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Abstract
Rapid determination of sea level variations causetsunami or major storm surges is important

for coastal hazard mitigation. Coastal GNSS statianelevations less than ~300 m can record
time-varying sea level changes by tracking sigtiadg reflect from the sea surface relative to
direct signals from the satellites. We demonstthst such GNSS stations can rapidly provide
local sea level measurements for a near-field tmumaolving many hours of shelf resonance
generated by the 2020 Shumagin earthquake as welbrathe storm surge accompanying
passage of the eye of Hurricane Laura over thediané coast. Coastal GNSS stations deployed
to measure tectonic deformation and co-seismiclatisments can inexpensively augment the
spatial sampling provided by tide gauges for meaguitsunami-induced coastal resonance and
storm surges. This information can guide respogseitges during the crucial initial hours of an

event.

1. Introduction

Tsunamis generated by offshore earthquakes, subenslimps or volcanic eruptions, and storm
surges generated by hurricanes have been resporisibigreat loss of life and destruction
through time. Notable recent catastrophic tsunageiserated by the 2004 Sumatra-Andaman
(e.g., Lay et al., 2005), 2010 Maule, Chieeg., Yoshimoto et al., 2016), and 2011 Tohoku,
Japan(e.g., Yamazaki et al., 2018) earthquakes haveecawast damage over the last two
decades. The first tsunami surge is often not thstrdevastating due to both wave dispersion
and generation of shelf resonance and edge wawgs Geist, 2012) that can result in repeated
surges with peak tsunami run-up occurring hoursr dfte causative earthquake both in the near
field (Yamazaki & Cheung, 2011; Melgar & Ruiz-Angul2018)and far field(Cheung et al.,

2013).
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The dynamics of tsunami interactions along coasslican be accurately modeled given detailed
bathymetry, but each event has distinct propetties affect the subsequent impacts. Coastal
tide-gauge observations that can directly measueesea level variation tend to be sparse in
many regions and are often located in harborsdbhatrate complex local effects. As a result,
decision-making regarding return of coastal redsleand activities after passage of the first
tsunami wave is often poorly informed regardingsgith of any shelf resonance or edge waves

that have been generated (e.g., Soulé, 2014).

Similarly, strong storm surges, particularly tha@ssociated with passage of a hurricane onto
land, generate coastal flooding that can take a halh, as for events like 2005 Katrifa.g.,
Fritz et al., 2007), 2012 San(B.g., Chen et al., 2014), and 2013 Haifgg., Soria et al., 2006).
The storm surge is a complex function of storm @ riressure, wind intensity, storm forward
speed as well as approach direction relative toctast, width and slope of the ocean bottom,
and local features and barriers, which also malkeige advance prediction very challenging
(e.g., https://www.nhc.noaa.gov/surge/Both tsunami and storm surges could be better
guantified and predicted with more extensive regakt measurements of near-shore sea level

variations.

Global Navigation Satellite Systems (GNSS) netwocks provide these coastal sea level
measurements. While traditionally these networldy tnacked GPS signals at low sample rates
(30 s) and were downloaded once per day, increlgsing equipment is being upgraded to track
the signals from up to four constellations withlitgae streaming at high-rates. The high-rate
three-dimensional positions derived from these GN&@ are already being used in earthquake
and tsunami early warning applications (e.g., Melgiaal., 2016). Here we demonstrate that

these same GNSS instruments can also play a keyrra@oastal hazard mitigation by providing
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near-real-time assessments of sea level variattomgl tsunamis and storm surges. We use
GNSS data collected during the recent Shumagindsl@arthquake/tsunami (22 July 2020) and
Hurricane Laura (landfall on 27 August 2020) to destrate both current capabilities and how

these new applications can be improved by trackiggals from all four GNSS constellations.

£ Reflected

Signal

Planar Surface

Figure 1. a) Representation of reflected GNSS signal geomeétrys the vertical distance
between the phase center of the GNSS antenna anckflecting surface and is the angle
between the satellite and the horizon. Direct GNig8als are shown in blue; the additional path
traveled by the reflected signal is shown in redGbISS receiver AC12 on Chernabura Island,
Alaska (Photo credit: UNAVCO). c) Reflection zorgrwown in color were used for AC12 water
level measurements (Roesler & Larson, 2018). Maptesy of Google Earth.

