
1. Introduction
Since 1993, satellite altimeters have provided continuous measurements of sea-level with near-global cover-
age. These measurements have led to the first precise estimates of global mean sea-level (GMSL) rise and ac-
celeration (WCRP Global Sea Level Budget Group., 2018; Nerem et al., 2018). Satellite altimeter measurements 
have also provided a clear indication of the regional variability of sea-level rise across the ocean (B. D. Ham-
lington et al., 2020; Stammer et al., 2013). The spatial pattern of trends (used here to refer to the linear rate) 
and changes this pattern has undergone during the altimeter record offer valuable clues into the relative roles 
of natural variability versus sea-level changes associated with anthropogenic climate change and the times-
cales over which these contributions vary (e.g., B. D. Hamlington et al., 2014, 2016; Meyssignac et al., 2012; 
Palinisamy et al., 2015; Zhang & Church, 2012). Recent studies have demonstrated that the altimeter record 
is sufficiently long for the anthropogenic—or forced, as used here—sea-level trend pattern to emerge from 
natural variations, although there are still questions about the global extent of this emergence (Fasullo & Ner-
em, 2018; B. D. Hamlington et al., 2019; Richter et al., 2020). For much of the altimeter record, the regional 
pattern of trends has been heavily impacted by the presence of natural climate variability. The most prominent 
feature has been a zonal “seesaw” signature in the Pacific Ocean (e.g., Bromirski et al., 2011; Merrifield 2011; 
Merrifield  & Maltrud, 2011, Merrifield, Thompson, & Lander, 2012; Meyssignac et al., 2012; Moon et al., 2015; 
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Peyser et al., 2016; Piecuch et al., 2019; Thompson et al., 2014), with higher than average sea-level rise in 
the western tropical Pacific, and lower than average sea-level rise in the eastern tropical and northeastern 
Pacific. This dipole pattern has been driven on shorter timescales by interannual variability associated with 
the El  Nino-Southern Oscillation (ENSO, Becker et al., 2012; Moon et al., 2015; Zhang & Church, 2012), and 
on longer timescales by the substantial decadal variability in the Pacific Ocean (Bromirski et al., 2011; B. D. 
Hamlington et al., 2014, 2016; Merrifield & Maltrud, 2011;  Merrifield, Thompson, & Lander, 2012; Meyssignac 
et al., 2012; Moon et al., 2015; Piecuch et al., 2019). This variability has been connected in some studies to the 
Pacific decadal oscillation (PDO, Mantua et al., 2002), although we note that this connection is primarily made 
through comparisons to a statistically defined index, which we leverage in the analysis to follow.

By separating the altimeter record into a first- (1993–2005) and second-half (2006–2018) and computing the 
regional linear trend pattern over each time period, a dramatic shift becomes apparent across the Pacific 
Ocean during the altimeter era (e.g., B. D. Hamlington et al., 2019). To motivate the study that follows and 
emphasize the role of interannual to decadal variability during the altimeter record, Figure 1a shows the 
trends computed during the first half of the altimeter record, with high rates of rise (∼1 cm/yr) in the west-
ern tropical Pacific and negative trends in the eastern basin. During the second half of the altimeter record, 
this pattern reverses with elevated rates in the eastern tropical Pacific and along the western coasts of North 
and South America (Figure 1b). Over the full record, the magnitudes of the observed trends are reduced, 
though there are still regional variations that reflect a persistent east-west dipole pattern (Figure 1c). In par-
ticular, trends in the eastern Pacific are still below the global mean and trends in the western tropical Pacific 
are still elevated relative to the global mean.

The shifting trends in the region and the processes driving them have been heavily studied in re-
cent years, and predominantly internal variability appears to drive these shifts (e.g., B. D. Hamlington 
et al., 2014, 2016, 2019; Merrifield, 2011; Moon et al., 2015; Peyser et al., 2016; Piecuch et al., 2019; Royston 
et al., 2018; Zhang & Church, 2012). The motivation for such studies extends beyond scientific curiosity; 
distinguishing between internal and low-frequency forced contributions to sea-level can be critical from 
an impact and planning perspective. Many of the low-lying areas in the western tropical Pacific have seen 
an increase in flooding during the satellite altimeter record (Nicholls et al., 2011). On the other hand, sup-
pressed trends along the west coast of North America could lead to complacency in planning or the im-
pression that future sea-level rise will be similarly suppressed despite evidence for an ongoing increase in 
sea-level (Bromirski et al., 2011; B. D. Hamlington et al., 2016; Piecuch et al., 2019). Understanding the 
extent to which the observed trends may persist into the future is critical for determining potential future 
impacts. Additionally, the interannual to decadal variability can lead to extended periods of elevated flood 
risk irrespective of the background trends, making an understanding of the processes driving this variability 
and associated magnitude important for making informed decisions going forward.

