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Three net surface heat flux products, namely from 1) version 2 of Common Ocean Reference Experiment
(CORE.2), 2) Objectively Analyzed Air-Sea Fluxes (OAFlux), and 3) the European Centre for Medium-Range
Weather Forecasts operational ocean analysis/reanalysis system (ECMWF ORA-S3), and three wind stress
products, namely from 1) CORE.2, 2) Simple Ocean Data Assimilation Reanalysis, version 2.1.6 (SODA 2.1.6),
and 3) ECMWF ORA-S3 are used to investigate the abilities of four simple oceanic mechanisms in explaining
the interannual variance of altimetry-derived sea surface height (SSH) anomalies in the tropical Pacific Ocean
over the period 1993-2006. It is found that local response to surface heating plays an important role in sea
level rise along the western equatorial Pacific (150°-180°E). The dominant processes affecting interannual
variability of observed SSH anomalies vary regionally in the tropical Pacific; local response to surface heating,
local Ekman pumping, wind-induced first baroclinic mode Rossby waves and the eastern boundary forcing are
all important. Both the local response to surface heating and the eastern boundary forcing are important in
explaining the interannual variance of observed SSH anomalies in the northeastern tropical Pacific; while the
dominant contribution to interannual sea level variability in the southeastern tropical Pacific is from the eastern
boundary forcing, the local Ekman pumping plays a relatively minor role in the interannual SSH change there.
The wind-induced first baroclinic mode Rossby waves dominate interannual SSH variability in the western trop-
ical Pacific, excluding the area of 2°~10°N, west of 170°E. Although a large part of the interannual sea level
variability in the western tropical Pacific is related to the oceanic remote adjustment to wind stress forcing,
the contributions of local responses to surface heating and wind forcing cannot be overlooked.
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adjustment of the Earth's crust. In addition, the effects of some process-
es such as anthropogenically-induced subsidence and earthquakes can't
be neglected on the coastal regions (Stammer et al., 2013).

Numerous studies with data analysis, numerical modeling, and

1. Introduction

Sea level changes, especially the regional sea level changes have been
the focus of many recent investigations. The tropical Pacific Ocean is a

hotspot for most investigations. This is not only for its rapid rise which
is 3 times larger than the mean value of the global sea level rise, in the
western tropical Pacific over the past two decades, which has been a
threat to the low-lying islands and coastlines, but also because even
the subtle sea surface temperature (SST) changes in the western tropi-
cal Pacific Ocean may lead to significant variations in the vigor of
the monsoon and the weather patterns across the Indo-Pacific basin
(McBride et al,, 2003). Sea level can serve as an important proxy of
variations in ocean circulation and climate. So it is very necessary to
understand the causes underlying the sea level variability. The causes
of sea level variability are associated with dynamic variations in the oce-
anic circulations caused by climate variability and with an isostatic
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data assimilation have been devoted to determine the contributions of
the different forcings to sea surface height (SSH) variability. The domi-
nant processes affecting SSH variability vary with period and latitude.
Vivier et al. (1999) confirm the predominance of surface heating in
the mid-latitude North Pacific and the importance of Rossby waves
equatorward of 30° latitude in seasonal SSH variability, while the influ-
ence of local Ekman pumping is non-negligible in the North Equatorial
Current on seasonal timescales. On interannual timescales, the wind-
induced first baroclinic mode Rossby waves capture well the large-
scale interannual SSH anomaly signals in the 12°-14°N latitudinal
band (Qiu and Chen, 2010), while the influence of the eastern boundary
forcing appears to be limited to the area a few Rossby radii away from
the boundary (Fu and Qiu, 2002). Recently, Piecuch and Ponte (2012)
demonstrated that along the southeast tropical Pacific, where the ob-
served patterns of sea level variability are markedly not well correlated
with those expected from linear response to wind driving, the buoyancy
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Fig. 1. Components of sea level variability. Standard deviation of (a) seasonal sea surface height (SSH) anomalies (cm), and (b) interannual SSH anomalies (cm). (c) Linear trend in

SSH (mm yr~—!) over the period 1993-2006 (with the rate of global mean sea level

rise removed from the field). (d) Skill of thermosteric expansion above 300 m depth in

explaining the variance of altimetry-derived SSH anomalies. Contours indicate a skill of 0.1, black contours denote S = 0.

driving plays a crucial role in sea level variability. On low-frequency
timescales, the spatial structures of sea level rise in the tropical Pacific
Ocean over the last half-century and the past two decades can well be
reflected in the thermosteric sea level (Carton et al, 2005; Kéhl and
Stammer, 2008; Becker et al., 2012). Previous modeling studies have a
consensus that the low-frequency changes in the surface wind stress
forcing can account for the recent high sea level trends observed in
the western tropical Pacific (K6hl and Stammer, 2008; Timmermann
et al., 2010; Merrifield and Maltrud, 2011).

However, many recent studies only emphasize the importance
of wind forcing in spatially varying sea level trends in the tropical
Pacific. A quantitative understanding of the various mechanisms of
interannual sea level variability (especially the sea level response
to surface heating) is lacking in the tropical Pacific. Our goal in this
study is to clarify the contributions of four shallow-water physical
processes to interannual sea level variability in the tropical Pacific
Ocean. This paper is organized as follows. In the next section, the
datasets used in this study are introduced. Section 3 gives a brief
description of the observed SSH variability. The contribution of
surface heating to interannual sea level variability is presented in
Section 4. In Section 5, we discuss the local response to wind forcing.
With the aid of a linear 1-1/2-layer reduced-gravity model, the
influence of the oceanic large-scale adjustment to wind forcing is
described in Section 6. The effects of the eastern boundary forcing
are considered in Section 7. Conclusions are given in the final
section.

