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Evolving tides aggravate nuisance flooding along

the U.S. coastline

sida Li"%3, Thomas WahlI*#, Stefan A. Talke*, David A. Jay®, Philip M. Orton®, Xinghui Liang’,

Guocheng Wang', Lintao Liu'*

Nuisance flooding (NF) is defined as minor, nondestructive flooding that causes substantial, accumulating socio-
economic impacts to coastal communities. While sea-level rise is the main driver for the observed increase in NF
events in the United States, we show here that secular changes in tides also contribute. An analysis of 40 tidal
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gauge records from U.S. coasts finds that, at 18 locations, NF increased due to tidal amplification, while decreases
intidal range suppressed NF at 11 locations. Estuaries show the largest changes in NF attributable to tide changes,
and these can often be traced to anthropogenic alterations. Limited long-term measurements from estuaries sug-
gest that the effects of evolving tides are more widespread than the locations considered here. The total number
of NF days caused by tidal changes has increased at an exponential rate since 1950, adding ~27% to the total
number of NF events observed in 2019 across locations with tidal amplification.

INTRODUCTION

Nuisance flooding (NF), also known as minor, high-tide, sunny-
day, or recurrent tidal flooding (1, 2), has become an important issue
for many low-lying coastal cities in the United States and elsewhere
(3-8) due to the substantial disruptions and damage that it can cause
to transportation systems, buildings and other civil infrastructures,
and businesses (9). Along most coasts, NF events occur seasonally
due to the semiannual and annual mean sea-level cycles and seasonal
variations in tides. During some years, NF frequency increases due
not only to the 4.4-year perigean and 18.6-year nodal cycles in tidal
amplitudes (10) but also to interannual mean sea-level variations
(associated with natural climate variability, such as strong El Nifio
or La Nifa events) (11, 12). Seasonal changes to bathymetry and
wind forcing alter wind and wave setup and wave run-up (13, 14).
Despite this considerable variability, the frequency, duration, and
severity of NF events have increased at accelerating rates over the last
few decades along the U.S. coast, especially the East and Gulf coasts
(2,11, 12, 15-18). Although the impacts of individual NF events are
relatively minor, their future cumulative effects are projected to sur-
pass those of rare extreme events in many locations (2, 16).

The primary cause of increased NF events is usually attributed to
the secular increase and acceleration in sea level. Global mean sea
level rose at an average rate of 3.3 + 0.3 mm/year between 1993 and
2014 with an acceleration of 0.084 + 0.025 mm/year” (19, 20), there-
by reducing the gap between high water levels and flood thresholds
(3, 11, 15, 17, 21). Strong regional and local variability in sea-level
rise and therefore NF trends are due to the global redistribution of
water, large variability in vertical land motion, and other factors
(22). Even within an individual estuary, subsidence rates can differ
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by up to 1 m/century (23, 24), and accelerating sea-level rise will
likely bring a precipitous increase in the number and duration of
NF events (2, 3, 15, 25). For example, increases of 380 to 810% in NF
are projected for an assumed uniform rise in sea level of 150 mm
(15). Because of higher rates of relative mean sea-level (RMSL) rise,
gently sloped topography, and geological features (such as porous
limestone in Florida), the U.S. East and Gulf coasts are more sus-
ceptible to NF than other U.S. coasts (2).

Evolution of coastal and estuary tides is another, often over-
looked, driver for changes in NF frequencies (and durations).
Trends in tidal amplitudes, phases, and other constituent properties
are found in many places around the world, including the coasts of
the United States, Europe, Japan, and Equatorial Pacific Ocean (26-32).
Tidal evolution occurs at different spatial and temporal scales (26-32),
due to both local factors (e.g., channel dredging, land reclamation,
infrastructure development, and changed river flow) and regional/
global factors (i.e., sea-level rise and ocean stratification) (33, 34).
At open coastal stations in the United States, secular trends in tidal
range are generally less than +2% per century (26, 34), with the ex-
ception of the 2.2 to 4.4% per century increases noted in the Gulf of
Maine (35). Within estuaries, however, much larger and spatially
variable trends can occur due to engineered changes and reduction
in inflow, morphodynamic changes, and other factors (36, 37). For exam-
ple, secular changes in tidal amplitudes in New York Harbor varied
from 0 to 10% since the mid-19th century (38-40), but tidal ranges
have more than doubled in portions of the tidal Hudson River (38). In
addition to secular trends, tides also exhibit pronounced interan-
nual variations along the U.S. coast and elsewhere (35). All these
observations lead to a basic question: Are trends in tidal properties
affecting recent changes in NF, and how significant are these trends
relative to the role of RMSL rise?