In this paper, we focus on two particular areas—the West Coast of the United States and the western trop-
ical Pacific (see Figure 1)—and analyze past, present and future sea-level change using both observations 
and model-based estimates of sea-level. While these are two relatively small regions in the Pacific Ocean, 
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Figure 1. Regional linear trends in sea level as measured by satellite altimetry from (a) 1993 to 2005, (b) 2006–2018, and (c) 1993–2018. The red box shows the 
region denoted as US West Coast and the purple box shows the western tropical Pacific.
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we have chosen these areas as they are representative of the large spatial variability in the altimeter record 
(i.e., large departures from the global mean), have significant trend departures from the global mean, and 
are of high societal relevance. The specific areas were also chosen to capture long tide gauge records in the 
respective regions, as one of our goals is to provide context for the altimeter record. In particular, we seek to 
provide insight into the following questions, building off of previous studies in doing so:

1.  To what extent will the sea-level trends estimated from the 26-year altimeter record vary as the record 
gets longer, and are these trends associated with a forced sea-level response?

2.  How long will the positive rate of sea-level rise along the US West Coast and the negative rate in the 
western tropical Pacific observed over the last decade of the altimeter rate continue into the future?

3.  Should we expect sea-level in the future to rise at different rates over the next century in the two regions 
considered here?

To provide answers to these questions, our approach is to first compute the degree to which trends in the 
two regions have varied since 1993 using the satellite altimeter record directly. Then, using other sources of 
data, we seek to determine the underlying processes contributing to the satellite altimeter-era trends. Next, 
we establish context for the trends observed during the satellite altimeter record using available tide gauge 
data and modeled sea-level. Finally, we use model projections of sea-level change to provide an indication 
of whether sea-level change in the two regions will continue to differ in the future and over what timescales. 
The overarching goal is to understand past, present and future sea-level variability in these two regions 
by relying on simple statistical analyses of available data, which should be informative and useful to both 
scientists and planners. By conducting an observation-focused investigation, this work also complements 
the studies conducted on the topic over the past decade and provides an update to the conclusions made 
therein.

2. Data
2.1. Satellite Altimetry

For the satellite altimeter record, we use the Jet Propulsion Laboratory MEaSUREs gridded sea surface 
height anomaly (SSHA) data set that is, part of the Integrated MultiMission Ocean Altimeter Data for Cli-
mate Research (Zlotnicki et al., 2019). These are gridded sea surface height anomalies (SSHA) measured 
by satellite altimeters over the time period from January 1993 through December 2018. While the satellite 
altimetry data used here is mapped onto a 1/6th degree grid every 5 days, the temporal resolution is reduced 
to monthly to ease computation time.

2.2. Tide Gauge Data

Monthly tide gauge records were retrieved from the Permanent Service for Mean Sea Level (Holgate 
et al., 2013). Only gauges that were in the two regions of interest—US West Coast and western tropical Pa-
cific—and with records more than 80% complete during the time period from 1950 to 2019 were used. This 
led to eight gauges in the US West Coast and four gauges in the western tropical Pacific (information for 
these gauges in Table S1). Since these gauges measured relative sea-level and the goal of this study is to pro-
vide context to the satellite altimeter record, the impact of vertical land motion had to be removed from the 
records prior to use. Rather than correct directly for vertical land motion, we instead remove the rate and 
acceleration estimated from 1950 to 2019 using a second-order polynomial fit from the tide gauge records 
prior to use. Although this removes the background rate that may be associated with a forced response, it 
allows us to analyze the role of shorter-term variability in driving decadal trends and impact of this varia-
bility on the long-term trend (which is set to be zero in this case), while removing uncertainty associated 
with using an inadequate vertical land motion correction. Once the rate and acceleration were removed, the 
records for each gauge in the US West Coast and western tropical Pacific were averaged together to generate 
a single time series for each region.
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2.3. Sterodynamic Sea-Level

Sterodynamic sea-level encompasses both global-mean steric changes and regional changes associated with 
ocean dynamics (see Gregory et al., 2019) for extended definition. To estimate coastal sterodynamic effects, 
we use the ECCO state estimate Version 4 Release 4 (Forget et al., 2015, Fukumori et al. 2020). ECCO is 
an ocean state estimate, which combines an ocean model with a wide range of observations to compute a 
physically consistent best estimate of the state of the ocean, and provides sea-level changes on an approx-
imately 1-degree resolution grid. We use the dynamic sea surface height, which is the sea-surface height 
corrected for the inverse barometer effect. To include the global-mean thermosteric sea-level changes, we 
first removed the global-mean evolution of dynamic sea surface height, and replaced it with the global ther-
mosteric changes as estimated by Cheng et al. (2017).

