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ABSTRACT

Many coastal locations currently experience occasional instances of flooding.
With rising global mean sea level, many locations will experience a shift in the frequency
of flooding events. Coastal flooding threatens property and infrastructure, and growing
instances of flooding threaten to displace significant portions of the global population
currently living in coastal areas. In addition, decreased time between flooding events
could negatively affect the time available to respond to damages. Meaningful adaptation
and preparation for a changing flood regime is reliant on quantifiable data. The purpose
of this study is to quantify the transition from occasional to chronic coastal flooding for
locations globally. Using sea-level rise projections based on emissions scenarios and
timeseries from a global set of tide gauges, we established a timeline for the transition
across global locations. For an intermediate sea-level rise scenario, the median transition
time was 35.71 years. However, the transition times for many islands and lower latitude
locations was a decade or more shorter than the global median. Flooding is expected to
increase in most locations, but islands and lower latitude coastal areas are the most

threatened with the shortest projected transition times to chronic flooding conditions.
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1.0 INTRODUCTION
1.1 Global Sea Level Rise

As climate change progresses, sea levels are expected to rise. Global greenhouse-
gas emission rates dictate the severity of the warming and the rate of climate change.
Climate change directly affects global mean sea level (GMSL) rise, caused by thermal
expansion and glacial and ice sheet mass loss (Frederikse et al., 2020; Sweet et al.,
2022). Since 1900, ice mass loss has contributed twice as much to GMSL than thermal
expansion (Frederikse et al., 2020). Changes in terrestrial water storage are also known
the contribute to changes in GMSL, however with increasing rates of thermal expansion
and ice loss from the Antarctic and Greenland ice sheets, the contribution of terrestrial
water storage to long-term future GMSL rise is negligible (Frederikse et al., 2020; Kopp
et al., 2014). In the last 100 years, GMSL increased by 17 cm, with a notable acceleration
in the rate of GMSL increase occurring around 1970, due to increasing ice mass loss from
Greenland (Frederikse et al., 2020). Over the next 80 years, a mean increase in global
temperature of 2°C over preindustrial temperatures corresponds to a 50% probability of
GMSL rise surpassing 0.5 m (Sweet et al., 2022). High emissions scenarios predict a
potential increase of 3°C to 5°C, resulting in 80% to 99% probability of exceeding 0.5 m
GMSL rise, and 5% to 25% probability that GMSL rise will exceed more than 1 m (Sweet

et al., 2022).

1.1.1 Regional Sea Level Rise

GMSL is an important indicator of global change, but it does not account for
regional variability, which may cause some locations to experience frequent coastal
flooding sooner than expected from global change alone. Sea-level change differs
regionally from GMSL for a variety of reasons. Regional variation in coastal sea level

occurs due to sterodynamic sea level change, vertical land movement, and ice-mass loss
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resulting in gravitational, rotational, and deformational changes over the globe
(Vousdoukas et al., 2018, Frederikse et al., 2020). Sterodynamic sea level changes occur
due to changes in circulation and density in the ocean, stemming from changing
temperature and salinity that can be related to long-term climate trends or wind-driven
variations associated with natural climate fluctuations (Gregory et al., 2019). In
particular, the possible decline of the Atlantic meridional overturning circulation
(AMOC) could contribute to higher rates of regional sea level rise on the east coast of the
US (Krasting et al., 2016). Regional gravitational and deformational changes are caused
by ice-mass loss to the ocean from glaciers and ice sheets (Frederikse et al., 2020). Both
location and amount of ice mass loss affect regional sea level (Vousdoukas et al., 2018,
Kopp et al., 2014). Locations nearest to areas with large amounts of ice mass loss tend to
experience a decrease in sea level compared to the global average, while locations further
away tend to experience an increase in sea level compared to the global average
(Vousdoukas et al., 2018). The causes of vertical land movement vary based on location
and occur due to many different processes, such as tectonic motion, withdrawal of
groundwater, and compression and transport of sediments. (Miller et al., 2013).
Together, sterodynamic changes, gravitational, rotational, and deformational changes,
and vertical land movement are responsible for most regional variation in sea level rise.
By the end of the century, the South Pacific region is projected to experience the
highest increase in extreme water level under RCP4.5, with the possible range of increase
being 54cm-217¢cm (Vousdoukas et al., 2018). Extreme water level is defined as mean sea
level added to the high tide water level and fluctuations due to waves and storm surges
(Vousdoukas et al., 2018). Islands in the central Pacific are also likely to experience high
SLR, and are expected to experience greater than average rates of SLR in the latter half
of the century due to a projected increase in ice sheet mass loss (Kopp et al., 2014). For

example, under RCP8.5, Honolulu, HI is projected to experience a likely increase of 0.6-
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1.1 m by 2100 compared to a global average of 0.4—0.9 m (Kopp et al., 2014). Similar to
the Central and South Pacific, the distance of Eastern Asia from most major ice sheets
and glaciers will likely lead to more significant regional sea level rise (Kopp et al., 2014).
Southeast Asia as a region is projected to experience a 37—79 cm increase in extreme
water level (Vousdoukas et al., 2018).

