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Abstract Estimates of changes in upper ocean temperature, heat content, and sea level are dependent
on the coverage of subsurface observations in space and time. Historically, these data are sparse, which has
limited our understanding of ocean climate variability and change mechanisms. Ocean state estimates,
which effectively represent a model synthesis and integration of the available observations, including inter-
nal observations in the ocean and surface forcing, help to address the inhomogeneity of sparse observa-
tions in space and time. Here we evaluate the representativeness of ocean state estimates from the Simple
Ocean Data Assimilation Version 2.2.4 (SODA) data for studying Indo-Pacific Ocean decadal temperature
and sea level variability over the period 1950–2007. The SODA data are evaluated against independent sea
level anomalies from long-record tide gauges at Midway Island and Fremantle, reconstructed sea surface
height anomalies, and sea surface height anomalies from TOPEX/Poseidon satellite altimeter observations
at the decadal time scale. This study demonstrates that SODA captures the characteristic Interdecadal
Pacific Oscillation (IPO) over the upper 200 m, and accurately represents these decadal changes against the
independent observations. The SODA-product shows a meridional asymmetry of patterns that connect the
western tropical Pacific and the Indian Ocean, apparently in relation to IPO changes. Regional sea level at
the Midway Island and Fremantle tide gauges confirm this decadal connection and the relationship with
the IPO. We concluded that SODA is potentially a useful tool to examine ocean decadal climate variability
across the Indo-Pacific Ocean.

1. Introduction

Pacific decadal variability, characterized as either the Interdecadal Pacific Oscillation (IPO) or Pacific Decadal
Oscillation (PDO), strongly influences a range of phenomena, including tropical rainfall [Meinke et al., 2005],
fisheries [Mantua et al., 1997], and droughts (e.g., multidecadal drought frequency over the United States
and Australia [McCabe et al., 2004; Ummenhofer et al., 2009]). As such there are potential benefits in obtain-
ing accurate representations of decadal signatures in large-scale climate fields. Several studies have demon-
strated the value of better understanding decadal ocean and climate variability. For instance, decadal
variations of ENSO play an important role in the climate variability and potential predictability of, for exam-
ple, agricultural yields and rainfall in Australia [Power et al., 1999a]. Furthermore, numerical ocean modeling
research suggests that decadal ENSO acts to modulate the East Australian Current transports by incoming
westward propagating oceanic Rossby waves [Holbrook et al., 2011]. These observational and modeling
studies demonstrate the importance of having reliable data sets to study the linkage between ocean deca-
dal variability and observed climate changes.

For oceanic data sets containing subsurface information, extracting unambiguous climate signatures can be
particularly challenging, since historical profiles of the ocean’s vertical structure are irregularly distributed in
space and time across the globe. To address this, ocean state estimates from reanalysis data provide regu-
larly gridded data based on model-assimilated observations with near-global coverage and long-term con-
sistency. A key example is provided by the Simple Ocean Data Assimilation (SODA) [Carton and Giese, 2008].
Properly demonstrated, the utility of accurate ocean state estimates for the evaluation of ocean-climate
model simulations on multidecadal times scales has obvious benefits. Robust reanalysis products are
required to study decadal variability, since their signatures of physical variables (e.g., sea level, temperature
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and ocean heat content) in the ocean
tend to be smaller in magnitude than
those on interannual time scales.

But how good is SODA for assessing
decadal ocean climate variability? Of
consideration is the fact that most
reanalysis products incorporate
mechanical bathythermograph (MBT)
and expendable bathythermograph
(XBT) profiles that are known to be
affected by instrument biases, in
particular the time-varying warm
bias in XBTs [e.g., Wijffels et al.,
2008; Levitus et al., 2009]. Giese and
Ray [2011] have already shown that
SODA captures well the decadal vari-
ability in El Ni~no in sea surface tem-
perature (SST). But what about the
subsurface? Corre et al. [2012] have
further demonstrated the robustness
of ocean reanalysis products to
study decadal variability when com-
pared with the World Ocean Data-
base 2005, profiles from the Global
Temperature-Salinity Profile Program,
and similar data from the US-GODAE
Argo Global Data Assembly Centre.

Sea level observations provide an inde-
pendent data source for the evaluation
of the SODA reanalysis product. Sea
level accounts for the integrated
effects of temperature and salinity as
recorded in both in situ long-record
tide gauge data and shorter record sat-
ellite remote sensed observations. Here
we evaluate the decadal ocean climate
variability described by SODA 2.2.4
against long record sea level observa-
tions from tide gauges (otherwise
excluded, and therefore independent,
from the reanalysis products) at two
key locations. We also evaluate SODA
in the Indo-Pacific using reconstructed
sea-surface heights from Church et al.
[2004], as well as sea surface heights
from altimeter data for understanding
decadal ocean climate variability and
change.