2.4. Ocean Mass Change

Exchange of water mass between land and ocean, such as melting of glaciers and ice sheets or changes to 
the hydrological cycle, results in sea-level changes that vary from place to place. Loss of terrestrial water 
mass to the ocean influences regional sea-level via the Earth’s gravitational, rotational, and deformational 
(GRD) responses to mass redistribution, which dictate the spatial distribution of water across the global 
ocean (Farrell & Clark, 1976; Milne & Mitrovica, 1998; Mitrovica et al., 2001). Computing the GRD effects 
from global ocean mass redistribution requires two steps: quantification of the mass redistribution and 
computing the resulting GRD patterns. We quantify the mass redistribution over 1993–2018 by combining 
in situ estimates from 1993 to 2003 with GRACE and GRACE Follow-On observations over 2003–present. 
We use the in situ mass redistribution estimate from Frederikse et al. (2020), which incorporates the ef-
fects from ice sheets, glaciers, and land hydrology from groundwater depletion, dam retention, and natu-
ral variability from 1993 to 2003. For 2003–2018, we use the JPL RL06 GRACE mascon solution (Watkins 
et al., 2015; Wiese et al., 2016), corrected for glacial isostatic adjustment (GIA) using the estimates from Ca-
ron et al. (2018), as described in Frederikse et al. (2020). From the aggregate mass redistribution estimates, 
we compute the GRD effects following Frederikse et al. (2019). Both the in situ and GRACE mass estimates 
come with an estimate of the uncertainties, based on the individual in situ mass estimate uncertainties and 
the uncertainties in GRACE processing and GIA, which we propagate into GRD uncertainties. See Frederik-
se et al. (2019, 2020) for more details of the computation of these uncertainties.

2.5. Earth System Models

We use the Coupled Model Intercomparison Project Phase 6 (CMIP6) model ensemble to compute the his-
torical and projected sea-level changes due to changes in global steric sea-level and local ocean dynamics 
(sterodynamic sea-level). The CMIP6 models we have included are listed in Table S2. From each model, we 
combine the historical run with four Shared Socio-economic Pathway (SSP) scenarios, sorted from low-end 
to high-end greenhouse gas forcing: SSP1 2.6, SSP2 4.5, SSP3 7.0, and SSP4 8.5. We add the global-mean 
thermosteric sea-level rise (variable “zostoga”) to spatial ocean dynamic sea-level variability fields (variable 
“zos”) to obtain local sterodynamic sea-level changes. We have removed model drifts in both “zos” and 
“zostoga” from the combined historic and scenario runs by removing the linear trend inferred from the 
preindustrial control (“piControl”) run. We then extract global-mean thermosteric sea-level change and the 
sterodynamic sea-level changes over the western tropical Pacific and the US West Coast. We use the model 
mean and intermodel standard deviation to obtain the mean and uncertainties of the annual-mean project-
ed sea-level changes. We also processed the natural-only historical runs for some of the models. These runs 
are the same as the historical runs, except for that no anthropogenic forcing is applied to the runs. Note 
that all these projections only describe the evolution of sterodynamic sea-level. Other large contributors to 
projected sea-level changes, such as mass loss from glaciers and ice sheets are not included.

3. Results
In the investigation into the observed sea-level trends and variability for the US West Coast and western 
tropical Pacific, we focus on two metrics: (1) variability in 10-year trends and (2) the evolution of the full-re-
cord trend as the record lengthens over time. The first metric allows us to assess the degree to which trends 
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can vary on decadal timescales leading to extended periods of elevated or depressed rates of sea-level rise. 
In other words, changes in 10-year trends are largely reflective of shifts in natural forcing and variability 
as such short-term reversals are unlikely to be driven by the long-term, steadily increasing human-driven 
forcing of the climate. The second metric provides a basic measurement of the relative influence of natural 
variability on the trend as the record lengthens. By comparing this metric computed for the altimeter record 
to the metric computed from other longer records provided by tide gauges or models, a determination can 
be made of the potential emergence of a background, long-term forced increase in sea-level as the record 
lengthens and the relative influence of interannual to decadal variability should decrease. As an example, 
the rate of sea-level rise off the US West Coast from 1993 to 2019 is still lower than the global mean despite 
the high rates seen during the second half of the altimeter record. The evolution of the trend provides an 
indication of whether the trend is stabilizing and now representative of a forced rate of rise, or if further 
changes in this rate are likely to occur as the altimeter record continues. We do note that the forced re-
sponse in sea-level is not fully represented by a trend, and the linear trends discussed here should be viewed 
as smoothed representations of the forced response. All linear trends were estimated over different time 
periods using least squares. Also, to adequately account for serial correlation of the residuals in the trend 
estimates, we follow the procedure from Haigh et al. (2014) and reduce the degrees of freedom to compute 
the uncertainty associated with the trend estimates (see supplementary material for more information). We 
have elected not to show uncertainties on the 10-year trends as the main driver of the uncertainty is the 
interannual to decadal variability we are interested in. In other words, it is assumed these trends are heavily 
influenced by shorter-term variability and are subsequently not interpreted as representative of a long-term 
trend.