The Atlantic Coast of the US and the coast of the North Sea in Northern Europe
are also likely to experience greater than the GMSL rise by 2100 (Kopp et al., 2014). The
projected change in regional sea level for the Atlantic coast of the US is 0.7-1.3m by 2100
under RCP8.5 (Kopp et al., 2014). This greater than global average increase is due to
distance from the Antarctic ice sheet, lowering of the ground due to GIA and
predominant soil composition, and potential changes in the Gulf Stream (Miller et al.,
2013, Kopp et al., 2014). The North Sea is similar to the Atlantic US coast in proximity to
Greenland but is exposed to less oceanographic sea-level rise (Kopp et al., 2014).
Northern Europe is heavily glaciated, and many locations are projected to experience
uplift due to GIA that will reduce the total sea level rise, or even lead to a decrease in sea
level (Kopp et al., 2014). Due to these reasons, The North Sea is similar to the Atlantic
US coast in proximity to Greenland but is exposed to less oceanographic sea-level rise
(Kopp et al., 2014). For example, Stockholm, Sweden, is likely to experience sea level
change of -0.4 to 0.8 m by 2100 (Kopp et al., 2014).

Many high latitude locations, such as in Alaska and western Canada, are
projected to experience a sea level fall due to presence of glaciers and subsequently large
rates of GIA (Larsen et al., 2005, Kopp et al., 2014). For example, Juneau, Alaska is
projected to experience a decrease in sea level of 0.7-1.1 m by 2100 under RCP8.5 (Kopp

et al., 2014).
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1.2 Coastal Flooding

Coastal Flooding is driven by storm surge and high-tide events. Currently, many
coastal areas experience extreme water levels (EWLs) during high tides or large storms.
At most locations globally, increasing mean sea level is the primary reason for increases
in extreme water level (Menendez & Woodworth, 2010). Rising EWLSs expose many areas
to increased severity and frequency of coastal flooding, leading to the onset of chronic
flooding conditions (Menendez & Woodworth, 2010; Merrifield et al., 2013; Vousdoukas
et al., 2018). Areas with larger observed EWLs include the northwest shelf of Australia,
western Europe, and western Canada and southern Alaska (Menendez & Woodworth,
2010; Merrifield et al., 2013). Areas with lower observed EWLS include the central and
western Pacific Ocean and the Indian Ocean (Merrifield et al., 2013). The North Sea, the
east coast of the US, and west and central Pacific are experiencing increasing trends in
EWL, while Arctic North America, Alaska, and northwestern Australia are experiencing a
decreasing trend in EWL (Menendez & Woodworth, 2010). Annual variation in EWL is
defined by a combination of the predictable tidal cycle and nontidal residuals, of which
the largest component is storm surge (Menendez & Woodworth, 2010; Merrifield et al.,
2013; Muis et al., 2016).

Whether nontidal residuals drive coastal flooding depends on geographical and
oceanographic characteristics of each location. In areas where extratropical storms are
common, EWL tends to have higher contributions from nontidal residuals than high
tides from the usual, predictable tidal cycle (Merrifield et al., 2013). Places where the
EWL contribution from storm surge is large include the Southern Ocean, the North
Pacific Ocean, the Atlantic Ocean, the Mediterranean Sea, the Gulf of Mexico, the
Caribbean Sea, the Red Sea and the Sea of Japan (Merrifield et al., 2013). In parts of the
North Pacific, Atlantic, and Southern Oceans, the tidal amplitude is naturally low due to

proximity to tidal amphidromes, causing nontidal residuals to dominate EWLs in these
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areas (Merrifield et al., 2013). Due to the standing-wave pattern of the tide in the tropics,
tidal nodes and anti-nodes are relatively constant, leading to variation in tidal amplitude
between islands in the western and central Pacific (Merrifield et al., 2013). As a result,
some Pacific islands have low tidal amplitude and nontidal residuals contribute more to
EWL (Merrifield et al., 2013). In places with shallow coastal areas, like the northwest
coast of Australia, tidal range tends to be larger and EWL is due to high tides or a
combination of high tides and storm surge (Merrifield et al., 2013). Annual maximum
water levels on the western coast of North America, the marginal seas of Europe, and
northern Australia tend to be more tidally driven than on the eastern coast of North
America, the outer coasts of Europe, and the southern coast of Australia (Merrifield et
al., 2013).