Therefore, our objective is to quantify how changes in tides have
contributed to changes in the frequency and duration of NF events
along the U.S. coastline. We exclude Alaska here because relative
sea level is decreasing due to land uplift. Hawaii is excluded as an
island station atypical of the rest of the United States. We analyze
hourly records from 40 tide gauges that have record lengths
>70 years. Modern-day minor flood thresholds defined by the
National Weather Service NWS) are used where available and inferred
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from the tidal characteristics elsewhere (see Materials and Meth-
ods) (2). We define two sets of tidal data for each location: one that
accounts for the observed changes in tides (by conducting a year-
by-year tidal analysis) termed “measured” and one that represents
historical tidal conditions (tides derived from early parts of the tide
gauge records) termed “synthetic.” Long-term trends due to RMSL
rise are retained in both datasets. Where possible, we use extended
tide gauge records based on recently digitized historic water-level
information (41), which allows us to infer tidal conditions from the
19th or early 20th century (table S1). Tidal constituents are ob-
tained using the MATLAB UTide package (42), and we perform a
comprehensive sensitivity analysis to assure robustness of our re-
sults (see Materials and Methods). We then synthesize time series of
water levels with historic tides by replacing the observed tides with
unchanged historic tides. Last, we compare NF frequencies and du-
rations derived with synthesized and observed time series using
modern-day flood thresholds.

RESULTS

Secular changes in past NF frequencies due to tidal changes
Wilmington (NC) provides an extreme (but illustrative) example of
a secular change in tides at an estuarine station; the tidal range has
increased at a rate of 542 mm/century since 1935 (27, 43) due, in
large part, to channel deepening (36). Both sea-level rise and tidal
changes have altered water levels relative to a fixed datum [see also
(34)]. Differences between annual mean high water from the mea-
sured and synthetic time series increased over time and reached
0.18 m at the end of the record in 2019 (Fig. 1). The trend in the
mean higher high water (MHHW) datum is 1.99 + 0.47 mm/year
above the RMSL trend and is comparable in magnitude to the RMSL
trend (2.47 + 0.35 mm/year). Because of the amplified tides and as-
sociated increase in high water levels, Wilmington experienced an
increase of NF events due to tidal changes in the second half of the
20th century (see Fig. 2 and first row of Fig. 3). Tidal changes since
the 1908-1911 reference period led to additional 123 + 2 NF days
(first row of Fig. 3) in 2019 alone and an additional 1203 events
(equivalent to 39% of all events) (Fig. 2) over the entire period since
1949 (when the first additional NF day occurred); those NF events

Observation MSL
Historic ——— MHHW

1910 1930 1950 1970 1990 2010
Time

Fig. 1. Tide changes at tide gauge Wilmington (NC) from 1908 to 2019. The
black line represents the minor flood threshold (2.424 m above station datum).
Yearly MHHW and RMSL are shown in purple and yellow, respectively. Observed
hourly water levels are shown in blue, and the reconstruction that includes the
historic tidal situation (i.e., removing observed tides and adding back historic sta-
tionary tides) is shown in orange.
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would not have occurred if tidal conditions had remained stable.
Along with the number of NF days, the duration of NF events (total
hours above the flood threshold over the year) also changed mark-
edly in recent decades due to tidal changes (first row of fig. S1).

Secular changes in MHHW at Wilmington are among the largest
in the United States (34). Other locations show smaller positive trends,
insignificant changes, or even negative trends (fig. S2A). However,
even smaller positive or negative changes in tidal amplitudes can
alter the count of NF days. Approximately half the tide gauges ana-
lyzed here (18 in total) show positive trends in tidal amplitudes and
hence an increase in NF days attributable to tidal changes, although
the trends in tides themselves are not always statistically significant
(Wilmington to Mayport; Fig. 2 and top part of Fig. 3). At most of
these 18 locations, the number of additional NF days due to tidal
changes increased over time, leading to an average of ~13 additional
NF days per year (10th and 90th percentiles are 1 and 26, respectively)
toward the end of the record in 2019. Approximately one-quarter
of the considered tide gauges (11 in total) show negligible tidal
changes, leading to no or insignificant changes in NF days (Crescent
City to Montauk; middle part of Fig. 3). At the remaining locations
(11 in total), tidal range decreased over time, leading to a reduced
number of NF days (Friday Harbor to Washington, DC; bottom
part of Fig. 3). At these locations, tidal changes have offset some of
the negative impacts of sea-level rise that would have otherwise oc-
curred in terms of NF. Washington, DC, experienced the strongest
observed reduction of NF days, with an estimated 41 + 7 reduc-
tion in NF days that did not occur in 2019 due to tidal range reduc-
tion (Fig. 3).