Taken together, these two metrics allow us to infer how sea-level variability occurring on different times-
cales is evolving and represented in records of differing lengths. We separate our results into three different 
time periods: (1) the satellite altimetry era: 1993–present, (2) the prealtimetry era: 1850–present, and (3) the 
future: present–2100.

3.1. Satellite Altimetry Era: 1993–Present

During the satellite altimeter era, both the US West Coast and western tropical Pacific have seen decadal 
variability and significant departures from the decadal trends in GMSL (Figure 2a; for clarity, the first data 
point shown represents the trend from 1993 to 2002). For the first half of the altimeter record, the 10-year 
trends off the US West Coast were lower than the global mean, with extended periods of decreasing sea-lev-
el. Conversely, the western tropical Pacific experienced substantially elevated rates toward the end of the 
first half of the record, exceeding 2 cm/yr for the 10-year period centered in 2007. In the second half of 
the record, however, a dramatic shift occurred, illustrated in part by the trend patterns in Figure 1. For the 
10-year period centered in 2010, the decadal trends in US West Coast, western tropical Pacific, and GMSL 
were approximately equal, but were then followed by elevated rates in the US West Coast (∼1 cm/yr) and 
depressed rates in the western tropical Pacific (∼ −1.5 cm/yr). As these rates have continued for the most 
recent 10-year period centered on 2014, we can evaluate the impact they have had on the full-record trends 
estimated during the altimeter era (Figure 2b; for clarity, the first data point represents the trend from 1993 
to 2005). Starting in 2005 when the 10-year rates were diverging for the US West Coast and western tropical 
Pacific, the full-record trends estimated since the starting point in 1993 have evolved in very different ways. 
The trend off the US West Coast has steadily increased since 2006, with the largest increase between 2014 
and 2016, likely associated with the 2015/2016 El Nino event. Since 2016, the US West Coast rate has been 
relatively stable at −1 mm/yr lower than the rate in GMSL. On the other hand, the trend in the western trop-
ical Pacific has been consistently higher than the rate in GMSL since 2006. As the record has approached 
26 years, however, the full-record trend in the western tropical Pacific has decreased significantly with the 
trend from 1993 to 2019 only 1.5 mm/yr higher than the trend in GMSL.

The shifts in the 10-year trends in Figure 2a highlights the substantial influence of interannual to decadal 
variability on sea-level in the western tropical Pacific and US West Coast. Additionally, the evolution of the 
full-record trend in Figure 2b demonstrates that this variability still has an impact on the trends estimated 
with the 26-year altimeter record. To provide a better assessment of how sea-level may change in the com-
ing decades in these regions, it is necessary to understand the processes driving these changes. Satellite 
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altimeters provide measurements of total sea-level change which includes the contributions of sterody-
namic and ocean mass change-induced sea-level variability. Sterodynamic sea-level encompasses both glob-
al-mean steric changes and regional patterns associated with ocean dynamics (Gregory et al., 2019). The 
sea-level variability due to ocean mass change comes from the redistribution of water from GRD changes 
associated with the transport of water between land and ocean (Gregory et al., 2019). This transport is asso-
ciated with melting of land ice and changes in terrestrial water storage. Using a combination of in situ, sat-
ellite and model data, we can separately quantify the sterodynamic and ocean mass change contributions to 
the trends observed during the satellite altimeter era. As seen in Figures 2c and 2d, the variability in the 10-
year trends and the evolution of the full-record trend seen in both the western tropical Pacific and US West 
Coast in total sea-level (Figures 2a and 2b) arises predominantly from the sterodynamic variability. The 
ocean mass change contributions to the sea-level trends in both regions increase throughout the altimeter 
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Figure 2. For the time period from 1993 to 2019, 10-year trends and trend evolution for total sea level from (a and b) satellite altimetry, (c and d) sterodynamic 
sea level, and (e and f) ocean mass change. The sum of the sterodynamic and ocean mass change (dashed lines) is also compared to (g and h) total sea level 
(solid lines). Shading indicates 95% confidence interval for trend estimates.
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record (Figures 2e and 2f), consistent with the accelerating ice mass loss over the same time period (e.g., 
B. D. Hamlington et al., 2020). The sea-level contribution from ocean mass change is higher in the western 
tropical Pacific than the US West Coast, again consistent with the expectation from the GRD response to ice 
mass loss during the altimeter era (e.g., Adhikari et al., 2016; B. D. Hamlington et al., 2020), but much lower 
in magnitude compared to the contribution from sterodynamic variability. We also find that the combined 
trend contributions from sterodynamic variability and ocean mass change explain the observed changes 
from the satellite altimetry (Figure 2g and 2h), which has been shown for GMSL (Cazenave et al., 2018) but 
not for the specific regions of the western tropical Pacific and US West Coast.