2. Datasets

To understand sea level changes in the tropical Pacific Ocean, we
use the global sea surface height anomaly dataset provided by Collecte

Localisation Satellite (CLS). The altimeter products were produced
by Ssalto/Duacs and distributed by Aviso, with support from CNES
(http://www.aviso.oceanobs.com/duacs/). This dataset merges several
altimetry measurements, including Topex/Poseidon (T/P), Jason-1 and
2, Envisat and ERS-1 (European Remote Sensing Satellite-1) and 2 (Le
Traon et al,, 1998; Ducet et al., 2000). It has 1/3° x 1/3° Mercator pro-
jection grids at a weekly interval. Because the focus of our study is on
the interannual sea level variability, the original weekly SSH anomaly
dataset is temporally averaged to form a monthly dataset. To be consis-
tent with the net surface heat flux products and surface wind stress prod-
ucts used in later sections, the altimeter data are interpolated toa 1° x 1°
spatial resolution over the time span from January 1993 to December
2006.

Considering that different atmospheric reanalyses have individual
biases in their reanalysis fields, and no single reanalysis product is
found to agree better in all fields with satellite-derived observations
(Chaudhuri et al.,, 2013), three net surface heat flux products (CORE.2,
ECMWF ORA-S3 and OAFlux) and three wind stress products (CORE.2,
ECMWEF ORA-S3 and SODA) are used to evaluate the contributions
of different physical processes to sea level variability. The version 2 of
Common Ocean Reference Experiment (CORE.2) Global Air-Sea Flux
Dataset (Large and Yeager, 2004) is from the Research Data Archive
(RDA) maintained by the Computational and Information Systems
Laboratory (CISL). This dataset covers the period from January 1949
through December 2006. The European Centre for Medium-Range
Weather Forecasts (ECMWF) operational ocean analysis/reanalysis sys-
tem (ORA-S3; Balmaseda et al., 2007) is obtained from the Asia-Pacific
Data-Research Center (APDRC). Its monthly products are available from
January 1959 to December 2009. Two versions of Objectively Analyzed
Air-Sea Fluxes (OAFlux; Yu et al., 2008) products can be obtained from
the CISL RDA: a daily version (Jan 1985 to Dec 2011) and a monthly
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Fig. 2. Skill of local response to surface heating derived from (a) CORE.2, (b) OAFlux, and (c¢) ECMWF ORA—S3 net surface heat flux products in accounting for the variance of
altimetry-derived SSH anomalies. (d), (e), and (f) are the corresponding correlation coefficients between h s and observed SSH anomalies. Contours indicate a skill of 0.1, black

contours denote S = 0.

version (Jan 1958 to Dec 2011). We analyze the monthly version from
1993 to 2006 for our study. The aforementioned three datasets all
have a 1° x 1° spatial resolution and a monthly temporal resolution.
The Simple Ocean Data Assimilation Reanalysis, version 2.1.6 (SODA
2.1.6; Carton and Giese, 2008) is produced by an ocean general circula-
tion model based on Parallel Ocean Program numerics and is obtained
from the International Research Institute for Climate and Society/
Lamont-Doherty Earth Observatory (IRI/LDEO) Climate Data Library.
The SODA model run covers the period from 1958 to 2008 and has a hor-
izontal resolution of 0.5° x 0.5° with 40 vertical layers. Its temperature
data are also used to calculate the upper ocean thermosteric expansion
and heat content.

3. Observed SSH variability

The tropical Pacific Ocean is defined as the area located between
15.5°S and 15.5°N latitude, and 125.5°E and 79.5°W longitude in this
study. For the tropical Pacific sea level variability is a superposition of
global mean sea level (GMSL) and regional sea level change (Becker et
al, 2012; Merrifield et al., 2012), the monthly satellite altimeter
GMSL time series from 1993 to 2006, which derived from Church and
White (2011), is subtracted from the altimetry-derived SSH signals.
In this paper, anomalies of all variables are defined as deviations
from the time mean over the period 1993-2006. Interannual anomalies
are computed by removing the time mean, seasonal cycle, and linear
trend from the monthly time series, then the higher frequency signals
with periods < 1 yr are removed from the resulting time series by
low-pass filtering.

In the following analyses, we use the predictive skill described by
S in Eq. (1) to characterize how well the observed SSH anomaly is

Table 1

Predictive skills and correlation coefficients calculated between each of the domain-
averaged local responses to surface heating and the corresponding observed SSH
anomalies.

Predictive skill Correlation coefficient

CORE.2 —1.73 —0.024
OAFlux —10.75 0.043
ECMWF ORA-S3 —0.30 0.213

represented by the predicted sea level anomaly for a specific physical
process. The predictive skill is defined by

(o))

S=1 T ey .

where hq and h,, are, respectively, the observed SSH anomalies and
predicted sea level anomalies, and angle brackets denote time averaging.
Predictive skill S ranges between — < and 1. High values for predictive
skill (S — 1) indicate that observed signal and its prediction are both
well correlated and of the same magnitude. Negative values denote
that the observation and prediction are out of phase and/or the predic-
tion is larger in magnitude than observation.

