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Abstract: The satellite altimeter data, temperature and salinity data, and 1.5-layer reduced gravity
model are used to quantitatively evaluate the contributions of the steric effect and the dynamic process
to sea level variations in the Tropical Pacific Ocean (TPO) on different time scales. Concurrently, it
also analyses the influence of wind forcing over the different regions of the Pacific Ocean on the
sea level variations in the TPO. Seasonal sea level variations in the TPO were the most important
in the middle and eastern regions of the 5◦–15◦N latitude zone, explaining 40–60% of the monthly
mean sea level variations. Both the steric effect and dynamic process jointly affected the seasonal sea
level variations. Among them, the steric effect was dominant, contributing over 70% in most regions
of the TPO, while the dynamic process primarily acted near the equator and southwest regions,
contributing approximately 55–85%. At the same time, the seasonal dynamic sea level variations were
caused by the combined actions of primarily local wind forcing, alongside subtropical north Pacific
wind forcing. On the interannual to decadal time scale, the sea level interannual variations were
significant in the northwestern, southwestern, and middle eastern regions of the TPO and explained
45–60% of the monthly mean sea level variations. The decadal sea level variations were the most
intense in the eastern Philippine Sea, contributing 25–45% to the monthly mean sea level variations.
The steric effect and the dynamic process can explain 100% of the interannual to decadal sea level
variations. The contribution of the steric effect was generally high, accounting for more than 85%
in the regions near the equator. The impact of the dynamic process was mainly concentrated in the
northwest, northeast, and southern regions of the TPO, contributing approximately 55–80%. Local
wind forcing is the leading role of interannual to decadal sea level variations. The combined actions
of El Niño–Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) can explain 90%
of the interannual to decadal sea level variations in the northwestern and eastern of the TPO.

Keywords: tropical pacific ocean; sea level variations; steric effect; dynamic process

1. Introduction

In the 21st century, due to rising sea levels and frequent extreme sea-level events,
the storm surges, coastal erosion, flood risks, and economic losses faced by coastal cities
worldwide will continue to increase in frequency and severity [1,2]. During 1993–2009, the
global mean sea level rise rate was 3.2 ± 0.4 mm/yr, mainly caused by thermal expansion
and variation in the quality of seawater transported from the land to the ocean [3]. However,
regional sea level variations are primarily related to large-scale climate variations on
the monthly decadal time scales. For example, the sea level anomalies in the Tropical
Pacific Ocean (TPO) exceed 30 cm due to the interannual variations of El Niño–Southern
Oscillation (ENSO) [4], and its anomalies exceed the 21 cm rising in global mean sea level
during 1880–2009 [3]. Due to the impact of climate variations, there are significant regional
differences in the rate of sea level rise on decadal time scales [5]. For example, in the
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past few decades, the western TPO has had the highest rate of sea level rise in the world,
while the eastern TPO is the region with the fastest rate of sea level decline [3,6]. During
1993–2009, the rate of sea level rise in the western TPO was three times the global mean sea
level rise rate [7–9]. Many studies have shown that in the Pacific Ocean, the steric effect
has a greater contribution to the sea level variations [10–12]. However, the contribution of
the dynamic process to the sea level variations should not be ignored [13].

Sea level variations reveal significant multi-time-scale variations in the TPO [14–19].
On seasonal time scales, the sea level variations in the northeastern TPO are the most
dramatic, and its seasonal signals account for more than 60% of the total sea level variation
signals [20]. Among them, the seasonal variation amplitude of the steric sea level and the
total sea level is relatively consistent, indicating that the steric effect has a greater influence
on the seasonal sea level variations in this area [21,22]. Secondly, the dynamic process is
mainly driven by buoyancy flux and local wind stress, influencing the seasonal sea level
variations in the TPO [23,24]. In addition, the sea surface wind stress is the driving force for
the seasonal and interannual sea level variations in the TPO [25,26]. In some low-latitude
regions of the Pacific Ocean (such as the western TPO), the seasonal-interannual sea level
variations are mainly caused by the steric effect created by the baroclinic Rossby waves
driven by wind stress. These wind-driven baroclinic Rossby waves are closely related to
the tropical Pacific Ocean’s climate mode (PDO/IPO) [27]. The sea level anomaly signals
propagate westward in the form of baroclinic Rossby waves during the season in the
northern regions of the TPO. After arriving in the Philippines, they are transformed into
coastal waves (CTWs, Kelvin waves) and then enter the eastern regions of the South China
Sea along with the Philippine Islands [28].

On the interannual time scale, variations in the sea level are most significant for
the core region of the western Pacific Warm Pool, the central and eastern Pacific Ocean,
and especially in the eastern regions of the Philippines and New Guinea. The significant
periods of the sea-level low-frequency sequences are concentrated in 30 months and 52
months [29,30]. The sea level interannual variations are mainly affected by ENSO in the
TPO [31–36]. At the same time, the wind field, the heat flux at the air-sea interface, the
vertical ocean thermal structure, and the circulation variations all influence the interannual
sea level variations in the TPO [29]. During El Niño events, the mass redistributed by the
relaxed trade winds over the TPO eventually results in a significant decline in sea levels
across the western TPO and a considerable rise in the eastern TPO [5,37,38]. Convergence
and divergence anomalies of the wind field can explain the interannual sea level variations
in the TPO during different types of El Niño. The continuous rise of sea levels is caused by
the constant weakening of the divergent wind field in the eastern TPO, while anomalous
westerly winds in the western Pacific Ocean cause sea levels to rise in the center of the
eastern TPO [30]. In addition, the effect of heat flux on the interannual sea level variations
cannot be ignored in the eastern TPO. The north–south movement of the bifurcation of the
north Equatorial Current and variations in the intensity of the equatorial current system
will also induce interannual sea level variations in the TPO. Among them, the heat flux
primarily contributes to the northeastern and western regions of the TPO, reaching up to
60% and 50%, respectively [20].

