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Abstract

Decadal and long-term variability of sea level in the Southwestern Pacific (SWP) is investigated with tide gauge measurements
near New Zealand ranging from 1948 to 2018 and a 1.5-layer reduced gravity model. After removing the global mean sea level,
SWP sea level still exhibits a prominent increasing trend accompanied by strong decadal oscillations, which is attributed to
the Southern Annular Mode (SAM) and Interdecadal Pacific Oscillation (IPO), respectively. On the long-term time scale, the
intensification of local wind stress curl associated with strengthening SAM contributes to the SWP sea level rise through Ekman
convergence. On the decadal time scale, locally generated and westward propagating signals induced by IPO exert comparable
influences on the sea level variations in the SWP. Multi-variable linear regression analysis suggests that SAM and IPO account

for approximately 83% and 58% of the tide gauge sea level variability on long-term and decadal time scales, respectively.

Hosted file

essoar.10509868.1.docx  available at https://authorea.com/users/546402/articles/602392-
decadal-and-long-term-variability-of-sea-level-in-the-southwestern-pacific-during-1948-
2018


https://authorea.com/users/546402/articles/602392-decadal-and-long-term-variability-of-sea-level-in-the-southwestern-pacific-during-1948-2018
https://authorea.com/users/546402/articles/602392-decadal-and-long-term-variability-of-sea-level-in-the-southwestern-pacific-during-1948-2018
https://authorea.com/users/546402/articles/602392-decadal-and-long-term-variability-of-sea-level-in-the-southwestern-pacific-during-1948-2018

Decadal and Long-term Variability of Sea Level in the Southwestern
Pacific during 1948-2018

Jingxuan Sun':?:3, Linlin Zhang! %34, Dunxin Hul-%4
9 9

1 Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology,
Chinese Academy of Sciences, Qingdao 266071, China

2 Pilot National Laboratory for Marine Science and Technology (Qingdao), Qing-
dao 266237, China

3 University of Chinese Academy of Sciences, Beijing 100049, China

4 Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao
266071, China

Corresponding author: Linlin Zhang (zhanglinlin@qdio.ac.cn)
Key Points:

e 70-year-long tide gauge records near New Zealand exhibit an increasing
trend in sea level accompanied by pronounced decadal oscillations

e« WSC anomalies associated with SAM and IPO modulate the SWP sea
level variability on long-term and decadal time scales

o Long-term sea level trend is due to local wind forcing, while decadal oscil-
lations are dominated by both local and remote factors

Abstract

Decadal and Long-term variability of sea level in the Southwestern Pacific
(SWP) is investigated with tide gauge measurements near New Zealand ranging
from 1948 to 2018 and a 1.5-layer reduced gravity model. After removing the
global mean sea level, SWP sea level still exhibits a prominent increasing trend
accompanied by strong decadal oscillations, which is attributed to the Southern
Annular Mode (SAM) and Interdecadal Pacific Oscillation (IPO), respectively.
On the long-term time scale, the intensification of local wind stress curl asso-
ciated with strengthening SAM contributes to the SWP sea level rise through
Ekman convergence. On the decadal time scale, locally generated and west-
ward propagating signals induced by IPO exert comparable influences on the
sea level variations in the SWP. Multi-variable linear regression analysis sug-
gests that SAM and TPO account for approximately 83% and 58% of the tide
gauge sea level variability on long-term and decadal time scales, respectively.

Plain Language Summary

Satellite altimeter observations show a prominent acceleration in sea level rise
in the western Pacific during 1993-2018, which has crucial implications for the
economic development and livelihoods in coastal countries. Regional sea level
variations associated with basin-scale climate modes differ significantly from
the global average on both temporal and spatial scales. Extensive studies have
shown that the above apparent sea level rise in the western tropical Pacific



during altimeter era is essentially a decadal signal after removing the global
mean sea level, which are generally considered to be generated by direct wind
stress forcing in connection with TPO. Based on long-term tide gauge records
near New Zealand, this work highlights the influence of different climate modes
on the low-frequency variability of sea level in the SWP, and their differences
from the tropics in terms of characteristics and mechanisms. After removing
the global mean sea level, there still exists a persistent upward trend in sea
level accompanied by a pronounced decadal oscillation, which is found to be
associated with SAM and IPO. Physically, anomalous wind stress curl related
to climate modes modulates sea level variability in the SWP via both local
Ekman pumping and remote baroclinic Rossby waves.