We also calculate the total numbers of positive and negative NF
days due to tidal changes over time across all tide gauges (Fig. 4A).
The total number of positive NF days starts rising in the 1950s at an
exponential rate (with a doubling time of 11 years) until the end of
the record. The ratio of the percentage of NF days that can be at-
tributed to tidal changes fluctuates over time (gray background in
Fig. 4A), ranging from 0 to 37% (18% on average). In 2019, an addi-
tional 236 + 27 NF days occurred in the 18 gauges with positive
tidal trends, accounting for 27% of the total number of NF days.
The total number of negative NF days across tide gauges (i.e., NF
days that have been avoided because of tidal changes) is much
smaller but shows a sharp decrease after 2015 (Fig. 4A), reaching
—66 days in 2019. This decrease reflects sea-level rise effects (com-
bined with historic tide changes), rather than a sudden change in
tidal constituents over the last 5 years. Overall, the impacts of tidal
changes on NF events (both positive and negative) are much more
pronounced at estuarine tide gauges (here, typically 5 miles or more
from a river mouth; see Fig. 2) as compared to tide gauges at the
open coast (Fig. 4B); changes in NF are also much stronger along
the East Coast compared to the West Coast (Fig. 4C).

The role of long-period tides in modulating NF frequency

In addition to secular changes in NF frequencies due to tidal changes,
we also detect a ~4.5-year cycle in the time series of additional/
reduced NF days (fig. S3), which is close to the half perigee cycle that
modulates tides at a period of 4.4 years. The perigean (4.4 years) and
nodal (18.6 years) modulations of tides affect high water levels (10).
We quantify the impacts of these cycles on NF events by removing
them from the tidal prediction and recalculating the number of NF
days (assuming that these cycles would not exist); this is only done
for the dataset with the observed tides, not the one with historic
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Fig. 2. Effect of tidal changes on cumulative NF days at 40 tide gauge locations. The total numbers of additional/reduced NF days (color bar) at each location over
the time periods covered by the respective tide gauges are shown. Black crosses indicate that the one-sigma confidence levels around the changes in NF due to tidal
changes include zero (data from these stations are still used in the aggregated results discussed below). Triangles represent estuary locations (here, typically 5 miles or
more upstream of a river mouth), while circles represent coastal locations; marker sizes indicate tidal regimes (microtidal: tidal ranges smaller than 2 m; mesotidal: tidal

range between 2 and 4 m; macrotidal: tidal range larger than 4 m).

tides, as we assume that changes in the amplitudes of the 4.4- and
18.6-year cycles were negligible. The oscillations in NF days due
to the low-frequency tidal modulations are evident, and their influ-
ence increases over time (Fig. 4D). The 4.4-year cycle adds up
to 20 NF days across all locations (Fig. 4D) when it peaks under
present-day sea level, whereas the 18.6-year cycle causes an addi-
tional 30 NF days during its peak compared to average conditions
(Fig. 4D). Similarly, when both cycles are at their minimum, they
reduce the incidence and duration of NF. The effects are largest
along the northeast U.S. coast, where tidal ranges and amplitudes of
the 18.6- and 4.4-year cycles are large. At coastal stations, the nodal
and perigean cycles dominate the tidally induced variability in NF;
by contrast, the effects of secular trends in tides outweigh the effects
of the 4.4- and 18.6-year cycles at 21 and 19 of 22 estuary stations,
respectively. This is not only because secular trends are larger in
estuary stations but also because friction reduces the nodal cycle
amplitude in estuaries (35).