The Midway and Fremantle tide gauges were chosen because they: (1) are among the longest tide gauge
records available, (2) are representative locations for the oceanic characterization in sea level of the impor-
tant decadal climate modes (e.g., IPO/PDO), (3) are sensitive to decadal variability in the Pacific and Indian
Oceans, and (4) are representative of dynamic connections between the western tropical Pacific Ocean and
the eastern South Indian Ocean via the equatorial and coastal waveguides. The Midway Island tide gauge

Figure 1. (a) Sea level anomalies observed at the Midway Island tide gauge and
the PDO and IPO indices. A 10 year running mean is applied to the detrended
and standardized time series in Figure 1a. Regional sea level (RSL) observed at the
(b) Midway and (c) Fremantle tide gauges compared with SODA estimates for dif-
ferent depths, D (m). The steric sea surface height from SODA (Figures 1b and 1c)
was integrated from the surface to four separate depths. The correlation coeffi-
cient (R), significance (Sig), cross-correlation coefficient (Rlag), and maximum lag
in years are shown.
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(Central North Pacific, 28�1300.119400N, 177�2200.1200W) is a reliable long record (since 1947) and is close to
the center-of-action of the PDO, with sea level there being strongly and significantly anticorrelated with the
PDO and IPO indices (Figure 1a). The Fremantle tide gauge (southwest Western Australia, 232�305600S,
115�4405300E) is the longest (since 1887) and most reliable record in the Indian Ocean, and its utility for stud-
ies of multidecadal sea level and ocean climate variability has been demonstrated in numerous previous
studies [e.g., Feng et al., 2004, 2010]. These studies have shown that much of the low frequency variability
observed at Fremantle is generated in the equatorial Pacific Ocean. In our evaluation presented here, we
draw some conclusions about the utility of SODA for exploring ocean decadal variability in climate studies
of temperature, sea level, and decadal ocean dynamics.

2. Data and Methods

Ocean state estimates from SODA 2.2.4 [Carton and Giese, 2008] are evaluated here. SODA applies an ocean
model based on the Parallel Ocean Program (POP) version 2.0.1 numerics [Smith et al., 2010] to assimilate
the observed data. Here we evaluate the utility of SODA in the Indo-Pacific Ocean sector for studies of deca-
dal ocean climate variability. This data set is based on the monthly averaged values on the uniform 0.5� 3

0.5� 3 40-level grid spanning from 1871 to 2008 (at the date these data were downloaded). SODA includes
the assimilation of all available hydrographic temperature and salinity observations [Boyer et al., 2009] and
SST observations [Woodruff et al., 2010]. The model is driven by surface-wind stress from the second version
of the Twentieth Century Reanalysis (20Crv2) Project [Compo et al., 2011] and SODA 2.2.4 includes the Levi-
tus et al. [2009] corrections for XBT and MBT biases.

Sea surface height (SSH and its anomalies SSHA) is an important geophysical field in this study and we have
used three estimates from different sources: steric SSHA from SODA (SodSSHA), reconstructed SSHA from
Church et al. [2004] (RecSSHA), and SSHA from TOPEX/Poseidon satellite-altimeter data (AltSSHA).

Long record sea level data from the tide gauges at Midway Island (1947–2009) and Fremantle (1887–2009),
provided by CSIRO Marine and Atmospheric Research (http://www.cmar.csiro.au/sealevel/index.html), were
selected for the evaluation of the integrity of SODA in capturing decadal to multidecadal sea level variations
directly observed. An approximated steric component of the sea level from the tide gauge data was calcu-
lated by removing the eustatic component to facilitate direct comparison with the steric SSH data derived
from SODA. Here global mean sea level has been subtracted from the total sea level measured at the tide
gauges in order to remove the eustatic component and thus leave only a residual that is close to the steric
component (hereafter regional sea level). This approach assumes that the eustatic sea level contribution is
homogeneous on decadal time scales. The sea level data from the tide gauges have also been corrected for
Glacial Isostatic Adjustment (GIA) [Davis and Mitrovica, 1996; Milne et al., 2001]. The GIA values for the Mid-
way Island and Fremantle tide gauges, respectively, of 20.15 and 20.37 mm/yr were subtracted from the
sea level time series. A 10 year running mean filter was finally applied to the detrended data to characterize
the decadal signature in the time series.

A lagged-correlation analysis between the sea level from two tide gauges and SodSSHA for a time-lag
sequence from 210 to 10 years was carried out to evaluate whether SODA accurately tracks known decadal
patterns (for example, IPO patterns in SST as described by Folland et al. [1999] and Power et al. [1999b]) in
space and time across the Indo-Pacific Ocean. The steric SodSSHA (hereafter SodSSHA) were estimated by
deriving the dynamic height anomaly across the 5–918 m depth range and dividing it by the gravitational
acceleration. The time series of regional sea level at the Midway Island and Fremantle tide gauges were lag-
correlated with the time series of SodSSHA at each spatial point in the Indo-Pacific Ocean for the period
1950–2007.