1 Introduction

Global mean sea level (GMSL) has been rising rapidly at a rate of about 0.15
cm/year since the early 20th century (Frederikse et al., 2020) and is predicted to
continue rising in the coming decades (Fasullo & Nerem, 2018). This is related
to alterations in ocean dynamics and land-ice input under a global warming
background (e.g., Cazenave et al., 2019; Dangendorf et al., 2019). Nevertheless,
this rising signal has a significant spatial pattern and is not globally consistent
(e.g., Church et al., 2011; Chen et al., 2019). Particularly, during the past
2-3 decades of the altimetry era, sea level in the western Pacific exhibits the
most arresting rising trend across the global ocean, and the rate is around 0.6
cm/year, almost twice higher than the global average during the same period
(Figure 1a; e.g., Church et al., 2004; Nerem et al., 2010; Qu et al., 2019). The
potential impact of sea level rise on modern coastal residents and society has
brought this issue to urgent attention in this region (Merrifield et al., 2011).

The prominent regional sea level rising in the western Pacific is partly attributed
to the GMSL rising (e.g., Nerem et al., 2010; Merrifield et al., 2012; Chen et al.,
2017). However, after subtracting the GMSL, sea level in the western Pacific,
including both the tropical and subtropical, still shows a significant rising trend
(Figure 1b). The low-frequency variations of sea level in the western tropical
Pacific (WTP) since the 1950s have been extensively studied based on tide gauge
measurements, reconstructed products and numerical simulations (e.g., Feng et
al., 2004; Becker et al., 2012; Merrifield et al., 2018). The accelerating sea level
rising in the WTP over the last 2-3 decades after removing the GMSL is revealed
to be driven by the wind stress forcing associated with IPO (e.g., Merrifield et
al., 2012; Hamlington et al., 2013).

In comparison, the sea level variability in the SWP and its relationship with
climate modes remain inconclusive yet. Cai (2006) and Roemmich et al. (2007)
indicate that the subtropical gyre spin-up and associated sea level rise over
the South Pacific in the past decades are tightly linked to SAM. Sasaki et
al. (2008) investigates the low-frequency variability of sea level anomaly (SLA)
east of New Zealand during 1970-2003 based on model outputs, and reports
significant decadal variations of the sea level, which is further attributed to
wind stress curl (WSC) anomalies associated with the decadal modulation of El



Nifio—Southern Oscillation (ENSO). The de-trended sea level time series from
Fort Denison tide gauge station located in the Sydney Harbor also presents
apparent decadal variations highly related to PDO (Holbrook et al., 2011). In
addition, anthropogenic forcing seems to contribute to the sea level rise over
the South Pacific in recent decades as well (Albrecht et al., 2019). Actually,
the low-frequency component of both SAM and TPO are exhibited as trends
during the altimetry era, and potentially induce the rapid sea level rising in
the SWP through WSC forcing. However, due to the short duration of satellite
observations and the limited reliability of model simulations, few prior studies
have separated the contributions from these two climate modes despite of their
importance in understanding and predicting the sea level variations in the South
Pacific.

In this study, we investigate the long-term and decadal variability of sea level
based on tide gauge data off New Zealand. The 70-year-long records enables
us to distinguish between the effects of SAM and IPO on sea level variations
in the SWP. An increasing trend of sea level with strong decadal variations is
detected from the tide gauge records even after removing the GMSL (Figure 1d),
which are regulated by WSC forcing associated with SAM and IPO, respectively.
Further, we perform a quantitative estimation on the relative contributions of
local and remote wind forcing to the low-frequency sea level variability using a
1.5-layer reduced gravity model (RGM).