2. Method: GNSS Interferometric Reflectometry

GNSS interferometric reflectometry (GNSS-IR) trethis GNSS system as a bistatic radar. The
interference pattern created by the direct GNS&8asignd a reflected signal from a planar
surface below a GNSS antenna has a distinctiveuémery that is related tbl, the vertical
distance between the antenna phase center andefleeting surface (Figure l1a). The
interference pattern is best observed using GNE&dlisss at low elevation angles)( Generally

a singleH value is estimated for each rising and settinglat arc, thus providing a sporadic
time series of sea level values throughout the dayse the method optimally one must identify
which GNSS satellite arcs reflect off water. The &&NIR method fails if the reflecting surface

is very rough, as would be expected during very lgnds.
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Each estimate dfl is derived from the dominant frequency in the GNS&nal to Noise Ratio
(SNR) data. We derive the dominant SNR freque2éy/@, whereA is the GNSS wavelength)
using a standard periodogram (Lomb Scargle Perimadogor LSP) (Larson, 2020). Mapping
software was used to choose the appropriate staswnuth and elevation angle mask shown in
Figure 1c (Roesler and Larson, 2018). For the edsseH is significantly changing during a
satellite arc, an additional correction is requjr2d tan e/é (Larson et al. 2013b). Because this
correction depends ah rising and setting GNSS satellite arcs will haveerections of different
sign. For tidal studies, thH term can be estimated simultaneously with thel fida@ameters
(Williams, 2020). For sites with relatively low wads ofH within an arc, improved precision can
be achieved with retrieval methods that explicithpdel the temporal variations within the
satellite arc (Strandberg et al., 2016). Howetlegse methods also make assumptions about the

smoothness of those temporal variations that wead@onsider here.

A GNSS-IR based tide gauge is the only tide measen¢ system that can simultaneously

record the three-dimensional position of the ardenmeaning it can measure sea level in an
absolute terrestrial reference frame. The accuth&NSS-IR as a tide gauge has been validated
from sub-daily (Larson et al. 2013a) to decadaktscales (Larson et al., 2017), but it has not

previously been used to detect a tsunami or a nmajoicane landfall.
3 Data

3.1 Shumagin Earthquake

The 22 July 2020 Shumagin Islands earthquake (0641QTC, 55.072°N, 158.596°W, 28 km
deep, Mw = 7.8, USGS-NEIC:https://earthquake.usgs.gov/earthquakes/eventifiQasvb/executiye

involved underthrusting of the Pacific plate beheite North American plate offshore of the
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Alaska Peninsula. The event has garnered greahgsigal interest due to its location within a
portion of the plate boundary previously identifiad a seismic gap with high potential for
hosting an earthquake witlw 8.2 or possibly much larger (Davies et al. 1981 )esponse to
this concern, geodetic measurements, including-ragg GNSS observations, have been made
on the Shumagin Islands for 35 years to quantifystad strain accumulation. Current
assessments suggest that much of the motion (80%) between the plates along the Shumagin

Gap is accommodated aseismically (e.g., Li & Fregihen, 2018).

The same GNSS stations, along with regional strangjen and broadband seismic stations and
the global seismic network, recorded the groundianstproduced by the 2020 earthquake, and
these data have been used to invert for time-vargiip distributions on the fault (e.g. USGS-
NEIC; Crowell & Melgar, 2020; Liu et al., 2020). ©own inversion for the slip distribution
based on global seismic body waves and regional $&hiSplacements with fault placements
guided by the Slab2 model (Hayes et al., 2018; reidl) is used to compute the time-varying
sea level generated by the seafloor deformatiore fBanami calculation involved the non-
hydrostatic model NEOWAVE with multi-level grid rtesy for tsunami generation, propagation,
and run-up (Yamazaki et al., 2009; Yamazaki et2411,1). A high-resolution bathymetry model
(NCEI) around the Shumagin Islands embedded inreowoding GEBCO model was used.
Figure 2 displays the maximum computed sea-suidaggitude from the tsunami model in the
vicinity of the Shumagin Islands. A very similautemi model is obtained using the slip
inversion of Liu et al. (2020), with the configuat of the Shumagin islands producing strong
resonance within the ring of islands that is localbt sensitive to details of the slip distribution
The tsunami generated by the earthquake had a roaxisea surface amplitude of ~50 cm, as

expected for the moderate slip (< 3.8 m) and depttme faulting (20-45 km deep), but it was
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well-recorded by deep-water ocean bottom pressanscss of the Deep-Ocean Assessment and
Reporting of Tsunamis (DART) network operated by AO(DART, 2020). The recorded
tsunami waves at the DART stations are less tham high, partly due to reverse shoaling of the
waves as they crossed from the shallow continehigf beneath which the rupture occurred into

the deep Pacific Ocean.