Based on this analysis, there are two intermediate conclusions to draw: (1) the interannual to decadal vari-
ability in the western tropical Pacific and US West Coast is associated with sterodynamic variability and (2) 
the lower rates over the full altimeter record in the US West Coast compared to the western tropical Pacific 
are driven primarily by sterodynamic variability although with an additional contribution from the redistri-
bution of mass in the ocean (Figures 2c and 2e). The analysis completed thus far, however, does not inform 
us about the relative contributions of natural and forced sea-level variability, which impacts our ability 
to extend the conclusions above to make a statement about future sea-level in these two regions. In other 
words, it is possible that the lower rate in the US West Coast results from the influence of ongoing natural 
variability and is not representative of the forced sea-level change that will persist into the future.

To estimate and then separate the natural variability in the Pacific Ocean, we rely on the method of Zhang 
and Church (2012) and Royston et al. (2018) that used two climate indices derived from the Mutlivariate 
ENSO Index (Wolter & Timlin, 2011) and PDO Index (Mantua et al., 2002). The first is representative of the 
interannual variability of ENSO and is obtained by high-pass filtering the MEI. The other is representative 
of variability occurring on decadal timescales in the Pacific Ocean and is obtained by low-pass filtering the 
PDO index. By regressing these two indices onto the satellite altimetry, we can provide an indication of the 
influence of this interannual to decadal variability and estimate the underlying trends once it is removed. 
There are other methods for estimating the contribution from large-scale climate variability (e.g., B. D. 
Hamlington et al., 2019), but we rely on the regression of climate indices due to ease of understanding. 
Our goal is simply to provide an approximation of the potential contribution of large-scale climate varia-
bility during the record. There are also other drivers of decadal variability within the altimeter record (e.g., 
Fasullo et al., 2016) that are not separately accounted for, although these signals could be aliased into the 
contribution obtained from the regression analysis here.

The 10-year trends associated with the regression of these two indices are shown in Figure 3a and the in-
fluence of this variability on the full-record trends is shown in Figure 3b. The majority of the variability in 
both metrics seen in total sea-level (Figures 2a and 2b) and sterodynamic sea-level (Figures 2c and 2d) is 
explainable by ENSO and decadal variability in the Pacific. This is further emphasized once the estimated 
large-scale climate variability contribution is removed from the satellite altimeter data (Figures 3c and 3d). 
The variability in the 10-year trends is significantly reduced in both the US West Coast and western tropi-
cal Pacific. The evolution of the full-record trends during the altimeter record is also now similar for both 
regions, with an increasing trend estimated as the altimeter record lengthens. This increase in the trend is 
consistent with—although larger in magnitude—the increasing trend associated with ocean mass change 
(Figure 2f). Finally, the difference between the trends in western tropical Pacific and US West Coast is re-
duced once the natural variability is removed, suggesting that ENSO and decadal variability are still playing 
a role in the spatial trend pattern observed in the 26-year altimeter record.

3.2. Prealtimetry Era: 1850–Present

From the analysis conducted above, it is clear that there is substantial decadal variability in the altimeter 
record and this decadal variability has heavily impacted sea-level in recent years. The high rates of sea-level 
rise in the northeastern Pacific in the last decade have led to an increase in the full-record trend off the 
US West Coast, while the negative rates in the western tropical Pacific have served to decrease full-record 
trends. The altimeter record alone, however, cannot tell us whether we should expect further changes and 
of what magnitude in the future as the record continues to lengthen. To provide context for the satellite 
altimeter record, we can first use available in situ observations from tide gauges on the US West Coast (eight 
total gauges) and in western tropical Pacific (four total gauges) (see Table S1 for details). Although some 
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tide gauge records extend back to the start of the 20th century and beyond, we limit our study to the time 
period from 1950 to present for completeness of the tide gauge records and for consistency between the US 
West Coast and western tropical Pacific regions. Since tide gauges measure relative sea-level (the movement 
of the ocean relative to land) and without adequate corrections for vertical land motion, we remove the 
full-record rate and acceleration from each record. While this restricts our ability to determine the impact 
on long-term rates, we are still able to analyze the variability in 10-year trends and determine the degree to 
which the full-record trend varies as the record length changes. There are also possible shorter-term varia-
tions in vertical land motion that we do not account for, but are likely smaller in magnitude relative to the 
other signals driving sea-level change in the region.

