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Abstract Probabilities of coastal extreme water levels (EWLs) are increasing as sea levels rise. Using a
time-dependent statistical model on tide gauge data along U.S. and Pacific Basin coastlines, we show that EWL
probability distributions also shift on an annual basis from climate forcing and long-period tidal cycles. In some
regions, combined variability (>15 cm) can be as large or larger than the amount of sea level rise (SLR)
experienced over the past 30 years and projected over the next 30 years. Considering SLR and variability by
2050 at a location like La Jolla, California suggests a moderate-level (damaging) flood today with a 50-year
return level (2% annual chance) would occur about 3—4 times a year during an El Nino nearing the peak of the
nodal tide cycle. If interannual variability is overlooked, SLR related impacts could be more severe than
anticipated based solely upon decadal-scale projections.

Plain Language Summary Coastal communities are flooding more often due to sea level rise (SLR),
but some years are worse than others. We use a statistical model to show how the probabilities of coastal high
waters, often referred to as extreme water levels—a combination of above average tides and storm surge—have
shifted higher or lower every year with SLR and from changes in the tides and climatic (persistent weather and
ocean) patterns. There are many U.S. and Pacific coastal regions where year-to-year variability is 15 cm or
more, which is as large as the last 30 years of SLR and this pattern is projected to continue over the next 30 years.
Considering additional SLR over the next 30 years could help compensate for year-to-year variability.

1. Introduction

As sea levels rise, so are concerns about the growing impacts of coastal flooding and erosion (Collini et al., 2022;
Fox-Kemper et al., 2021; Hall et al., 2016; Marra et al., 2023; May et al., 2023). For good reason, as annual
frequencies of high tide (aka nuisance, king-tide, or sunny-day) flooding, which are mostly minor/disruptive in
nature are already accelerating along many U.S. and global coastlines (Fox-Kemper et al., 2021; Sweet &
Park, 2014; P. R. Thompson et al., 2023). When estimating future changes in flood frequencies or exposure,
common practice is to combine sea level rise (SLR) projections with observed or modeled probability distri-
butions of extreme water levels (EWLs) (Buchanan et al., 2017; Church et al., 2013; Ghanbari et al., 2019;
Hunter, 2012; Karegar et al., 2017; Kopp et al., 2014; Moftakhari et al., 2015; Muis et al., 2016; Oppenheimer
et al., 2019; Taherkhani et al., 2020; Tebaldi et al., 2012; Vitousek et al., 2017; Vousdoukas et al., 2018; Wahl &
Chambers, 2016; Wahl et al., 2017) as shown in Figure 1a. But other factors are also at play, which can further
intensify the typical seasonality of high tide flooding (Dusek et al., 2022; Sweet et al., 2018; P. R. Thompson
etal., 2021). In some years, climate forcing such as associated with the El Nino Southern Oscillation (ENSO) and
changing astronomical tide heights affect sea levels, storm tracks, and flood frequency (Figure 1b; Barnard
et al., 2015; Li et al., 2022; Haigh et al., 2011; Menéndez & Woodworth, 2010; Méndez et al., 2007; Rashid &
Wahl, 2020; Rashid et al., 2019; Sweet & Park, 2014; Sweet & Zervas, 2011; P. R. Thompson et al., 2013, 2021).
If interannual variability is overlooked, EWL frequencies over the next several decades could be underestimated
if not accounted for in SLR assessments.

Here, we use a probabilistic framework to diagnose past trends and interannual variability affecting EWLs along
U.S. coastlines and those of the Pacific Basin surrounding U.S. Island territories and interests. An outlook for the
next 30 years (2050 relative to 2020) is given considering the U.S. Intermediate Low SLR scenario (Sweet
etal., 2022), which represents a 0.5-m global SLR by 2100 and varies locally per the AR6 IPCC framework (Fox-
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Figure 1. (a) Monthly maxima and mean water levels in La Jolla, California showing the U.S. Intermediate Low sea level rise
(SLR) scenario of Sweet et al. (2022). In (b) are probability distributions of monthly water level maxima fit (normally
distributed for illustrative purposes) to monthly maxima data in the 1970s and 2010s and for specific years of La Nina (1984,
1999, 2011) and El Nino (1982, 1997, 2015) highlighting how SLR and climatic patterns have temporal dependencies
modeled in this study. The nodal cycle is not highlighted here in (b). The extreme water level distribution at La Jolla shifts
4.2 cm per unit measure of El Nino Southern Oscillation assessed in this study.