54°N
0 10 20 30 40 50

Maximum Amplitude (cm)

Figure 2. Maximum computed tsunami amplitude in sberce region of the 2020 Shumagin

Islands earthquake. The fault slip model (FigurgiSHelineated by the black rectangle and the
epicenter of the earthquake is indicated by thelecirThe location of GNSS station AC12 on

Chernabura Island is indicated with the star. ThAgd (> 25 cm) sea-surface uplift area
corresponds well with the slip distribution on tlaglt. The large tsunami amplitudes along the
Alaskan Peninsula correspond to embayment osoiliatcoupled with standing edge waves over
the continental shelf.
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GNSS-IR measurements of sea surface elevationed¢metered GNSS station (AC12) (Figure
1b; Blewitt et al. 2018) above a large-slip reginrthe Shumagin earthquake are compared with
model predictions. The tsunami model for our fifaalt inversion provides the time-varying

sea level around the northern shore of Chernalsltaad where AC12 is located (Figure 2).

Thirty-one days of GPS data (28 June 2020 throug§hJaly 2020) for station AC12
(nttps://doi.org/10.7283/T5NVIG7P) were analyzed to validate the azimuth and elemagingle
mask (Figure 1c) and to estimate a background tratadel. The tidal signature is clearly visible
in the initialH values (Figure S2). On average 93 estimaté$ cdn be made per day at this site,
but only 52 of these are at distinct times (i.e. &2 L1 retrievals and 41 are L2C). Each
periodogram retrieval corresponds to a time pedefined by the satellite azimuth and the
elevation angle range (Larson, 2020). At AC12 theetperiods range from 10-28 minutes, with
a median value of 14 minutes. A findl series was computed by removing 1) the vertical
coseismic offset (~0.33m, Figure S3) and 2) estichéitkal terms/tidal surface rates (Larson et
al., 2017). The standard deviation of thetidal fit is 0.121 m for this thirty-day period
(excluding the day of the earthquake). The res&lo&lH to the tidal fit(with the sign reversed)

gives us the water level measurements used irstingty.

3.2 Hurricane Laura

H was estimated for the Calcasieu Pass, LouisiaAaQF GNSS data for the period between 16
August 2020 through 13 September 2020. The emvatnd azimuth mask shown in Figure S4
was usedH effects were removed using a tidal fit (Willian2§20; Larson et al., 2017). The

Calcasieu Pass receiver tracked signals from GRfleG and Glonass. A high number of 172
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individual water level retrievals were made in agé day. The lowest number — 136 — was

retrieved on the day of the hurricane landfall f&igust 2020).

We use the collocated NOAA tide gauge record asaecurate water level reference and
calculate the standard deviations of the NOAR residuals. Water level precision at this site is
significantly better than reported for AC12: 0.63).080 m depending on the GNSS frequency.
Larger elevation angle ranges could be used at Ché€ause it is located directly above the

water; similar elevation angles at AC12 would hbeen reflecting off the island.

4. Results

Figure 3a shows GNSS-IR water level measuremerith {idal effects removed) and predicted
water level for the earthquake-generated tsunaati would be observed at AC12/Chernabura
site. These GNSS-IR measurements depict diffelemtdion of the sea surface relative to the
uplifted land over the time period of each meas@®m(~14 minutes). As the GNSS-IR
correction for the sea surface rate of change sitige or negative depending on whether the

satellite is rising or setting in the sky, we celdicode the water level estimates accordingly.