Changes in NF durations due to tidal changes

In addition to changes in the frequency of NF, the cumulative dura-
tion of NF events is also an important indicator of impact, as longer
flooding leads to more disruptions. Hence, we next determine the
increased or decreased NF hours associated with tidal changes, using

Lietal, Sci. Adv. 2021; 7 : eabe2412 5 March 2021

the methods outlined above for NF incidences. We find similar trends
and temporal patterns for individual tide gauges (figs. S1 and S4).
The magnitude of changes is larger, as individual NF events often
add several NF hours. Aggregated across all 40 tide gauges, 351 ad-
ditional NF hours occurred in 2019 (fig. S5A) due to tidal evolution.
Again, the largest changes occur in estuaries, with 309 additional
NF hours in 2019 at estuary locations and 43 hours at coastal loca-
tions (fig. S5B). Effects are also predominately along the East Coast
(e.g., 331 additional NF hours in 2019 at East Coast locations versus
21 hours at West Coast locations; fig. S5C). The 4.4- and 18.6-year
tidal cycles cause up to 49 and 39 additional NF hours per year,
respectively, during their peak periods under present-day sea level
(fig. S5D).

A time scale perspective on the effects of tidal changes on NF
under sea-level rise

From a planning perspective, it is essential to know when critical
thresholds of NF frequencies will likely be surpassed, therefore
requiring adaptation or other measures to mitigate negative im-
pacts. Here, we assess how much earlier (or later) critical thresh-
olds of NF frequencies could be exceeded because of the effects
of tidal changes, under intermediate-low, intermediate-high, and
high sea-level rise scenarios (44). We use empirical exceedance
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Fig. 3. Changes in NF days per year from 1950 to 2019 due to evolving tides. Positive changes are shown in red (i.e,, tidal changes led to additional NF days), and
negative changes are shown in blue (i.e, tidal changes prevented NF days). Locations are organized from top to bottom according to their total changes in NF days (pos-
itive to negative). White squares indicate insufficient data (i.e., either no data or less than 75% of hourly values) to implement tidal harmonic analysis; gray squares indicate
that data are available but changes in NF days per year are zero; and squares with crosses denote that NF changes in these years were not significantly different from zero
at the one-sigma confidence level (values are still used for the aggregation across locations shown in Fig. 4). We only show results from 1950 onward for better clarity, and
because changes are very small before then; the color bar is cut off at +10 for presentation purposes, but numbers in the boxes denote higher/smaller values. OC on the
right indicates open-coast gauges; all others are classified here as estuarine gauges.

curves of daily high waters for the 2001-2019 period, derived with
historic and modern tides (Fig. 5A), and identify, for both distri-
butions, the years when 100 NF events per year are expected to
occur (see Materials and Methods). Under the intermediate-low
sea-level rise scenario, the 100 events per year threshold is exceeded
earlier (between 1 and 47 years) at 23 locations due to observed
secular trends in tides (Fig. 5B). At 11 locations, the 100 events
per year threshold is exceeded later (between 1 and 8 years); at six

Lietal, Sci. Adv. 2021; 7 : eabe2412 5 March 2021

locations, the threshold is exceeded in the same year. If sea level
rises more quickly, the time when 100 NF events per year occur
depends less on the observed tidal evolution (Fig. 5, C and D).
Effectively, the differences between the daily exceedance distribu-
tions derived with historic and modern tides become less relevant,
because the larger sea-level rise rates mean that the distributions
“pass through” critical NF thresholds much faster (i.e., are shifted
faster to the right in Fig. 5A).
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Fig. 4. Aggregated number of additional/reduced NF days per year across tide gauges. (A) Total positive (top 18 tide gauges in Fig. 2) and negative (bottom 11 tide
gauge in Fig. 2) NF days due to tidal changes; gray shading represents the ratio between NF days attributable to changes in tides and total number of NF days in the re-
spective years, and dashed lines are fitted exponential trends. (B) Total number of additional/reduced NF days per year separately for coastal and estuarine locations.
(C) Total number of additional/reduced NF days per year separately for West and East Coast locations. (D) Number of total NF days across all tide gauges caused by nodal
(18.6 years; blue) and half perigee (4.4 years; red) cycles. Shaded color bands represent one-sigma confidence levels.

Sensitivity analysis

A detailed sensitivity analysis was conducted with respect to the
choices made in the design of the analysis. This included the thresh-
old of required data availability in each year to perform the tidal
analysis, the definition of the period from which the historic tidal
situations are derived, the signal-to-noise ratio (SNR) considered in
the tidal analysis, and the representation of the nodal cycle in the
tidal prediction (see Materials and Methods for details on the de-
sign of the sensitivity analysis). The results highlight that the effects
are small or negligible, indicating that our results and overall con-
clusions are robust (fig. S6).