Kemper et al., 2021). The current SLR trajectories extrapolated to 2050 along most regional U.S. coastline are
close to this scenario except along the Southeast Atlantic and Gulf coasts where they are about 5-10 cm higher
than the Intermediate Low levels (Hamlington et al., 2022; Sweet et al., 2022 for details) possibly due to decadal-
scale variability (Dangendorf et al., 2023). In general, the Intermediate Low SLR is considered likely to be
exceeded by the end of century based upon global temperature/emission commitments to date (Riahi et al., 2022).
The 2050 outlook also considers combined variability from the moon's nodal tide cycle as recently examined by P.
R. Thompson et al. (2021) and builds on this work by (a) attributing variability to global climatic patterns and (b)
quantifying how the full envelop of EWL probabilities have responded through time. Since this study focuses on
tide gauge data, it does not explicitly include wave effects that are often times the main driver of over wash,
erosion and flooding along many Pacific coastlines (Barnard et al., 2019; May et al., 2023; Shope et al., 2022;
Storlazzi et al., 2018; Vitousek et al., 2017). The outcomes are presented in terms of changes to a rare event like
the 50-year return level (Menéndez & Woodworth, 2010; Obeysekera & Salas, 2020; Salas et al., 2018; Vitousek
et al., 2017) with contextualization using U.S. National Oceanic and Atmospheric Administration (NOAA)
coastal flood height-severity thresholds.

2. Data and Methods

Time-dependent generalized extreme value (GEV) models (e.g., Menéndez & Woodworth, 2010; Menendez,
Mendez, & Losada, 2009; Menendez, Mendez, [zaguirre, et al., 2009; Méndez et al., 2007) are applied to monthly
maxima water levels from 1950 to 2020 for 168 tide gauges along U.S. and Pacific coastlines with data obtained
from the University of Hawaii Sea Level Center (Caldwell et al., 2015) and NOAA (2023b). The EWLs in this
study are considered stillwater levels (Moritz et al., 2015) as wave effects, though sensed by NOAA tide gauge
(Kirk et al., 2022; Sweet et al., 2015) are not included in this study. Inclusion of wave effects (beyond the scope of
this study), which have their own time-dependent qualities (e.g., [zaguirre et al., 2011; Méndez et al., 2006) and
can be on the order of 25%-90% the overall total height of EWL along some coastlines (May et al., 2023) are
important when assessing prone (e.g., U.S. West coast) coastlines (Lobeto et al., 2024; Serafin et al., 2017; Serafin
& Ruggiero, 2014).

The GEV model has three parameters: a location parameter—mu () that centers the distribution, a scale
parameter—psi () which represents the dispersion, and a shape parameter—xi (£) that determines the shape of
the upper tail and is expressed as:
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with a time-dependent (nonstationary) location parameter that models how the distribution shifts with intra-
annual seasonal (S) cycles, an 18.6-year tidal nodal (7, = 18.6) cycle, influences of interannual climate pat-
terns (cvte), and long-term trends (LT) and expressed as:

G, = (1) = o + 1)+ 12 (D) + (D) + ey () with
us(f) = 2[@_1 cos (int) + By sin (2int)]
pip = elinr)
in(®) = Py <5 (ZT—’:) + g sin (ZT—’:)

:ucvle(t) = ﬂcvle : CVte(l)

