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Abstract Rapid determination of sea level variations caused by tsunamis or major storm surges is
important for coastal hazard mitigation. Coastal Global Navigation Satellite Systems (GNSS) stations at
elevations less than ~300 m can record time-varying sea level changes by tracking signals that reflect
from the sea surface, relative to direct signals from the satellites. We demonstrate that such GNSS stations
can rapidly provide local sea level measurements for a near-field tsunami, involving many hours of shelf
resonance generated by the 2020 Shumagin earthquake as well as for the storm surge accompanying
passage of the eye of Hurricane Laura over the Louisiana Coast. Coastal GNSS stations deployed to
measure tectonic deformation and co-seismic displacements can inexpensively augment the spatial
sampling provided by tide gauges for measuring tsunami-induced coastal resonance and storm surges.
This information can guide response activities during the crucial initial hours of an event.

Plain Language Summary Sea level variations caused by tsunamis and storm surges must
be measured as quickly as possible for public safety warnings. This work uses examples from the 2020
Shumagin Island tsunami and the Hurricane Laura storm surge to demonstrate that Global Navigation
Satellite System instruments installed along coastal regions to measure plate tectonic motions are also
capable of providing sea level information in near real-time.

1. Introduction

Tsunamis generated by offshore earthquakes, submarine slumps or volcanic eruptions, and storm surges
generated by hurricanes have been responsible for great loss of life and destruction through time. Notable
recent catastrophic tsunamis generated by the 2004 Sumatra-Andaman (e.g., Lay et al., 2005), 2010 Maule,
Chile (e.g., Yoshimoto et al., 2016), and 2011 Tohoku, Japan (e.g., Yamazaki et al., 2018) earthquakes have
caused vast damage over the last two decades. The first tsunami surge is often not the most devastating,
due to both wave dispersion and generation of shelf resonance and edge waves (e.g., Geist, 2012) that can
result in repeated surges with peak tsunami run-up occurring hours after the causative earthquake both in
the near field (Melgar & Ruiz-Angulo, 2018; Yamazaki & Cheung, 2011) and far field (Cheung et al., 2013).

The dynamics of tsunami wave interactions along coastlines can be accurately modeled given detailed ba-
thymetry, but each event has distinct properties that affect the subsequent impacts. Coastal tide-gauge ob-
servations tend to be sparse in many regions and are often located in harbors that generate complex local
effects. As a result, decision-making regarding return of coastal residents and activities after passage of the
first tsunami wave is often poorly informed regarding strength of any shelf resonance or edge waves that
have been generated (e.g., Soulé, 2014).

Similarly, strong storm surges, particularly those associated with passage of a hurricane onto land, generate
coastal flooding that can take a huge toll, as for events like 2005 Katrina (e.g., Fritz et al., 2007), 2012 Sandy
(e.g., Chen et al., 2014), and 2013 Haiyan (e.g., Soria et al., 2006). The storm surge is a complex function
of storm central pressure, wind intensity, storm forward speed as well as approach direction relative to
the coast, width and slope of the ocean bottom, and local features and barriers, which also make precise
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Figure 1. (a) Representation of reflected GNSS signal geometry. H is the vertical distance between the phase center of the GNSS antenna and the reflecting
surface and e is the angle between the satellite and the horizon. Direct GNSS signals are shown in blue; the additional path traveled by the reflected signal is
shown in red. (b) GNSS receiver AC12 on Chernabura Island, Alaska (Photo credit: UNAVCO). (¢) Reflection zones shown in color were used for AC12 water
level measurements (Roesler & Larson, 2018). Map courtesy of Google Earth.

advance prediction very challenging (e.g., https://www.nhc.noaa.gov/surge/). Both tsunamis and storm
surges could be better quantified and predicted with more extensive real-time measurements of near-shore
sea level variations.

Global Navigation Satellite Systems (GNSS) networks can provide these coastal sea level measurements.
While traditionally these networks only tracked GPS signals at low sample rates (30 s) and were download-
ed once per day, increasingly, the equipment is being upgraded to track the signals from up to four con-
stellations with real-time streaming at high-rates. The high-rate three-dimensional positions derived from
these GNSS data are already being used in earthquake and tsunami early warning applications (e.g., Melgar
et al., 2016). Here we demonstrate that these same GNSS instruments can also play a key role in coastal haz-
ard mitigation, by providing near-real-time assessments of sea level variation during tsunamis and storm
surges. We use GNSS data collected during the recent Shumagin Islands earthquake/tsunami (July 22, 2020)
and Hurricane Laura (landfall on August 27, 2020) to demonstrate both current capabilities and how these
new applications can be improved by tracking signals from all four GNSS constellations.

