly anomalies in the south-western Indian Ocean co-vary with the
equatorial Pacific wind signal. This signal is considerably weaker in the three other datasets. The
second mode of decadal wind variability also displays some similarities between the different
datasets and explains between 13% (WASWind) and 17% (20th Century Reanalysis) of the total
variance (right panel of Fig. 8). It consists of south-easterly wind anomalies in the south-eastern
Indian Ocean combined with westerly wind anomalies in the far western Pacific. Although there are
regional discrepancies, this simple EOF analysis reveals that the spatial structure of the decadal
variability in the tropical Indo-Pacific region is relatively consistent amongst the different products

analysed.

Mechanisms of decadal SSLA variability outlined in Section 4 stress the importance of wind
variations in three key regions of the tropical Indo-Pacific sector. Zonal wind variations in the
equatorial western Pacific largely drive decadal SSLA in the western Pacific and along the WAC.
Zonal wind variations in the equatorial Indian Ocean drive decadal SSLA in the eastern equatorial
Indian Ocean and the Bay of Bengal. Wind stress curl variations in the south Indian Ocean drive

SSLA in the south-western Indian Ocean. Decadal wind variations in these three regions are



displayed in Fig. 9, for the four datasets (model forcing, NCEP, 20" Century, WASWind). The four
datasets show very coherent decadal zonal wind variations in the equatorial Pacific region (Fig. 9a),
with local maxima in the early-70’s, early-80’s and early-90’s and around 2004. Model wind
variations have correlations with other products ranging from 0.64 (WASWind) to 0.80 (NCEP).
Similarly, all wind datasets display very coherent decadal zonal wind fluctuations in the equatorial
Indian Ocean (Fig. 9b), with local maxima in the mid-70’s, mid-80’s and around 2000 and
correlation between the model forcing and other products ranging from 0.74 (20th century
reanalysis) to 0.89 (WASWind). The various datasets display as well coherent decadal wind stress
curl variations in the South Indian Ocean, with local maxima in the early 60’s, late 70’s, early 90’s
and at the end of the record in all datasets. The model wind stress curl displays good correlations
with other datasets (from 0.75 for WASWind to 0.81 for NCEP). In addition, the relationships
between the three different regions are quite consistent when comparing the different datasets, with
weak correlations between the wind variability in the Pacific and the Indian Ocean and strong
negative correlations in Indian Ocean between fluctuations of equatorial winds and wind curl in the
south (Table 5). In the Indian Ocean, decadal zonal wind variations at the equator and decadal wind
stress curl variations in the Southern hemisphere are moderately anti-correlated (~r=-0.6), while
these two regions display very weak correlations with zonal wind variability in the equatorial

Pacific region.
5. Long-term trends in the Indo-Pacific Ocean
5.1 Basin-scale pattern of long-term steric sea level trend

SSLA trends in the Indian Ocean in Figure 10a are similar to those from Timmerman et al.
(2010) analysis using the SODA ocean re-analysis. They are also similar to the modelling results
from Han et al. (2010) and Timmermann et al. (2010). This is somewhat normal considering the
fact that these studies also used ERA-40 to force their ocean models, as we did. SSLA has
decreased substantially in the southwest Indian Ocean whereas it has increased elsewhere in the
Indian Ocean (Fig. 10a). This decrease is also evident from Figure 4k. This pattern is likely to be
driven by surface wind changes. The trend of surface-wind stress pattern shows an enhanced
convergence around 15°S owing to the anomalous north-westerly winds from the equator (Fig.

10b). These wind changes result in a large negative wind stress curl anomaly around 10°S in the



Indian Ocean, dynamically consistent with the SSLA decrease observed in the South-western

Indian Ocean region.

In the Pacific, zonally oriented bands of alternating sign SSLAs characterize the long term
SSLA trend. This SSLA trend is also dynamically consistent with the linear trend in wind stress,
being qualitatively consistent with the alternating bands of positive and negative curl and associated
Ekman convergence/divergence. The SSLA trend in the Pacific Ocean does not agree as well with
the results of Timmerman et al. (2010) as in the case of the Indian Ocean. There is a very broad
agreement, but exhibits strong differences along two bands at 10°S and 15°N. We will discuss

possible sources of those differences in the following section.
5.2 Robustness of the wind forcing trends

In this section, we assess the robustness of the model SSLA long-term trends in the Pacific and
Indian oceans by evaluating the sensitivity of the wind forcing trend estimate to various wind

products (model forcing, WASWind, NCEP, 20" century) and to the trend estimation period.