Typically, the shape parameter is assumed to be fixed (Coles et al., 2001) as rare events like surges from land-
falling tropical cyclones that often appear as “outliers” are sparse in tide gauge records. In our study, we assumed
that both the shape and scale parameters (e.g., affecting seasonality or trends—if they exist—in “storminess”) are
held constant for simplification. Also, the models do not include the 4.4-year cycle related to perigean tide-cycle
influences (Haigh et al., 2011) that can override the nodal cycle in some places (Menéndez & Woodworth, 2010).
Time-dependent models were tested in a stepwise manner, starting with seasonal and trend in the location
parameter, then including nodal, and lastly a climate variability index. A chi-squared deviance statistic (¢ = 0.05)
identifies the model for each tide gauge with the least number of parameters that best describes the data. Climate
variability (cvte) representing large-scale persistent ocean and atmospheric partners are quantified by monthly
time series of the six major indices describing Pacific and Atlantic dynamics (NOAA, 2023a) including ENSO (a)
via a bivariate ENSO time series (BEST; Smith & Sardeshmukh, 2000) and the Oceanic Nifio Index (ONI;
Barnston et at., 1997), (b) the Pacific Decadal Oscillation (PDO; Mantua et al., 1997), (c) the Pacific North
American Index (PNA; Wallace & Gutzler, 1981), (d) the Tropical Northern Atlantic Index (TNA; Enfield
et al., 1999), (e) the Arctic Oscillation (AO; D. W. J. Thompson & Wallace, 1998) and (f) the North Atlantic
Oscillation (NAO; Hurrell, 1995). Only the most influential climate index is retained and presented. Lastly, the
long-term trend is fit with an exponential to account for any acceleration if present.

The EWL probabilities highlighted here are shown as return level curves and range from the 100-year (1% annual
chance level) to the 0.1-year (10 events per year) water levels using the approximation of —1/In(G,) instead of the
traditional 1/(1 — G,) method (Beran & Nozdryn-Plotnicki, 1977; Coles et al., 2001) to estimate sub-annual
probabilities. Confidence intervals were computed using the delta method (Rice, 1994) and are similar to
more-traditional stationary estimates (Menendez, Mendez, Izaguirre, et al., 2009; Méndez et al., 2007). However,
since they are not the focus on this study, only the expected (median) values are shown. Also, the models quantify
monthly probabilities, but we only show annualized probabilities to align with annual-to-decadal assessment
purposes. Lastly, the rare event probabilities, for example, the 100-year return levels like those of NOAA
(Zervas, 2103) are based upon a single gauge analysis and can differ from those quantified by FEMA (2016) that
include simulated storms (Nadal-Caraballo et al., 2020).

3. Findings

These time-dependent statistical models disentangle stochastic (climate pattern) from deterministic (tide) from
persistent (trend) forcing that affect (shift) the location parameter and the entire EWL distribution. In terms of
climate variability (Figure 2b), ENSO has the largest footprint (Figure 2a), with many locations experiencing a 9—
15+ cm effect along the Pacific North/South American and Island coastlines (12 = 6 cm [median + 1 standard
deviation]). A 12-cm ENSO range equates to a location parameter shift of about 4.5 cm per unit ENSO index (e.g.,
the annual averaged ONI index has varied 2.7°C range over the study period). Other notable clusters include the
AO effect along the Northeast U.S. coastline (3—6 cm), the PNA along the U.S. Alaskan coastline (9—-15 cm) and
the PDO along the Japanese coastline. The nodal tide component (<20-year period) is about 3—6 cm across the
study region and locally higher where tide ranges are higher, for example, along the U.S. NW and Alaskan
coastlines (Figure 2c). Lastly, the accumulated EWL trend amount over 1990-2020 (Figure 2d) is very close to
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Figure 2. (a) The climate index with the highest influence on the location parameter and (b) its range (minimum to maximum)
since 1950. In (c) is the range of the nodal range (black dots have no nodal influence) and in (d) is the amount of the extreme
water level trend over the 1990-2020 period (blue dots indicate where the trend is negative).

mean sea level change over the same period (R-squared = 0.98 in a linear regression [EWL trends = 1.02 mean
trends] across all tide gauge sites, not shown). Rise amounts reflect familiar SLR patterns, for example, high
amounts (>15 cm) in the western equatorial Pacific and along the U.S. East and Gulf coasts largely from land
subsidence issues. Decreases occur where rebound is occurring such as along the southern Alaskan coastline.

