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Abstract

Tide gauges record relative sea level (RSL), i.e. the vertical position of the sea surface
relative to the adjacent land mass or relative to the seafloor under the gauge. A tide gauge
cannot distinguish between a rise in sea level or subsidence of the land or seawall or pier
that supports the gauge. Absolute sea level (ASL) refers to the level or height of the sea
surface stated in some standard geodetic reference frame, e.g. ITRF2008. Since satellite
altimeters make a geometrical measurement of sea level, this constitutes a determination
of ASL. Satellite altimeters suffer from instrumental drift and thus need to be calibrated
using tide gauges. This requires us to estimate the rate of RSL change at each tide gauge
and convert this into an estimate of the rate of ASL change. This is done using a GPS
station located at or near the tide gauge, since it can measure the vertical velocity of the
lithosphere — often referred to as vertical land motion, VLM — which allows us to exploit
the relationship ASL = RSL + VLM. This goal has motivated geodesists to build dozens
of continuous GPS (or CGPS) stations near tide gauges — an agenda sometimes referred
to as the CGPS@TG agenda. Unfortunately, a significant fraction of all long-lived tide
gauges — especially those in the Pacific - have also recorded non-steady land motion
caused by earthquakes. Rather than simply delete such datasets from the agenda, this
thesis explores a new analytical method, based on the concept of a geodetic station

trajectory model, that allows us to compute RSL and ASL rates even at tide gauges

il



affected by regional earthquakes. We illustrate this method using two tide gauges (PAGO
and UPOL) and three GPS stations (ASPA, SAMO and FALE) located in the Samoan
islands of the Southwest Pacific. In addition to managing the impact of large regional
earthquakes, we also seek new approaches to reducing noise in RSL rate estimates by
suppressing the higher frequency sea level changes associated with ocean dynamics. We
do this by augmenting our trajectory models using an ocean climate index or using

numerical models of the sea surface state.
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Chapter 1. Introduction - Land and sea level changes

1.1 Motivation

Continuous geodetic measurements have been initiated at or near tide gauges in many
parts of the world since the late 1990’s so that the relative sea level (RSL) histories
recorded by these instruments can be transformed into absolute sea level (ASL) histories
(Neilan, 1998; Bevis et al., 2002; Caccamise et al., 2005). ASL time series from tide
gauges are used to assess temporal drifts in satellite altimeter records (Mitchum, 2000).
In addition, global mean sea level reconstruction analyses for time periods before there
were satellite altimeters require tide gauge ASL records (Hamlington et al., 2016;
Woppelmann and Marcos, 2016). A tide gauge measures RSL, or the height of the sea
surface relative to the land or seafloor on which the tide gauge rests. A tide gauge alone
cannot distinguish between uplift of the sea surface and subsidence of the underlying
seafloor. In contrast, satellite altimeters measure the height of the sea surface relative to a
spatial reference frame (RF) such as some variant of the International Terrestrial
Reference Frame (ITRF). Repeat altimetry is often described as delivering an absolute
measurement of sea level change. However, when ASL changes inferred from a tide
gauge are compared to ASL changes inferred from one or more satellite altimeters, it is
necessary that the satellite orbits and the vertical motions of tide gauges observed by

collocated CGPS stations are both expressed in the same RF (Bevis et al., 2012). As such
1



the term absolute is somewhat misleading. It seems to imply a measure that is truly
unambiguous, or unique, like the physicist’s concept of absolute zero. But actually, what
ASL means is sea level expressed in a standard RF. If we change the RF, we will almost

certainly change the value of ASL.

The ‘CGPS@TG’ agenda (Bevis et al., 2002) refers to the use of continuous geodetic
GPS (or GNSS) measurements to transform the RSL time series recorded by a tide gauge

(TG) into an ASL time series via the relation

AASL = ARSL + VLM (1.1)

where AASL is the change in ASL, ARSL is the change in RSL, and VLM is vertical land
motion, i.e. the change in land level, all developed during a common interval of time. Eq.
(1.1), which refers to displacements, can be reformulated in displacement rate or velocity

Space as

VasL = VrsL + Vim (1.2)

where V refers to vertical velocity. Space geodesists often use Vu to represent Viw, since
U is the up component of motion. If these velocities change over time then this equation
applies only to instantaneous velocities (at a common epoch). Eq. (1.1) is valid over

extended periods of time even if the rates or velocities are changing, but Eq. (1.2) is not.