DISCUSSION

Our results show that changes in tides play an important role in
changing NF in the United States over and above the effects of long-
term RMSL rise, particularly along the U.S. East Coast and in estuaries.
The exponential increase (decrease) in the number of additional
(reduced) NF events and durations is not a result of exponential
changes in the tidal range but reflects the acceleration in RMSL rise
and the corresponding reduction in the vertical gaps between MHHW
and the flooding thresholds. Early in the records, the vertical gaps
between the two were so large that no NF occurred, and any tidal
evolution did not add or remove additional NF events. As sea level
rises and more overall NF events occur, the effects of tidal changes
are compounded by RMSL rise and become more important. We
illustrate this by repeating our analysis assuming stable RMSL, rep-
resenting recent conditions (fig. S7). There is still a trend (but less
pronounced and not exponential) in the number of additional NF
events; this reflects the actual effect of trends in tidal changes, de-
coupled from RMSL rise. The same mechanism causes an increase
over time in the effects of the 4.4- and 18.6-year tidal cycles on
adding/reducing NF events during their peak periods (Fig. 4D). RMSL
continues to rise, and the rate is projected to accelerate throughout
the century and beyond. Given this rise, the effects of both long-period

Lietal, Sci. Adv. 2021; 7 : eabe2412 5 March 2021

tidal modulations and secular tidal changes will become less im-
portant (similar to what is shown in fig. S7) once RMSL levels ex-
ceed certain tipping points where NF becomes chronic (45).

Secular increases in tidal range, primarily in estuaries, are mak-
ing NF occur earlier than sea-level rise alone, therefore decreasing
the amount of time available to implement adaptation measures. Our
analysis suggests that this acceleration in NF effects is determined
by three variables: (i) the magnitude of tide changes at a given loca-
tion; (ii) the shape of the high water distribution, reflecting the local
tidal characteristics; and (iii) the local rate of RMSL rise.

The marked differences between changes found in estuarine
versus coastal locations are largely driven by direct anthropogenic
alterations of estuaries. Wilmington, for example, experienced the
strongest effects from changes in tides on NF (both number of NF
days and duration) among all tide gauges considered here. The tide
gauge is located upstream in the Cape Fear River, 47 km from the
mouth of the estuary. The tidal range has increased by approxi-
mately 0.38 m since 1936 (0.57 m since 1887), mainly due to extensive
dredging, channel deepening, and associated reduction of hydraulic
drag (36).

Similarly, large-scale dredging in the Delaware River leads to
doubling of the depth (from 6.1 to 12.2 m) since the 1910s and a
considerable increase in tidal range in Philadelphia (46). Tidal range
(and NF) at the mouth of the Delaware (Lewes) decreased over time,
which shows that tidal effects on NF are spatially variable within
individual estuaries.

Dredging at the mouth of the Hudson River beginning in the late
19th century also increased the tidal range (38), resulting in a mod-
erate increase in NF days (and duration) at The Battery in Manhattan.
This increase occurs despite a background decrease in mid-Atlantic
seaboard tidal constituents such as S2 (29), which results, for example,
in a decrease in NF days in nearby Atlantic City and Sandy Hook (at
the mouth of New York Harbor), where M2 has decreased since the
1880s (Fig. 3). The New York Harbor case also highlights the im-
portance of the periods used to define historic tidal characteristics
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Fig. 5. A time scale perspective on the effects of tidal changes on the crossing of NF frequency thresholds. (A) Daily high water-level exceedance probability curves
for San Francisco (red) and Washington, DC (blue) for the 2001-2019 period; distributions are derived from datasets that include historic tides (solid lines; tides derived
from the first year of available data; see table S1) and modern tides (blue; tides derived from the year 2019); the dashed horizontal line represents the exceedance prob-
ability of 0.274, which is equivalent to ~100 NF days per year; vertical lines indicate the present-day minor flood thresholds. (B) Time difference between the years when
the 100 NF events per year threshold is exceeded under the intermediate-low sea-level rise scenario based on distributions with historic and modern tides; blue color
indicates that the threshold is exceeded earlier because of historic tide changes (due to tidal range amplification), red indicates that the threshold is exceeded later (due
to tidal range reduction), and gray indicates that the threshold is exceeded in the same year with both distributions; triangles and circles indicate estuarine and open-
coast gauges, respectively; the color bar is cut off at £10 years for better clarity, but smaller/larger values are indicated in brackets in the figure panel (no values exceed
+10 years); marker sizes indicate tidal regimes, as described in the caption for Fig. 2. (C) The same as (B) but for the intermediate-high sea-level rise scenario. (D) The same

as (B) and (C) but for the high sea-level rise scenario.