In terms of relative contributions, climate variability is more than twice that from the nodal cycle (nodal-to-
climate variability ratio = 0.4 £ 0.7) assessed across all sites with ratios of 0.8 + 0.7, 0 £ 0.2 and 0.4 £ 0.6 along
the U.S. Atlantic/Gulf, U.S. West and Pacific Island coasts, respectively. Also, the combined range of variability
(climatic plus nodal) is about the same magnitude of the EWL trend over the last 30 years assessed across all sites
(trend-to-variability ratio of 1.0 £ 1.6). There are some noted regional differences where the trends are relatively
large like along the U.S. East and Gulf coasts (1.7 = 1.9) or where variability is much higher like along the U.S.
West coast (0.3 & 0.3). Variability from both the nodal and climate components have combined to achieve about
90% of the full range at most locations and within a 15-20 year period.

Two tide gauges at La Jolla, CA and Boston, MA (Figure 3) exemplify the time-dependent changes of the location
parameter and effects on the return levels. The 50-year return levels, higher in Boston (1.23 m above mean higher
high water (MHHW)) than La Jolla (0.74 m above MHHW), are highlighted in Figures 3a and 3b. The time series of
the 50-year levels reflect the combined effects of the three time-dependent components (Figures 3a and 3b) and
show a higher climatic influence at La Jolla (11 cm) as compared to Boston (8 cm). However, the 30-year EWL
trend amounts are higher (9 vs. 7.4 cm) in Boston than La Jolla, as is the nodal cycle (8 vs. 6 cm, respectively), which
is nearly out of phase between locations. The stronger El Nifio (e.g., 1982—-1983, 1997-1998, 2009-2010, 2015—
2016) are clearly evident in the La Jolla series. Though the 50-year level is illustrated, the same magnitude and time
dependencies would apply to the entire probability distribution (affecting the 1-year, 10-year levels, etc.).
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Figure 3. Highlighting at La Jolla and Boston the (a, b) time-dependent 50-year return level and contributions from climate
and nodal variability and extreme water level trends. In (c) and (d) is the return level curve for 2020 (solid black line) and how
the curves could conditionally vary by the combined nodal and climate variability (lines shown as a blend of yellow and blue
representing both variability contributions as shown in (a) and (b)). Also shown are how the curves have changed since 1950
(black dash line) due to trends in the monthly maxima water levels (which closely track local sea level rise). In (e) and (f) are
the sub-annual time-dependent model probabilities and high tide flooding observations, which reveal the ~19-year nodal
cycle at Boston and El Nino Southern Oscillation (ENSO) effects at La Jolla.

The 2020 return level curves in Figures 3c and 3d show the influence (larger scale and shape parameter values—
not shown) from stronger and more frequent winter storms and higher surges along Boston's wider and shallower
continental shelf than La Jolla (Tebaldi et al., 2012). The 1-year level is higher in Boston than the 100-year level is
in La Jolla. The EWL trend effects are also shown by highlighting the difference in the return level between 1950
and 2020. Also shown is an envelope about the 2020 return level curve representing the combined (nodal plus
climate) variability that conditionally (if the nodal phase was different or a stronger ENSO or AO conditions
occurred) could further shift the return level curves.

To provide a sensitivity assessment, the time-dependent probabilities are compared to annual high tide flood
frequencies (Sweet et al., 2018) associated with minor/disruptive impacts measured by NOAA tide gauges
(Figures 3e and 3f). The sub-annual probabilities from the model capture the main observational patterns, spe-
cifically ENSO effects at La Jolla and the nodal cycle at Boston with correlation values of 0.67 and 0.73 at La Jolla
and Boston (not shown). The nature of the correlations (here and elsewhere, not shown) between the observations
(days with an exceedance) versus the modeled results (“events”) is often characterized as accelerating (quadratic
fit), implying that as the events become more routine, they last longer. The role of these time-dependent models is
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Figure 4. (a) The combined range in the location parameter of nodal and climate variability as in Figures 2b and 2c and
(b) how this range relates to the sea level rise (SLR) by 2050 under the U.S. Intermediate Low SLR scenario (Sweet

et al., 2022). Blue dots highlight locations where sea levels are projected to drop. The change in return periods in 2050 of the
50-year levels as estimated in 2020 are shown considering the (c) low-end range (—1/2 range) and (d) high-end range (4+1/2
range) of the variability shown in (a) added to the 2050 SLR by 2050. Return periods less than 1 year, for example, 0.2 years,
equals 5 events per year.