A similar analysis to that described above was performed by correlating SodSSHA and temperature anoma-
lies from SODA with the IPO index in order to examine the ocean sea level and temperature response to
the IPO throughout the Indo-Pacific Ocean. Here all the lagged-correlation analyses were applied to the 10
year running mean filtered and detrended data.

In addition to the above correlation analysis, we applied robust linear regression analysis, based on itera-
tively reweighted least squares, to estimate the response of temperature in SODA to the IPO. Maps of the
regression coefficient were produced to identify the magnitude of response in different regions. We also
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applied an empirical orthogonal function (EOF) analysis to RecSSHA updated for the period 1950–2009,
AltSSHA and SodSSHA to estimate the regional response of sea level to IPO and compare the three data
sets. The time-series were filtered with a 5 year low-pass Butterworth-filter to take full advantage of the
higher resolution of the relatively short altimeter data set.

3. Results

3.1. Regional Sea Level at Key Locations
Estimates of 10 year running mean SodSSHA agree well with regional sea level estimates from the tide
gauge data (Figures 1b and 1c). Correlation coefficients (R) between regional sea level observed at the Mid-
way Island tide gauge (Midway hereafter) and SodSSHA at depths between 318 and 918 m ranged from
0.81 to 0.84, significant at >95% and 97% level, respectively. SODA captures the essential features of
regional sea level including the decrease from 1950 to 1980 and the increase from 1980 to 2003. The sec-
ondary relative maximum from 1960 to 1966 and decrease after 2003 are also captured (Figure 1b). The
decadal signal at Fremantle is smaller in amplitude but still reasonably well represented by SODA. The cor-
relations clearly improve with contributions from increasing the depth-integrations ranging from 0.53 (to
318 m) to 0.76 (to 918 m) significant at >98.5% and 99.5% level, respectively (Figure 1c). This behavior was
opposite at Midway, where correlation coefficients had a much smaller range across the depth. In addition,
we found that the sea level at Midway and Fremantle is good indicator of changes in the IPO and PDO as
they show significant anticorrelation with those indices. The correlation coefficients of the IPO and PDO
with Midway are 20.76 and 20.68, and with Fremantle are 20.86 and 20.85, respectively.

Figure 2. Spatial distribution of lagged-correlation coefficients (R) between regional sea level at Midway Island tide gauge and sea surface heights anomalies from SODA (SodSSHA) in
the Indo-Pacific Ocean. Time lags in years are shown on top of each map for a lag-sequence from 210 to 10 years with a time step of 2 years. Positive lags mean SodSSHA lead regional
sea level at Midway. The SodSSHA used here are for the upper 5–918 m of the ocean and for the period 1950–2007. A 10 year running mean filter was finally applied to the detrended
data. Small green dots represent the regions where the cross correlations are statistically significant at �80% confidence level using the method of Davis [1976].
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3.2. Spatial Correlation Analysis
A lagged (cross) correlation analysis was applied here to assess how SodSSHA at each spatial point com-
pares to regional sea level at the tide gauges at different time lags. The analysis shows the spatial/temporal
evolution of SodSSHA in the Indo-Pacific region as it relates to the regional variation. In particular, the spa-
tial distribution and annual lag sequence (210 to 110 years) between SodSSHA and Midway regional sea
level shows important changes in the western and eastern Pacific Ocean (Figure 2). Green dots on the maps
of sections 3.3 and 3.4 highlight the patterns that are significant at �80% confidence level using method of
the Davis [1976], which takes account of the effective number of degrees of freedom due to serial correla-
tion in the time series. There is a dominance of positive correlation coefficients across all lags in the north-
west Pacific Ocean near the location of the tide gauge. The zero-lag pattern begins to develop 10 years
earlier near 25�N then gradually spreads throughout the northwestern Pacific. The western tropical North
Pacific Ocean (in particular near the Intertropical Convergence Zone) and tropical Indian Ocean are nega-
tively correlated and seem to be connected via the Indonesian Seas from lag 210 to 0 (indicated by the
dashed black contour in Figure 2). The negative correlation spreads throughout the tropical Indian Ocean
by lag 110. Positive correlation coefficients in the eastern Pacific Ocean have an IPO-like pattern. Features
with these positive correlation coefficients appear to move from the eastern Pacific Ocean to the western
tropical South Pacific Ocean from lag 210 to 0 and penetrate into the Indonesian Seas and Western Aus-
tralia coast along the coastal waveguide from lag 12 to 110 (indicated by black arrows in Figure 2). Nega-
tive correlation coefficients in the eastern Pacific Ocean appear at lag 22 and strengthen from lag 0 to
110, ending up with a negative pattern in the eastern Pacific Ocean. The area of negative phase is again
reminiscent of the IPO pattern in SST.