(see table S1), which can lead to different results at nearby stations
when tidal changes are not linear over time, but take place more
rapidly in certain periods (as can occur when changes are caused by
anthropogenic interventions) or even change in the opposite direc-
tion in different periods. Complex geometry also plays a role—at
Willets Point (also in the New York region), an amplification in
semidiurnal tides of ~3% per century is likely caused by sea-level
rise-induced changes to resonance (34, 47).

The tide gauge at San Francisco shows the second largest changes
in NF days caused by changing tides (Fig. 3). Tidal changes are likely
influenced by the morphological evolution of the ebb-tidal delta,
including the dredging of a 55-ft (16.7 m) channel (48).

These results suggest that altered NF probabilities are most like-
ly observable in regions where the bathymetry is strongly influenced
by anthropogenic activity such as dredging or land reclamation.
Despite a roughly 50/50 split between estuarine and coastal tide
gauges considered here, estuarine locations account for 83% of the
changes in NF days due to tidal changes (when both positive and
negative changes are combined). Furthermore, tidal trends are usu-
ally larger further from the coast (Fig. 2), where dredging has a
stronger effect on topography and resonance/reflection effects may
be more pronounced (34). Far upstream, the effect of dredging on
reducing the river slope may dominate over increases to tides; for
example, although tidal range in Albany (NY) (~250 km from the
coast) has roughly doubled over the past century, flooding frequency
has actually decreased (38). Qualitatively similar results are found
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in the Columbia River (37). For this reason, our study specifically
excludes stations within the tidal river domain [as defined by (49)].
Our approach focuses only on the effect of tidal change on NF
frequency, and any river discharge effects are effectively included in
the nontidal (sea level-induced) increase in NF. Nonetheless, the
compound effects of altered river hydraulics, tidal changes, and
sea-level rise on NF should also be considered in future research.
For example, secular changes to the seasonality of river flow influ-
enced the seasonal variation of water levels and tides in the Columbia
River Estuary, with a much smaller annual effect (50). Changes
to sediment supply caused by river regulation are a further com-
pounding effect on bathymetric change, in both estuaries and the
coast (51, 52). However, quantifying the role of river flow in modu-
lating tides, water levels, bathymetry, and NF trends for both coastal
and inland gauges on a continental scale is beyond the scope of our
analysis.

Data constraints (i.e., short modern records and/or no historic
data) prevent the analysis of many locations and types of secular
change in NF. A notable example is Jacksonville, FL, which is an
important population and economic center situated on the St. Johns
River Estuary. This highly frictional estuary has experienced a spa-
tially variable, 0- to ~0.4-m increase in tidal range (between the riv-
er mouth and 50 km upstream) since the late 19th century (34).
While insufficient historic and modern tide gauge data are available
to assess trends in NF, the results presented for Wilmington and
other estuaries suggest that the duration and frequency of NF have
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also likely increased here. Similarly, lagoonal or “back-bay” estuar-
ies are not represented in the long NOAA (National Oceanic and
Atmospheric Administration) tide gauge datasets, but large chang-
es to tides have been shown to occur where inlets have been opened
or closed (53) or have been deepened and widened (54, 55). Long-
term increases in tides have been observed for Jamaica Bay,
New York City, for example, with a tide range in 1899 of 1.16 m
increasing to 1.64 m in 2007 (55). These sites typically only have a
few decades or less of recent data collected by the U.S. Geological
Survey, as well as historical data collected for short periods associat-
ed with bathymetric surveys. NF occurring along the open coast due
to changed beach and subtidal bathymetry, and hence altered wave
setup and run-up, can also not be studied using our approach.
These considerations motivate future research to further quantify
the effects of anthropogenic and geomorphic change on NF, possi-
bly using models alongside these limited tide gauge datasets.