not necessarily for near-term prediction purposes of high tide flooding, which is a focus of NOAA's monthly-to-
annual high tide flood prediction efforts (Dusek et al., 2022; Sweet et al., 2018). Though these models do provide
some ability and skill for predicting a range of EWLs (Menendez, Mendez, & Losada, 2009), the focus is to assess
climate variability and trend responses to develop a probabilistic envelope to help bound variability for decadal-
scale assessments similar to what is done for sub-annual frequencies by P. R. Thompson et al. (2021).

Looking out to year 2050, the combined variability (Figure 4a; nodal + climatic) assessed across the entire study
region is 9 + 7 cm and less than half as much as SLR under the Intermediate Low SLR scenario (variability-to-
SLR ratio of 0.4 £ 0.2). However, within the ENSO footprint along the Pacific North/South American and Island
coastlines, the range of combined variability (16 = 7 cm) is projected to be as large or larger as SLR under the
Intermediate Low SLR scenario to 2050 relative/rebaselined to 2020 (ratio of 1.4 + 0.7; Figure 4b). Rebaselining
the SLR scenarios to 2020 from their 2000 origination is within about 1 cm based upon trend fits from 1970 to
2020 as assessed along U.S. coastlines (Sweet et al., 2022). Along the southern Alaskan coast, SLR under this
scenario is projected to drop further by 2050, and thus variability will reach lower elevations than now. Along the
U.S. East and Gulf coastlines, variability is about a third of the amount of SLR (ratio of 0.3 + 0.2; Figure 4b). We
note that not all EWL variability is necessarily diagnosed by our models. Using more customized indices (e.g.,
Rashid & Wahl, 2020) could help, like Gulf Stream transport and its 5-10 cm effect on EWL along South Florida
coastlines (Sweet et al., 2016).

Considering the U.S. Intermediate SLR scenario instead (1 m global rise by 2100), the variability-to-SLR ratios
assessed are nearly the same (e.g., 1 £ 0.5 in ENSO footprints along the Pacific North/South American and Island
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coastlines) since there is only a 3.5 £ 1 cm SLR difference between the two scenarios in 2050 across the study
region. In fact, there is not much divergence by 2050 across all of the U.S. SLR scenarios (Sweet et al., 2022) or
the IPCC temperature-emission based projections (Fox-Kemper et al., 2021). An assumption about future changes
for either SLR scenario is that EWL trends will continue to parallel those of mean sea level, similar to that
observed over the last 30 years.

The time dependencies and their potential effects on flood frequencies are highlighted in the late 2040s, when
coincidence of nodal peaks and potential climatic drivers could see many location's current 50-year return levels
occurring multiple times a year. Assessed across all tide gauges, the range in return periods by 2050 considering
the low-end (Figure 4c) to high-end (Figure 4d) range of variability centered about the Intermediate Low SLR
projection is about 12 to 3 years, respectively. At regional scale, this equates to about a 10 to 6 years, a 24 to
4 years and a 5-to-0.3-year range in return periods along the U.S. East/Gulf, U.S. West and Pacific Island coasts,
respectively. Considering specific locations like La Jolla and Boston, where the nodal cycle is set to peak about
2045 and 2050, respectively, this would translate to a 10-to-0.3-year and a 11-to-2-year range in return periods
considering their current (2020) 50-year return levels. Thus, it is conceivable that by about 2050 if the nodal and
climatic forcing align, La Jolla could experience 3—4 events in a year. For perspective, these 50-year return levels
are close to the NOAA moderate coastal flood level in La Jolla and the major flood level at Boston, which equate
to damaging (moderate) and destructive (major), respectively, in terms of impacts presenting a serious risk to
property (moderate) and lives (major) (May et al., 2023; Sweet et al., 2018).