We emphasize two boxed regions (I and Il in FigBeg that show particularly discordant
estimates (nearly a meter) between individual GNS®stimates and the tsunami model sea
level predictions. This discrepancy is eliminateldew a sea surface elevation rate correction is
applied to minimize the difference between timeacaent rising and setting satellite arcs
(Figure 3b). This demonstrates the difficulty ofings GNSS-IR at AC12 as an independent
tsunami measurement system due to the relativelpllsmumber of such overlapping
rising/setting satellite intervals. The AC12 GNS$i® kas not been upgraded since its installation

in 2008 and thus only tracks GPS satellites. Foetperiods when no coincident rising/setting
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arcs are available, the sea level estimates inr&ig§b have been corrected using the tsunami
model predicted surface velocities (these wouldbsoavailable in real-time). The comparison in
Figure 3c shows that the inferred sea surface iteeased for GNSS-IR for pairs of rising and
setting observations are consistent with the tsumamael predictions for at least 5 cycles of sea
level oscillations following the earthquake. Wetl@r see that the satellite observations without
coincident rising/setting arcs are also consisteith the tsunami model predictions. The
consistency provides mutual validation for both B&SS-IR procedure and the tsunami
calculation. The latter is based on an inverted dlstribution with uncertainty, an imperfect
bathymetric model, and a complex non-hydrostatimami calculation, so it is not directly

observed sea level history, as would be provided tige gauge.
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Relative Sea Level without Tsunami Surface Rate Corrections

05 a) ‘ l. ‘ ! ‘ " Rising Arc |
(] ' °
o O0r @ 9 T
g ® [ $°
(O]
E _O 5 [ . L4 ([ ) . :. ‘\ . \] i
o
-1 | | | | | | 1
0 2 4 6 8 10
0.5 Relative Sea Level with Tsunami Surface Rate Corrections
. b) T T T T T T
o
Q 0 B . < . - ]
Q I\) P ) a e\ [~
] Z, = \ ] 9
£ -05| $ o ® o ® ::
-1p | | | | | | ]
0 2 4 6 8 10
- Sea Surface Velocity
' c) ‘ ‘ ‘ GPS only ‘
s 15+ -
o -_—
£ 05F w
Q -
8 -05 - - -
G') -
£ -15 -
25 | | | | | |

0 2 4 6 8 10
hours since 2020/07/22 06:12:44 UTC

Figure 3. Sea level variation at GNSS station AC12 on Chearrealdor GNSS-IR and the

tsunami model. a) Sea level estimates based onde@-tGNSS-IR relative sea level

measurements for rising (blue) and setting (greaellites and the tsunami model (gray). b)
Sea level measurements with corrections for setacirvelocity estimated from coincident
rising (blue) and setting (green) observations romf the tsunami model (gray) for isolated
observations. c) Sea surface velocity from the @asunmodel (gray), intervals for which the

model velocity is used in b (cyan), and intervats fvhich the velocity is independently

estimated from coincident rising and setting GNBSsbservations (black). The line segment
conveys the time interval for each satellite arc.

The sea level variation in Figure 3b is the comgutgnamic response of the ocean layer from
coseismic (0 hour) 33 cm uplift of the land andreunding seafloor, followed by the radiation
of tsunami waves away from the region of upliferihrepeated surge and drawdown of the ocean

with ~110 min period due to trapping in the ringelikormation of the Shumagin Islands. The
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tsunami energy is also trapped by the shallow slseblong the Alaska Peninsula to establish
~90 min period standing edge waves (Figure I2)erference between the two harmonics

produces a beat with a period of ~8 hours that it ee@tured by the corrected measurements.
Given that the main slip patch on the fault extehdeneath the Shumagin Islands, the signals in
Figure 3b are directly from the initial tsunami gation that radiates from the earthquake

deformation zone. This is clearly an exceptionaesbation, but similar sea level measurements
could be made from other coastal GNSS stationgjpuce direct tsunami and edge waves from

more distant positions.

The observations in Figure 3b provide a time-histdrthe tsunami waves comparable to what is
provided by a tide gauge, although the latter amaroonly impacted by local harbor geometry.
The tsunami generated by the 2020 Shumagin ealtbqgqwas modest in peak amplitude, and
larger tsunami signals will produce even more rokalsservations. With multiple high-rate

GNSS stations with telemetry along a coast, onencanitor the direct and resonating tsunami
arrivals and edge waves over the entire regionyigirtg a strong basis for decision-making
about issuing all-clear messages to coastal papotatnd ships entering or leaving ports and
harbors. The GNSS-IR measurements can also pra@adédence in numerical and forecast

models for coastal tsunami and edge wave timergstand amplitudes just as in Figure 3b.