2. Method: GNSS Interferometric Reflectometry

GNSS interferometric reflectometry (GNSS-IR) treats the GNSS system as a bistatic radar. The interference
pattern created by the direct GNSS signal and a reflected signal from a planar surface below a GNSS antenna
has a distinctive frequency that is related to H, the vertical distance between the antenna phase center and
the reflecting surface (Figure 1a). The interference pattern is best observed using GNSS satellites at low
elevation angles (e). Generally, a single H value is estimated for each rising and setting satellite arc, thus,
providing a sporadic time series of sea level values throughout the day. To use the method optimally, one
must identify which GNSS satellite arcs reflect off water. The GNSS-IR method fails if the reflecting surface
is very rough, as it would be expected during very high winds.

Each estimate of H is derived from the dominant frequency in the GNSS Signal-to-Noise Ratio (SNR) data.
We derive the dominant SNR frequency 2H / A, where 1 is the GNSS wavelength) using a standard per-
iodogram (Lomb Scargle Periodogram (LSP)) (Larson, 2020). Mapping software was used to choose the
appropriate station azimuth and elevation angle mask shown in Figure 1c (Roesler and Larson, 2018).
For the case where H is significantly changing during a satellite arc, an additional correction is required,
2H tane / ¢ (Larson et al. 2013b). Because this correction depends on ¢, rising and setting GNSS satellite
arcs will have corrections of different sign. For tidal studies, the H term can be estimated simultaneously
with the tidal parameters (Williams, 2020). For sites with relatively low values of H within an arc, improved
precision can be achieved with retrieval methods that explicitly model the temporal variations within the
satellite arc (Strandberg et al., 2016). However, these methods also make assumptions about the smoothness
of those temporal variations that we do not consider here.
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A GNSS-IR based tide gauge is the only tide measurement system that
can simultaneously record the three-dimensional position of the anten-
na, meaning it can measure sea level in an absolute terrestrial reference

frame. The accuracy of GNSS-IR as a tide gauge has been validated from
subdaily (Larson et al. 2013a) to decadal time scales (Larson et al., 2017),
but it has not previously been used to detect a tsunami or a major hurri-
cane landfall.

3. Data
3.1. Shumagin Earthquake

The Shumagin Islands earthquake on July 22, 2020 (06:12:44 UTC,
55.072°N, 158.596°W, 28 km deep, Mw = 7.8, USGS-NEIC: https://earth-
quake.usgs.gov/earthquakes/eventpage/us7000asvb/executive) involved
underthrusting of the Pacific plate beneath the North American plate

offshore of the Alaska Peninsula. The event has garnered great geophys-

Figure 2. Maximum computed tsunami amplitude in the source region
of the 2020 Shumagin Islands earthquake. The fault slip model (Figure S1)

ical interest, due to its location within a portion of the plate boundary,
previously identified as a seismic gap with high potential for hosting an
earthquake with My, 8.2 or possibly much larger (Davies et al. 1981). In
response to this concern, geodetic measurements, including high-rate
GNSS observations, have been made on the Shumagin Islands for 35 years
to quantify crustal strain accumulation. Current assessments suggest that

30 40 50
Maximum Amplitude (cm)

is delineated by the black rectangle and the epicenter of the earthquakeis ~ much of the motion (60%-90%) between the plates along the Shumagin

indicated by the circle. The location of GNSS station AC12 on Chernabura Gap is accommodated aseismically (e.g., Li & Freymueller, 2018).
Island is indicated with the star. The large (>25 cm) sea-surface uplift area
corresponds well with the slip distribution on the fault. The large tsunami ~ The same GNSS stations, along with regional strong-motion and broad-

amplitudes along the Alaskan Peninsula correspond to embayment band seismic stations and the global seismic network, recorded the
oscillations coupled with standing edge waves over the continental shelf. ground motions produced by the 2020 earthquake, and these data have

been used to invert for time-varying slip distributions on the fault (e.g.