2 Data and Methods
2.1 Data

Monthly sea level time series downloaded from the Permanent Service for Mean
Sea Level (PSMSL; Woodworth et al., 2003) at two tide gauge stations in the
western Pacific are used. To eliminate the interannual fluctuations, a 7-year
running mean is performed in advance. These two stations are Wellington sta-
tion located at 41.28°S, 174.78°E and Appa Harbor station at 13.44°N, 144.65°E
(Figure 1b). The observation period of the two time series spans from 1948 to
2018. The weekly SLA data with a resolution of 0.25° x 0.25° on Mercator
grid provided by Archiving Validation, and Interpretation of Satellite Oceanog-
raphy (AVISO; Le Traon et al., 1998) for the period from January 1993 to
December 2018 is also used. We calculate the relative trends of sea level from
PSMSL and AVISO products during their overlapping period to evaluate the
trends from the vertical land motion. The difference between these two trends
is considered constant over the entire recording time range of each tide gauge
(Nerem & Mitchum, 2002). In addition, the Institute of Atmospheric Physics
(IAP) gridded steric sea level (SSL) reconstruction from 1948-2018 are utilized
for comparison (Cheng et al., 2017). Monthly wind stress data on the T62
Gaussian horizontal grid during 1948-2018 are obtained from the National Cen-
ters for Environmental Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al., 1996), and used to drive the RGM.

2.2 1.5-layer reduced gravity model



To gain more insight into the mechanism of sea level variability, we conduct a
series of experiments with the RGM. This model has been extensively employed
in previous studies to investigate the sea level variability caused by baroclinic
response of the ocean to WSC forcing (e.g., Fu & Qiu, 2002; Schneider et al.,
2002). We examine whether wind-driven long Rossby waves can account for the
decadal to long-term sea level variations recorded by tide gauges in the SWP, and
then the contributions of wind forcing from different regions are quantitatively
analyzed through wind shielding experiments. These experiments are necessary
for a clear understanding of the sea level variability on multiple time scales.
The RGM explaining the dynamics restrained by the linear vorticity equation
under a long-wave approximation is the same as Qiu and Chen (2006), and the
contribution from SLA signals along the eastern boundary is ignored, which has
little effect on the western basin.

2.3 Nonlinear trend estimation method

An adaptive data analysis method of the ensemble empirical mode decomposi-
tion (EEMD) is used here to extract the nonlinear trends (Huang & Wu, 2008).
As an upgraded version of the empirical mode decomposition (EMD) method
(Huang et al., 1998), EEMD has been applied in many geophysical investigations
to process the nonlinear data and obtain their trends (e.g., Wu & Huang, 2009;
Qian, 2015). The last component of the EEMD results (hereafter R, (t)) is
treated as the nonlinear trend. To facilitate the comparison of the EEMD trend
with the corresponding linear trend, the EEMD trend is further calculated as
Trendgpyp = [R,, (end) - R, (start)] / (length (Rn)), similar to Ji et al. (2014).

n

3 Results
3.1 Sea level variations

Figure la shows the linear trend of sea level in the global ocean during 1993-
2018 derived from satellite altimetry. It is obvious that the western Pacific is
featured with prominent regional sea level rise, reflecting the moderating effects
of climate modes as suggested by Han et al. (2019). Two significant sea level
rising signal is observed in the western Pacific, with one locating in the WTP
and another appearing east of New Zealand in the SWP. Even after removal of
the rising GMSL, obvious increasing trend still exists in the two regions (Figure
1b). These characteristics are consistent with previous studies based on satellite
altimetry, tide gauge measurements and model simulations (e.g., Sasaki et al.,
2008; Nerem et al., 2010).
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Figure 1. (a) Linear trend (cm/yr) of SLA during 1993-2018 from the AVISO
multi-mission gridded product. (b) Same as (a) but for the South Pacific, with
the GMSL being removed. Green dots indicate Wellington (41.28°S, 174.78°E)
and Appa Harbor (13.44°N, 144.65°E) tide gauge stations. (c¢) SLA time series
(cm) at Wellington (red) and Appa Harbor (blue) during 1948-2018 from PSMSL.
Black curve shows the GMSL time series. (d) Same as (c), but the GMSL has
been subtracted. The green curve is for RGM-simulated SLA time series near
New Zealand (41°S, 176°E). All the time series during 1948-2018 have been
smoothed with a 7-year low-pass filter.