Figure 3. Spatial distribution of lagged-correlation coefficients (R) between regional sea level at Fremantle tide gauge and sea surface heights anomalies from SODA (SodSSHA) in the
Indo-Pacific Ocean. Time lags in years are shown on top of each map for a lag-sequence from 210 to 10 years with a time step of 2 years. Positive lags mean SodSSHA lead regional sea
level at Fremantle. The SodSSHA used here is for the upper 5–918 m of the ocean and for the period 1950–2007. A 10 year running mean filter was finally applied to the detrended data.
Small green dots represent the regions where the cross correlations are statistically significant at �80% confidence level using the method of Davis [1976].
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A similar analysis between the SodSSHA and Fremantle tide gauge regional sea level data also shows a clear
evolution over time and space of an IPO-like pattern from lag 210 to 16 (Figure 3). Fremantle sea level is
negatively correlated with SODA in the western tropical North Pacific Ocean, Indonesian Seas, and eastern
tropical South Indian Ocean connected through the Indonesian Seas from lag 210 to 24. Patterns with pos-
itive correlation coefficients spread from the eastern Pacific Ocean to the western tropical South Pacific
Ocean. These patterns appear to reach the Indonesian Seas and the coast of Western Australia along the
waveguide from lag 210 to 0 (indicated by black arrows in Figure 3). Furthermore, positive correlation coef-
ficients connect the western tropical North Pacific Ocean with the Indonesian Seas and the tropical South
Indian Ocean from lag 0 to 110 (indicated by green arrows and black dashed contour in Figure 3). The
transmission of interannual signals from the western tropical Pacific Ocean into the Indian Ocean has been
noted in earlier studies and is associated with Rossby waves [Meyers, 1996; Wijffels and Meyers, 2004; Cai
et al., 2005; Alory et al., 2007]; however, further analysis of the mechanism is needed considering the long
time scale of the IPO.

In summary, both Midway (Figure 2) and Fremantle (Figure 3) tide gauges characterize the connections
between the western tropical Pacific Ocean and Indian Ocean, each one emphasizing characteristics closely
related to the location of the tide gauges. Hence, the regional sea level from both tide gauges is an excel-
lent proxy for the connectivity on decadal time scales between the western tropical Pacific and the eastern
tropical South Indian Ocean. Figures 1–3 show that the SODA sea level product is representative of regional
sea level variation. It produces spatial patterns of temporal variation at decadal and longer time scales that
are dynamically consistent with what is known from earlier studies.

Figure 4. Spatial distribution of lagged-correlation coefficients (R) of sea surface heights anomalies from SODA (SodSSHA) and the IPO
index in the Indo-Pacific Ocean. Time lags in years are shown on top of each map for a lag-sequence from 210 to 10 years with a time
step of 2 years. Positive lags mean that the IPO index leads SodSSHA. The SodSSHA used here is for the upper 5–918 m of the ocean and
for the period 1950–2007. A 10 year running mean filter was finally applied to the detrended data. Small green dots represent the regions
where the cross correlations are statistically significant at �80% confidence level using the method of Davis [1976].
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3.3. IPO Connections
A lagged-correlation analysis between SodSSHA and the IPO index for several time lags shows a meridional
asymmetry in the dynamic connections between the western tropical Pacific Ocean and the Indian Ocean
which is presumably related to large-scale IPO changes (Figure 4). The asymmetry is highlighted at lags
210 and 16. This meridional asymmetry has in its northern side a pattern with positive correlations that
connect the western tropical North Pacific Ocean (east of Borneo and the Philippine Islands) with the tropi-
cal South Indian Ocean (in a band out to 65�E) from lag 210 to 26 (Figure 4). The southern side of this
asymmetry is characterized by a dynamic connection between the western tropical South Pacific Ocean
(north of Papua New Guinea) and the eastern South Indian Ocean, apparently as a subsequent response of
the preceding IPO event in the eastern Pacific Ocean. This connection follows the coastal waveguide along
the coast of Western Australia from lag 22 to 16 (Figure 4). This spatial pattern develops in time and seems
to spread on decadal time scales but not in a way consistent with simple free linear Rossby and Kelvin
waves, since planetary wave processes would have to be much faster than 10 years in low latitudes. This
meridional asymmetry can also be observed in the lagged-correlation analysis with the tide gauges in sec-
tion 3.3 (Figures 2 and 3).