USGS-NEIC; Crowell & Melgar, 2020; Liu et al., 2020). Our own inversion
for the slip distribution based on global seismic body waves and regional GNSS displacements with fault
placements guided by the Slab2 model (Hayes et al., 2018; Figure S1) is used to compute the time-varying
sea level generated by the seafloor deformation. The tsunami calculation involved the nonhydrostatic mod-
el NEOWAVE with multilevel grid nesting for tsunami generation, propagation, and run-up (Yamazaki
et al., 2009; 2011). A high-resolution bathymetry model (NCEI) around the Shumagin Islands embedded in
a surrounding GEBCO model was used. Figure 2 displays the maximum computed sea-surface amplitude
from the tsunami model in the vicinity of the Shumagin Islands. A very similar tsunami model is obtained
using the slip inversion of Liu et al. (2020), with the configuration of the Shumagin Islands producing
strong resonance within the ring of islands that is locally nonsensitive to details of the slip distribution. The
tsunami generated by the earthquake had a maximum sea surface amplitude of ~50 cm, as expected for the
moderate slip (<3.8 m) and depth of the faulting (20-45 km deep), but it was well-recorded by deep-water
ocean bottom pressure sensors of the Deep-Ocean Assessment and Reporting of Tsunamis (DART) network
operated by NOAA (DART, 2020). The recorded tsunami waves at the DART stations are less than 1 cm
high, partly due to reverse shoaling of the waves as they crossed from the shallow continental shelf beneath
which the rupture occurred into the deep Pacific Ocean.

GNSS-IR measurements of sea surface elevation at a telemetered GNSS station (AC12) (Figure 1b; Blewitt
et al. 2018) above a large-slip region in the Shumagin earthquake are compared with model predictions. The
tsunami model for our finite-fault inversion provides the time-varying sea level around the northern shore
of Chernabura Island, where AC12 is located (Figure 2).

Thirty-one days of GPS data (June 28, 2020 to July 29, 2020) for station AC12 (https://doi.org/10.7283/
T5NV9G7P) were analyzed to validate the azimuth and elevation angle mask (Figure 1c) and to estimate a
background tidal model. The tidal signature is clearly visible in the initial H values (Figure S2). On an aver-
age, 93 estimates of H can be made per day at this site, but only 52 of these are at distinct times (i.e. 52 are L1
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retrievals and 41 are L2C). Each periodogram retrieval corresponds to a time period, defined by the satellite
azimuth and the elevation angle range (Larson, 2020). At AC12, the time periods range from 10 to 28 min,
with a median value of 14 min. A final H series was computed by removing (1) the vertical coseismic offset
(~0.33 m, Figure S3) and (2) estimated tidal terms/tidal surface rates (Larson et al., 2017). The standard
deviation of the H tidal fit is 0.121 m for this 30-day period (excluding the day of the earthquake). The re-
siduals of H to the tidal fit (with the sign reversed) give us the water level measurements used in this study.

3.2. Hurricane Laura

H was estimated for the Calcasieu Pass, Louisiana (CALC) GNSS data for the period between August 16,
2020 and September 13, 2020. The elevation and azimuth mask shown in Figure S4 was used. H effects were
removed using a tidal fit (Larson et al., 2017; Williams, 2020). The Calcasieu Pass receiver tracked signals
from GPS, Galileo, and Glonass. A high number of 172 individual water level retrievals were made in a
single day. The lowest number, 136. was retrieved on the day of the hurricane landfall (August 27, 2020).

‘We use the collocated NOAA tide gauge record as an accurate water level reference and calculate the stand-
ard deviations of the tide gauge-H residuals. Water level precision at this site is significantly better than
reported for AC12: 0.063-0.080 m, depending on the GNSS frequency. Larger elevation angle ranges could
be used at CALC because it is located directly above the water; similar elevation angles at AC12 would have
been reflecting off the island.

4. Results

Figure 3a shows GNSS-IR water level measurements (with tidal effects removed) and predicted water level
for the earthquake-generated tsunami that would be observed at the AC12/Chernabura site. These GNSS-IR
measurements depict differential motion of the sea surface relative to the uplifted land over the time period
of each measurement (~14 min). As the GNSS-IR correction for the sea surface rate of change is positive or
negative depending on whether the satellite is rising or setting in the sky, we colored-code the water level
estimates accordingly.

We emphasize two boxed regions (I and II in Figure 3a) that show particularly discordant estimates (nearly
a meter) between individual GNSS-IR estimates and the tsunami model sea level predictions. This dis-
crepancy is eliminated when a sea surface elevation rate correction is applied to minimize the difference
between time-coincident rising and setting satellite arcs (Figure 3b). This demonstrates the difficulty of us-
ing GNSS-IR at AC12 as an independent tsunami measurement system due to the relatively small number
of such overlapping rising/setting satellite intervals. The AC12 GNSS site has not been upgraded since its
installation in 2008 and thus only tracks GPS satellites. For time periods when no coincident rising/setting
arcs are available, the sea level estimates in Figure 3b have been corrected using the tsunami model predict-
ed surface velocities (these would not be available in real-time). The comparison in Figure 3c shows that the
inferred sea surface velocities used for GNSS-IR for pairs of rising and setting observations are consistent
with the tsunami model predictions for at least five cycles of sea level oscillations following the earthquake.
We further see that the satellite observations without coincident rising/setting arcs are also consistent with
the tsunami model predictions. The consistency provides mutual validation for both the GNSS-IR proce-
dure and the tsunami calculation. The latter is based on an inverted slip distribution with uncertainty, an
imperfect bathymetric model, and a complex nonhydrostatic tsunami calculation, so it is not directly ob-
served sea level history, as would be provided by a tide gauge.