High tide related coastal flooding is increasing in frequency and severity. In past
decades, most coastal flooding was caused by storm surge (Muis et al., 2016; Sweet et al.,
2022). However, with rising sea levels, the frequency and severity of high-tide related
flooding events is increasing (Buchanan et al., 2017; Sweet et al., 2022). From 2000 to
2020 in the northeastern US, occurrences of minor high-tide flooding increased from 5
days per year to 10 to 15 days per year (Sweet et al., 2022). In the southeastern US
during the same timeframe, minor high tide flooding occurrences increased from o to 2
days per year to 5 to 10 days per year (Sweet et al., 2022). Locations where the
contribution from high tides to EWL is high include the northwest shelf of Australia, the
East coast of Africa, the eastern Pacific, and some Pacific islands (Merrifield et al., 2013).
An increase in minor flooding due to sea level rise could be accompanied by increases in
more damaging flooding during storms, especially when coinciding with high tide events

(Menendez & Woodworth, 2010; Muis et al., 2016; Sweet et al., 2022).
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1.3 Motivation

Coastal flooding threatens many locations globally. Many large cities currently
threatened by coastal flooding have some structural flood defenses already in place, such
as the construction of shoreline barriers (Cooper & Pile, 2014). However, rural areas and
those with less commercial development and smaller population tend not to have
physical flood barriers already in place, even if currently threatened by coastal flooding
(Cooper & Pile, 2012). Flooding could damage roads and infrastructure, leading to
closures (Strauss et al., 2012). High water levels could backflow through storm-water
drainage systems, blocking storm-water drainage, and creating water obstacles on city
streets and in low structures such as basements and parking lots (Titus et al., 1987).
Trash and pollutants from areas inundated with water could pollute rivers, beaches, and
the ocean when floodwaters recede, and cause negative health impacts to humans and
wildlife (Trtanj et al., 2016).

In particular, small island states are among the most vulnerable to sea level rise
related flooding (Leatherman & Beller-Simms, 1997). Many island nations are low-lying
and have large coastlines compared to the total inland area (Leatherman & Beller-
Simms, 1997). Many islands are susceptible to tropical storms, erosion, and have high
populations living in coastal areas (Leatherman & Beller-Simms, 1997). In addition,
freshwater is often scarce and is further threatened by saltwater intrusion into the water
table (Leatherman & Beller-Simms, 1997). Island nations and individual small island
states are isolated, and are reliant on the importation of resources needed to address
flooding hazards (Leatherman & Beller-Simms, 1997).

Currently, 76 million people around the world live in the 1 in 100 year floodplain
(Muis et al., 2016). Rare and extreme 1 in 100 years floods could cause severe damage
and threaten the safety and homes of people living in hazardous floodplains. However,

minor but frequent flooding could cause more long-term and consistent damage,
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requiring persistent maintenance. As sea level rise increases, minor high tide flooding
will become more frequent and affect more locations globally (Menendez & Woodworth,
2010; Thompson et al., 2021). Therefore, planning for frequent and minor flooding
events in addition to extreme events is vital in protecting coastal communities from the
effects of increasing sea level and flooding. While there has been some discussion on
flooding and chronic flooding in individual locations, such as variation across the United
States, there has not been a quantitative study of the transition from occasional to
chronic flooding on a global scale.

The goal of this study is to quantify and understand global differences in the
transition from occasional to chronic coastal flooding. We first determine the amount of
sea-level rise needed at each location to produce the transition, which distinguishes
locations where the transition is expected to occur rapidly from locations where the
transition is expected to occur at a slower rate. Based on future sea-level rise scenarios,
we then quantify the duration of the transition period and demonstrate how the
transition period changes in time as the rate of sea-level rise increases. Finally, we
identify the characteristics of local water-level variability that lead to location-based

differences in transition time.
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2.0 METHODS
2.1 Selecting Tide Gauges

Hourly time series of sea level from a globally distributed set of tide gauges were
used in order to quantify the transition from occasional to chronic flooding (Figure 1).
Tide gauge data were obtained from the University of Hawaii Sea Level Center (UHSLC)
Fast Delivery Tide Gauge Dataset. To be included, selected tide gauge records were
required to be longer than 20 years, with an annual data return of more than 320 days
(Figure 1). The 320-day threshold was used to exclude individual years in the tidal
record, but in the case that excluding those years reduced the valid number of years to

less than 20, the tidal-record for that location was excluded as well.