Figure 11 shows regional long-term trends in the four wind datasets. While wind stress decadal
variations are rather consistent (section 4.4), it is not the case for the long-term linear trends. While
the model forcing exhibits a significant negative Ekman pumping signal in the southern Indian
Ocean between 30°S and 10°S, trends are very different in the other datasets. The 20" century
reanalysis displays a positive Ekman pumping anomaly south of 10°S and a negative Ekman
pumping anomaly further north (with a minimum around 5°S). NCEP displays a positive Ekman
pumping anomaly north of 20°S. When averaging between 20°S and 5°S (where largest SSLA
trends are found in the south-western Indian Ocean, Fig. 10a), it appears that the model dataset is
showing a significant negative trend (consistent with the SSLA decrease in this region), while
NCEP is showing a positive curl trend and the two other datasets showing no significant trends.
Similarly, Indian Ocean equatorial zonal wind stress linear trends largely differ in the various
datasets (Fig. 11b): the model displays a significant positive zonal wind stress trend all over the
equatorial region, WASWind exhibits a negative trend while NCEP and 20" century reanalysis
show latitude bands where trend is alternatively positive and negative. When averaged within the
equatorial waveguide, results also strongly vary depending on the wind product considered: the

model displays a positive trend, while other products display weak or insignificant changes. Wind



products exhibit similar trend discrepancies in the Pacific, with opposite signs for the averaged
trends of north Pacific wind stress curl (Fig. 11c¢) and equatorial Pacific zonal wind stress (Fig.
11d). The only region where the trend is reasonably consistent amongst the datasets is the South
Pacific where three of the products display a negative trend, consistent with the SSLA decrease

discussed in Timmermann et al. (2010).

Trend estimation is not only sensitive to the dataset used but also to the period considered to
estimate the trends. Figure 12 provides the average wind stress curl trend estimate in the South
Indian Ocean and South Pacific as a function of the starting date (with the trend computation period
varying from 1958-2007 to 1978-2007). In the South Indian Ocean (Fig. 12a), while NCEP and the
model forcing exhibit a consistent wind stress curl trend for the range of periods considered
(positive for NCEP, negative for the model), trends estimation for WASWind product and the 20"
century reanalysis vary depending on the estimation period, being either negative if the starting date
to calculate the trend is chosen before 1966 or insignificant or positive if the starting date is chosen
after 1966. Results are more coherent for the South Pacific where three datasets (model forcing,
20" century and NCEP reanalysis) show a consistent negative wind stress curl if the starting date to
calculate the trend is chosen before 1974 while the WASWind trend generally remains insignificant.
We obtain similar discrepancies amongst products by also varying the end-date, or by changing the
box definition (not shown). This indicates that long-term trends are not as consistent as decadal

variations of the wind stresses by current re-analysis products.
6. Conclusion
6.1 Summary

In this study, we investigate decadal steric sea level variations and long-term trends in the
Indo-Pacific sector using results from an OGCM simulation over the 1966-2007 period. The
simulation compares favourably with sea level from satellite altimetry (after 1993) and available
tide gauges in the Indo-Pacific region. The largest decadal variations occur in the Northwest and
Southwest Pacific, along the coast of Java and Sumatra, in the Bay of Bengal, along the West
Australian coast and south-western Indian ocean. In these regions, interannual variations (up to 10
cm standard deviation in the western Pacific) are two to three times larger than the decadal ones (up

to Scm in the western Pacific), while the linear trend over the full record is about two to three times



smaller than decadal variations (up to 2cm in the northwest Pacific and south-western Indian
Ocean). Regions of largest decadal variations coincide with regions of strong interannual
variability, with the noticeable exception of the eastern equatorial Pacific that displays a clear

maximum of interannual variability linked to ENSO, but little decadal variability.

As already discussed by several authors (Qiu and Chen 2006, LM08, Timmermann and
McGregor 2010, Han et al. 2010), the results of this study confirmed that wind variations largely
explain the sea level variability at decadal and multidecadal time-scales in the tropical Indo-Pacific
sector. Large-scale patterns of decadal variability involve variations of the easterlies in the central
and western Pacific Ocean, and of the westerlies in the equatorial and south Indian Ocean. Those
zonal winds decadal variations are relatively independent of each other in the Indian and Pacific
Oceans, in contrast to variations at interannual timescales, which are clearly linked through the
tendency of ENSO and the IOD to co-occur. The strong decadal wind stress curl fluctuations on the
northern and southern flanks of the western Pacific force Rossby waves, responsible for decadal
variations in the northwest and southwest Pacific regions. Oceanic tele-connections transmit this
signal from the western Pacific to the west Australian coast, through equatorial and coastal
waveguides. This results the decadal variability along the WAC that varies in phase with that in the
western Pacific, in a similar way to what happens at interannual timescales (correlation around 0.7
for both timescales over 1966-2007). These results confirm the strong relationship between these
two regions at interannual timescales (e.g. Clarke 1991, Wijffels and Meyers 2004, Feng et al.
2005), but also the observational analysis from tide gauge data performed by Feng et al. (2010) at

decadal timescales.