The dominant factors influencing the interannual sea level variations are regionally
distinct in the TPO. In the northern TPO, namely the regions around the Hawaiian Islands,
Rossby waves propagating westward and the abnormal cooling of surface seawater caused
by trade wind anomalies can pass through the density of the mixed layer to affect the
interannual sea level variations [39]. The local response of surface heating and the eastern
boundary forcing is significant in explaining the interannual sea level variations in the
northeastern TPO. In the southeastern TPO, eastern boundary forcing primarily contributes
to the interannual sea level variations [40]. Ocean dynamic buoyancy-driven processes
play a vital role in the interannual sea level variations [41]. The contribution of local Ekman
pumping to the interannual sea level variations in the southeastern TPO is relatively small,
while the contribution to the southwest regions of the sea cannot be ignored [21]. The first
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baroclinic Rossby waves, caused by wind stress, significantly impact the interannual sea
level variations in the western Pacific Ocean [42]. In addition, the long-distance adjustment
to wind stress forcing of the oceans strongly influences interannual sea level variations in
the western TPO. Therefore, the contribution of local responses to ocean surface warming
and wind forcing cannot be ignored [21].

The impact of ENSO on the climate of the northwest Pacific Ocean is not static, but is
modulated by decadal processes [43–46]. During the warm phase of the Pacific Decadal
Oscillation (PDO), the relationship between ENSO and the East Asian winter monsoon
is weak. In contrast, during the cold phase of PDO, ENSO strongly influences the East
Asian winter monsoon [47]. In addition, PDO and north Pacific Circulation Oscillation
(NPGO) can also affect the interannual sea level variations by modulating subsurface sea
temperatures and salinity in the TPO [46–49].

The interannual climate system variations, the atmosphere–ocean coupling, and the
ENSO phenomenon are the most significant in the TPO; it is also the region with the most
dramatic decadal and long-term sea level variations. Since the early 1990s, the decadal sea
level variations in the northwestern TPO have increased significantly. From 1991 to 2005,
the standard deviation of sea level variations was 2.84 cm, decreasing to 1.12 cm between
1963 and 1976 and increasing to 1.31 cm between 1977 and 1990 [8,50]. During the El Niño
period, the sea level in the eastern TPO is abnormally high (tens of centimeters), while the
sea level in the western TPO is unusually low. More than 50% of the abnormal variations
are explained by the decadal modulation of ENSO [51,52]. In the western TPO, the decadal
sea level variations are greatly affected by PDO [5,9,16], contributing 53% to the first mode
of decadal sea level variations in the TPO. The correlation coefficient between the time
series of the first mode and the PDO index reaches 0.59 [19].

The decadal signals are mainly driven by the wind stress curl of the TPO. Concurrently,
the atmospheric circulation related to the variations of the ENSO-PDO phase relationship
also enhances the decadal oscillation of sea level [32,53,54]. According to the fifth phase
of the Coupled Model Intercomparison Project (CMIP5), abnormal wind stress and wind
stress curl are the leading causes of interannual and decadal sea level variations in the
TPO. Although remote forcing may also induce abnormal sea level variations [55]. In
addition, the significant decadal sea level variations in the TPO during 1993–2015 were
mainly related to variations in the heat content of the upper ocean [56]. In the western
TPO, the intensified decadal sea level variations result from the “out-of-phase” relationship
between the Indian Ocean and the central and eastern Tropical Pacific since 1985, which
has an “in-phase” effect on sea level variations in the western TPO [57]. Secondly, the
Interdecadal Pacific Oscillation (IPO) also contributes to the decadal sea level variations in
the western TPO [50]. The region with the most extensive decadal sea level variations in
the eastern TPO does not coincide with the region with drastic interannual variations. The
eastern TPO has the largest interannual sea level variations, but the decadal variations are
minimal, mainly due to the ENSO.

The steric effect significantly contributes to sea level variations in the TPO [10–12]. At
the same time, the contribution of the dynamic process to sea level variations is also impor-
tant [13]. However, recent studies have not comprehensively investigated the geographic
and temporal role of the steric effect and the dynamic process in influencing sea level
variations in the TPO. This paper analyzes the contribution and influence mechanisms of
the steric effect and the dynamic process to the seasonal, interannual, and decadal sea level
variations across the Tropical Pacific.

2. Data and Methods
2.1. Datasets

The monthly sea level anomaly (SLA) is obtained from the merged (TOPEX, Jason-
1/2, ERS-1/2, Envisat, GFO and CryoSat-2) Ssalto/Duacs altimeter products, which are
remapped and distributed by the Archiving, Validation and Interpretation of Satellite
Oceanographic (https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-

https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html


Remote Sens. 2021, 13, 3809 4 of 22

products/global.html, accessed on 22 September 2021). This dataset has a 0.25◦ × 0.25◦

horizontal resolution, and is available since 1993. The monthly subsurface temperature
and salinity from the EN4.2.1 are used to calculate the steric sea level (SSL). EN4.2.1 is
released by the UK Met Office Hadley Centre (https://www.metoffice.gov.uk/hadobs/
en4/download-en4-2-1.html, accessed on 22 September 2021) with 1.0◦ × 1.0◦ horizontal
resolution and 42 levels in vertical.