Figure 1. Locations of selected tide gauges and length of record at each location

2.2 Determining Transition From Occasional To Chronic
2.2.1 Required Sea-Level Rise

In order to determine the amount of sea-level rise required to produce a
transition from occasional to chronic flooding in each location, we first produced a
detrended time series for each tide gauge by subtracting a linear trend obtained using

least-squares regression from the hourly time series. Daily maxima were then extracted
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from each detrended time series. Next, we iterated over thresholds in increments of 1 cm
between V2 the standard deviation of the detrended time series and the maximum value
of the detrended time series. For each location and threshold, we tabulated the number
of daily maxima exceeding the threshold in each meteorological year (defined to be
May—April to avoid splitting the winter and summer storm seasons) and calculated the
mean number of exceedances across the years in each record. For each location, we
defined the occasional flooding threshold (To..) and chronic flooding threshold (Tech:) to
be the lowest thresholds for which the average number of exceedances is greater than 1
and 20, respectively. Examples from the Honolulu, HI and Newport, RI tide-gauge
records demonstrate how the thresholds relate to the time series of daily maxima
extracted from the detrended hourly water levels (Figure 2).

It is important to note that since these thresholds were defined relative to the
detrended time series, the relationship to tidal datums is removed, and the heights of the
thresholds are not meaningful in of themselves. There is a continuum of thresholds
between Tenr and Tocc that are relevant for different elevations, and each threshold will
experience the transition at different times. However, the effect of SLR on the frequency
of flooding can be visualized by considering that any flooding threshold of interest will be
closer to mean sea level in the future as the mean water level rises (Figure 2). Thus,
subtracting Toc. from Tenr represented the change in sea level (Ah) required to produce a
transition from occasional flooding (1 day per year on average) to chronic flooding (20
days per year on average) (Figures 2 & 3). The fact that Te was lower than To. indicated

that the T, represents sea-level conditions further in the future compared to the Tey.
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Figure 2. Daily maximum sea level from detrended hourly tide gauge records in (a.) Honolulu, HI,
and (b.) Newport, RI. The chronic flooding threshold (Tew) and occasional flooding threshold (Tenr)
are depicted by the straight and dashed black lines, respectively. The difference between the two
thresholds is the required sea level rise to transition to a chronic flooding regime (Ah).

The purpose of this analysis was to determine the difference between the two

thresholds (Ah), not the height of the thresholds themselves. Since Ah depends only on

the statistics of sea-level variability at each location, we made the assumption that the

variability at each location will not change significantly into the future. Because the

thresholds are defined arbitrarily based on the number of exceedances in the current

record, what may be relevant now could differ from what may be relative to higher

elevations along the coast as the threshold rises. Therefore, detrending the time series

and thus removing the mean and relevance to a specific date did not affect the value of

Ah.
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2.2.2 Transition Timeline

To establish the timeline of potential transitions under different sea-level rise
scenarios, we use the "Gridded projections for the interagency report: Global and
Regional Sea Level Rise Scenarios for the United States: Updated Mean Projections and
Extreme Water Level Probabilities Along U.S. Coastlines” (Sweet et al., 2022;

[https://zenodo.org/record/6067895#.ZCJKXi-B2gQ]). These scenarios were provided

with decadal resolution, which we interpolated to annual resolution with a cubic spline.
For each scenario and each tide gauge, we identified the integer number of years
required for sea-level rise equivalent to Ah to occur, i.e., the transition time (At). Because
the rate of sea-level rise changed in time, we performed this analysis for two different
starting years—2020 and 2050—resulting in one transition for the first half of the 21st
century (At.o20) and one for the second half (At.os0), Where the subscript denotes the
starting year (Figure 5). Towards the latter half of the century, rates of sea level rise tend
to increase significantly, so we performed the second analyses starting in 2050 to explore
how transition times will differ starting at this later date. The intermediate low,
intermediate, and intermediate high scenarios were all considered when calculation
transition time, although we focus primarily on results using the intermediate scenario.
For the intermediate scenario, GMSL was projected to rise 23.00 cm by 2050, and 82.24
cm by 2100. Considering the intermediate-low scenario, GMSL was projected to rise
15.51 cm by 2050, and 28.46 cm by 2100. Finally, using the intermediate-high scenario,
GMSL was projected to rise 28.23 cm by 2050, and 118.95 cm by 2100. Regional

variability will cause the projected sea level to differ from the GMSL by location.
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2.3 Non-Tidal Residuals