In the Indian Ocean, our results further reveal the modulation of the strength of the
equatorial trade winds that drive Kelvin waves, propagate to the eastern equatorial Indian Ocean
and Bay of Bengal through the equatorial and coastal wave guides. As a result, the SSLA variations
in these two regions are highly correlated at (r=~ 0.8) at both interannual and decadal timescales.
While Rao et al. (2010) discussed this connection using satellite data for interannual timescales, it
had not been reported earlier for decadal timescales. Ekman pumping variations south of the
equator in the Indian Ocean, drive planetary waves that induce decadal sea level variations in the
southwest Indian Ocean. Interannual variations in the SSLA in the southwest Indian Ocean,

encompassing Seychelles-Chagos thermocline ridge, have a -0.7 correlation with those in the



eastern equatorial Indian Ocean but this correlation considerably weakens (-0.4) at decadal
timescales. This weaker association at decadal timescales probably comes from the fact that the
strength of equatorial easterlies is not the only factor controlling the Ekman pumping south of the
equator at decadal timescales. In addition, decadal steric sea level variations in the south-western
and to a lesser extent in the eastern equatorial Indian Ocean are independent of decadal variations
in the northwest Pacific in agreement with the independency found in the decadal wind forcing over

the Indian and Pacific sector.

In agreement with Timmermann et al. (2010), most of the steric sea level decadal signals in
our model experiment are dynamically consistent with wind stress forcing. We have hence
investigated the robustness of the decadal wind stress forcing in our model by comparing it with
three other products (WASWind product, NCEP and 20" century reanalysis). The large-scale wind
forcing patterns in those products are consistent, as well as the decadal wind evolution in key
regions (zonal winds in the western and central Pacific, zonal winds in the equatorial Indian ocean
and wind stress curl in the Southern Indian Ocean). The relationships between these decadal wind
variations are also very consistent amongst these products, with an independency between the

decadal variability in the Indian Ocean and the Pacific sector.

Decadal and interannual SSLA variability share a lot of common features such as strong
variability in the western Pacific, along the coast of Java and Sumatra, in the Bay of Bengal, along
the west Australian coast and south-western Indian Ocean. There is a strong co-variability between
the western Pacific and the west Australian coast and between the eastern equatorial Indian Ocean
and the Bay of Bengal through equatorial and coastal waveguides with similar forcing mechanisms
at interannual and decadal timescales. There are also noticeable differences between interannual
and decadal steric sea level variability such as a weaker amplitude of SSLA at decadal period
compared to interannual variability, a weaker association of the Pacific and Indian ocean winds at
decadal timescales, no noticeable SSLA variability in the eastern equatorial Pacific at decadal
timescales and a weaker association between the eastern equatorial and south-western Indian ocean

steric sea level at decadal timescales.

Regarding the long-term linear trend of SSLA over the 1966-2007 period, our results agree
with previous findings of Han et al. (2010) and Timmermann et. al (2010). SSLA decreases



substantially in the south-western Indian Ocean, in response to a large negative wind stress curl
trend south of the equator whereas it increases elsewhere in the Indian Ocean. In the Pacific,
zonally oriented bands of alternating signs, dynamically consistent with the curl linear trend,
characterize the long-term sea level trend. The very broad agreement with the results of Han et al.
(2010) and Timmermann et. al (2010) is not surprising, as the wind forcing used in these studies is
similar to one used in our simulation (ERA40). However, comparison of our model wind forcing
with other products reveal a very strong dependence of the long-term wind stress trend to the wind
product as well as a moderate dependence to the length of the period over which the trend is
estimated. This suggests that estimates of long-term trends in sea level from forced ocean models

need to be interpreted with caution.
6.2 Discussion and perspectives

In this section, we first discuss limitations inherent to the approach in our study, and then
discuss our results in the context of other recent studies about decadal and multi-decadal variability

of the Indo-Pacific Ocean. We finally discuss the perspectives evolved from the current study.