To clarify the role of ENSO-related and PDO-related processes in the sea-level varia-
tions, the Multivariate ENSO Index (MEI, https://psl.noaa.gov/enso/mei/, accessed on
22 September 2021) and PDO index (http://ds.data.jma.go.jp/tcc/tcc/products/elnino/
decadal/pdo.html, accessed on 22 September 2021) are used. The MEI is a relatively
complicated ENSO index. It is defined as the leading principle component of combined
EOF based on five different variables (sea level pressure, sea surface temperature, zonal
and meridional surface wind, and outgoing longwave radiation) over the tropical Pacific
(30◦S–30◦N and 100◦E–70◦W). In comparison with some single-variable indices, such as
Nino3.4 index, Southern Oscillation Index (SOI), etc., the MEI can portray a more realistic
coupled ocean–atmosphere processes. The PDO index also depends on the EOF analysis,
which is defined as the leading principal component of sea surface temperature in the
north Pacific (north of 20◦N). For the overlapping period, all the aforementioned data are
adopted from 1993 to 2019 in this paper. Before analysis, the linear trend is removed for all
the variables.

In addition, the monthly surface wind stress from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis V5 (ERA-5) (https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era5, accessed on 22 September 2021) to drive the
1.5 layer nonlinear reduced-gravity model. ERA-5 is available from 1979 to present, and
has several sets of horizontal resolution. To match the model resolution, 0.25◦ × 0.25◦ is
selected in this paper.

2.2. Methods
2.2.1. Calculation of Explained Variances Percentage

To quantify the contribution of one variable (hx) to another variable (hy), the explained
variances percentage (skill) is defined as:

S =

1−
〈(

hy − hx
)〉2〈

h2
y

〉
× 100% (1)

where S is the skill, hx is the independent variable, hy is the dependent variable, and
〈· · · 〉 represents the average over time. A large (small) skill suggests a significant (poor)
contribution of hx to hy.

2.2.2. Multiple Variable Linear Regression Method

To isolate the contribution of interannual and decadal processes to the SCS sea-level
change, a multiple variable linear regression method is performed in this study, and
expressed as [5]:

h = a0 + a1 ICI + a2DCI + noises (2)

where h is the SLA considered as a dependent variable, ICI (interannual climate index)
and DCI (decadal climate index) are two independent variables, a1 and a2 are regression
coefficients, noises is the error. The DCI indicates a low-pass filtered PDO index, which has
experienced two consecutive (25- and 37-month) running averages. The ICI is a high-pass
filtered MEI, which is calculated as the difference between the original MEI and low-pass
filtered MEI [5].

https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global.html
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html
https://psl.noaa.gov/enso/mei/
http://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/pdo.html
http://ds.data.jma.go.jp/tcc/tcc/products/elnino/decadal/pdo.html
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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2.2.3. Steric Sea Level

The SSL (ηs) includes thermosteric (ηt) and halosteric height (ηh), which are calculated
as [58]:

ηt =
∫ 0

−H
−1

ρ

∂ρ

∂T
· ∆Tdz (3)

ηh =
∫ 0

−H
−1

ρ

∂ρ

∂S
· ∆Sdz (4)

ηs = ηt + ηh (5)

in which T is the temperature, S is the salinity, H = 800 m is the lower limit of the vertical
integration, dz is the thickness of each layer, ∆T and ∆S are the temperature and salinity
anomaly relative to the mean values from 1993 to 2019.

2.2.4. 1.5-Layer Reduced-Gravity Model

The 1.5-layer nonlinear reduced-gravity model is performed in this paper to investi-
gate the role of the dynamic processes [41]. The momentum and continuity equations are
described as [41]:

∂u
∂t

+ ζk× u = −∇E + Ah∇2u +
τ

ρ0h
+

ε

H
u (6)

∂h
∂t

+∇·(hu) = 0 (7)

in which g′ = g∆ρ/ρ is the reduced gravity acceleration, h is the time-varying upper layer
thickness. The detailed interpretation of the other variables and model configuration can
be found in Li et al. (2020). Derived from the 1.5-layer reduced-gravity model, the dynamic
sea level (DSL) is defined as DSL = g′h/g. Four experiments are conducted in this paper,
including one control experiment and three sensitivity experiments (Table 1). In the control
experiment, the whole model domain (40◦S–65◦N, 100◦E–70◦W) is driven by the real wind
stress from ERA-Interim, which is referred to as Exp 0. Meanwhile, in the two sensitivity
experiments, the real wind stress only covers the tropical Pacific Ocean (Exp 1: 20◦S–20◦N,
100◦E–70◦W) and north Pacific (Exp 2: 20◦N–65◦N, 100◦E–70◦W), and the other areas
are forced by monthly climatological wind stress which is calculated from 1981 to 2010.
All the four experiments are integrated from 1979 to 2019, but only the outputs during
1993–2019. Table 1 presents the numerical experiments of the 1.5-layer reduced gravity
model, analyzed in accordance with the observed data as described in Section 2.1.