The two pronounced sea level rising signals in the western Pacific during the
altimeter era is also revealed by tide gauge records (Figure 1c). Longer time
series from tide gauges in the WTP over the past 70 years suggests that the
low-frequency sea level variations are composed of a long-term trend due to the
GMSL rising and a decadal oscillation associated with IPO, which has been re-
ported by Merrifield et al. (2012). Here, Appa Harbor station, a very regionally
representative station in this region, is selected to reproduce the results (Figure
lc-1d, in comparison with Figure 2 in Merrifield et al. [2012]). Obviously, it is
the superposition of the long-term trend and decadal oscillation that produces
the rapidly rising trend of sea level during the altimetry era. While the situation
seems different at Wellington station, the only continuously operating station
near New Zealand in the SWP with long-term records, at least back to the
1950s. After removing the GMSL, the tide gauge records still demonstrate an
increasing trend of 0.14 cm/year accompanied by noticeable decadal variations
(Figure 1d).

To investigate the sea level variations across the Pacific basin rather than that
just near the New Zealand coast, the gridded SSL reconstruction from TAP is
analyzed. SSL anomalies along 41°S in the Pacific with a 7-year low-pass filter
are shown in Figure 2a. Here, the steric-GMSL has been removed so that the



SSL anomaly time series is comparable with the tide gauge records in Figure 1d.
The results indicate that the sea level rising signals and the decadal modulations
appear almost in the entire longitude range of the South Pacific basin, and
westward propagating signals could be seen, especially after 1980. For example,
a negative sea level signal originates in the eastern Pacific around 1980, and it
takes about 10 years to reach the western boundary. Such propagating signals
are insignificant before 1980, which is probably due to the sparse observations
in the early decades. Large-scale interpolating and smoothing used in the SSL
reconstruction may bring non-ignorable bias during the early years.
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Figure 2. (a) Hovmoller diagram of SSL anomalies (cm) along 41°S from
IAP dataset. (b) and (c) are similar to (a), but for the sea level anomalies
derived from RGM and Ekman pumping dynamics, respectively. Black line in
(c) indicates 170°W. (d) Normalized IPO index. All the time series are during
1948-2018 and have been smoothed with a 7-year low-pass filter.

3.2 Dynamics of sea level variability

The decadal variability of sea level in the South Pacific is suggested to be driven
by basin-scale WSC anomalies in previous studies (e.g., Qiu & Chen, 2006;
Zhang & Qu, 2015; Han et al., 2019). SLA signals induced by WSC variations in
the central-eastern Pacific propagate westward in the form of baroclinic Rossby
waves and then modulate sea level pattern in the western Pacific. Here, we
employ a 1.5-layer RGM to simulate this process. The Newtonian dissipation
rate and reduced gravity are 0.3 and 0.06 m/s?, respectively. The RGM is forced
by monthly WSC anomalies derived from NCEP-NCAR 10m-wind from 1948 to
2018, and the model results are compared with the sea level time series from the
tide gauge (Figure 1d). Based on the first mode baroclinic Rossby wave speed
derived by Chelton et al. (1998) with a latitude-dependent amplification factor,
it takes about 10-15 years for SLA signals at the eastern boundary to cross
the entire basin at the latitude analyzed in this study. Thus, in the following
analysis, we use the model results after 1965 when the model has been integrated
for more than 15 years. The long-term increasing trend of sea level accompanied



by decadal variations at Wellington station is well captured by the RGM, and
the correlation between the model simulation and tide gauge records reaches
0.6 (Figure 1d). The Hovmoller diagram of modeled sea level anomalies is also
compared with the TAP reconstruction (Figure 2a-2b), and they are generally
consistent with each other. Above consistency implies that the decadal and
long-term variations of sea level in the SWP are primarily regulated by the
WSC variability via baroclinic Rossby wave adjustment process.