With the longer record provided by the tide gauges, the seesaw relationship between the 10-year trends for 
the US West Coast and western tropical Pacific is evident (Figure 4a). The correlation between the 10-year 
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Figure 3. For the time period from 1993 to 2019, 10-year trends and trend evolution for total sea level from the estimate of natural variability arising from El 
Nino-Southern Oscillation and the Pacific decadal oscillation. The residual after removing this variability from total sea level (Figures 2a and 2b) is also shown 
(c and d).

(a) (b)

(c) (d)

Figure 4. For the time period from 1950 to 2019, (a) 10-year trends and (b) trend evolution as estimated from available tide gauge data. For this figure, the end-
date for the trend evolution computation is 2019, and x-axis indicates start-date for trend estimate. The last data point is therefore the trend from 1993 to 2019 
and first data point is the trend from 1950 to 2019. Full-record trend and acceleration have been removed prior to computing 10-year trends and trend evolution.

(a) (b)
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trends in the US West Coast and western tropical Pacific from 1950 to 
present is −0.67, showing that when rates are elevated in the US West 
Coast the 10-year trend in the western tropical Pacific is negative (and 
vice versa). In terms of magnitude, the 10-year trends in the tide gaug-
es are consistent with those seen in the altimeter record, with rates ex-
ceeding ±10 mm/yr at several times during the longer tide gauge record. 
Using the 70-year record from the tide gauges, we can provide context 
to the evolution of the trend in the western tropical Pacific and US West 
Coast shown in Figure 2b. In a change from the computation done for 
the altimeter record, here we fix the end-date to be 2019 and extend the 
starting point back to 1950 (Figure 4b). This means that the last point in 
the time series is the trend from 1993 to 2019, while the first point in the 
time series is the trend from 1950 to 2019. For comparison, the same anal-
ysis conducted with a start-date of 1950 and extending forward it shown 
in the supplementary material (Figure  S1). In this case, the long-term 
rate is also set to be zero as the rate and acceleration have been removed 
from the tide gauge records prior to performing the analysis. It should be 
noted that this ties the phasing of the decadal variability to an end date of 
2019, and a different end date would necessarily shift the resulting lines 
up or down. Our goal here is to simply determine the extent to which the 

full-record trend can change with the addition of years to the record. With the record length of the altimetry, 
departures from the background rate can be on the order of ±1 mm/yr. As the record length approaches 
40–50 years, departures from the background rate on the order of ±0.5 mm/yr are seen in both the US West 
Coast and western tropical Pacific. As the record lengthens to 60 years, departures from the long-term rate 
are reduced and on the order of ±0.2 mm/yr. Although this result does not use the altimeter data directly 
and makes no prediction about the phasing or magnitude of future variability, it does provide an envelope 
for future changes in the full-record trend in the altimeter record. In other words, based on the available 
tide gauge data, changes in the trends measured in the western tropical Pacific and US West Coast since 
1993 could still deviate from the global average trend ±1 mm/yr in the coming years and on the order of 
±0.5 mm/yr in the coming decades as a result of decadal variability.

As one final test using the longer tide gauge record, running 30-year trends—roughly corresponding to the 
length of the altimeter record—are estimated for the time period from 1950 to 2019 (Figure 5). We find that 
trends estimated over 30 years in each region can deviate from the long-term trend by magnitudes exceed-
ing 1 mm/yr and approaching 2 mm/yr for some time periods. It is notable that for the window closest to 
the altimeter time period (1989–2019), the trends in both the western tropical Pacific and West Coast of the 
United States are near the long-term trend estimated from 1950 to 2019. It is thus possible that the phasing 
of natural variability is such that the current altimeter rates are relatively unimpacted by interannual to 
decadal variability, supporting the findings of recent studies (Fasullo & Nerem, 2018; B. D. Hamlington 
et al., 2019). Without investigating this longer-term trend, however, we only state that the 30-year trend evo-
lution shown in Figure 5 supports the conclusion that a 30-year trend can only be determined to be within 
1–2 mm/yr of a long term trend likely associated with the forced response.