4. Concluding Remarks

The probability of EWL causing disruptive-to-destructive coastal flooding along many U.S. and Pacific Basin
coastlines is growing due to decades' worth of SLR (Fox-Kemper et al., 2021; May et al., 2023). As observed
along U.S. coastlines, annual frequencies of minor/disruptive high tide flooding are much more severe in some
years than others (Sweet et al., 2018, 2021). EWL variability associated with global climate patterns and the nodal
tide cycle are key factors and they have distinct regional patterns. Along the U.S. East and Gulf coasts, the two
factors are about the same in terms of influence. However, along much of the Pacific North/South American and
Island coastlines, ENSO and the PNA climatic variability is 2-3 times or more influential than the nodal tide
cycle. Though the strongest historical climatic responses (peaks) have not always coincided with nodal peaks,
they have come close (90% of full range at most locations) within about a 15-20 year period. Of particular
importance is the combined (nodal + climate) variability along the Pacific North/South American and Island
coastlines that is as large or larger (>15 cm) as the SLR projected over the next 30 years.

In terms of predicting future variability, climate forcing such as ENSO is more stochastic in nature with perhaps a
1-2-year predictability window (Weisheimer et al., 2022). Tide cycles like the 18.6-year nodal cycle, on the other
hand, are deterministic with phasing that vary by region and tidal regime (see Haigh et al., 2011 for description).
Where the nodal cycle is significant (Figure 2c), there is evidence of clustering of high tide flood frequencies near
the peak in some locations (Figure 3). The nodal cycle peaked around 2013 + 4 years, 2006 + 2 years and
2007 £ 5 years along U.S. Atlantic/Gulf, U.S West and Pacific Island coasts, respectively, and will again do so
about every 19 years thereafter and affect EWL probabilities including sub-annual high tide flooding (P. R.
Thompson et al., 2021). But, not all EWL variability has been diagnosed in this study. To do so requires more
customized indices (e.g., Rashid & Wahl, 2020) like the Gulf Stream transport and its 5-10 cm effect on the
location parameter (2—-3 times higher than diagnosed in this study) along the Southeast U.S. (Sweet et al., 2016).
Additional tidal harmonics could be examined, like the 4.4-year cycle related to the lunar perigee, which overrides
the nodal cycle with a range about half the nodal cycle itself in some locations (Menéndez & Woodworth, 2010).

Though our models disentangle stochastic and deterministic from persistent trend influences on EWL proba-
bilities, they do not quantify trends or variability in response to changes in storminess or intensity (i.e., changes in
scale and shape parameters). Such changes like intensifying tropical storms (Seneviratne et al., 2021) could
further affect rarer EWL probabilities in the future, which is of importance to federal agencies like the U.S. Army
Corps of Engineers (Nadal-Caraballo et al., 2020). What our results do highlight are the time-dependent (location
parameter) changes affecting the entire probability distribution of coastal EWLs. Meaning, the expected prob-
abilities from high tides to rarer and higher-reaching EWLs all have and will continue to vary through time. In
terms of intra-annual variability, our time-dependent models do quantify a pronounced seasonal cycle
(19 = 12 cm value change in location parameter—not shown) that varies by region and by process similar to the
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findings of Menéndez and Woodworth (2010). In terms of monthly-to-annual predictions, high tide flood models
that include the full range of tidal harmonics and/or predictable variability like ENSO are well positioned to help
inform preparedness (Dusek et al., 2022; Sweet et al., 2018, 2021). In terms of the next 20-30 years, considering
an equivalent SLR amount that bounds the envelope of interannual variability in EWL return level curves could
further support assessment efforts for U.S. coastal communities (Collini et al., 2022; Hamlington et al., 2022;
Sweet et al., 2022; P. R. Thompson et al., 2021).
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