Table 1. Numerical experiments of the 1.5-layer reduced gravity model.

Model Experiments Descriptions

Exp 0
Control experiment, model domain (30◦S–65◦N, 100◦E–70◦W,
NPO) closed lateral boundaries, originally forced by monthly

ERA-5 wind stress.

Exp 1
The model domain as Exp 0. Originally forced by monthly wind

stress over the north Pacific (north of 20◦N, NNP); monthly
climatological wind over other regions

Exp 2
The model domain as Exp 0. Originally forced by monthly wind
stress over the tropical Pacific Ocean (20◦S–20◦N, 100◦E–70◦W,

TPO); monthly climatological wind over other regions

3. Seasonal Sea Level Variations in the TPO

To extract the seasonal variation, a 6–18-month band-pass filter is performed in this
section. The sea level variations exhibit significant spatial differences in the TPO (Figure 1a).
The region with the most dramatic seasonal sea level variations is located near Clipperton
Island (10.33◦N, 109.22◦W) in the northeastern TPO, with variances up to 50 cm2. There is
also a narrow and long eastward latitude zone from 170◦W between 5◦ and 15◦N, with
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variances of 30–45 cm2. Additionally, seasonal sea level variations in the East Philippines
(5◦–15◦N, 120◦–128◦E) and the Coral Sea (18◦–13◦S, 145◦–165◦E) are significant, with
variances greater than 20 cm2. Overall, the seasonal variation amplitude of other regions
of the Tropical Pacific is small, with variances of less than 10 cm2. Using Equation (1), we
quantitatively evaluate the contributions of the seasonal sea level variations to the monthly
mean sea level variations (Figure 1). Seasonal sea level variations across the long and
narrow latitude zone between 5◦ and 15◦N in the northern TPO explains 40–60% of the
monthly mean sea level variations (Figure 1b). In most northwest and southwestern TPO
regions, seasonal signals contribute 35% to 50% of the monthly mean sea level. While in
the southeastern TPO, the proportion of seasonal sea level variations is relatively smaller
(<15%).
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To explore the contribution of the steric effect and the dynamic process to the seasonal
sea level variations in the TPO (Figure 2), we use Equation (1) to calculate the influence of
the steric effect and the dynamic process on sea level variations (Figure 2). The steric sea
level is calculated using Equation (5), and the dynamic sea level is simulated by a 1.5-layer
reduced gravity model.

Seasonal sea level variations in the TPO mainly result from the steric effect [21],
especially in the central and eastern TPO, where the steric effect contributes to more than
90% of the seasonal sea level variations (Figure 2a). For the northernmost and southeastern
Tropical Pacific, the contribution of the steric effect is small, even indicating a negative
contribution. The dynamic process mainly acts on two long and narrow latitude zones in
the northernmost central Tropical Pacific, contributing 55–85% (Figure 2b). While in most
other regions of the TPO, the contribution of the dynamic process is less than 50%, and in
some regions even revealing a significant negative contribution. Compared with the steric
effect, the contribution of the dynamic process in the TPO is significantly weaker; therefore,
the steric effect is the dominant process influencing seasonal sea level variations in the
TPO. This is consistent with the previous conclusion that the steric effect plays a leading
role [25].
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Figure 3a reveals the time–longitude features of seasonal sea level anomalies averaged
from 20◦S–20◦N in the TPO. Positive sea level anomalies generally appear from June to
December, spanning the entire TPO in the meridian direction. In the western TPO, the sea
level anomalies start to appear in May, with the maximum positive sea level anomalies
(>3 cm) appearing in the eastern Philippines 130◦–135◦E. This is distinct to the eastern
TPO, where the sea level anomalies are relatively small (<1.5 cm). In other regions of
TPO, especially in the west, the sea level reveals negative anomalies, with the greatest
occurring from January to March, even exceeding −3 cm. The TPO is bounded by June,
with negative sea level anomalies occurring before June and positive sea level anomalies
after. Seasonal sea level variations propagate from west to east in the central and eastern
TPO (Figure 3a), mainly caused by the steric effect, which is induced by the baroclinic
Rossby waves, which in turn are driven by wind stress (Figure 3b). It is worth noting
that in the meridional direction of 135◦–140◦E, the sea level variations are abnormal,
likely resulting from variances of seasonal variations between Australia and New Guinea
reaching more than 50 cm2. As this geographical location is closed, sea level variations
are mainly affected by tropical cyclones, and the occurrence of tropical cyclones is closely
related to the monsoon [59,60].