The time span of the OGCM experiment discussed in this study (1966-2007, i.e. 42 years) is
short since we investigate the variability at time scales of ~7 years and longer. Obviously, the
number of degrees of freedom in our dataset is low (< 5), as well as the statistical significance of
correlations that we provide. Whereas some confidence is provided by the dynamical consistency of
the simple physical mechanisms that we propose, the association between steric sea level variability
in various regions in this study will hence need further verifications. An alternative method to
check the sea level tele-connections and associated mechanisms would be to run sensitivity
experiments with decadal variability applied in only specific regions. Experiments using only
decadal wind stress variability and neglecting the freshwater and heat flux forcing decadal
variations would also allow ascertaining the dominance of the dynamic forcing mechanism, over
forcing by buoyancy fluxes. Finally, because of uncertainties in decadal and longer steric sea level
variations, it would be interesting to run a series of experiments forced with various existing
forcing products. This would allow investigating the full dynamical response of SSLA to

uncertainties in the forcing product in a more thorough way than what we did in this study.



Feng et al. (2010) also described decadal sea level variations along the western Australian
coast. They suggested a tele-connection through the equatorial and coastal waveguide in the
Indonesian throughflow, similar to what is described at interannual timescales (Clarke 1991, Clarke
and Liu 1993, Meyers 1996, Masumoto and Meyers 1998, Potemra 2001, Potemra et al. 2002,
Wijffels and Meyers 2004, Cai et al. 2005a, Cai et al. 2005b, Feng et al. 2003, Feng et al. 2005).
The results from the present study are fully consistent with Feng et al. (2010). On the other hand,
our results appear to contradict LM08 who underlined strong basin-scale connection between
Pacific and Indian Ocean wind and sea level decadal variability. Indeed, apart from the western
Australian coast region discussed above, we find that variability in other regions of the Indian
Ocean seems to be relatively independent from the one in the Pacific. Over the 1993-2006 period,
studied by LMO08, the principal components describing the sea level variations over both basins
(Fig. 6e-h) are largely in phase, with a phase change in 2000, consistent with LMO08. This tendency
considerably weakens over the entire 1966-2007 period (figs. 4a and 4e; table 3). We hence believe
that the in-phase wind and related sea level variations between the Indian and Pacific oceans is not

a general feature of decadal variations in those basins.

The results also slightly differ from those of Scwharzkopf and Boning (2011), who suggest
the influence of Pacific remote forcing on the SWIO region (their figures 2, 3, 4) using sensitivity
experiments based on a very close numerical setup to the one that we use. This may be due to the
fact that they do not explicitly separate decadal variability from interannual variability, and mostly
focus on the multi-decadal variability (the “trend”). Looking at their results in more details (their
figures 3, 4) suggest that, at decadal timescales, the variability in the SWIO is also dominated by
regional forcing in the Indian Ocean, while the Pacific influence takes over at longer (multi-

decadal) timescales.

The model SSLA shows a negative trend of steric sea level over 1966-2007 in the southern
Indian Ocean, consistent with Han et al. (2010) and Timmerman et al. (2010), who used the same
forcing (ERA40) on different periods (1958-2001 and 1961-2001 respectively). We agree with
those two studies in attributing this sea level decrease to long-term changes in wind stress curl in
the southern Indian Ocean, while Alory et al. (2007) attributed it to oceanic tele-connections with
the Pacific Ocean. In the Pacific Ocean, our results differ more from those of Timmermann et al.

(2010), who showed a ~20 cm per century sea level decrease in the western Pacific between 15°S



and 5°S. When not considering the end of the record (i.e. 1966-2001 instead of 1966-2007), the
steric sea level trends in our model is more consistent with Timmermann et al. (2010, not shown).
This underlines once again that one must be very cautious when discussing multi-decadal wind
stress variability. Indeed, as shown in section 5.2, different products display quite different long-
term trends in equatorial zonal wind stress, and wind stress curl (the main driving factors of long-
term sea level variations). In addition, the moderate sensitivity of wind stress (and resulting sea
level) variations in the considered period, demonstrated in section 5.2, can become larger when
looking at details of the spatial structure, as shown in fig 10. This confirm that the analysis of
spatial patterns of long-term changes in sea level from forced ocean simulations must be taken with

great care.