The paths of those dynamic connections between the western tropical Pacific Ocean and the South Indian
Ocean seems to be related to changes of the IPO-like pattern in the eastern Pacific Ocean. For example, an
IPO-like feature in the eastern Pacific Ocean, shown by negative correlation coefficients from lags 210 to
28, switched into positive values from lags 26 to 16, reaching a well-developed classic IPO pattern at lag
0. While these changes occur in the eastern Pacific Ocean, simultaneously features with negative correlation
coefficients spread from the central Pacific Ocean to the western tropical South Pacific Ocean from lags 28
to 24 (indicated with black arrows in Figure 4). These negatively correlated features finally reach the south-
east Indian Ocean along the coastal waveguide of Western Australia at lag 16 (Figure 4).

A similar meridional asymmetry was also identified by correlating temperature anomalies at thermocline
depths (112 and 149 m depth) with the IPO index (not shown here as the results show the same phenom-
enon as that depicted in Figure 4). Most of the patterns discussed here are significant at �80% level using
the method of Davis [1976] for all time lags (see green dots in Figures 2–4). Specifically, the dynamic con-
nection between the western tropical South Pacific Ocean and the South Indian Ocean along the coast of
Western Australia is also significant at >95% level but only from lag 0 to 12. On the other hand, the pat-
terns connecting the western tropical North Pacific Ocean and the tropical South Indian Ocean (in a band
out to 65�E) are significant until a maximum of 90% level.

The lagged-correlation analysis was also applied to the 5 year running mean filtered and detrended data
(not shown here) and the results were similar to those using a low-pass filter with a 10 year cut-off. Hence,
the number of degrees of freedom by low-pass filtering the data with a 10 year cut-off do not affect the
interpretation of the correlation coefficients on decadal time scales. The ability of SODA to capture IPO-like
patterns and dynamic connections between the western Pacific Ocean and the South Indian Ocean pro-
vides more confidence in using SODA for dynamical studies at decadal times scales in the Indo-Pacific
Ocean.

3.4. Regression Analysis
Linear regression of SODA temperature anomalies at various depths (surface, 110 m, 230 m) across the
entire domain against the IPO index shows patterns at the surface (Figure 5) consistent with our under-
standing of the IPO mode in SSTA discussed in the literature [Folland et al., 1999; Power et al., 1999b]. The
interest here, however, is in the subsurface signature. At 112 m depth (Figure 5b), the analysis demonstrates
that the dominant decadal mode of Pacific Ocean variability is also manifested through the base of the
mixed layer and into the upper thermocline with negligible loss of amplitude. Interestingly, the classic IPO
signature in the ocean temperature anomaly pattern is also very evident even at 229 m depth, albeit that
the amplitudes of the anomalies are lower in magnitude (Figure 5c). For instance, a strong signal of the IPO
is still found at 229 m depth in the southwest Equatorial Pacific (Figure 5c). Hence, the most prominent dif-
ference between the subsurface IPO and the known surface IPO pattern is observed in the western tropical
Pacific Ocean where the anomalies are very strong (Figures 5b and 5c). These subsurface anomalies in the
western tropical Pacific Ocean are connected with those in the eastern South Indian Ocean through the
Indonesian Seas and Western Australia coast.
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3.5. Vertical Expression of Decadal
Variability
Meridionally averaged ocean temper-
ature anomalies, as a function of time
and longitude, were examined at
50 m increments through the ocean’s
vertical structure down to 300 m
depth (Figure 6). Four regions of the
Indo-Pacific were examined here. This
was undertaken to further explore
how the IPO/PDO-related tempera-
ture variability extends from surface
to subsurface in the Pacific Ocean
and possibly connects into the Indian
Ocean. The North Pacific Ocean,
which is explicitly characterized by
the PDO as its dominant decadal
mode [Mantua et al., 1997], provides
a good example of how decadal vari-
ability extends through the upper
ocean and into the thermocline (Fig-
ure 6a). Here the upper 200 m of the
North Pacific shows strong decadal
variability with similar intensity pat-
terns as at the surface, but with
reduced amplitude at 300 m depth.

The tropical Pacific Ocean region is
characterized by the strongest deca-
dal variability through the base of
the mixed layer and upper thermo-
cline at around 100–200 m depth
(Figure 6b). This strong signal in the
subsurface decadal variability is
transmitted as anomalies from the
western tropical Pacific Ocean into
the South Indian Ocean, as described
in sections 3.3 and 3.4.

The decadal scale subsurface temperature anomalies of the South Pacific Ocean show decadal variability
that intensifies over the vertical structure and is strongest in the eastern South Pacific Ocean (Figure 6c). In
particular, the strongest decadal variability patterns appear around 80�W in the eastern South Pacific Ocean
and extend westward around 110�W at deeper vertical levels.

The largest temperature anomaly signal expressed in the tropical South Indian Ocean region occurs in the
upper thermocline with decadal westward signals evident between 100–300 m (Figure 6d). These signa-
tures within the thermocline have similar magnitude to those identified in the western tropical Pacific
Ocean (see Figure 6b) again suggesting a possible connection of these anomalies between the Pacific and
Indian Ocean basins.