To conclude, the frequency of NF events has increased and the
rate of occurrences has accelerated over the last few decades along
the U.S. coasts, leading to changes in NF ranging from 300 to 900%
(15). While long-term RMSL rise is the main driver for this increase
in NF, we show here that secular changes in tides account for almost
one-quarter of the NF events observed in 2019 (27%), and the im-
pact of these tidal changes becomes more important as RMSL rises,
further closing the gap between high tide levels and NF thresholds.
Changes are more pronounced along the U.S. East Coast, where
RMSL rose faster over the last few decades compared to the West
Coast, and also in many of the major estuaries, which have under-
gone significant changes in the tidal characteristics due to anthro-
pogenic alterations of system geometry and river inflow. Here, we
include only locations where long hourly sea-level observations are
available, but similar changes are known to have occurred in many
other places (Jacksonville, FL and Jamaica Bay, NY are discussed
above as representative examples). We note that our analysis uses
fixed flooding thresholds, which are not always tied to actual im-
pacts; i.e., in some places, the NF events we identify may actually
cause significant disruptions but may not do so in other places.
Nevertheless, it is important that coastal planning efforts, especially
in concert with the expected RMSL rise and required adaptation,
acknowledge and are cognizant of the important role that tidal
changes can play in further aggravating the growing impacts of NF.

MATERIALS AND METHODS
Tide gauge data and NF thresholds
We use hourly water-level records from 40 tide gauges derived from
NOAA’s Tides and Currents website (https://tidesandcurrents.noaa.
gov/map/index.shtml). For several locations (see table S1), we ex-
tended the records available in the NOAA database with recently
digitized historic data (41), going back to the early 20th and, in sev-
eral cases, mid-19th century. Official NF thresholds defined by the
National Weather Service were derived from (2) where available (29
of the 40 locations considered here). For locations without official
NF thresholds, they were directly inferred from the hourly data us-
ing the following regression function (2) (see table S1 for the NF
thresholds that were used): y = 0.04x + 0.5, where x is the great di-
urnal range (i.e., the difference between MHHW and mean lower
low water) and y is the NF threshold above MHHW (in meters).
Official and inferred NF thresholds can differ by more than 0.1 m,
which could increase or decrease the number of additional NF
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days identified here, and hence is a source of uncertainty. Alterna-
tive ways to define NF thresholds include using the concept of re-
markability of flood events, which is tied to social media posts (9),
or fixed values above MHHW [e.g., 0.3 min (11)].

Tidal analysis

For the tidal analysis, we use MATLAB’s UTide package (42) and
apply it on a year-by-year basis. We exclude the annual and semian-
nual cycles (i.e., SA and SSA constituents) in the tidal analysis, as
those are mainly driven by climatic factors, with negligible astro-
nomic components (56). We also exclude the weekly tides My, and
Mg due to their large SEs in tidal harmonic analysis (10). To weaken
the influence of extreme water levels on the results of the harmonic
analysis, we choose the “HUBER” robust function

1 , 1
wo (Ul
1, |r| <1

where r is a weight factor. Usually, extreme values are associated
with large values of “r” during the adjustment process. For those
values, smaller weights are assigned to weaken their influence on
the estimated amplitudes and phases of the tidal constituents. Tides
are only derived for years where at least 75% of the hourly data are
available (see also the “Sensitivity analysis” section below).

By conducting the year-by-year analysis, we derive a dataset
of observed tides, which are allowed to change through time. The
changing tides are subtracted from the observed water-level time
series and replaced by a tidal prediction that reflects the historic
tidal conditions (assuming tides remained constant through time).
Whenever possible, we derive the historic tidal conditions from the
first 18 years of water-level records. However, in some instances, we
were able to add additional historic water-level data to the records,
and those do not always directly extend to the existing records (lead-
ing to gaps in the datasets) and also do not always cover a full 18-year
period. In those instances, we used the longest possible period to de-
fine the historic tidal characteristics (see table S1 and the “Sensitivity
analysis” section below). Because the UTide package estimates the
SE of each tidal constituent, we estimate the error bars of the predict-
ed historic tides based on the error propagation law (57)

sy Tlax\
Ox = Z<aai> Oa

i=0

Applying the error propagation law to the predicted tides H =
Y k=1 Axcos(0k + @k), we obtain

n
of = X (cos’(Ox+ @) oy + Asin’*(0x + @) o5)

k=1
where o7, is the standard error of predicted tides and k represents
the tidal constituents used in the prediction (i.e., those with SNR >
2); o4and o@ represent the SEs of amplitude and phase, respective-
ly; Ok = @it + uk + v, where wy is the angular speed of tidal constit-
uents, ¢ is the time, and u and vy are the astronomical arguments.
The units of 6 are expressed in radians. We then add the positive
and negative SEs to the predicted tides and calculate the associated
uncertainties surrounding our estimates of changes in NF days (and

durations) due to tidal changes.