The fifth assessment report (ARS) of the Intergovernmental Panel on Climate Change
(IPCC) (due in 2013) will make extensive use of the Coupled Model Inter-comparison Project 5
(CMIPS) experiments. This project will include both the usual long-term projections and also near
term' (i.e. decadal) hindcasts and predictions, with an initialized ocean state starting every fifth year
from 1960 to 2005 (Taylor et al. 2012). Those datasets will hence allow evaluating the inherent
capacity of CMIP5 models to reproduce observed patterns of Indo-Pacific sea level decadal
variations (long-term experiments), but also the ability of those models to predict the observed
evolution of those patterns over recent decades (say 1970-2010). This pragmatic “forecast capacity
evaluation” approach should however be completed by experiments trying to assess the
predictability of Indo-Pacific decadal sea level variations in an idealized model context (i.e. with a
most perfect model and perfect initial state, in order to evaluate decadal predictability upper limits

given the influence of atmospheric stochastic forcing).
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Tables

Regions / Tide gauge Interannual Decadal
NWP/Yap B 0.83 0.93
WAC / Fremantle 0.79 0.89
SWP / Honiara 0.86 0.85
EEIO / Langkawi 0.91 0.96
BOB / Paradip 0.68 0.63
SWIO / Port Louis 0.33 0.56

Table 1 Correlation coefficient between model SSLA evolution averaged over the box (see figure 1 and 3) and at the
corresponding tide gauge location at interannual and decadal timescales over the 1966-2007 period

Regions Gauge location Box average
Tide Gauge Model Satellite Model
NWP / WAC 0.76" 0.71%2(0.76'") 0.79% 0.75" (0.74™)
NWP / SWP 0.52"° 0.36"%(0.53"°) 0.62" 0.61%7 (0.58"%)
EEIO / BOB 0.79"° 0.89"° (0.81"7) 0.91* 0.862(0.80™")
EEIO / NWP 0.68™ 0.62*°(0.57") 0.68" 0.67(0.617?)
SWIO / EEIO -0.33° -0.35%%(-0.19"") -0.78" -0.91%% (-0.72"%)
SWIO / NWP -0.37% -0.36%(-0.147%) -0.76™ -0.84 (-0.477)

Table 2 Maximum lag-correlation of sea level anomalies between different regions in the Indo-Pacific sector for model
and observations (either tide gauges or satellite). The exponent indicates the lag of maximum correlation, in months. For
the model, bold values indicate lag-correlations over the period when observations are available while values in
parentheses indicate lag-correlations for the entire 1966-2007 period. Anomalies have been calculated by removing the
mean seasonal cycle and the long-term linear trend. A five months smoothing is further applied to the resulting time
series.

Regions Interannual Decadal
NWP / WAC 0.79™ 0.64
NWP / SWP 0.63"® 0.71
EEIO / BOB 0.79" 0.85
EEIO / NWP 0.65 0.47
SWIO / EEIO -0.84 -0.42
SWIO / NWP -0.69° 0.08

Table 3 Correlation coefficient of model steric sea level evolution between selected regions in the Indo-Pacific sector at
interannual and decadal time-scales. The various regions are shown on Figures 1, 3 and 7.



Tide-gauge Model

Tide gauge location (m/Century) (m/Century)
Yap B -0.055 -0.126 (0.137)
Fremantle 0.137 0.029 (0.034)
Honiara -0.482 -0.446 (-0.001)
Langkawi 0.067 0.053 (0.077)
Paradip 0.092 0.069 (0.089)
Port Louis 0.203 0.311 (-0.006)

Table 4 Linear trend of observed sea level and model steric sea level at tide gauge locations. For the model, bold values
indicate linear trends calculated over the period when observations are available while the values in parenthesis indicate
the linear trend calculated over the entire 1966-2007 period.

20[h
Model NCEP Century WASWind
Zonal(Pac)/Zonal(EIO) -0.18 -0.10 0.08 -0.25
Zonal(Pac)/Curl(SIO) 0.23 0.21 -0.03 0.18
Zonal(EIO)/Curl(SIO) -0.62 -0.76 -0.64 -0.56