To explore the influence of the steric effect and the dynamic process on seasonal
sea level variations in the TPO and their temporal and spatial variations, we calculated
the steric sea level anomalies based on Equation (5) (Figure 3b) and the dynamic sea
level anomalies simulated by a 1.5-layer reduced gravity model (Figure 3c). The spatial
distribution of the steric sea level variations presents a structure similar to the altimeter
sea level variations, indicating that the steric variations suitably capture the characteristics
of the altimeter variations. The sea level anomalies are only minor in the middle east of
the TPO (<2 cm). However, the steric sea level variations between 135◦E and 140◦E are
completely different from the altimeter variations, confirming that the sea level anomalies
in this area are indeed not caused by the steric effect but tropical cyclones. Secondly, the
spatial distribution of the dynamic sea level variations is quite different from the structure
of altimeter sea level variations. Dynamic sea level anomaly signals propagate westward
in the form of baroclinic Rossby waves on the scale of seasonal variations. Concurrently,
in the meridional direction of 120◦E–135◦W, the positive and negative sea level anomaly
signals anomaly signals displayed an obvious arc-shaped trend. From west to east along
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the TPO, negative sea level anomalies occur earlier in the year (from September to January).
Moreover, the seasonal sea level variations are dominated by the steric effect in most
regions.
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Conducting sensitivity experiments in specific regions is an important method for
exploring the mechanisms of sea level variations. Experiments isolating only various wind
fields and ignoring other factors can highlight the role of dynamic processes in sea level
variations [59]. The seasonal sea level variations in the TPO are closely related to the wind
forcing in the Pacific. Therefore, it is necessary to explore the relative effects on seasonal sea
level variations in the TPO between the wind forcing in the TPO and other regions. Based
on the above questions, we designed three sensitivity experiments (Table 1) to evaluate the
relative effects of wind forcing on the seasonal sea level variations in different regions of
the TPO.

On the basis of the comparison of the simulated results (Figure 4), the dynamic sea
level derived from the control experiment (Exp 0) contributes the most to the seasonal
sea level variations in the central northern Tropical Pacific (Figure 4). A long and narrow
belt across the meridian explains more than 80% of the variance, while a second narrow
belt is formed in eastern New Guinea (explaining 55–75%). Additionally, wind forcing
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significantly contributes to the variance (65–75%) in the Coral Sea (18◦–13◦S, 145◦–165◦E)
and around Clipperton Island (10.33◦N, 109.22◦W). Nevertheless, the real monthly wind
forcing explains approximately 25% of the variances in other regions and even reaches
negative contributions in the north and southeast (Figure 4a). The local wind forcing in
the TPO plays a leading role in seasonal sea level variations, through the comparison
the simulated results of EXP 0 and EXP 1 (Figure 4a,b). If the subtropical north Pacific
models the real monthly wind field, and TPO is the climatic wind field (Figure 4c), the
contribution of the subtropical north Pacific wind field to seasonal sea level variations
is generally consistent with the NPO wind field. Still, the variances are generally minor,
with a maximum of only 75%, forming a long and narrow belt. The variances of the coral
region are less than 55%, and the area of the negative contribution region in the north
and southeast region expanded. This indicates that compared with the contribution of
TPO wind forcing to seasonal sea level variations, the contribution of subtropical north
Pacific Ocean wind forcing is relatively small. Overall, on seasonal time scales, the dynamic
sea level variations in the TPO are caused by the combined effects of local wind forcing
and subtropical north Pacific Ocean wind forcing, of which local wind forcing plays a
leading role.
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4. Interannual to Decadal Sea Level Variations in the TPO
4.1. Interannual Sea Level Variations in the TPO

There are significant spatial differences in the interannual sea level variations in
the TPO (Figure 5a). Significant interannual variations are presented in the northwest,
southwest, and east-central parts of the TPO. These variances exceed 40 cm2, with the
maximum value in the northwest and southwest regions surpassing 45 cm2 (Figure 5a).



Remote Sens. 2021, 13, 3809 10 of 22

In these regions with high sea level interannual variation variances, the contribution
of the interannual sea level signals to the monthly mean variations is as high as 45–60%
(Figure 5b), and their spatial patterns are consistent with the interannual sea level variations.
However, it is worth noting that the significant interannual sea level variations in the
equatorial eastern Pacific can be explained by the interannual response of Kelvin waves
caused by wind anomalies (Figure 5a). Variances of the interannual sea level variations are
lower in other regions, less than 20 cm2 (Figure 5a). Except for the northeastern TPO, the
contribution of the interannual signals to the monthly mean variations remains relatively
minor (below 45%) (Figure 5b). In the northeastern TPO, while the interannual sea level
variations are not large (Figure 5a), their contribution to monthly mean variations explains
up to 60% (Figure 5b), further indicating that the sea level variations in this region are not
significant.
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From the perspective of atmospheric forcing, variations in the wind field and heat flux
caused variations in ocean density field and circulation. These can induce variations in heat
content and other factors, in turn causing sea level variations. Therefore, the root causes of
the interannual variations are the variations of the wind field and heat flux [12,29]. The
contribution of the steric effect to the interannual sea level variations in the TPO is generally
significant (Figure 6), as high as 95% in the central TPO. However, there is a small area
of less than 15% and even a negative contribution in the northernmost and southeastern
regions. The dynamic process contributes significantly (55–80%) to the interannual sea level
variations in the TPO, mainly influencing the northwest, northeast, and southern regions,
and contributed less (<45%) in other regions. This is consistent with the results of previous
studies [12,20,41]. The contributions of the steric effect and the dynamic process to the
interannual sea level variations vary. For instance, while the contribution of the dynamic
process is unevenly distributed spatially, its effect in most regions exceeds 85%. Therefore,
in most regions of TPO, the steric effect and the dynamic process explains the interannual
sea level variations. Similar conclusions have been reflected in previous studies [19,40,54].
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The interannual sea level fluctuation signals of TPO are affected by the sea surface
wind forcing. The dominant contribution to interannual sea level variations in western
TPO is the wind-induced first baroclinic Rossby waves [7,24,32,36]. Therefore, exploring
the relative effects of wind forcing in the TPO and the wind forcing in other regions on
the interannual sea level variations is necessary. The variances explained by the wind
forcing in different regions from the sensitivity control experiments (Figure 7) reveal that
the real monthly wind forcing contributed to the interannual sea level variations. These are
larger in the northwest, south, and southwest (>65%), only reaching 65% in the northeast.
However, its contribution is minor and even negative in other regions. When the TPO is
modeled with the real monthly wind field, and other regions are the climatic wind fields
(Figure 7b), the contribution of local wind forcing to the interannual sea level variations
in the TPO is almost the same as the real wind forcing. The variances are also the same,
indicating that the local wind field in the TPO plays a leading role in influencing the
interannual sea level variations. However, when the subtropical north Pacific Ocean is
modeled with the real monthly wind field and TPO is the climatic wind field (Figure 7c),
the subtropical north Pacific Ocean wind field explains less than 15% of the variances of
the interannual sea level variations. This indicates that the subtropical north Pacific wind
forcing barely contributes to this region. Therefore, the local wind forcing in the TPO is the
leading role of the interannual sea level variations.
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4.2. Decadal Sea Level Variations in the TPO