The predicted tide for each tide gauge location was calculated using the Unified
Tidal Analysis and Prediction (Utide) python package, using the most recent 20 years of
the detrended hourly time series for each location
(https://github.com/wesleybowman/UTide). The predicted tide for each location was
reconstructed using the 68 default constituents as defined by Utide, and standard nodal
and satellite corrections were made. Subtracting the tide prediction from the observed

detrended time series returned the nontidal residuals for each location.
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3.0 RESULTS
3.1 Required Sea Level Rise

The smallest Ah values were found in islands and lower latitudes. The correlation
between Ah and standard deviation of the predicted tide wass 0.49, and the correlation
between Ah and the standard deviation of the standard deviation of the non-tidal
residuals was 0.89 (Figure 4). This relationship indicates that Ah tends to be more
driven by non-tidal residuals than the high tides related to the predictable tidal cycle.
The correlation between both non-tidal residuals and the predicted tide with Ah was
expected to be larger than the correlation with At, because the At considers regional
differences in sea level rise that are not represented by Ah (Figure 6).

Some of the largest expected Ah values, such as those in Alaska, Australia, and
Northern Europe, are in higher latitudes, heavily glaciated areas, or in the case of
Australia, on a shallow continental shelf. The global median Ah was 20.0 +/- 14.06 cm
(Appendix: Table 2). The median for continental locations was 26.0 +/- 14.70 cm, and
the median for island locations was 15.0 +/- 9.32 cm. Only islands and East Africa have
less than the global median Ah (Appendix: Table 2). The median Ah for East Africa was
19.5 +/- 10.44 cm (Appendix: Table 2). The highest median Ah was found in west North
America, where the median Ah was 39.50 +/- 14.27 cm (Appendix: Table 2), which was
primarily due to large Ah values along Alaskan and Canadian coastlines.

By latitude, Ah tends to decrease toward lower latitudes (Appendix: Table 2). Ah
is less than the global median between 40°S and 20°N, with the lowest median and
lowest variability of Ah found in the 0° to 20°N range with a value of 15.0 +/- 4.73 cm
(Appendix: Table 2). The highest median values for Ah were found between 60°N and

80°N, with a median of 37.0 +/- 15.52 cm (Appendix: Table 2).
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Figure 3. Sea-level rise needed for transition from Toccto Tenr (Ah).

The smallest Ah values were found in islands and lower latitudes. The correlation

between Ah and standard deviation of the predicted tide was 0.49, and the correlation
between Ah and the standard deviation of the standard deviation of the non-tidal
residuals was 0.89 (Figure 4). This relationship indicates that Ah tends to be more
driven by non-tidal residuals than the high tides related to the predictable tidal cycle.
The correlation between both non-tidal residuals and the predicted tide with Ah was
expected to be larger than the correlation with At, because the At considers regional
differences in sea level rise that are not represented by Ah (Figure 6).

Some of the largest expected Ah values, such as those in Alaska, Australia, and
Northern Europe, are in higher latitudes, heavily glaciated areas, or in the case of
Australia, on a shallow continental shelf. The global median Ah was 20.0 +/- 14.06 cm
(Appendix: Table 2). The median for continental locations was 26.0 +/- 14.70 cm, and
the median for island locations was 15.0 +/- 9.32 cm. Only islands and East Africa have
less than the global median Ah (Appendix: Table 2). The median Ah for East Africa was
19.5 +/- 10.44 cm (Appendix: Table 2). The highest median Ah was found in west North
America, where the median Ah was 39.50 +/- 14.27 cm (Appendix: Table 2), which was
primarily due to large Ah values along Alaskan and Canadian coastlines.
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By latitude, Ah tends to decrease toward lower latitudes (Appendix: Table 2).
This latitudinal dependance is likely due to increased storminess towards the poles. Ah
was less than the global median between 40°S and 20°N, with the lowest median and
lowest variability of Ah found in the 0° to 20°N range with a value of 15.0 +/- 4.73 cm
(Appendix: Table 2). The highest median values for Ah were found between 60°N and

80°N, with a median of 37.0 +/- 15.52 cm (Appendix: Table 2).
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Figure 4. Correlation between (a.) STD of predicted tide and (b.) STD of NTRs, and
Ah. Black line: Correlation for all locations.
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3.2 Transition Timeline