3.2.1 Long-term trend

It is known that SAM serves as the most important climate mode in the South-
ern Hemisphere, which has experienced a pronounced upward trend during the
past several decades (Thompson et al., 2000). The SAM index is derived here
by calculating a normalized difference of monthly zonal mean sea level pressure
between 40°S and 65°S following Stocker et al. (2013), and then WSC anomaly
fields during 1948-2018 over the South Pacific are regressed linearly onto the
SAM index (Figure 3a). A 7-year low-pass filter is used before the regression
to eliminate interannual fluctuations. Positive WSC anomalies occupy almost
the entire Pacific basin south of 40°S, with a strong anomaly patch appearing
east and south of New Zealand. The convergence induced by the WSC anoma-
lies could potentially explain the sea level rising recorded by the tide gauge at
Wellington.

Sea level variability could be governed by both local Ekman pumping and re-
mote baroclinic Rossby wave dynamics. To quantify the relative contributions
of different factors on the long-term sea level rising, three experiments are con-
ducted with the RGM. The control (CTL) run is forced by NCEP-NCAR WSC
anomalies along 41°S, which includes both local and remote wind forcing across
the South Pacific basin. Experiment 1 (EXP1) and experiment 2 (EXP2) are
the same as the CTL run, but the WSC anomalies east and west of 170°W
are set to be zero, respectively. Therefore, EXP1 and EXP2 correspond to the
local forcing run and remote forcing run. In EXP1, the local wind forcing sim-
ulates a conspicuous upward trend of sea level with a slope of 0.79 cm/decade,
slightly faster than the CTL run (Figure 3b). In EXP2, the remote wind field in
the central-eastern Pacific mainly produces decadal sea level signals near New
Zealand and even induces a weak decreasing trend of -0.15 cm/decade (Figure
3b). In hence, the sea level rising in the SWP is primarily due to the local WSC
forcing on the long-term time scale.
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Figure 3. (a) Linear regression of NCEP-NCAR 10m-wind stress (vectors;
N/m?) and WSC anomalies (color; N/m?) in the South Pacific onto the normal-
ized SAM index. (b) Sea level anomalies (cm) near New Zealand simulated by
the RGM CTL run (black), EXP1 (red), and EXP2 (blue). The corresponding
dashed lines indicate the linear trends. Green dashed curve represents the re-
gional mean WSC anomalies (N/m3) along 41°S west of 170°W. All the time
series are during 1948-2018 and have been smoothed with a 7-year low-pass
filter.

As the dominant climate mode in the Southern Hemisphere, SAM has been
strengthening during the recent decades, which is accompanied by the intensifi-
cation of mid-latitude westerly winds (e.g., Thompson et al., 2000; Cai, 2006).
The enhanced Ekman convergence due to positive WSC anomalies in the north-
ern flank of the westerly wind near New Zealand leads to the accumulation of
water mass and the rise of sea level. We also check the regional mean of local
WSC anomalies and find a good agreement with the results of EXP1 (Figure
3b), confirming that the long-term component of local wind associated with
SAM plays a dominant role in the persistent trend of sea level rising near New
Zealand since the 1950s.

It should be noted that the decreasing trend simulated by EXP2 does not con-
tradict the positive WSC anomalies over the whole South Pacific basin in the
regression results (Figure 3a). The WSC pattern is the simultaneous regression
of the SAM index and WSC anomaly fields, while the modeled results of EXP2
reflect the integration process of westward propagating Rossby waves across the
Pacific basin over 10-15 years.

3.2.2 Decadal variability

On the decadal time scale, the most significant oscillation in the Pacific is TPO,
which is accompanied by pronounced wind forcing modulations (Henley et al.,



2015). The decadal component of sea level variations recorded by the tide
gauge near New Zealand shows a negative correlation with TPO index (Figure
4b). Similar to Figure 3a, but for the IPO index ranging from 1948 to 2018, the
regression pattern of WSC anomalies is obtained (Figure 4a). In fact, the most
prominent signature of IPO appears in the equatorial Pacific, where trade wind
stress forcing strongly modulates the sea level variations on the multidecadal
time scale, which has been investigated by previous studies based on long-term
tide gauge records in the WTP (Merrifield et al., 2012). In the SWP, especially
in the latitude band of 30°-50°S, there exist a negative WSC anomaly pattern
in the central-eastern basin, and a positive pattern east of New Zealand (Figure
4a).