To further test these conclusions over a longer time period, historical model runs from CMIP6 from 1850 
to 2020 can be used (see Table S2 for information on models). Unlike the records available from observa-
tions, these models provide separate runs for full forcing (forced response plus natural variability), and 
natural variability only. This allows for directly testing the influence of natural variability on the estimated 
trends without having to rely on the regression technique used previously. Note, we make no evaluation 
of accuracy of the sea-level representation within any of these models, and instead simply seek to provide 
an indication of future trend variations. A more thorough investigation into the variability contained in 
the models on regional scales would require additional vetting and scrutiny. The similar trend evolution 
computation as shown in Figure 4 is done for both the full historical runs (Figures 6a–6c) and natural-only 
runs (Figures 6d–6f) for five different CMIP6 models. In this case, the end-date is fixed at 2020 and the re-
cord is extended into the past for the trend computation. With an end date of 2020, the first time shown in 
the figure corresponds to a trend computed over the time period from 1850 to 2020 and the last time is the 
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Figure 5. For the time period from 1950 to 2019, 30-year trends estimated 
from available tide gauge data. The years on the x-axis indicate the center 
point for the trend estimate. The last data point corresponds to the time 
period from 1989 to 2019. Full-record trend and acceleration have been 
removed prior to computing 30-year trends.
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trend from 1993 to 2020. For both the US West Coast and western tropical Pacific, the trends in both the full 
and natural-only runs deviate from the long-term trend (set to be zero in this case) outside of the range of 
±0.5 mm/yr for record lengths on the order of 50 years, which is consistent with the result obtained from 
the tide gauges (Figure 4). As the record continues to lengthen, however, the influence of natural variability 
decreases more rapidly along the US West Coast than in the western tropical Pacific, narrowing into a range 
of ±0.3 mm/yr for record lengths greater than 70 years, again roughly consistent with the results shown in 
Figure 4. With the benefit of being able to separate the fully forced sea-level signal from the sea-level signal 
associated with natural variability, we can also determine that although trends can deviate from the long-
term trend for short record lengths, this is a result of natural variability and not associated with the forced 
response captured by the models. Finally, it should be noted that we are not making a quantitative determi-
nation of the emergence of the forced response over time. Instead this test is intended to give an indication 
of the influence of natural variability in record lengths similar to that of the satellite altimetry and longer.

3.3. Future Sea-Level Change: Present–2100

As a final step in our assessment of sea-level change in the US West Coast and western tropical Pacific, we 
use modeled projections of future sea-level in the region. We first focus on the projections of sterodynamic 
sea-level in the two regions and how these projections compare to the global mean. Figure 7 shows the 
projections of sterodynamic sea-level for four different scenarios from available CMIP6 models. For the 
three scenarios with the strongest forcing, the projection for GMSL is marginally higher than the projection 
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Figure 6. The evolution of the trend computed from the starting point on the x-axis to an ending point of 2019 for available CMIP6 models. As with Figure 4, 
the end-date for the trend evolution computation is 2019, and x-axis indicates start-date for trend estimate. The last data point is therefore the trend from 1993 
to 2019 and first data point is the trend from 1850 to 2019. Historical runs driven by both natural and anthropogenic forcing are shown in panels a–c, while the 
runs only driven by natural forcing are shown in d–f. The US West Coast and western tropical Pacific estimates do not include global-mean sea level (e.g., the 
trends show the deviation from the global mean).

(a) (b) (c)

(d) (e) (f)
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for both the western tropical Pacific and US West Coast. This is consistent with the findings of Fasullo 
et al. (2020), although the projections for the three regions are not statistically different at the 95% confi-
dence level for any of the four scenarios considered here. The uncertainty here is mainly a result of model 
uncertainty and not driven by natural variability as has been assumed in the observational analysis. As a 
result, caution must be taken not to over interpret this result. A simple comparison can be made to the 
total sea-level (Figure 2b) and sterodynamic estimates during the altimeter record (Figure 2d). With the 26-
year record, the rates in the US West Coast and western tropical Pacific differ from each other and deviate 
from the global mean. Once natural variability is removed (Figure 3d), the trends from 1993 to 2019 in the 
two regions are similar, reflecting the similarity in future sterodynamic sea-level shown in the modeled 
projections (Figure 7). Regarding the contributions from ocean mass change, we do not make a projection 
of future contributions from ice mass loss, but we can infer differences between the US West Coast and 
western tropical Pacific by examining GRD patterns. As seen in Figure 8, the sea-level in the US West Coast 
will increase at less than the global mean with ice mass loss from glaciers and the Greenland ice sheets, 
while the contribution from the Antarctic ice sheet will be substantially greater than the global mean. For 
the western tropical Pacific, sea-level increase resulting from ice mass loss in each location will be greater 
than the global mean. With the contribution from glaciers and both ice sheets continuing into the future, 
both the US West Coast and western tropical Pacific will be subject to increasing sea-level. Furthermore, 
projections show a large but uncertain contribution from the Antarctic ice sheet in the 21st century (Serous-
si et al., 2020), which could lead to sea-level rise in the US West Coast greater than the global average. Fur-
ther investigation is required into both the representativeness of regional sea-level in the different models 
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Figure 7. Projected sterodynamic sea-level changes under four scenarios. The bar graph depicts the sterodynamic sea-level rise between 2000–2019 and 
2081–2100. The shading and error bars correspond to one standard deviation of the intermodel spread. Note that these projections only show sterodynamic sea 
level, and projected sea-level changes due to other processes, such as glacial isostatic adjustment, mass loss from glaciers and ice sheets, and local subsidence 
are not included in these projections.