There are significant spatial differences in decadal sea level variations in the TPO. They
are most dramatic in the eastern Philippines of the northwestern TPO, with a maximum
variance of more than 40 cm2. In the southwest, central, eastern, and northeastern regions,
these variances range from 10 cm2 to 20 cm2, and are generally lower in other regions
(<10 cm2) (Figure 8a). The contribution of decadal signals to monthly mean sea level
variations in the northeastern and southeastern TPO is as high as 50–70%, with some
regions exceeding 70% (Figure 8b). Decadal contributions are the smallest in the north-
central and southwestern regions, as low as 25% (Figure 8b). The spatial characteristics of
the contribution of decadal signals to monthly mean sea level variations are quite different
from those of decadal sea level variations.
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The decadal sea level variations in the TPO are mainly controlled by large-scale ocean–
atmosphere processes such as PDO and the decadal variations of ENSO [53,61]. ENSO
and PDO primarily affect sea level variations through variations in trade winds in the
Pacific Ocean, alongside numerous other factors, such as the effect of heat flux and so
on [29]. Similar to the interannual time scales, on decadal time scales, the contribution of
the hematocrit effect to the sea level variations in the TPO is dominant, and the maximum
contribution exceeds 95% (Figure 9). At the same time, the dynamic process mainly acts
on the northwestern and southwestern of the TPO, which is consistent with previous
studies [62], with contributions of approximately 55–70%. While the contribution of the
dynamic process is generally lower in the eastern TPO, it is mainly dominated by the
steric effect (Figure 9). There are considerable differences between the steric effect and the
intensity of the dynamic process, i.e., the dynamic process only contributed more than the
steric in the central and western areas, and its greatest contribution is no more than 65%. In
the central and western regions of TPO, the combined effect of the hematocrit effect (major
contributor) and dynamic process explains 100% of the decadal sea level variations.
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The decadal signals are mainly driven by wind stress in the TPO. Abnormal wind
stress and wind stress curl are considered to be the leading causes of sea level variations
in the TPO on interannual and decadal scales [32,53–55]. Therefore, it is necessary to
explore the relative effect of wind forcing in different regions of the Pacific Ocean on the sea
level variations in the TPO. The contribution of real monthly wind forcing to the decadal
sea level variations in the TPO is greater in the northwest and southwest regions (>65%)
(Figure 10). The contribution in other regions is minor and in some regions it is even
negative. If TPO models the real monthly wind field and other regions include the climatic
wind fields (Figure 10b), the contribution of local wind forcing in the TPO to the decadal
sea level variations is almost the same as the real wind forcing. Furthermore, the variances
of the variations were almost the same, revealing that the local wind forcing in the TPO
plays a significant role in the decadal sea level variations. If the subtropical north Pacific
Ocean includes the real monthly wind field and TPO is the climatic wind field (Figure 10c),
then the wind field of subtropical north Pacific contributes little or even negatively to the
decadal sea level variations in most regions of the TPO. Therefore, local wind forcing in
the TPO is likely the leading role of the decadal sea level variations.
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wind field in other regions and the climatic wind field in the TPO.