The sea level variation in Figure 3b is the computed dynamic response of the ocean layer from coseismic
(0 h) 33 cm uplift of the land and surrounding seafloor, followed by the radiation of tsunami waves away
from the region of uplift, then repeated surge and drawdown of the ocean with ~110 min period due to
trapping in the ring-like formation of the Shumagin Islands. The tsunami energy is also trapped by the
shallow shelves along the Alaska Peninsula to establish ~90 min period standing edge waves (Figure 2).
Interference between the two harmonics produces a beat with a period of ~8 h that is well captured by
the corrected measurements. Given that the main slip patch on the fault extended beneath the Shumagin
Islands, the signals in Figure 3b are directly from the initial tsunami excitation that radiates from the earth-
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Figure 3. Sea level variation at GNSS station AC12 on Chernabura for GNSS-IR and the tsunami model. (a) Sea level
estimates based on de-tided GNSS-IR relative sea level measurements for rising (blue) and setting (green) satellites
and the tsunami model (gray). (b) Sea level measurements with corrections for sea surface velocity estimated from
coincident rising (blue) and setting (green) observations or from the tsunami model (gray) for isolated observations.
(c) Sea surface velocity from the tsunami model (gray), intervals for which the model velocity is used in b (cyan), and
intervals for which the velocity is independently estimated from coincident rising and setting GNSS-IR observations
(black). The line segment conveys the time interval for each satellite arc.

quake deformation zone. This is clearly an exceptional observation, but similar sea level measurements
could be made from other coastal GNSS stations to capture direct tsunami and edge waves from more
distant positions.

The observations in Figure 3b provide a time-history of the tsunami waves comparable to what is provided
by a tide gauge, although the latter is commonly impacted by local harbor geometry. The tsunami generated
by the 2020 Shumagin earthquake was modest in peak amplitude, and larger tsunami signals will produce
even more robust observations. With multiple high-rate GNSS stations with telemetry along a coast, one
can monitor the direct and resonating tsunami arrivals and edge waves over the entire region, providing a
strong basis for decision-making about issuing all-clear messages to coastal populations and ships entering
or leaving ports and harbors. The GNSS-IR measurements can also provide confidence in numerical and
forecast models for coastal tsunami and edge wave time histories and amplitudes just as in Figure 3b.

How can we improve the tsunami monitoring capability of instruments at AC12 and other sites located in
seismically active regions? The easiest solution is to replace GPS-only instruments with full GNSS-tracking
units to increase the number of coincident rising and setting observations. Figure 4 summarizes, how fre-
quently the Chernabura site would have been able to unambiguously measure tsunami waves on the day of
the earthquake for the actual case of GPS-only versus the full GNSS constellation. The GPS unit can retrieve
water level 32.6% of the time, while a GNSS unit retrieves sea level 90.3% of the time. Here we used the
specific site mask (which limits the azimuthal directions to those facing the ocean) from Chernabura (Fig-
ure 1c), but clearly a GNSS instrument would greatly improve temporal resolution over a GPS-only instru-
ment at any suitably located coastal station. This leads to a recommendation that geodesists and surveyors
installing new GNSS sites, examine the potential for utilizing GNSS water reflections. In some locations,
particularly where the terrain is very flat, moving a site only a few meters closer to the water makes the
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Figure 4. Time intervals of coincident satellite rising and setting arcs in view at Chernabura/AC12 calculated for ten-
minute periods for GPS-only units and full GNSS-tracking units.

difference between a useable and nonuseable GNSS-IR site, with negligible impact on the precise position-
ing application.

In addition to providing real-time quantification of coastal tsunami signals, GNSS-IR can also provide
critically important observations of storm surges (Peng et al., 2019). Hurricane Laura, which struck the
Gulf Coast of the United States in late August 2020, provides a dramatic example, where a GNSS unit not
only withstood 40 m/s winds without data loss, but GNSS-IR was able to accurately track the storm surge
throughout the landfall of the event. Unlike Chernabura, where it is not possible to directly test GNSS-IR
accuracy, the GNSS instrument at Calcasieu Pass, Louisiana, is collocated with a tide gauge and wind speed
sensor operated by NOAA.