To distinguish the effects of local and remote WSC forcing associated with
IPO on the decadal sea level variations near New Zealand, we obtain decadal
components of the model results from the CTL run, EXP1, and EXP2 (hereafter
dCTL, dEXP1, dEXP2) by subtracting their long-term trends (Figure 4b-4c).
The high correlation between dCTL and the decadal component of tide gauge
records at Wellington station suggests that the decadal signal is simulated well
by the RGM control run (Figure 4b). The STD of dCTL, dEXP1, and dEXP2
are 1.18 cm, 0.97 cm, and 0.94 cm, respectively, which indicates the process of
local and remote wind forcing are both indispensable for the decadal variability
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Figure 4. (a) Linear regression of NCEP-NCAR 10m-wind stress (vectors;
N/m?) and WSC anomalies (color; N/m?) in the South Pacific onto the nor-
malized IPO index. (b) Decadal components of sea level anomalies (cm) from
tide gauge records at Wellington station (black) and RGM CTL run (green). (c)
Same as (b), but for EXP1 (red solid) and EXP2 (blue solid) simulations. The
corresponding dashed lines indicate decadal variations of regional mean WSC
anomalies (N/m3) along 41°S west (red) and east (blue) of 170°W. Bars in (b)



and (c) represent the 4.5 times normalized IPO index. (d) Tide gauge records
at Wellington (black) and regressed SLA (red) with normalized SAM and IPO
index. Blue and green curves indicate SAM and TPO component, respectively.
All the time series are during 1948-2018 and have been smoothed with a 7-year
low-pass filter.

Furtherly, the Hovmoller diagram of CTL run-simulated sea level anomalies
along 41°S after a 7-year low-pass filter is presented to explore the oceanic re-
sponse to wind forcing (Figure 2b). Take the decadal events during 1980-1995
as an example, when the IPO is in positive phase, negative WSC anomalies ap-
pear in the central-eastern Pacific, and the associated Ekman divergence induces
negative SLA signals immediately. Although accompanied by dissipation and
attenuation, those negative SLA signals still propagate westward as baroclinic
Rossby waves and reach the western boundary partly. The time-lag relationship
between dEXP2 and the decadal component of regional mean WSC anomalies
east of 170°W reflects the propagating process of baroclinic Rossby wave as well
(Figure 4c).

However, the regression pattern shows positive WSC anomalies near the New
Zealand coast during the positive phase of IPO (Figure 4a), which raise the sea
level through local Ekman convergence. It seems contrary with the phenomenon
that the sea level records are negatively correlated with IPO (Figure 4b). To
investigate this disagreement, we examine the Hovmoller diagram of sea level
anomalies induced by Ekman pumping along 41°S (Figure 2¢). In fact, although
the simultaneous regression displays positive WSC anomalies, the fingerprints
of IPO in local wind field and associated sea level anomalies are dynamic. When
the TPO index reverses sign, local regions will response with delayed sea level
anomalies after 3-5 years. The decadal variation of regional mean WSC anoma-
lies west of 170°W also presents a lagged, in-phase response to IPO mode after
several years, which results in the delayed sea level variations (Figure 4c).

Generally speaking, the fingerprint of IPO in the wind filed is composed of WSC
anomalies in both local and interior ocean. These two WSC anomalies modulate
the sea level variability near New Zealand together on the decadal time scale
through local Ekman pumping and remote baroclinic Rossby wave propagation.
In addition, it should be mentioned that the time series simulated by the RGM
and recorded by the tide gauge are not exactly comparable, since the former only
reflects the wind-driven component while the latter also includes the water mass
component. Nevertheless, the effect of water mass on the sea level variability
in the local region of the SWP studied here is little according to recent studies
(Chen et al., 2019), therefore we neglect the water mass effect in this study.