4.3. Interannual to Decadal Sea Level Variations in the TPO

The eastern and western TPO has recently exhibited a seesaw spatial pattern of
annual mean sea level anomalies (Figure 11a). Sea level anomalies and negative sea
level anomalies alternately appeared during 1993–1995, especially when ENSO occurred.
Negative anomalies (blue) occurred during El Niño: 1997, 1997, 2002–2005, 2007, 2014–2016,
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and 2018–2019. On the contrary, positive anomalies (red) occurred during La Niña: 1996,
1998–2001, 2008–2013, and 2017 (Figure 11a). The meridional mean sea level anomalies in
the TPO are significant (>3 cm or <−3 cm), and mainly concentrates in a small latitude
zone, roughly between 120◦E–140◦E in the eastern Philippines (5◦–15◦N, 120◦–128◦E)
and western New Guinea (10◦S–0◦, 135◦–150◦E). The eastward signals gradually weaken,
while the negative sea level anomalies form in a long and narrow belt along the zonal
direction. This phenomenon also confirms that the interannual sea level variations in the
TPO and its low-frequency modulation are driven by ENSO [32,33,36,61]. It is worth noting
that from the entire time–longitude diagram, the sea level anomalies in the TPO have
the characteristics of an east–west reverse-phase variation in the zonal direction of west
longitude 170◦W. In contrast to this region, this phenomenon is consistent with the results
of previous studies [42,62,63].
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The sea level variations induced by the steric effect strongly reflect the characteristics
of the altimeter sea level variations. Its spatial distribution presents a structure similar to
the altimeter sea level variations, which is driven by ENSO (Figure 11), which indicates that
the steric sea level variations have a dominant effect on the altimeter sea level variations.
At the same time, the spatial pattern of the low-frequency dynamic sea level variations in
the latitude 165◦E–135◦W region is roughly the same as the altimeter sea level variations.
However, the magnitude of the variations is small, indicating that the dynamic sea level
variations affect the low-frequency altimeter sea level variations. The dynamic process
mainly involves the interannual to decadal sea level variations in the TPO through the
westward propagation of Rossby waves (Figure 11c). Therefore, similar to the sea level
variations from interannual to decadal time scales, the steric effect and the dynamic process
works together to influence the sea level variations in the TPO, with the steric effect being
dominant.

4.4. Interannual and Decadal Sea Level Fingerprints of TPO

The contribution of the PDO to sea level variations can be inferred from the increase of
the sea level climate index. Based on the PDO index and Multivariate ENSO Index (MEI),
using multiple regression methods, Zhang and Church (2012) defined new interannual
and decadal climate indexes to explain the low-frequency sea level variations in the Pacific
Ocean since 1993. They concluded that 60% of the observed low-frequency sea level
variations originated from internal climate models (ENSO and PDO) [64].

Therefore, in order to explore the impact of ENSO and PDO on sea level variations
in the TPO, we used the multiple regression model (MVLR) to simulate the interannual
and decadal sea level fingerprints of TPO (Figure 12a,b). The annual sea level fingerprint
is expressed as the regression of sea level relative to ICI, equivalent to the regression
coefficient a1 in Equation (2) and closely related to ENSO. For the interannual sea level
fingerprint, the regions with the most significant regression results are western and eastern
TPO. The maximum interannual sea level fingerprint reaches 80 mm/unit ICI in the eastern
regions, and the largest in the western sea is −80 mm/unit ICI; this spatial feature is
similar to a “seesaw”. During El Niño Taimasa, the abnormal movement of the zonal
wind and the corresponding wind stress curl lead to the “seesaw” pattern of the sea level
of TPO, manifesting as sea level rise in the eastern TPO and a decline in the warm pool
area (10◦S–10◦N, 60◦W–150◦E). In the northwest and southeastern TPO, the sea level
meridional seesaw mode with 5◦N as the fulcrum is also related to the air–sea coupling
mode [30,65–67]. Secondly, we used Equation (1) to calculate the contribution of ENSO-
related sea level variations to interannual to decadal sea level variations (Figure 12c), which
corresponded to the interannual sea level fingerprint. In the eastern and western regions of
the TPO, ENSO-related sea level variation explanation reaches more than 65%, while the
variance in the north American coast reached 60%. The contribution of ENSO in the regions
near the C-shaped east–west boundary of the “seesaw” is low, less than 10%. Therefore,
the ENSO can better explain the interannual sea level variations in the western and eastern
TPO and the coast of north America. The interannual sea level fingerprint and the spatial
characteristics of its contribution are consistent with the impact of the ENSO dynamic on
the interannual sea level variations in the TPO [31,68].
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In addition, we used Equation (1) to calculate the decadal sea level fingerprint as the
regression of sea level with respect to DCI, which is equivalent to the regression coefficient
a2 in Equation (2) (closely related to PDO). For the decadal sea level fingerprint, the most
significant region of the regression result is located in the northwest TPO, namely the
eastern Philippines, with a maximum of −80 mm/unit DCI. In addition, the regions with
more significant variations include the eastern and northeastern regions of the Pacific Ocean.
The north American coast ranges between 40–70 mm/unit DCI, and the “seesaw” structure
is no longer apparent compared with the interannual sea level fingerprint (Figure 12b).
We used Equation (1) to calculate the contribution of PDO-related sea level variations
to the interannual to decadal altimeter sea level variations (Figure 12d), which strongly
corresponds to the decadal sea level fingerprint. The regions in the narrow and long
latitudes with high contributions contribute more than 60%, and the contribution in the
northwestern region is between 35–50%. In comparison, it contributes less than 40% in all
other regions, indicating that PDO can better explain the interannual to decadal sea level
variations only in the northwest and northeast TPO.

From the perspective of interannual sea level fingerprint, decadal sea level fingerprint,
and their respective contributions to sea level variations, the combined effect of ENSO and
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PDO can explain 100% of the interannual to decadal sea level variations in the northwest
and East TPO. For the coast of north America, the contribution of ENSO and PDO can
explain more than 90%. In the southwestern TPO, the joint action of ENSO and PDO
has little impact on the interannual to decadal sea level variations in this region. The
low-frequency sea level variations in this region are dominated by the steric effect and
other processes (Figure 6a, Figure 7a, Figure 9a, Figure 10a).