Table 5 Correlation coefficient of wind stress variations at decadal time-scales between selected regions in the Indo-
Pacific sector from different datasets. Zonal(Pac) refers to the equatorial Pacific zonal wind stress (140°E-140°W; 2.5°N-
2.5°S; red box on Fig. 8a), Zonal(EIO) to the equatorial Indian Ocean zonal wind stress (50°E-100°E; 2.5°N-2.5°S; green
box on Fig. 8b) and curl(SIO) to south Indian Ocean wind stress curl (60°E-110°E; 20°S-5°S; yellow box on Fig. 8b).
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Fig. 1 (a) Satellite SLA during October 1997-March 1998 (color) and associated wind anomaly derived from NCEP (arrow).
(b) Satellite SLA linear trend for the 2000-2006 period (color) and associated NCEP wind stress trend (arrow). (c) Satellite
SLA linear trend for the 1993-2006 period (color) and associated NCEP wind stress trend (arrow). The mean seasonal cycles
were removed from both SLA and wind datasets. The stars on panels (a) and (b) indicate locations of the tide-gauges used to
validate the model sea level. The selected gauge locations are (1) Yap B (138E, 9.5N), (2) Honiara II (161E, 9.5S), (3)
Fremantle (115.7E, 32S), (4) Langkawi (99.8E, 6.4N), (5) Paradip (86.7E, 20.3N) and (6) Port Louis (57.5E, 20.15S). Boxes
on panel (a) and (b) indicate the regions where model will be validated to satellite observations. The selected boxes are the
North West Pacific (NWP), the Western Australian Coast (WAC), the South West Pacific (SWP), the Eastern Equatorial
Indian Ocean (EEIO), the Bay of Bengal (BoB) and the South West Indian Ocean (SWIO). Panel (b) is identical to figure 1c
of Lee and McPhaden (2008), i.e. an estimate of decadal sea level variations over that period. Panel (c) provides an estimate
of long-term sea level trends over 1993-2006, the period consistent with the study by Lee and McPhaden (2008). Units are in
m for panel (a) and m/Century for panels (b-c).

Fig. 2 Time series of model steric sea level variations in the Northwest Pacific, extracted by STL method: (a) raw data (black
curve), (b) seasonal, (c) interannual and (d) decadal component. The linear trend associated with multi-decadal variability is
shown as a dashed line in panel (d). This linear trend has been subtracted from estimates of decadal variability discussed in
this paper. The components shown in panel (d) are also shown in panel (a).

Fig. 3 Standard deviation of model steric sea level variations over the 1966-2007 period for (a) interannual timescales, (b)
decadal timescales and (c) long-term linear trend. The boxes on each panel (similar to those on Figure 1) indicate regions of
strong interannual and decadal variability. The locations of tide gauge data used in this study are also indicated by stars.

Fig. 4 Comparison of monthly model steric sea level anomalies with altimeter (left panel) and tide gauge sea level anomalies
(right panel). Time series on the left panels are averaged over the regions shown on Fig 1 and 3 while time series on the right
panels are extracted at the corresponding tide gauge locations indicated by stars on Figs 1 and 3. The monthly anomalies were
calculated by removing the mean seasonal cycle and a 5 months smoothing is further applied to the time-series. The linear
correlation coefficient between the model and observed time-series is given on the top left of each panel. The black line
indicates the model decadal signal (including long-term linear trend).

Fig. 5 Regression coefficients of model (a) thermosteric and (b) halosteric sea level to model steric sea level at decadal
timescales. The standard deviation of decadal steric sea level is also shown by contours on each panel.

Fig. 6 First two EOF patterns of the model steric sea level anomalies over the Indo-Pacific sector (left column) and their
corresponding normalized principal components (right column) at interannual (a-d) and decadal timescales (e-h). The arrows
display the wind stress components regressed onto each normalized PCs. The percentage variance explained by each EOF is
shown in brackets. Units are in cm for EOF patterns.

Fig. 7 (a) Correlation of model SSLA averaged over the NWP to the entire Indo-Pacific region (color) and regression of wind
stress components (arrows) to the model normalized SSLA averaged over NWP. (b) Regression of wind stress curl to the
normalized model SSLA averaged over NWP. Same for WAC (c-d), SWP (e-f), EEIO (g-h), BoB (i-j) and SWIO (k-1). The
numbers provided below the title in the right column indicate the correlation coefficient between the average SSLA within
the black frame (on the left) and average zonal wind stress (or wind stress curl) within the red frame (on the right).

Fig. 8 First two EOF patterns of the zonal wind stress over the Indo-Pacific sector at decadal timescale for (a-b) model
forcing, (c-d) NCEP reanalysis, (e-f) 20th century reanalysis and (g-h) WASWind product. The arrows indicate the wind
stress components regressed onto the normalized PCs. The percentage variance explained by each EOF is shown in brackets.
Units are in N.m™.



Fig. 9 Time series of decadal (a) equatorial Pacific zonal wind stress (140°E-140°W, 2.5°N-2.5°S; red box on Fig. 8a), (b)
equatorial Indian Ocean zonal wind stress (60°E-100°E, 2.5°N-2.5°S; green box on Fig. 8b) and (c) south Indian Ocean wind
stress curl (60°E-110°E, 20°S-5°S; yellow box on Fig. 8b) from model output (black line, similar to ERA40), NCEP
reanalysis (green line), 20th century reanalysis (blue line) and WASWind dataset (red line). The correlation coefficient
between the model forcing and other datasets is indicated on each panel.