3.2.3 Contribution of climate modes

According to the above analysis, SAM and IPO have contributed to the sea level
rise in the SWP through WSC forcing over the past several decades. However,
due to the lack of long-term observations, the effects of these two climate modes
on the sea level variability have not been distinguished before, despite their
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significance in promoting the comprehension of sea level and associated ocean
circulation changes in the South Pacific (e.g., Cai, 2006; Roemmich et al., 2007;
Sasaki et al., 2008; Zhang & Qu, 2015; Dangendorf et al., 2021).

Here, to quantify the influence of SAM and IPO, a multi-variable linear regres-
sion analysis is performed between the tide gauge records and these two indices
(Figure 4d). It could be seen that the reconstructed time series with these two
climate indices well reproduces the decadal and trend signals (Figure 4d). The
regression equation can be expressed as Y = 6.785 AM - 1.88TPO + 0.21, where
Y represents the reconstructed results. SAM and TPO have been normalized
before the regression. Then, we obtain the decadal and long-term reconstructed
components that are associated with SAM and IPO to estimate the contribution
of the two climate modes to sea level variations (Figure 4d). The EEMD trend
rates of the tide gauge records and the SAM component are 0.17 ¢cm/year and
0.14 cm/year, respectively. Thus, SAM explains about 83% of the long-term sea
level variations. After extracting their EEMD trends, the decadal variation of
the tide gauge records and the IPO component is compared, and their STD are
1.31 ecm and 0.76 ¢cm, implying that ITPO accounts for about 58% of the decadal
variation of the sea level.

4 Summary and Discussion

Sea level rise and its ecological and social impacts, especially in low-lying coastal
areas and island nations, have attracted widespread attention under the global
climate change (e.g., Fasullo et al., 2018; Frederikse et al., 2020). Coastal sea
level variability is mainly modulated by wind forcing associated with basin-
scale climate modes (Han et al., 2019). However, due to the lack of long-term
observational data, few previous studies has separated the effects of major cli-
mate modes on sea level rise in the SWP, one of the most prominent rising
regions in the global ocean. Based on a 70-year-long tide gauge records near
the New Zealand coast, the long-term and decadal variability of sea level during
1940-2018 are investigated. The sea level exhibits a clear upward trend accom-
panied by strong decadal variations even after removing the GMSL, which can
be reasonably explained by the WSC forcing associated with SAM and IPO,
respectively. It is different from that in the WTP where the sea level is ba-
sically regulated by PDO through wind stress forcing (Merrifield et al., 2012).
Furtherly, multi-variable linear regression indicates that SAM explains 83% of
sea level rise on the long-term time scale, while IPO accounts for about 58% of
decadal variations. Reduced gravity model experiments suggest that both dy-
namic processes of remote baroclinic Rossby wave propagation and local Ekman
pumping are essential to the decadal variability of sea level in the SWP, while
local Ekman pumping dominates the long-term sea level trend.

It is worth noting that this work is concentrated on the wind-driven dynamic
sea level, reflecting the undulation of isopycnals. The property variations of
water mass are not captured by the reduced gravity model. Besides, the impact
of freshwater imports is ignored as well, which is considered as an insignificant
factor on sea level variability in the SWP (Chen et al., 2019). To achieve

11



a profound understanding of the sea level variability, more efforts should be
devoted to distinguishing relative contributions of above factors.

In addition, the results reported here focus on the local sea level variations in
the SWP. Considering that ITPO and SAM are basin-scale modes, we investigate
the low-frequency sea level variations in the whole South Pacific based on IAP
dataset. Preliminary results show that the dominant signal is still an upward
trend associated with SAM after removing the GMSL. But the decadal sea
level variation and its relationship with the synchronous regulating processes of
AMO, TPO, and other climate modes still remain unclear (e.g., Chen et al., 2019;
Duan et al., 2021). Further exploration with more observations or numerical
experiments is necessary in future studies.
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