Strong seasonal sea level variability is found in the northeastern
tropical Pacific (Fig. 1a), where the ratio of the mean seasonal variance
to the total sea level variance is higher than 60% (Vinogradov et al.,
2008). The standard deviation of interannual sea level variability in
the tropical Pacific is shown in Fig. 1b. The strongest interannual sea
level signals (6-10 cm) can be found in the off-equatorial western
tropical Pacific. Moderate interannual amplitudes (4-5 cm) occur in
the equatorial central Pacific and along the American coast. Both sea-
sonal and interannual signals are very weak (<3 cm) in the southeast-
ern tropical Pacific south of 10°S. Sea surface height trends exhibit
hemispheric asymmetry in the tropical Pacific for the 1993-2006
period: sea level trends with high rates in the western tropical Pacific,
and minimal to negative rates in the eastern tropical Pacific (Fig. 1c).

As the local response to surface heating, local Ekman pumping,
wind-induced first baroclinic mode Rossby waves and the eastern
boundary forcing are shallow-water physical processes restricted
above the thermocline. It is necessary to make sure that these
shallow-water physical processes are sufficient to explain sea surface
height variability in the tropical Pacific Ocean. Although mass redistri-
bution may be important in shallow, coastal regions (Ponte, 2006)
and at high latitudes (Lorbacher et al., 2012), the steric changes arising
from ocean temperature variations are the main causes of sea level
variability in most regions (Lombard et al., 2009). So thermosteric
expansion is calculated as the integral from 0 to 300 m of ATcdz. Here
« is the thermal expansion coefficient of seawater, which is estimated
from the monthly climatologies of temperature and salinity from the
World Ocean Atlas 2009 (WOAQ9; Locarnini et al., 2010; Antonov et
al.,, 2010) averaged over a mixed layer depth, and AT is the monthly
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Fig. 3. Skill of local response to surface heating derived from (a) CORE.2, and (b) ECMWF ORA-S3 products in accounting for the interannual variance of altimetry-derived SSH anomalies.

temperature anomaly relative to the 14-year (1993-2006) mean from a
multi-year Simple Ocean Data Assimilation (SODA 2.1.6). As shown in
Fig. 1d, the thermosteric expansion above the 300 m depth explains at
least 60% of the observed sea level variance in the tropical Pacific
Ocean, excluding the southeastern tropical Pacific south of 10°S, where
the magnitude of the thermosteric expansion variability within the
upper ocean is larger than that of the observed sea level variability (not
shown). A recent study by Piecuch and Ponte (2011, Fig. 1d) uses the
ECCO (Estimating the Circulation and Climate of the Ocean) consortium
to provide a sense of the vertical structure of steric sea level. They show
that, density changes above 1000 m are able to account for at least 80% of
the interannual steric sea level variance in the southeastern tropical
Pacific. As indicated in Fig. 1d, the four shallow-water physical processes
suffice to explain sea level variability over majority of the tropical Pacific
regions, excluding the southeastern tropical Pacific south of 10°S, where
deep ocean changes appear to be important.

To investigate more details about interannual SSH variability, two
regions with significant interannual sea level changes, as well as with
maximal rates of rise are chosen for the subsequent analyses. The
geographical extents of the two regions are: the area of 10°-15°N and
130°-155°E in the northwestern tropical Pacific Ocean (defined as
NWTP in this paper), as well as the region of 6°-11°S and 160°-175°E
in the southwestern Pacific Ocean (defined as SWTP in this paper).

4. Local response to surface heating

As recognized by previous studies, the thermosteric height signals
dominate the total steric height changes (e.g., Kohl et al., 2007; Lombard
et al, 2009), exceptions are mostly restricted to regions, such as in
the Labrador Sea (e.g., Antonov et al,, 2002) and the Southern Ocean
(e.g., Ponte, 2012). So we neglect the influence of halosteric height
signals in the tropical Pacific Ocean. To clarify the contribution of the
local thermosteric height anomaly (h's) forced by surface heating to
sea level variability, we estimate h's by using the above-mentioned
three net surface heat flux products. The signature of h; is determined
by integrating

oh',
ot

a(t)

Ocp

=——[an—Q@), 2)

where ¢, po, and ¢, are the thermal expansion coefficients of seawater,
the reference density, and the specific heat, respectively (Vivier et al.,
1999; Qiu, 2002). In Eq. (2), Q(t) is the net surface heat flux, and the
overbar denotes the temporal average.

The skills of local response to surface heating derived from
CORE.2, OAFlux, and ECMWF ORA-S3 net surface heat flux products
in accounting for the observed sea level variance are shown in

Modeled SSHa
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Fig. 4. Time series of the interannual h'; signals in (a) the NWTP, and (b) the SWTP (black lines). Blue lines denote interannual anomalies of the Nifio-3.4 SST index.
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Fig. 2a, b, and c, respectively. The correlation coefficients between the
observed sea level variability and each of the three local responses to
surface heating are also shown in Fig. 2. Regions with positive
correlation coefficients and negative predictive skills indicate that
the local response to surface heating and observation are out of
phase there. Although the two local responses to surface heating
forced by CORE.2 and OAFlux products fail to reproduce the observed
sea level anomalies along the western equatorial Pacific and in the
southern tropical Pacific south of 5°S, they play an important role in
reproducing the observed sea level anomalies between the equator
and 5°S, around 160°W, while the h/s forced by ECMWF ORA-S3
surface heating does not exhibit any contribution to SSH variability
in this region. Given the different predictive skill spatial patterns of
the three local responses to surface heating, it is not easy to make
an assessment which product is the best/worst one to reproduce
the observed SSH variability. So each of the three domain-averaged
thermosteric height anomaly (h's) signals deduced from the three
net surface heat flux products is then compared with the observed

15°N
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15°8 | | | |
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Fig. 6. Latitude-specifics of reduced gravity value g’.