(a) (b)

(c) (d)
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included in Figure 7 and the impact of uncertainties in future ice mass loss to provide a more definitive 
assessment of future sea-level in the western tropical Pacific and off the US West Coast.

4. Discussion
Sea-level in the Pacific Ocean can perhaps best be understood by separating processes by the timescales 
on which they vary. The long-term change associated with ice mass loss and thermal expansion, and the 
significant interannual to decadal variability associated with large scale climate signals like ENSO and the 
PDO play important roles in driving sea-level change in the region. When providing an assessment of past, 
present or future sea-level, it is important to consider how these processes contribute individually to sea-lev-
el rise, either in observational records or model simulations. Several studies have made attempts to remove 
interannual to decadal variability to provide an improved representation of the underlying trend (e.g., B. D. 
Hamlington et al., 2014, 2019; Palasinamy et al., 2015; Royston et al., 2018; Zhang & Church, 2012). Such 
studies, however, do not diminish the significant contribution from natural variability and the degree to 
which it can and will impact coastal flooding in the future.

Based on the analysis performed here, we draw the following conclusions:

1.  The satellite altimeter trends in the US West Coast and western tropical Pacific from 1993 to 2019 are still 
influenced—and will continue to be—by interannual to decadal variability associated with ENSO and 
decadal variability, potentially contributing more than ±1 mm/yr to the trends over this period

2.  Over a given 10-year window, sea-level trends in the US West Coast and western tropical Pacific can be 
substantially more than 10 mm/yr, which is almost entirely the result of sterodynamic variability related 
to modes of coupled atmospheric and oceanic variability

3.  Differences in the trends in the US West Coast and western tropical Pacific are partially a result of ocean 
mass change (associated with ice mass loss) and those trends have increased during the satellite altim-
eter era

4.  Based on this statistical analysis, the current altimeter trends in the two regions are likely within ±1 mm/
yr of the forced trend over the same period

5.  Based on climate model projections considered here, for the remainder of this century, sea-level change 
due to forced sterodynamic changes are not statistically different for the western tropical Pacific and US 
West Coast when compared to GMSL, although large uncertainty driven primarily by differences in the 
available models inhibits a more comprehensive assessment of future sterodynamic sea-level in the two 
regions

6.  Based on the past observational record, sea-level in both the western tropical Pacific and US West Coast 
will continue its long-term increase in the coming years, and will be significantly elevated and sup-
pressed due to interannual and decadal variability at different time periods in the future

7.  While no attempt is made to predict decadal variability in the coming years, based on comparisons to 
similar periods in the past record the 10-year running sea-level trend in the US West Coast will likely 
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Figure 8. Normalized sea-level fingerprints due to glacier and ice-sheet mass loss. The numbers in each panel denote local sea-level changes relative to a global 
mean of 1. The purple line shows the contour where local sea-level rise is equal to the global-mean rise.
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remain elevated for the next 5 years while the 10-year sea-level trend in the western tropical Pacific will 
continue to be suppressed by a similar amount as a result of the phasing of decadal variability in the 
region

With regards to the last two items in the list above, it is critical for stakeholders to account for the full range 
of substantial natural variability that is, present in both the US West Coast and western tropical Pacific 
when undertaking planning efforts. Based on this analysis and historical comparisons, the decadal varia-
bility of focus here could contribute an additional 5 cm of sea-level rise over the next 5 years. Additionally, 
while we do not know during what year an El Nino event (as an example) may occur in the future, based on 
the past record, we do know that for a given decade there will almost certainly be an El Nino event. With a 
higher underlying sea-level, the coastal impacts that occur during these times of elevated sea-level will be 
exacerbated. This has been true for the western tropical Pacific for much of the satellite altimeter era, and 
will likely be true for the coming decade along the US West Coast given the sea-level rise of approximately 
10 cm that has occurred between 2010 and 2019, and with an elevated rate of rise that still persists today.
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