5. Summary and Discussion
5.1. Discussion

The quantitative analysis results of the influence of wind field and heat steric factors on
sea level variations have many interannual scales and a relative lack of decadal scales. The
length and quality of the data are the key factors that affect the quantitative analysis of sea
level variations in the TPO [29]. The satellite altimeter data, thermohaline data, and model
data used in this paper span only 27 years, which is insufficient to study decadal sea level
variations. Secondly, substantially different sources of wind field data and temperature
and salt data are also reasons for the above problems. In addition, the dynamic sea level
simulated by the 1.5-layer reduced gravity model is only driven by the wind field. The
simulation is not the real dynamic sea level due to the lack of real terrain and stratification.
Therefore, it is necessary for a high-precision three-dimensional ocean numerical model
to quantitatively compare the effect of different wind forcing in future research. Finally,
although the method estimates the magnitude of interannual to decadal sea level variations
associated with ENSO, the regression was based on a limited time frame spanning only a
few ENSO events. With the continuous growth of time series, the regression amplitude
could be improved.

5.2. Summary

In this paper, we used satellite altimeter data, temperature and salinity data, and the
1.5-layer reduced gravity model to analyze the characteristics of the sea level temporal and
spatial variations in the TPO and quantitatively assess the contribution of the steric effect
and the dynamic process to sea level variations at different time scales. At the same time,
we also discuss the impact of wind forcing in different regions on sea level variations in
the TPO. Based on a multiple regression model, we quantified the relative contribution
of interannual variations related to ENSO and decadal variations related to PDO to low-
frequency sea level variations in the TPO. The sea level variations in the TPO exhibit
significant multi-timescale variations [15–18]. Seasonally, the meridional mean sea level
of TPO produces negative anomalies from January to May and positive anomalies from
June to December. The steric sea level variations are the same as the satellite altimeter sea
level variations. In contrast, the dynamic sea level propagates westward from the eastern
Pacific Ocean, distinct from the altimeter sea level. In terms of the spatial distribution,
the sea level variations are most significant in the long and narrow latitude zone from
170◦W eastward between 5◦ and 15◦N, with a variance range of 30–50 cm2, explaining
40–60% of the monthly variations. Secondly, it is also more evident in the southeastern and
southwestern regions of the Tropical Pacific 30–50 cm2. The seasonal sea level variations
range from 10–40 cm2 and explained 35–45% of the monthly mean sea level variations. The
steric effect and the dynamic process together influences the seasonal sea level variations in
the TPO. Among them, the steric effect is dominant, and the contribution in most regions
exceeds 70%. The dynamic process mainly affects the regions on both sides of the equator
and the southwestern TPO. The contribution of this region is about 55–85%. Concurrently,
the dynamic sea level variations are induced by the combined effect of the local wind
forcing and the subtropical north Pacific Ocean wind forcing, of which the local wind
forcing plays a leading role.

On the interannual time scales, the eastern and western TPO exhibits a seesaw spatial
pattern during ENSO. During the El Niño period, the sea level in the eastern Pacific Ocean
presented positive anomalies, and the sea level in the western Pacific Ocean presented
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negative anomalies. The opposite is the case during the La Niña period. The sea level
anomalies are consistent with the altimeter sea level anomalies in changeable amplitude
and phases. The dynamic process mainly affects the interannual sea level variations in
the central and eastern TPO through the westward propagation of Rossby waves. At the
same time, there are significant spatial differences in the interannual sea level variations in
the TPO. The interannual variations are most significant in the northwest, southwest, and
central and eastern regions of TPO, with a variance of more than 40 cm2. The interannual
sea level variations vary from month to month, while the contribution of the mean sea level
variations is as high as 45–60%. The steric effect and the dynamic process strongly explains
the interannual sea level variations in the TPO. Among them, the steric effect contributes
relatively higher, up to 95% near the equator, to the interannual sea level variations in
the TPO. The influence of the dynamic process is mainly concentrated in the northwest,
northeast, and southern regions of the TPO, and its contribution is about 55–80%. The local
wind forcing in the TPO is the dominant influence on interannual sea level variations, and
the contribution of wind forcing in other regions is small or even negative.

On the decadal time scales, sea level variations in the TPO are mainly controlled
by large-scale ocean–atmosphere processes such as PDO and the decadal variations of
ENSO [29]. The region with the most dramatic decadal sea level variations in the TPO
is located in the northwestern region of the eastern Philippines, and its variance exceeds
40 cm2. This area can explain 25–45% of the monthly mean sea level variations. The regions
with the greatest contribution to the monthly mean sea level variations are in the southeast
and northwest, 50–70%. The steric effect and the dynamic process explained 100% of the
decadal sea level variations in most regions of the TPO. The region near the equator mainly
contributed more than 85% of the steric effect. The dynamic process primarily acts on the
southwest and northwest regions of the TPO, contributing only about 55–70% in others.
The local wind forcing in the TPO is the leading role of decadal sea level variations. The
contribution of wind forcing in other regions is small or even negative.

The most significant regions with interannual and decadal sea level fingerprints in the
TPO are located in the western and central-eastern regions of TPO, with their maximum
reaching 80 mm/unit ICI and 80 mm/unit DCI. The combined effect of ENSO and PDO
explains 100% of the interannual to decadal sea level variations in the northwestern and
eastern TPO. For the coast of north America, ENSO and PDO explained more than 90%.
In the southwestern TPO, the combined effect of ENSO and PDO has minimal effect on
the interannual to decadal sea level variations. The process that dominated this region’s
low-frequency sea level variations is mainly the steric effect and other processes.
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