SSH anomalies averaged in the same region, based on the correlation
and predictive skill (see Table 1). The tropical Pacific Ocean, excluding
the region of 8.5°-15.5°S and 155.5°W-79.5°W, is defined as the
domain in this study. As the predictive skills listed in Table 1, although
all three h' signals are out of phase with the observed SSH anomalies,
the h' forced by the OAFlux product is inferior to the CORE.2 and
ECMWEF ORA-S3 forced simulations in reproducing sea level variability
in the tropical Pacific because the magnitude of h's forced by the OAFlux
product is much larger than that of the observation.

The skills of b derived from CORE.2 and ECMWF ORA-S3 products
in accounting for the interannual variance of altimetry-derived SSH
anomalies are shown in Fig. 3. There are various differences in these
two interannual predictive skill spatial patterns. As such, we do not
think that any specific net surface heat flux product can reproduce
the most observed interannual SSH variability in the tropical Pacific
Ocean. The choice of net surface heat flux product can have an obvious
effect on the interpretation of interannual sea level variability in some
regions, such as in the northwestern tropical Pacific and the equatorial
central Pacific. As shown in Fig. 3, it is clear that both of the two local
responses to surface heating make a contribution, which cannot be
ignored, to interannual sea level anomalies in the northeastern tropical
Pacific (h's accounts for 20%-60% of the interannual variance) and the
western equatorial Pacific around 150°E (h's accounts for 20%-50% of
the interannual variance), but the h's forced by the ECMWF ORA-S3
product is better in explaining interannual sea level variability in the
northwestern tropical Pacific and the southeastern tropical Pacific
south of 10°S, while the h's derived from the CORE.2 product is better
in reproducing interannual SSH anomalies in the southwestern tropical
Pacific near the Solomon Islands and the central tropical Pacific around
160°W. Fig. 4a and b show the time series of h's averaged in the NWTP
and SWTP, which are forced by ECMWF ORA-S3 and CORE.2 products,
respectively. As the El Nifio-Southern Oscillations (ENSO) variability,
especially during the 97/98 El Nifio event over the studied period,
is the strongest interannual signal in the tropical Pacific Ocean, the
Nifio-3.4 (5°S-5°N, 170°W-120°W) SST index is used to represent the
ENSO variability in this study (Fig. 4). Here the time mean, seasonal
cycle, linear trend, and the higher frequency signals with periods < 1 yr
are also removed from the Nifio-3.4 SST index. The maximum correla-
tion reaches —0.71 with h's in the NWTP leading the Nifio-3.4 SST
index by 1 month during the 97/98 El Nifio event, whereas the maximum
correlation between the SWTP h'; and the Nifio-3.4 SST index is —0.68
with a 6-month lag. The correlation relations suggest that the turnabout
of interannual net surface heat flux anomalies from a cold phase to a
warm phase in the NWTP is earlier than that in the SWTP during the
97/98 El Nifio event. Considering that net surface heat flux is the outcome
of ocean-atmosphere interaction, which is beyond the scope of this study,
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Fig. 7. Skill of local response to wind forcing derived from (a) CORE.2, (b) SODA 2.1.6, and (c) ECMWF ORA-S3 wind stress products in accounting for the variance of
altimetry-derived SSH anomalies. (d), (e), and (f) are the corresponding correlation coefficients between h g and observed SSH anomalies. Contours indicate a skill of 0.1, black

contours denote S = 0.

the reason why the net surface heat fluxes in the above-mentioned two
regions are out of phase will not be discussed in this paper.

Although there are various differences in the interannual predic-
tive skill spatial patterns of local response to surface heating derived
from CORE.2 and ECMWF ORA-S3 products, the spatial patterns of
the linear trend in the two local responses to surface heating are
more similar (Fig. 5). There is a robust positive trend in the local
response to surface heating (also exists in the h's forced by OAFlux
net surface heat flux, not shown) along the western equatorial Pacific
(150°-180°E) that appears to explain the large (about 1 cm/yr)
altimetry-derived sea level trend in this region. The different magni-
tudes of trend shown in Fig. 5a and b may be attributed to the individ-
ual biases in respective reanalysis fields (Chaudhuri et al., 2013).
However, the positive trend along the western equatorial Pacific is
not reproduced in several contemporary studies (e.g., Timmermann
et al.,, 2010, Fig. 2c; Qiu and Chen, 2012, Fig. 10b), because linear
trends in the tropical Pacific in these studies are only wind-driven,
other forcing mechanisms are ignored.

Although local changes in net surface heat flux show some skill in
explaining the interannual sea level variability, we expect that the lack
of ocean dynamics, such as local Ekman pumping and wind-induced
first baroclinic mode Rossby waves, is the cause for the poor contribu-
tion in the deep blue regions shown in Fig. 3. These dynamic processes
will be explored in the subsequent analyses.