The At.o20 and At.os values range from o years to 130 years for the intermediate
low, intermediate, and intermediate high scenarios. Starting in 2020, the global mean
for the intermediate scenario across all locations was 35.71 years and the global median
for the intermediate scenario was 31.0, with a standard deviation of 17.28 years. As sea
level continues to rise, higher elevations will be impacted and similar transitions will
occur for higher thresholds throughout the century, that could impact a larger land area.
We also considered the transition time starting in 2050 to capture the changes in these
higher thresholds. Starting in 2050, the expected transition times decrease globally and
regionally. Global mean transition time for the intermediate scenario was 22.86 years,
and median global transition time was 20 years with a standard deviation of 14.06 years.

Transition times vary from the global mean and median based on location.
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a. Intermediate Scenario Starting 2020
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60°W

b- Intermediate Scenario Starting 2050
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Figure 5. (a.) Number of years transition time to Tcr starting in 2020 (Atzo20).
(b.) Number of years transition time to Tenr sStarting in 2050 (Atzo050).

Europe, Western North America, and Australia are projected to have regionally
larger transition times than the global median, which will be explored further in the
following sections. For intermediate scenarios starting in 2020, Northern Europe had
the largest median transition time, ranging from 0 to 101 years with a median of 62.0 +/-
25.38 years, which is equivalent to about an 100% increase from the global intermediate
scenario median transition time (Table 1). The Northwest coast of North America,
including Oregon, Washington, British Columbia, and Alaska also have longer transition
times on average, but vary considerably (Table 1). The At.o20 value in Southwest North

America tends to be closer to the global median, leading to the largest range of transition
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times in West North America, with a median above the global median and large standard
deviation. Intermediate transition times in Western North America range from o years
to 130 years, with a median of 49.5 +/- 24.95 years (Table 1). In Prudhoe Bay, AK, sea
level was projected to decline under every emissions scenario, so an increase in flooding
was unexpected and the transition time was therefore 0 years. In Nylesund, the projected
sea level follows a similar negative trend, leading to a default transition time of 0 years in
order to avoid negative values. Intermediate projected transition times in Australasia
are also longer than the global median, but are less variable. The median transition time
in Australasia was 37.5 +/- 11.99 years, or about 20.97% larger than the global median
transition time (Table 1). The median transition time for East Asia was 3.2% lower than
the global median, with a regional median transition time of 30.0 +/- 4.83 years (Table
1).

For intermediate scenario transition times starting in 2050, the distribution of
regions with greater median transition times, like Europe, and lower median transition
times, like islands, remained similar. Regional and global median transition times
starting in 2050 decrease significantly, with the global median decreasing by 35%, the
median for Northern Europe decreasing by 32.2%, and the median for islands decreasing

by 40%.
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Table 1. Median transition time by region and start year

2020 Start 2050 Start
Region Median Transition STD Transition Median Transition STD Transition

Time (Years) Time (Years) Time (Years) Time (Years)
Islands 25.0 9.052510 15.0 6.469519
West North America | 49.5 24.948404 35.0 23.233716
East North America | 42.0 20.426807 28.0 12.655190
Northern Europe 62.0 25.376182 42.0 25.534774
East Atlantic 29.5 11.279822 17.5 8.231039
East Asia 30.0 4.835674 19.0 3.166459
Australasia 37.5 11.989836 23.0 8.458322
East Africa 36.0 4913134 23.0 3.547299
West South America | 38.0 10.466662 24.0 9.129454
Continents 37.5 19.041686 24.5 16.047880

3.2.1 Non-Tidal Residuals

High water levels can occur due to high tides in the tidal cycle, storm surge, or a

combination of both. To investigate the contributing factors to transition height and

transition time, we compare the non-tidal residuals and predicted tide for each tide guage

location. Overall, transition time had a higher correlation to the standard deviation of

nontidal residuals than the standard deviation of the predicted tide. The correlation

between the standard deviation of the nontidal residuals and intermediate scenario

transition time was the strongest, at 0.84 (Figure 6b). Standard deviation of predicted tide
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and intermediate scenario transition time show a weak positive correlation of 0.42 (Figure
6a). When locations above 40°N and below 40°S are removed, the correlation between
the standard deviation of the non-tidal residuals and transition time weakens and
becomes 0.75. Conversely, the correlation between predicted tide and transition time
becomes stronger, at 0.5. This relationship could indicate that normal tidal cycle

contributes more to Ah at high latitude locations than the non-tidal residuals.
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Figure 6. Correlation between (a.) STD of predicted tide and (b.) STD of NTRs, and
transition time. Black line: Correlation for all locations.