How can we improve the tsunami monitoring capabiht instruments at AC12 and other sites
located in seismically active regions? The easedition is to replace GPS-only instruments
with full GNSS-tracking units to increase the numbs coincident rising and setting
observations. Figure 4 summarizes how frequehdyGhernabura site would have been able to

unambiguouslyneasure tsunami waves on the day of the earthdoakiee actual case of GPS-
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only versus the full GNSS constellation. The GP& camn retrieve water level 32.6% of the time
while a GNSS unit retrieves sea level 90.3% oftthee. Here we used the specific site mask
(which limits the azimuthal directions to thoseifecthe ocean) from Chernabura (Figure 1c),
but clearly a GNSS instrument would greatly imprdeenporal resolution over a GPS-only
instrument at any suitably located coastal staffdns leads to a recommendation that geodesists
and surveyors installing new GNSS sites examine pbeential for utilizing GNSS water
reflections. In some locations, particularly wh#re terrain is very flat, moving a site only a few
meters closer to the water makes the differencevdset a useable and non-useable GNSS-IR

site, with negligible impact on the precise positig application.

| B mult-GNSS
- | Earthquake A GPSonly |7

—ﬁ—— I I N I N —

0 5 10 15 20
UTC Hours on July 22, 2020

Figure 4. Time intervals of coincident satellite rising argktting arcs in view at
Chernabura/AC12 calculated for ten-minute periais@GPS-only units and full GNSS-tracking
units.

In addition to providing real-time quantificatiori coastal tsunami signals, GNSS-IR can also
provide critically important observations of stosaurgegPeng et al., 2019). Hurricane Laura,
which struck the Gulf Coast of the United Statedate August 2020, provides a dramatic

example where a GNSS unit not only withstood 40 wifgls without data loss — but GNSS-IR
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was able to accurately track the storm surge throug the landfall of the event. Unlike
Chernabura, where it is not possible to directst 8NSS-IR accuracy, the GNSS instrument at
Calcasieu Pass, Louisiana is collocated with a gaege and wind speed sensor operated by

NOAA.

Figure 5a shows water level measurements made ehefloring, and after Hurricane Laura
landfall using GPS, Russian (Glonass), and Europ@alileo) satellites. The GNSS-IR
measurements of water level agree well with the gduge. The GNSS-IR determinations can be
reliably retrieved up to the point at which seaf@te roughness presents coherent specular
reflection; in this study that point is shown to Wwiand speeds of ~30 m/sec. As the eye of the
hurricane passed directly over the site, a GNSSlgatsignal happened to be at a grazing angle.
As this coincided with a significant decrease imavispeed (Figure 5b) and correspondingly
reduced water surface roughness, GNSS-IR was @bleserve the peak storm surge detected by

the tide gauge.
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Water Levels, Calcasieu Pass, Louisiana USA
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Figure 5. (a) Water levels measured at Calcasieu Pass, ihaaisSUSA with an acoustic tide
gauge (NOAA) and GNSS-IR (this study) using GPSsdran Glonass, and European Galileo
satellites during Hurricane Laura. (b) Wind spettha same location.

5. Conclusions

The 2020 Shumagin Islands earthquake involved aobat slip of several meters on the plate
boundary directly below a GNSS sensor on Chernalstaad. Analysis of the GNSS sea surface
reflections allows estimate of dynamic sea-leveiaten to be made in near real-tint&ven

that the station was near the peak uplift abovefdhting, the GNSS sensor was essentially in
the bullseye of tsunamigenic uplift, so relativewlfdown of the ocean as the tsunami wave

radiates from the source region can be directlenlesl by GNSS interferometric reflectometry.
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In this case, the ring-like formation of the Shuimaglands established a 110 min resonance of
sea level, with at least 10 hours of ocean oswhat This motivates deployment of multi-
constellation GNSS capable receivers adjacentgioms that may be exposed to large tsunamis
from local or remote source regions, as a meansafiding densified (relative to current tide
gauge distributions) observation of propagating statiding edge waves in real time to assist in
tsunami-warning and evacuation decision-making. Baene GNSS observations can also

provide valuable information about storm surges@looastal environments.
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