To provide a clearer image of the vertical expression of decadal variability in the tropical Pacific Ocean as
shown in Figure 6b, temperature anomalies for two averaged boxes along the western and eastern tropical
Pacific Ocean were also calculated (Figure 7). We found that in SODA the western tropical Pacific Ocean
shows more intense subsurface decadal variability with a deeper vertical expression (Figure 7a) than in the
eastern tropical Pacific Ocean (Figure 7b). The decadal variability at thermocline depths in the western and
eastern tropical Pacific Ocean also show opposite signs particularly from 1970s onward. This matches with
the spatial patterns of temperature anomalies in the upper thermocline characterized in the regression

Figure 5. Linear regression of SODA temperatures onto the IPO index across various
vertical levels including (a) sea surface, (b) 112 m depth, and (c) 229 m depth. Small
black dots represent the regions where the regression coefficients are statistically
significant at �95% confidence level using the method of Davis [1976].
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analysis (Figure 5b) that shows a west-east dipole related to the IPO signature along the thermocline in the
tropical Pacific Ocean.

3.6. EOF Analysis of SODA and Reconstructed Sea Level Data
Using a comparative EOF analysis of the decadally filtered SodSSHA and RecSSHA data sets, we find that
the spatial pattern and time signature of EOF1 (56% of the variance) of RecSSHA and EOF2 (15% of the var-
iance) of SodSSHA match well (compare spatial patterns of the modes shown in Figures 8a and 8c, and
the temporal relationship between the corresponding PCs shown in Figure 8e). While there are clear simi-
larities between these data sets in both space and time at the decadal scale, we nevertheless note that
RecSSHA (Figure 8c) has larger spatial loadings than SODA in the eastern equatorial Pacific (Figure 8a). The
EOF time series (PCs) are strongly correlated (R 5 0.85, significant at >99.9% level, Figure 8e) and show
highly similar decadal fluctuations. The similarity between the mode patterns and timing gives us substan-
tial confidence in the SODA results. Nevertheless, we note the different ordering of the modes for this
decadal-scale ocean climate signature between SODA (EOF2) and RecSSHA (EOF1) with substantially differ-
ent variances explained. We are not too concerned about this because these differences are almost

Figure 6. Time evolution of SODA temperature anomalies (at depth levels) against longitude for a meridional-averaged band in
the (a) North Pacific Ocean (30.25�N–50.25�N), (b) tropical Pacific Ocean (12.25�S–12.25�N), (c) South Pacific Ocean (15.25�S–
30.25�S), and (d) tropical South Indian Ocean (9.25�S–19.25�S). Temperature data were detrended and 10 year low-passed Butter-
worth-filtered.
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certainly related to the stronger multi-
decadal variability in SODA than in
the RecSSHA which makes the var-
iance distribution in SODA more
spread among several modes.

EOF1 of SodSSHA explains 20% of the
total variance (Figure 9a) and its PC is
dominated by multidecadal fluctua-
tions (Figure 9c). EOF1 and EOF2 of
SodSSHA represent a couplet, accord-
ing to the North et al. [1982] test; how-
ever, EOF1 is not correlated with the
IPO index (Figure 9c). EOF1 and EOF2 of
SodSSHA may be the quadrature con-
structs of the IPO (i.e., not independent
standing patterns). Interestingly, EOF1
of SodSSHA (Figure 9a) shows a spatial
pattern that appears to connect the
western tropical North Pacific Ocean
with the tropical South Indian Ocean.
This pattern is similar to that derived by
the lagged-correlation analysis in sec-
tions 3.3 and 3.4; and its associated PC
(Figure 9c) shows multidecadal variabil-
ity, suggesting that this dynamic con-
nection might be multidecadal in
nature. But why does RecSSHA not
show multidecadal variability like that
corresponding to EOF1 of SodSSHA?
One possible explanation could be that
RecSSHA includes only tide gauge data
before 1993 with sparse spatial distri-
bution prior to the satellite era and thus

insufficient to attribute substantial variance to the description of large scale patterns of multidecadal variability.
Nevertheless, the RecSSHA represents well the decadal variability which is the main interest here.

EOF1 of AltSSHA (49% of the variance) and SodSSHA (39% of the variance) are also in very good agreement
in space (cf. Figures 8b and 8d) and time (Figure 8f), with the EOF time series (PCs) correlating strongly
(R 5 0.96, significant at >99.5% level). We found that the PCs of SodSSHA correlate well with the IPO index
on both the long (R 5 0.87, >99.9% significance, 1950–2007) and shorter time scales (R 5 0.89, significant at
>99% level, 1993–2007). Hence, these modes appear to characterize the IPO, identified in EOF2 in SODA for
the period 1950–2007 but in EOF1 for the period 1993–2007. Characteristically, the RecSSHA (period 1950–
2007) and AltSSHA data sets (period 1993–2007) also identify the IPO signature in EOF1. In short, EOF1 of
AltSSHA and SodSSHA for the period 1993–2007 explains almost the same amount of variance and neither
of them capture multidecadal variability as observed in SodSSHA for the period 1950–2007.