5. Local response to wind forcing

Apart from the local influence of surface heating, the effect of the
oceanic local response to wind forcing on SSH anomalies is governed
by Ekman dynamic. Wind stress curl anomalies cause changes in the
convergence of near-surface Ekman transports. Depending on the sign
of the related Ekman pumping velocity, warm (cold) water is pumped

Table 2
Predictive skills and correlation coefficients calculated between each of the domain-
averaged local responses to wind forcing and the corresponding observed SSH anomalies.

down (sucked up), which leads to a deepening (shoaling) of the ther-
mocline and a local sea level increase (decrease). The Ekman pumping
has been used to quantify the oceanic local response to wind forcing
on seasonal timescales (Vivier et al., 1999) and interannual timescales
in a two-layer model (Qiu, 2002). Specifically,

’

O g g T)
— =—"curl( <], 3
T g ; 3)

where 'y is the Ekman-dynamical height anomaly, g is the reduced
gravity, f is the Coriolis parameter, and 7 is the anomalous wind stress
vector. The value of g’ reflects the strength of stratification, it does
control the magnitude of hg, but does not influence the pattern of the
h' g field. In order to obtain the suitable g’, following the studies of the
tropical Pacific by Timmermann et al. (2010) and McGregor et al.
(2012) with a linear reduced-gravity shallow-water model (SWM),
we prescribe the reduced-gravity parameter g’sw =005ms 2 in

this study, which is constant in space and time. Replacing g’ with g gy

in Eq. (3), we get i sw- Linear regression coefficients (7y(x,y)) are calcu-
lated at each grid point between the observed SSH variability and the
h' g driven by each of the three aforementioned wind stress products.
This results in three separate regression coefficient fields, and then the
average of these three regression coefficient fields is calculated. There
are more robust meridional features than zonal features in the average
regression coefficient field (Timmermann et al., 2010; McGregor et al.,
2012), so the latitudinal mean of the average regression field is used

to calculate g’ (g' = V(y)glsw>. Fig. 6 shows the latitude-varying g’

values. There are local minimal g’ values along 4°N and 14°N and local
maximal g’ values along 10°N, corresponding to the thermocline
troughs and ridge, respectively (Wang et al., 2000; Kessler, 2002).

The skills of local Ekman pumping in accounting for the observed
SSH variance are shown in Fig. 7a, b, and c, corresponding to wind

Table 3

Predictive skills and correlation coefficients calculated between each of the domain-
averaged wind-induced first baroclinic mode Rossby waves and the corresponding
observed SSH anomalies.

Predictive skill Correlation coefficient

Predictive skill Correlation coefficient

CORE.2 —0.40 —0.120
SODA 2.1.6 —0.17 0.043
ECMWF ORA-S3 —0.17 0.049

CORE.2 0.28 0.554
SODA 2.1.6 0.45 0.668
ECMWF ORA-S3 0.43 0.661
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stress forcing from CORE.2, SODA, and ECMWF ORA-S3, respectively.
The correlation coefficients between the observed sea level variability
and each of the three local responses to wind forcing are also shown
in Fig. 7. Relative to h's, the predictive skill spatial patterns of h g
are more comparable to each other because of the wind products'
similar physical assumptions and assimilation of common observa-
tions (Chaudhuri et al., 2013). Remarkable fraction of the altimetry-
derived SSH variance can be explained by local Ekman pumping
between 5°N and 10°N in the northeastern tropical Pacific, extending
from 170°W to 100°W (h’EK accounts for 20%-60% of the total vari-
ance). It is also found that local Ekman pumping plays an important
role in regulating the seasonal meridional movement of the North
Equatorial Countercurrent (NECC) Center (Hsin and Qiu, 2012) in this
region. The contribution of local Ekman pumping to the observed SSH
variability in the southwestern tropical Pacific also cannot be ignored
(h'gx accounts for 20%-40% of the total variance).

In the tropical Pacific Ocean, the skill of h'g derived from the
CORE.2 wind stress product is weaker in accounting for the observed
SSH variance than those derived from SODA and ECMWF ORA-S3
wind stress products (see Fig. 7a and d, and Table 2). Although the
predictive skills of domain-averaged h'g derived from SODA and
ECMWEF ORA-S3 wind stress products are very close (listed in Table 2),
the first baroclinic mode Rossby waves driven by SODA wind stress are
better in reproducing the observed SSH anomalies than those driven by
ECMWEF ORA-S3 wind stress (see Fig. 12 and Table 3). So we use the
h' g driven by SODA wind stress for the subsequent analyses.

The contribution of local Ekman pumping to interannual SSH
variability is notable in the area of 170°E-150°W around 10°N, the
coastal region of Nicaragua, and the southwestern tropical Pacific
(h'gc accounts for 20%-60% of the interannual variance, shown in
Fig. 8). Whereas, local Ekman pumping dynamic poorly explains the
interannual variability of observed SSH anomalies (h'EK accounts for
less than 30% of the interannual variance) in the eastern tropical Pacific