Figure 5a shows water level measurements made before, during, and after Hurricane Laura landfall us-
ing GPS, Russian (Glonass), and European (Galileo) satellites. The GNSS-IR measurements of water level
agree well with the tide gauge. The GNSS-IR determinations can be reliably retrieved up to the point at

(a) 4 Water Levels, Calcasieu Pass, Louisiana USA
T T T
35+ GPS 7
3 Galileo i

NOAA tide gauge

2.5

2

meters

1.5

1

0.5

(b) Wind Speed, Calcasieu Pass, Louisiana USA
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Figure 5. (a) Water levels measured at Calcasieu Pass, Louisiana, USA, with an acoustic tide gauge (NOAA) and
GNSS-IR (this study) using GPS, Russian Glonass, and European Galileo satellites during Hurricane Laura. (b) Wind
speed at the same location.
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which sea-surface roughness prevents coherent specular reflection; in this study that point is shown to be
wind speeds of ~30 m/sec. As the eye of the hurricane passed directly over the site, a GNSS satellite signal
happened to be at a grazing angle. As this coincided with a significant decrease in wind speed (Figure 5b)
and correspondingly reduced water surface roughness, GNSS-IR was able to observe the peak storm surge
detected by the tide gauge.

5. Conclusions

The 2020 Shumagin Islands earthquake involved substantial slip of several meters on the plate boundary
directly below a GNSS sensor on Chernabura Island. Analysis of the GNSS sea surface reflections allows
the estimation of dynamic sea-level variation, which is to be made in near real-time. Given that the station
was near the peak uplift above the faulting, the GNSS sensor was essentially in the bullseye of tsunamigenic
uplift, so relative draw-down of the ocean as the tsunami wave radiates from the source region can be di-
rectly observed by GNSS interferometric reflectometry. In this case, the ring-like formation of the Shumagin
Islands established a 110 min resonance of sea level, with at least 10 h of ocean oscillations. This motivates
deployment of multiconstellation GNSS capable receivers, adjacent to regions that may be exposed to large
tsunamis from local or remote source regions, as a means of providing densified (relative to current tide
gauge distributions) observation of propagating and standing edge waves in real time to assist in tsuna-
mi-warning and evacuation decision-making. The same GNSS observations can also provide valuable infor-
mation about storm surges in coastal environments.

Data Availability Statement

The high-resolution digital elevation model, Sand Point V2, at the Shumagin Islands was downloaded from
the National Centers for Environmental Information (https://maps.ngdc.noaa.gov/viewers/bathymetry/).
GNSS Data for AC12-ChernaburaAK2008 are available via https://doi.org/10.7283/T5NV9G7P. GNSS data
for Calcasieu Pass (CALC) are available from the National Geodetic Survey: https://www.ngs.noaa.gov/
CORS/Sites/calc.html. The NOAA tide gauge data are available from https://tidesandcurrents.noaa.gov/
stationhome.html?id=8768094.
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Figure S1. Slip distribution for the 22 July 2020 Shumagin Islands My 7.8 earthquake
obtained from joint inversion of teleseismic P and SH waves and regional GNSS-
observations (manuscript currently in review, Ye, et al., The 22 July 2020 My 7.8
Shumagin seismic gap earthquake: partial rupture of a weakly coupled megathrust. Earth
and Planetary Science Letters). The colored rectangle depicts the extent of the model on
the 18.9° dipping plate-boundary megathrust fault. The star indicates the epicenter, with
the rupture initiating 23 km below the surface. The GNSS stations are shown with
horizontal and vertical displacements indicated by black vectors, and model predictions
of vertical (magenta) and horizontal (red) displacement. The focal mechanism (lower
hemisphere projection with compressional quadrant in cyan) is from inversion of W-
phase observations for a point source, and the cyan diamond indicates the centroid
location. The orange circles are locations of aftershocks in the first month after the event
from the Alaskan Seismic Network. The white vectors indicate motion of the Pacific
Plate relative to a fixed North American plate. The dashed contours indicate the depth of
the plate boundary contact from the model SLAB2 (Hayes et al., 2018).
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Figure S2. GNSS-IR H estimates for Chernabura, Alaska GNSS site AC12.
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Figure S3. ACI12 vertical position estimates on the days before and after the Shumagin
Islands earthquake (Blewitt et al., 2018). Estimates are shown for a five-minute sample

rate.
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Figure S4. GNSS receiver at Calcasieu Pass, Louisiana. Top: GNSS antenna is located
on the left side of the sentinel. Bottom: Colored regions show reflection zones used for
water level measurements. Photo credit: National Geodetic Survey; Map credit: Google
Earth.
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