The longest projected transition time was 130 years, found in Nome, AK, where
the intermediate scenario standard deviation of the nontidal residuals was 35.63 cm,
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247% higher than the global median standard deviation of nontidal residuals. The lowest
projected transition time above 0 was 16 years in Fort-de-France, Martinique. Standard
deviation of nontidal residuals in Fort de France was 5.44 cm, which was 47% lower than
the global median. All of the 11 lowest transition times, all under 20 years for the
intermediate scenario, are located on islands, and below the global median standard

deviation of non-tidal residuals.

3.2.2 Islands and Continents

Islands in general have shorter projected transition times with less variability
(Figure 7a). Island transition times range from 16 years to 68 years and average 26.625
+/- 8.36 years, which was about 19.35% shorter than the global median intermediate
scenario transition time and 33.33% lower than median intermediate scenario transition
time for continental locations (Figure 7). Compared to continental coasts, projected

transition times for island locations tend to be shorter for all scenarios.
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Figure 7. Regional and island distribution of (a.) transition time, (b.) standard deviation of
predicted tide, and (c.) standard deviation of nontidal residuals. Size of markers corresponds to
Ato020 for the intermediate scenario.
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3.2.3 Latitude

Median projected transition time also varies with latitude. Higher latitudes tend
to have longer projected transition times than lower latitudes, as transition time
increases with distance from the equator. Grouped in 20° sections, locations within
latitudes from 40°S to 40°N have shorter mean transition times than the global average
(Figure 8a). The median standard deviation of the predicted tide, without nontidal
residuals, was also below the global median of 36.84 +/- 32.80 c¢m for locations within
latitudes from 40°S to 40°N (Figure 8b). Locations between 0° to 20°N had the lowest
median transition time and the least variation, with an intermediate scenario median of
25.0 years and a standard deviation of 6.47 years (Figure 8a). Between 0° to 20°N, the
median standard deviation of the nontidal residuals, about 9.54 +/- 2.75 cm, and the
median standard deviation of the predicted tide, about 35.95 +/- 16.42 cm, are both low
relative to other latitudes and below the global median (Figure 7bc). In comparison, the
median standard deviation of the predicted tide for latitudes 20°S to 0°N was larger
than the global median, but the median standard deviation of the nontidal residuals was
slightly lower than the equivalent latitudes in the Northern hemisphere, resulting in a
longer median transition time of 27 +/- 11.31 years for the intermediate scenario (Figure

8abc).
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4.0 DISCUSSION

As GMSL rises, flooding in many places is expected to increase (Vousdoukas et
al., 2018; Menendez & Woodworth, 2010). In many areas, occasional flooding is already
occurring (Vousdoukas et al., 2018; Menendez & Woodworth, 2010). With rising GMSL,
occasional flooding is expected to increase in severity and frequency, giving less time
between events to repair damage and mitigate negative effects of flooding (Vousdoukas
et al., 2018; Strauss et al., 2012). Regionally, the speed of the transition to chronic
flooding varies.

In general, islands are most vulnerable to increasing frequency of flooding at
high tide, which as a group average lower than the global median for transition times and
the median transition time for continental locations (Leatherman & Beller-Simms, 1997).
This is due to the fact that islands tend to have smaller tidal ranges on average than most
continental locations, and the median STD of non-tidal residuals for islands was also
lower than the global median and the median for continental locations. A smaller range
between high and low tide, and lower sea level height difference from storm surge
suggests that high water levels in island locations are more consistent, and the frequency
of flooding will be impacted more by rising sea levels than increasing storms or extreme
high tides. For example, in Honolulu, HI, the tidal range is small leading to a lower Ah
(12.0 cm) and At.os0 (21 years) compared to Newport, RI, where the tidal range is larger,
resulting in higher Ah (27.0 cm) and At.o00 (42.0 years) values (Figure 2).

The most vulnerable region is Eastern Asia, which also consists of the most island
locations within a region. Although not as extreme as islands as a group, the median
transition times for Eastern Asia are projected to be lower than the global median. The
STD of the predicted tide is greater than the global median while the STD of non-tidal
residuals is lower. This could suggest that high water events are more driven by high

tides and less so by storm surge in Eastern Asia (Muis et al., 2016; Merrifield et al.,
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2013). However, there is high variability within every region, especially Northern
Europe, Western North America, and Australia. Due to low concentration of long-
standing tide gauges in South America and Africa, there is less available data despite the
geographical size of these regions. As the length of the tidal record increases in these
locations, a less euro-centric regional analysis could be better accomplished. Further
studies should calculate the standard deviation of the daily maximum tide, instead of the
entire tidal range for each location, as the STD of the entire predicted tide does not
distinguish between tides with consistent highs in diurnal or semi-diurnal cycles, and
mixed tides with more variability in daily maximums.