characterized by positive SST anomalies during the 97/98 El Nifio event,
which indicates that El Nifio warming in this region is not the result of
local change in surface wind forcing (Wyrtki, 1975). To analyze the
detailed interannual variability of observed SSH anomalies, the time se-
ries of h gk averaged in the NWTP and SWTP are plotted in Fig. 9a and b,
respectively. An overall good correspondence between h'g and the
Nifio-3.4 SST index is easily discernible. The maximum correlation of
—0.81 occurs with h’EK in the NWTP leading the Nifio-3.4 SST index
by 6 months, whereas the maximum correlation between the SWTP
h/EK and the Nifio-3.4 SST index is —0.90 with a zero month lag. As
there is a close relationship between wind stress anomaly and local
Ekman pumping response, the above correlation relations indicate that
the off-equatorial cyclone in the NWTP decays earlier than that in
the SWTP during El Nifio. Condensation heating in the equatorial central
Pacific (Zebiak, 1990; Weisberg and Wang, 1997) induces a pair of
off-equatorial cyclones, and then the off-equatorial cyclones raise the
thermocline there via local Ekman pumping. The shallow off-equatorial
thermocline anomaly expanding over the western Pacific leads to an
increase in sea level pressure (SLP) and an anomalous anticyclone in
the NWTP (e.g. Wang, 2000), while the SWTP is still controlled by the
off-equatorial cyclone. So there is a lag between the SWTP h'g and
NWTP h'g during El Nifio. However, the magnitude of h'g in the
SWTP is almost twice as large as that in the NWTP, which indicates
that the wind stress in the SWTP is stronger in strength than in the
NWTP.

6. Wind-induced baroclinic Rossby waves

In the tropical Pacific Ocean, SSH variability is predominantly
induced by the time-varying surface wind forcing (K6hl and Stammer,
2008; Timmermann et al., 2010; McGregor et al., 2012). The 1-1/2-layer
reduced-gravity model has been used to quantify the wind-induced SSH
variability in many past studies (e.g., Meyers, 1979; Kessler, 1990; Qiu
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Fig. 9. Time series of the interannual h'g¢ signals in (a) the NWTP, and (b) the SWTP (black lines). Blue lines denote interannual anomalies of the Nifio-3.4 SST index.
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and Joyce, 1992; Capotondi and Alexander, 2001; Qiu and Chen, 2006).
Under the long-wave approximation, a linear vorticity equation (with
zero background flow) governing the 1-1/2-layer reduced-gravity
model is given by

’

oh ahli gV xT ,
Bt Rox T 20of —é&h, (4)

where h/(xy,t) is the SSH anomaly, Cr(xy) = B(y)Ci(xy)%/f(y)? is the
phase speed of the first baroclinic mode Rossby waves, 3(y) is the me-
ridional derivative of the Coriolis parameter, C;(x,y) is the phase
speed of the first baroclinic mode gravity wave, and ¢ is the Newtonian
dissipation rate. By integrating Eq. (4) from the eastern boundary

120°E 140°E 160°E 180°E 160°W 140°W 120°W 100°W 80°W

-1 -0.8 -06 -0.4 -0.2 0 02 04 0.6 0.8 1

(x = Xx.) along the baroclinic Rossby wave characteristic, h’ has an
analytic solution of

, _ g’ ¥ l ' x—x/ i L ,
hm(x’y’t)_p_ogff"f CRVXT<x,y,t+—CR > X exp{CR (x x)}dx,
(5)

where h',, is the modeled SSH anomaly deduced from the wind-driven,
linear 1-1/2-layer reduced-gravity model. According to Fu and Qiu
(2002), the influence of the eastern boundary on sea level variability
is limited to a narrow area within a few Rossby radii away from the
boundary, thus the solution due to the eastern boundary forcing has
been ignored in Eq. (5).

The wind forcing data used in Eq. (5) are the same monthly wind
stress products as used in Section 5. The baroclinic Rossby wave speed
Cr is evaluated from the global climatological first baroclinic mode
gravity-wave phase speed Ci;(x,y) derived by Chelton et al. (1998).
At the latitude of about 15°N, the Cy values vary from 0.1 m s~ in
the eastern basin to 0.17 ms~! in the western basin, and these
values indicate about a 3 yr transit time required by a long baroclinic
Rossby wave to cross the Tropical Pacific basin.

When py, g’ and other parameters are given, h', has a complicated
dependence on &. Since the ¢ value is a poorly known quantity, we
follow Qiu (2002) to calculate the h', signals using a wide range of
the £ values (¢ = 0.5,1-10 yr '), and then choose the optimal dissi-
pation rate corresponding to the maximum predictive skill at each
grid point. Three wind stress products result in three separate fields
of dissipation rates. In calculating the h'y, signals, it would be ideal
to use the mean value of three dissipation rate fields derived from
the three wind stress products. Since there are more robust meridional
features than zonal features in the average dissipation rate field, we run
the linear vorticity model by inputting the latitudinal averaged dissipa-
tion rates shown in Fig. 10.

As shown in Fig. 11a, b, and c, the contribution of wind-induced
first baroclinic mode Rossby waves to the observed SSH anomalies
is predominant in the tropical Pacific (h'y, accounts for 30%-80% of
the total variance). It is worth to notice that the predictive skill of
h'y, drops rather rapidly from 10°N toward the equator in the west
of 170°E, where the Mindanao Eddy and the Halmahera Eddy are
located, as investigated by Tozuka et al. (2001). Another region is
the southeastern tropical Pacific south of 10°S, where the wind-
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Fig. 11. Skill of wind-induced first baroclinic mode Rossby waves driven by (a) CORE.2, (b) SODA 2.1.6, and (c) ECMWF ORA-S3 wind stress products in accounting for the variance
of altimetry-derived SSH anomalies. (d), (e), and (f) are the corresponding correlation coefficients between h',» and observed SSH anomalies. Contours indicate a skill of 0.1, black