The same procedure as above was also performed on the annual (not filtered) and detrended SSHA (not
shown here) using the three data sets. The results were found to be very similar, but the spatial patterns
tended to be more equatorial in focus, and appears as EOF1 in both the SodSSHA and RecSSHA data sets for
the period 1950–2007 (R 5 0.82, >99.9% significance). For the unfiltered case, the leading modes of SodSSHA
and the AltSSHA for the period 1993–2007 also agree well in space and time (R 5 0.73, >99.5% significance).

4. Summary and Discussion

This paper has evaluated SODA 2.2.4 against independent sea level anomaly observations from tide gauge,
satellite altimeters, and reconstructed data. Our analysis shows that regional sea level from SODA is clearly

Figure 7. SODA temperature anomalies as a function of depth and time for an
averaged box in the (a) western tropical Pacific Ocean (12.25�N–12.25�S,
120.25�E–179.75�E) and (b) eastern tropical Pacific Ocean (12.25�N–12.25�S,
179.75�E–80.25�W). Figures 7a and 7b match with the western and eastern sides
of Figure 6b, respectively. Temperature data were detrended and 10 year low-
passed Butterworth-filtered.
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related to the IPO signals observed in sea level at the Midway Island and the Fremantle tide gauges. We
find that Midway Island sea level varies coherently with the IPO and PDO indices and is an ideal center for
Pacific Ocean decadal studies of sea level.

There appears to be a meridional asymmetry in the dynamic connection between the tropical Pacific Ocean
and the Indian Ocean apparently as a response to changes in the large scale evolution of the IPO. The asym-
metry is seen in Figure 2, the lagged correlation of sea level at Midway with SodSSHA, and in Figure 10, a
schematic of the asymmetry. The lagged-correlation analysis shows that the important connection between
the western North Pacific Ocean and tropical South Indian Ocean (Figures 2 and 10a) corresponds to the
IPO signal at Midway lagging SodSSHA in the lag sequence period from 210 to 26 years (Figure 2). The
connection between the western South Pacific Ocean and eastern South Indian Ocean in the coastal

Figure 8. (a) EOF2 (1950–2007) and (b) EOF1 (1993–2007) of SSHA from SODA (SodSSHA), and EOF1 of the (c) reconstructed SSHA as outlined by Church et al. [2004] (RecSSHA, 1950–
2007), and (d) SSHA from altimeter data (AltSSHA, 1993–2007). (e and f) The principal components (PCs) of the modes and the IPO index. The data have been detrended and a 5 year
low-pass Butterworth-filter have been applied. The PCs (Figures 8e and 8f) and the IPO index have been standardized for visual purposes.
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waveguide off Western Australia (Fig-
ures 2 and 10b) corresponds to the
IPO signal at Midway leading SodS-
SHA in the lag sequence period from
22 to 16 years (Figure 2). Stated
another way, SodSSHA spreads west-
ward into the tropical Indian Ocean
before the IPO at Midway reaches an
extremum. The lead lag relationships
identified here are relevant to efforts
to develop the capability for decadal
prediction.

We have demonstrated that SODA is
representative of the thermal struc-
ture of the Indo-Pacific Ocean during
cycles of IPO/PDO. The connection
(for example lag 210 in Figures 4 and
9a) between the Indian Ocean and
the western tropical Pacific Ocean
found here, as a response to changes
in the IPO, might be related to the
multidecadal connectivity via ocean-
atmosphere interactions between
these two ocean basins suggested by
Luo et al. [2012] who find that stron-
ger (weaker) Indian Ocean warming,
relative to the Pacific’s, helps to
enhance (weaken) the Pacific trade
winds by modulating the Walker cir-
culation. Two papers to be submitted
will use the SODA product to analyze
connectivity on decadal to multideca-
dal time scales between the Pacific
and Indian Oceans.

We also found that by linearly
regressing each spatial point time
series of temperature from SODA
over the Indo-Pacific Ocean domain
onto the IPO index, the IPO mode in
SST as reported in the literature is
well reproduced [Folland et al., 1999;
Power et al., 1999b]. The regression
applied to the subsurface also indi-
cates that the IPO signature extends
through the upper ocean including
through the mixed layer and upper
thermocline, thus highlighting the
IPO’s importance in upper ocean
dynamics consistent with previous
modeling studies and discussions by,

for example, McGregor et al. [2004] and Power and Colman [2006]. We conclude that the IPO is well
described by SODA and it is not only a feature at the sea surface but extends through the upper 200–
300 m to thermocline depths across the Pacific Ocean and possibly the eastern South Indian Ocean.