Beyond the scope of this study is the nodal cycle, which consists of changes in
tides on decadal timescales (Thompson et al., 2021). Taking into account these changes
could alter the projected transition times for certain locations (Thompson et al., 2021).
With further changes in climate, we are also likely to see changes in storm frequency and
severity, which may alter the relationship between non-tidal residuals and the predicted
tidal cycle (Merrifield et al., 2013). Finally, the global projections used to estimate
transition time from total projected sea level rise predicted a declining trend in locations
like Nome, Alaska, due to vertical land motion and glacial retreat (Larsen et al., 2005).
As glaciers continue to melt and the elastic response of the land decreases, this may
change to an increasing trend in sea level height and alter the projected transition times
(Larsen et al., 2005).

Overall, these transition times form a basis for a timeline that may help to predict
and prepare for chronic flooding. The Te,: corresponds to a mean 20 days of maximum
threshold exceedances, which could reflect a range of 10 - 40 days of flooding in an
individual year. The regional differences in the timeline illustrate the need for region-
specific mitigation and planning and the need for more urgent preparation in vulnerable

places like islands (Leatherman & Beller-Simms, 1997). Ideally, locations with the
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shortest transition times should begin to prepare for and address chronic flooding

conditions well before the projected transition time has elapsed.
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APPENDIX A: Tables

Table 2. Median transition time by region and start year

Median STD Median STD P?T(;i) ?fd Median STD | STD of Non-
Region Transition Transition of Predicted Tig g"l?D of Non-Tidal Tidal
Time (Years) | Time (Years) Tide (cm) ((e:m) Residuals Residual STD
Islands 25.0 9.05 28.20 13.87 8.53 2.88
¥ =stiNorih 49.5 24.95 70.31 37.69 16.58 5.76
America
Easoorih 42.0 2043 38.86 26.02 15.49 411
America
Wit o 62.0 25.376182 45.861859 32.555515 16.599017 7.769126
Europe
East Atlantic 29.5 11.279822 37.850266 45.802012 10.280512 3.629040
East Asia 30.0 4.83 44.27 17.03 10.44 1.54
Australasia 375 11.989836 37.899251 48.911334 12.816569 3.820788
East Africa 36.0 4913134 69.487931 22216551 9.302018 1.786041
West South 38.0 10.466662 36.532219 40.465289 9.962422 4.450505
America
Continents 375 19.04 46.41 38.23 13.27 521
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Table 3. Median transition time, STD of predicted tide, and STD of non-tidal residuals

by latitude
Required Median | Median STD of | Median STD of
Latitude SLR (Ah) Transition Predicted Tide Non-tidal
(cm) | Time (Years) (cm) | Residuals (cm)
60°S to 40°S | 24.0 +/- 0.00 35.0 +/-9.52 41.46 +/- 39.55 12.49 +/-2.79
40°S to 20°S | 21.0 +/- 6.58 32.0+/-9.25 32.74 +/- 13.99 9.54 +/- 3.38
20°Sto 0° | 19.0 +/- 8.15 27.0+/-11.32 | 36.10 +/- 42.27 8.53 +/-3.48
0°to 20°N | 17.0 +/- 10.34 | 25.0 +/- 6.48 3595 +/-16.42 9.54 +/-2.75
20412)1%3 15.0 +/-4.73 29.5 +/-9.07 34.73 +/- 16.67 9.99 +/- 3.30
40612)1%3 20.5+/-10.22 | 50.0 +/- 17.74 | 63.28 +/- 44.82 16.09 +/-5.71
6081:)1%3 34.0 +/- 18.86 | 58.5+/-38.79 | 54.45 +/- 29.08 16.67 +/- 6.81
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APPENDIX B: Figures

Tide Gauge Regional Groups

180° 120°W 60°W [ 60°E 120°E 180°

Figure 9. Tide Gauges separated into regions. (Circle shape): Continents; Orange: Western
North America; Lime Green: Eastern North America; Dark Green: Northern Europe; Cyan:
Eastern Asia; Blue: Australasia; Coral (diamond shape): Islands
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