contours denote S = 0.
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Fig. 12. Skill of wind-induced first baroclinic mode Rossby waves driven by SODA 2.1
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induced first baroclinic mode Rossby waves poorly explain the ob-
served SSH variance, and the variability within the deep ocean cannot
be overlooked. Although there are high correlations between each of
the three wind stress forced simulations and the observed SSH anom-
alies (shown in Fig. 11d, e, and f), the skill of h',, derived from CORE.2
wind stress is inferior in accounting for the observed sea level vari-
ance to those derived from SODA and ECMWF ORA-S3 wind stress
products (see Fig. 11a, b, and c), particularly in the southern tropical
Pacific. Considering that the two predictive skill spatial patterns of h ',
derived from SODA and ECMWF ORA-S3 wind stress products are
very similar, the domain-averaged h', is used to compare predictive
skills (see Table 3). The h'y, forced by SODA wind stress is better in
both predictive skill and correlation coefficient than that driven by
ECMWF ORA-S3 wind stress, so the h',, driven by SODA wind stress
is chosen to analyze the contribution of wind-induced first baroclinic
mode Rossby waves to interannual variability of altimetry-derived
SSH anomalies (shown in Fig. 12).

The wind-induced first baroclinic mode Rossby waves play a pre-
dominant role in interannual sea level change in the western tropical
Pacific, while the contribution of h', to interannual SSH variability is
relatively weak in the eastern tropical Pacific, especially along the
South American coast. Time series of h’m in the NWTP and SWTP are
shown in Fig. 13a and b. An overall good correspondence between
h'm and the Nifio-3.4 SST index is easily discernible. The maximum
correlation of —0.82 occurs with h', in the NWTP leading the
Nifio-3.4 SST index by 2 months, whereas the maximum correlation
between the SWTP h/m and the Nifo-3.4 SST index is —0.75 with a
4-month lag. Because the changes in h'y reflect the accumulative
effect of the time-varying wind forcing along the Rossby wave charac-
teristics across the tropical Pacific basin, the above correlations sug-
gest that the changes in wind stress in the 10°-15°N latitudinal
band leads that in the 6°-11°S latitudinal band.

-0.6

120°W 100°W 80°wW

.6 wind stress product in accounting for the interannual variance of altimetry-derived SSH

7. Effects of the eastern boundary forcing

As shown in Figs. 8 and 12, the wind-driven dynamics are not suf-
ficient to explain the observed interannual SSH anomalies in the east-
ern tropical Pacific, especially along the South American coast. Since
the influence of the eastern boundary forcing is crucial for explaining
the observed SSH anomalies along the American coast (Fu and Qiu,
2002; Qiu and Chen, 2006), the effects of eastern boundary forcing
are considered in this section. Specifically,

&
2 (x—xeﬂ , (6)

ho(x.y,t) =h (xe,y, t+ X_x‘E) exp
Cr

where h’e is the eastern boundary forced SSH anomaly, and &g is
the Newtonian dissipation rate associated with the boundary-forced
signals. The value of &g is affected by the vertical propagation of
wave energy into the subthermocline and topographic scattering
(Kessler and McCreary, 1993). Following the studies of the eastern
South Pacific by Vega et al. (2003) and Qiu and Chen (2006),
gg = (300 days) ™' is adopted in this study. Also, we follow Fu and
Qiu (2002) to regard the monthly altimetry-derived SSH signals
next to the coast as h(xe,y,t).

Fig. 14 shows the contribution of the eastern boundary forced
signals to the observed interannual SSH anomalies. It shows clearly
that on interannual timescales, the eastern boundary forcing is dom-
inant (h'e accounts for 20%-70% of the interannual variance) in the
east of 120°W between 10°N and 10°S. Besides, the effect of the east-
ern boundary forcing in the eastern tropical South Pacific is stronger
than that in the eastern tropical North Pacific, where the contribu-
tions of local surface heating and local Ekman pumping cannot be
overlooked. This implies that the 97/98 El Nifio warming along the
South American coast is not the result of local change in wind forcing,
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Fig. 13. Time series of the interannual h',, signals in (a) the NWTP, and (b) the SWTP (black lines). Blue lines denote interannual anomalies of the Nifio-3.4 SST index.
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but rather reflects a remote response to the rapidly decreased easterly
trade wind in the equatorial central Pacific (Wyrtki, 1975). To gain an
insight into the remote response, Fig. 15 shows the time-longitude
plot of upper ocean heat content in the 2°N-2°S latitudinal band
and the time-latitude plots of upper ocean heat content along the
South and North American coast. Here heat content is calculated as
the integral from 0 to 300 m of pc,T(z)dz, the temperature data are
from SODA 2.1.6. It is clear that there is a strong eastward heat con-
tent signal during the 97/98 El Nifio event, and the heat content
transporting along the South American coast is larger in magnitude
than that transporting along the North American coast.

8. Summary and conclusions

Altimetry-derived sea surface height data over the period 1993-2006
are used to investigate the interannual SSH variability in the tropical
Pacific Ocean. The significant interannual SSH signals are found in
the northwestern tropical Pacific and southwestern tropical Pacific.
The thermosteric height variability within the upper 300 m ocean
accounts for >60% of SSH variance in the tropical Pacific, excluding
the southeastern tropical Pacific south of 10°S, where deep ocean
variability cannot be overlooked. So the shallow-water processes
are sufficient to explain the observed SSH variability in the tropical
Pacific.