In addition to quantifying the effects of secular changes in high-
frequency (i.e., subseasonal) tidal constituents, we also assess how
low-frequency (i.e., multiyear) tidal cycles modulate NF events, but,
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in this case, assuming that the amplitudes are stationary over time;
hence, the analysis is only carried out on the basis of the dataset that
includes the observed tides. The nodal and half perigee cycles in
tidal constituents were removed according to their Doodson num-
bers (58), and the changes in NF days and hours were quantified.

Time scale analysis

For the time scale analysis, we first select the observed hourly sea
levels for the period 2001-2019 at each location. We then perform a
year-by-year tidal analysis (as outlined above) to remove the tidal
influence. Next, we perform a tidal analysis for the first year of data
that we have available at each site (see table S1), predict 19 years of
(stationary) hourly tides using the derived constituents, combine
the predicted tides with the residuals for the 2001-2019 period, and
derive the empirical cumulative distribution function from the daily
high water levels representing the historic tide situation. The same
procedure is repeated but using the year 2019 for the tidal analysis,
deriving a second distribution representing the modern tide situa-
tion. Annual values of sea-level rise from 2019 to 2100 are derived
by interpolating (with a quadratic fit) three different NOAA sea-
level rise scenarios (which are provided at a decadal resolution).
The U.S. Army Corps of Engineer’s Sea Level Calculator (http://
corpsmapu.usace.army.mil/rccinfo/slc/slec_calc.html) was used to
derive local RMSL rise projections for each tide gauge location. Last,
the 2001-2019 daily high water-level distributions with historic
and present-day tide characteristics are shifted, and the years are
recorded when the minor flood threshold intersects with a proba-
bility of 0.274, equivalent to ~100 NF events per year; other thresh-
olds could be selected if more relevant locally. The years when the
threshold is exceeded under the assumption of the two distributions
are compared to quantify how much earlier or later it happens due
to tidal evolution.

Sensitivity analysis

In our analysis, we made a number of choices. The effects of these
choices were investigated using a comprehensive sensitivity analy-
sis. First, we assessed the effect of data completeness on harmonic
analysis results. References (27), (29), and (32) suggested thresholds
of 75%, 7000 hours (~80%), and 85% completeness, respectively. We
repeat our analysis using the 80 and 85% thresholds and compare
the numbers of additional NF days due to tidal changes against those
derived with the 75% threshold (fig. S6A). Using different thresh-
olds leads to mostly small differences in the year-to-year variability
of additional NF days but does not affect the overall conclusions of
our analysis.

Second, we investigated the influence of the reference historical
period on results, because data availability precluded the use of a full
18.6-year nodal cycle at some locations. Overall changes are found
to differ negligibly when variable reference periods of 1 to 18 years
are used (fig. S6B). As results are likely to be more robust when us-
ing longer periods to define the historic tides, we chose the 18-year
window wherever possible. For locations where we add additional
historic records shorter than 18 years (often leading to gaps between
the extended data and the beginning of the NOAA records), we use
the longest possible time span.

Third, we assessed the effect of using different SNR, which con-
trols the number of constituents used in the tidal prediction. The
default SNR in the UTide package is 2. We compare results for
SNR = 1.5, 2, and 3. The number of additional NF days is relatively
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stable (the largest difference is 4 days per year) among the different
SNR thresholds (fig. S6C). Thus, we used the default value of
SNR = 2 for our analysis.

Last, it is known that estimated nodal amplitude corrections for
tides are different from the theoretical ones (10, 35), especially in
M, and N, constituents. Thus, we calculated nodal amplitude cor-
rections through regression models at two locations (table S2). The
nodal amplitude corrections are similar to those reported in (35).
Comparing the number of additional NF events from using nodal
corrections directly inferred from the data and theoretical nodal
corrections reveals small differences in most years, but occasionally
as large as 15 days (fig. S6D). To facilitate easy transferability of our
experiment design to other regions/locations, we use the theoretical
nodal corrections for the analysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabe2412/DC1
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