Fig. 10 Linear trend over the 1966-2007 period for (a) model steric sea level and (b) model wind stress curl (in colors).
The vectors on panel (b) show the linear trend of model wind stress components. Units are m.century-1 for steric sea level
trend, N.m3.century-1 for wind stress curl and N.m-2.century-1 for wind stress.

Fig. 11 (a) Zonal average wind stress curl linear trend over the Indian Ocean (60°E-110°E) over the 1966-2007 period for the
four datasets considered (20th Century reanalysis, NCEP, WASWind and model). Average wind stress curl linear trend in the
South Indian Ocean (20°S-5°S) is also indicated for each dataset. (b) 2.5°N-2.5°S averaged zonal wind stress linear trend
over the 1966-2007 period in the Indian Ocean. Average zonal wind stress linear trend in the Equatorial Indian Ocean is also
indicated for each dataset. (c) Same as (a) but in the Pacific (160°E-120°W). Average wind stress curl linear trend in the
North (5°N-20°N) and South Pacific (20°S-5°S) is also indicated for each dataset. (d) Same as (b) but in the equatorial
Pacific. Average zonal wind stress linear trend in the Equatorial Pacific is also indicated for each dataset. Units are N.m’
3 century” for wind stress curl and N.m™.century™ for wind stress. Bold lines indicate trends that are significantly different
from zero at 95% confidence level.

Fig. 12 Linear trend of the wind stress curl averaged over (a) the south Indian Ocean (60°E-110°E, 20°S-5°S) and (b) the
south Pacific (160°E-120°W, 20°S-5°S) for the four wind datasets considered (20th Century reanalysis, NCEP, WASWind
and model), as a function of the starting date of the trend computation period (with this period varying from 1958-2007 to
1978-2007). The bold lines indicate when the trend is significantly different from zero at the 95% confidence level.
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Figure 1: (a) Satellite SLA during October 1997-Marsh 1998 (color) and associated
wind anomaly derived from NCEP (arrow). (b) Satellite SLA linear trend for the 2000-
2006 period (color) and associated NCEP wind stress trend (arrow). (c) Satellite SLA
linear trend for the 1993-2006 period (color) and associated NCEP wind stress trend
(arrow). The mean seasonal cycles were removed from both SLA and wind datasets. The
stars on panels (a) and (b) indicate locations of the tide-gauges used to validate the
model sea level. The selected gauge locations are (1) Yap B (138E ; 9.5N), (2) Honiara Il
(161E ; 9.5S), (3) Fremantle (115.7E ; 32S), (4) Langkawi (99.8E, 6.4N), (5) Paradip
(86.7E ; 20.3N) and (6) Port Louis (57.5E ; 20.15S). Boxes on panel (a) and (b) indicate
the regions where model will be validated to satellite observations. The selected boxes
are the North West Pacific (NWP), the Western Australian Coast (WAC), the South West
Pacific (SWP), the Eastern Equatorial Indian Ocean (EEIO), the Bay of Bengal (BoB)
and the South West Indian Ocean (SWIO). Panel (b) is identical to figure 1c of Lee and
McPhaden (2008), i.e. an estimate of decadal sea level variations over that period. Panel
(c) provides an estimate of long-term sea level trends over 1993-2006, the period
consistent with the study by Lee and McPhaden (2008). Units are in m for panel (a) and
m/century for panels (b-c).
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Fig 2: Time series of model steric sea level variations in the Northwest
Pacific, extracted by STL method: (a) raw data (black curve), (b)
seasonal, (c) interannual and (d) decadal component. The linear trend
associated with multi-decadal variability is shown as a dashed line in
panel (d). This linear trend has been subtracted from estimates of decadal
variability in this paper. The components shown in panel (d) are also
shown in panel (a). Units are in m.
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Fig 3: Standard deviation of model steric sea level variations over the
1966-2007 period for (a) interannual timescales, (b) decadal timescales and
(c) long-term linear trend. The boxes on each panel (similar to those on
Figure 1) indicate regions of strong interannual and decadal variability. The
locations of tide gauge data used in this study are also indicated by blue
stars. Units are in m.
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Fig 4: Comparison of monthly model steric sea level anomalies with
altimeter (left panel) and tide gauge sea level anomalies (right panel).
Time series on the left panels are averaged over the regions shown on Fig
1 and 3 while time series on the right panels are extracted at the
corresponding tide gauge locations indicated by stars on Figs 1 and 3. The
monthly anomalies were calculated by removing the mean seasonal cycle
and a 5 months smoothing was further applied to the time-series. The
linear correlation coefficient between the model and observed time-series
is given on the top left of each panel. The black line indicates the model
decadal signal (including long-term linear trend). Units are in m.
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Fig 5: Regression coefficients of model (a) thermosteric and (b)
halosteric sea level to model steric sea level at decadal time-scales. The
standard deviation of decadal SSLA is also shown by contours on each
panel.
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Fig 6: First two EOF patterns of the model steric sea level anomalies over the Indo-Pacific sector
(left column) and their corresponding normalized principal components (right column) at
interannual (a-d) and decadal timescales (e-h). The arrows display the wind stress components
regressed onto each normalized PCs. The percentage variance explained by each EOF is shown in
brackets. Units are in m for EOF patterns and without units for the time series.