We must consider that each reanalysis product has individual bias,
and no single reanalysis product is found to agree well in all fields
with satellite-derived observations (Chaudhuri et al., 2013). Three
net surface heat flux products and three wind stress products are
used to investigate the local response to surface heating and the
oceanic responses to wind forcing, respectively.

The surface heating from OAFlux is inferior in reproducing
observed sea level anomalies to that from CORE.2 and ECMWF ORA-S3
in the tropical Pacific because the h; (local thermosteric height anomaly
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Fig. 15. (a) Time-longitude plot of the heat content anomalies (J m~2) in the 2°N-2°S latitudinal band, and time-latitude plots of the heat content anomalies along (b) the South

American coast, and (c) the North American coast.
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to surface heating) forced by the OAFlux product is much larger in
magnitude than the observation. Considering that there are various
differences in the two interannual predictive skill spatial patterns of h;
derived from CORE.2 and ECMWF ORA-S3 products, we do not think
that any specific net surface heat flux product can reproduce the
most observed interannual SSH variability in the tropical Pacific Ocean.
The choice of surface heating product has an obvious effect on the inter-
pretation of interannual sea level variability in some regions, such as in
the northwestern tropical Pacific and the equatorial central Pacific.

Although there are various differences in the interannual predictive
skill spatial patterns of h's derived from CORE.2 and ECMWF ORA-S3
products, the spatial patterns of linear trend in the two local responses
to surface heating are more similar (Fig. 5). There is a robust positive
trend in local response to surface heating along the western equatorial
Pacific (150°-180°E) that appears to explain the large (about 1 cm/yr)
altimetry-derived sea level trend in this region. The different magni-
tudes of trend may be attributed to the individual biases in respective
reanalysis fields (Chaudhuri et al., 2013). However, the positive trend
along the equatorial western Pacific is not reproduced in several
contemporary studies (e.g., Timmermann et al., 2010, Fig. 2¢; Qiu and
Chen, 2012, Fig. 10b), because only a wind-driving mechanism is con-
sidered to calculate the linear trends of the tropical Pacific SSH anomaly,
other forcing mechanisms are ignored in these studies.

Relative toh's, the predictive skill spatial patterns of h' g or h', are
more comparable because of the wind products' similar physical
assumptions and assimilation of common observations (Chaudhuri
et al., 2013). The CORE.2 wind stress is inferior in reproducing the
observed SSH anomalies to the other two wind stress products in
the tropical Pacific, especially in the tropical South Pacific. The h'y,
driven by SODA wind stress is a little better in accounting for the
observed sea level variance than that driven by ECMWF ORA-S3
wind stress in the tropical Pacific basin.

The dominant processes affecting interannual variability of observed
SSH anomalies vary regionally in the tropical Pacific; local response to
surface heating, local Ekman pumping, wind-induced first baroclinic
mode Rossby waves and the eastern boundary forcing are all important.
Both the local response to surface heating and the eastern boundary
forcing are important in explaining the interannual variance of ob-
served SSH anomalies in the northeastern tropical Pacific; while the
interannual SSH variability in the southeastern tropical Pacific is domi-
nated by the eastern boundary forcing, the local Ekman pumping plays
a relatively minor role in the interannual SSH change. The different
contributions of local response to surface heating to interannual sea

level variability in the eastern tropical North and South Pacific imply
that the ocean-atmosphere interaction in the northeastern tropical
Pacific is more active than that in the southeastern tropical Pacific. As
the 97/98 El Nifio is the strongest interannual signal over the studied
period, all of these suggest that the 97/98 El Nifio warming along the
South American coast is not the result of local change in wind forcing,
but rather reflects a remote response to the rapidly decreased easterly
trade wind in the equatorial central Pacific (Wyrtki, 1975). In addition,
the local response to surface heating also plays an important role in ac-
counting for the interannual SSH variance in the southeastern tropical
Pacific south of 10°S, where deep ocean variability cannot be overlooked.

The wind-induced first baroclinic mode Rossby waves dominate
interannual SSH variability in the western tropical Pacific, excluding
the area of 2°~10°N, west of 170°E, where the Mindanao Eddy and
the Halmahera Eddy are located (Tozuka et al., 2001) and the linear
1-1/2-layer reduced-gravity dynamic is inadequate. Although a large
part of the interannual sea level variability in the western tropical
Pacific is related to the oceanic remote adjustment to wind stress
forcing, the contributions of local responses to surface heating and
wind forcing cannot be overlooked.

Comparing the time series of h's and h'g with the Nifio-3.4 SST
index, we find that the change in both h's and h'g signals in the
NWTP lead that in Nifio-3.4 SST, whereas the corresponding change
in the SWTP lag that in Nifio-3.4 SST during the 97/98 El Nifio. This
lead-lag relationship during the ENSO event may associate with the
strong ocean-atmosphere interaction in the equatorial central Pacific.
The total interannual sea level time series, which containh's,h g, and h
signals, in the NWTP and SWTP are shown in Fig. 16a and b (blue lines),
respectively. As shown in Fig. 16, the three shallow-water processes are
sufficient to explain the interannual variance of altimetry-derived SSH
anomalies, and the differences between the sum of the three simulations
and the observation may be attributed to the nonlinear effects and the
biases of those forcing products.
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