Figure 9. EOF1 (1950–2007) of SSHA from (a) SODA (SodSSHA) and (b) recon-
structed SSHA as outlined by Church et al. [2004] (RecSSHA). (c) The principal com-
ponents (PCs) and the IPO index, which have been standardized for visual
purposes. The data have been detrended and a 5 year low-pass Butterworth-filter
have been applied.
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Subsurface IPO features are different
from those at the sea surface, particu-
larly in the western tropical Pacific
Ocean where the anomalies are stron-
ger at the subsurface than at the sur-
face. Those subsurface anomalies also
indicate that the western tropical
Pacific and the eastern South Indian
Ocean are connected through the
Indonesian Seas and Western Australia
coast. This supports the dynamic con-
nection between the tropical western
Pacific Ocean and the eastern South
Indian Ocean highlighted in the spa-
tial lagged-correlation analysis
between SodSSHA and sea level from
tide gauges (and IPO index).

We have also shown that SODA repro-
duces well the low-frequency (decadal)
variability of SSHA observed in the
reconstructed (RecSSHA) data set from
Church et al. [2004] (updated for the
period 1950–2009). Both data sets
describe similar decadal scale SSHA
patterns and time signatures, and
more specifically that are highly corre-
lated with the large scale IPO—
although we caveat that the RecSSHA
relies on tide gauge records prior to
1993 and is conditioned on satellite
information since 1993. Interestingly,
the decadally filtered EOF1 of SodSSHA

captures the multidecadal variability, but is not featured in the dominant modes of RecSSHA from Church
et al. [2004]. In short, we find that the RecSSHA record is a useful tool to evaluate SODA on decadal time
scales, although it has to be used with caution on multidecadal time scales.

EOF analysis on the SodSSHA for the period 1993–2007 against AltSSHA further highlights the integ-
rity of SODA at the decadal scale. The AltSSHA are homogeneous and much higher resolution obser-
vations in space and time than the RecSSHA. The EOF1 time series from this shorter record analysis
are also significantly correlated with the IPO index. We note that SODA captures the same interan-
nual variability estimated in RecSSHA—which has a strong El Ni~no-Southern Oscillation signature in
SSHA and SSTA compared with numerous previous studies [e.g., Church et al., 2004; Church and
White, 2011].

The differences between the spatial patterns of EOF2 of SodSSHA (or RecSSHA) for the period 1950–2007
and EOF1 of SodSSHA (or AltSSHA) for the period 1993–2007 (Figure 8), both of which are consistent with
the IPO pattern, are probably due to the phase change in the IPO from positive to negative since 1993 as
discussed by Han et al. [2013] in sea surface temperature. England et al. [2014] explain that the most recent
cooling in the tropical eastern Pacific Ocean is related to the strengthening of the trade winds and the neg-
ative IPO phase since 2001. The IPO ‘‘cold transition’’ in the period 1993–2007 is expressed as less intense
variance in SodSSHA (small SodSSHA) than for the period 1950–2007 particularly in the eastern Pacific
Ocean (Figure 8).

Based on our analysis and evaluation here, we find SODA to be a useful tool for investigating regional
to large scale upper ocean decadal to multidecadal variability in temperature and sea level (quasi-
steric component of sea level). SODA reproduces the decadal sea surface height signals observed in

Figure 10. Schematic representation of the spatial patterns associated with the
dynamic connections between the western tropical Pacific Ocean and the South
Indian Ocean via the Indonesian Seas at decadal time scales. Figure 10a repre-
sents the connection between the western tropical North Pacific Ocean and the
tropical South Indian Ocean via the Indonesian Seas. Figure 10b represents the
connection between the western tropical South Pacific Ocean and the coast of
Western Australia via Indonesian Seas. This interpretation is based on the analysis
of the spatial distribution of lagged-correlation analysis using regional sea level
from tide gauges, IPO index, and sea surface height anomalies (5–918 m) from
SODA. These two patterns in the western tropical Pacific Ocean are meridionally
asymmetric. Red and blue lines symbolize that the phases are opposite; however,
the pattern along the western tropical North Pacific and the pattern along the
western tropical South Pacific Ocean occur at different times during the IPO cycle.
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long-term tide gauges at key locations for examining large scale ocean climate variability (Midway
Island and Fremantle) while also characterizing the IPO through the vertical temperature structure for
possible studies of IPO ocean dynamics. Our analysis further shows that SODA is robust enough to
reproduce annual-to-decadal variability observed in independent observations from reconstructed sea
level data from Church et al. [2004] and TOPEX/Poseidon satellite altimeter data, and therefore that
this product provides a potentially useful model synthesis of the sparse historical observations in the
upper ocean on decadal time scales.
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