» (c) WAC: SLA
:4\ . o | 200N

00

% .\‘3 (f) SWP: Curl

20°N &) r(CurI,SLA)—o

", () BoB: Curl
SLA)= 0.62
" ﬁ,r(Zom:L r}_f

rsRge 0. :.EHJ

F .-t %4
_.

Q!\ @ SWIO: Curl
=, r(Curl.SLAY=091 |

Prar s L ol 1
81:)“'“-F 40°E

q 0.6 02 02 0.6 1 2 08 04 0 04 08 2

Correlation coefficient Regression coefficient
Fig 7: (a) Correlation of model SSLA averaged over the NWP to the entire Indo-Pacific
region (color) and regression of wind stress components (arrows) to the model normalized
SSLA averaged over NWP. (b) Regression of wind stress curl to the normalized model
SSLA averaged over NWP. Same for WAC (c-d), SWP (e-f), EEIO (g-h), BoB (i-j) and
SWIO (k-1). The numbers provided below the title in the right column indicate the
correlation coefficient between the average SSLA within the black frame (on the left) and
average zonal wind stress (or wind stress curl) within the red frame (on the right). Units are
in N.m™ for curl.
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Fig 8: First two EOF patterns of the zonal

timescale for (a-b) model forcing

-2

WASWind product. The arrows indicate the wind stress components regressed onto the normalized
PCs. The percentage variance explained by each EOF is shown in brackets. Units are in N.m™,
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Figure 9: Time series of decadal (a) equatorial Pacific zonal wind stress (140°E-140°W; 2.5°N-2.5°S; red box
on Fig. 8a), (b) equatorial Indian Ocean zonal wind stress (60°E-100°E; 2.5°N-2.5°S; green box on Fig. 8b)
and (c) south Indian Ocean wind stress curl (60°E-110°E; 20°S-5°S; yellow box on Fig. 8b) from model output
(black line, similar to ERA40), NCEP reanalysis (green line), 20" century reanalysis (blue line) and WASWind
dataset (red line). Units are in N.m™ for wind stress and N.m for wind stress curl. The correlation between the
model forcing and other datasets is indicated on each panel.
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Fig 11: (a) Zonal average wind stress curl linear trend over the Indian Ocean (60°E-110°E) over the 1966-2007
period for the four datasets considered (20" Century reanalysis, NCEP, WASWind and model). Average wind stress
curl linear trend in the South Indian Ocean (20°S-5°S) is also indicated for each dataset. (b) 2.5°N-2.5°S averaged
zonal wind stress linear trend over the 1966-2007 period in the Indian Ocean. Average zonal wind stress linear trend
in the Equatorial Indian Ocean is also indicated for each dataset. (c) Same as (a) but in the Pacific (160°E-120°W).
Average wind stress curl linear trend in the North (5°N-20°N) and South Pacific (20°S-5°S) is also indicated for
each dataset. (d) Same as (b) but in the equatorial Pacific. Average zonal wind stress linear trend in the Equatorial
Pacific is also indicated for each dataset. Units are N.m™.century™ for wind stress curl and N.m™.century™ for wind
stress. Bold lines indicate trends that are significantly different from zero at 95% confidence level.
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Fig 12: Linear long term trend of the wind stress curl averaged over (a) the south
Indian Ocean (60°E-110°E; 20°S-5°S) and (b) the south Pacific (160°E-120°W;
20°5-5°S) for the four wind datasets considered (20™ Century reanalysis, NCEP,
WASWind and model), as a function of the starting date of the trend computation
period (with this period varying from 1958-2007 to 1978-2007). The bold lines
indicate when the trend is significantly different from zero at the 95% confidence
level.