When RSL time series obtained from a tide gauge are much longer than crustal
displacement time series obtained from a nearby GPS station, a direct application of Eq.
(1.1) to vertical displacement time series is restricted to the common time span of
observation. This is problematic in that we would like to use the entire RSL time series so
as to ‘average down’ the high noise levels pervading RSL. This can be done if we assume
that the velocities in Eq. (1.2) do not change in time, allowing us to combine a VLM rate
estimated from a short geodetic time series with an RSL rate estimated from a much
longer tide gauge time series. However, assuming constant velocities is rather dangerous,
particularly in seismogenic regions, unless some means can be found for accounting for
coseismic jumps and postseismic transients affecting both VLM and RSL. Earthquakes
aside, one of the main motivations for this entire agenda is to determine if global sea
level rise is accelerating, in which case assuming constant velocity is obviously

problematic.

1.2 Objectives

In this work we focus on some of the most pressing difficulties of using Egs. (1.1) or
(1.2) to estimate ASL rates at tide gauges: (a) the ‘contaminating’ effect that earthquakes
have on VLM and therefore on RSL, and (b) the problem of estimating RSL rates using
tide gauges that record high amplitude, mostly short-lived sea level fluctuations
associated with ocean dynamics. In many regions, especially those subject to strong El

Nifio events, this ‘noise’ does not have zero mean value. For example, in the tropical



West Pacific, extreme negative fluctuations in sea-level have larger amplitudes than
extreme positive fluctuations. Such skewed noise distributions will usually bias RSL rate
estimates obtained from a standard least squares analysis. An additional problem, specific
to long time series of RSL, is (¢) whether or not we should assume the rate of change of

RSL to be constant.

In some areas the two problems identified above can interact, because for time periods in
which GPS observations are not available, high amplitude (and temporally correlated)
dynamic sea level variations can make it very difficult to determine if RSL time series
have been perturbed by seismic activity or not. Therefore our fourth focus, (d), is finding
ways to reduce ASL noise levels so as to improve our ability to recognize earthquake-

related signals in RSL time series when geodetic measurements are not available.

We explore several approaches to (partially) mitigating the large oceanographic
fluctuations that dominate ASL and RSL. First, we can try to cancel them out by
differencing an altimeter time series (from a point in the ocean close to the tide gauge)
and the tide gauge time series. This provides us with a tool that we can use after TOPEX
appeared in 1993. Second, we can attempt to reduce the impact of strong El Nifo events
by incorporating them into the trajectory model using an oceanographic index of some
kind. That is, we can try to ‘model out’ the El Nifo events. Lastly, we use a numerical

ocean model to estimate the dynamic ocean signal and then remove its influence.



A large fraction of high quality, long-lived tide gauges are located in seismogenic zones,
notably along the Pacific coasts of the Americas, across Japan, and at islands along the
plate boundaries of the western Pacific. Past estimates of global mean sea level from tide
gauges typically omit stations where earthquake related displacements occur in the time
series (e.g., Ray and Douglas, 2011). We seek a more nuanced approach where we can
still use (some) such time series, but differentiate between the background rate of RSL
rise and the perturbations in RSL caused by major earthquakes. These perturbations take
the form of coseismic jumps in the vertical position of a tide gauge, and thus in RSL, but
large earthquakes also produce sustained transient uplifts. Postseismic transients can
persist for a decade or even for several decades (e.g. Wang et al., 2007; Bevis and Brown,
2014). Some tide gauges may be affected by postseismic transients produced by
earthquakes that occurred well before the tide gauge was established, and these seismic
events are easily overlooked. Postseismic transients are non-linear in time, and often
violate implicit assumptions that the rate of VLM is constant. However, if we can
estimate the jump and the transient explicitly, we retain the option of assuming that the

long-term or ‘background’ rate of sea level change is constant.

1.3 Trajectory Models

We follow Bevis and Brown (2014) in describing the motion of GPS stations using
trajectory models. The position vector of a station x(¢) can be decomposed in a geocentric

Cartesian axis system{X,Y,Z} or in a local or topocentric Cartesian axis system {E,N,U}



in which the axes point east, north and up. The standard linear trajectory model (SLTM)
is a kinematic model which is the sum of three displacement modes, or distinct classes of
motion, that describe the progressive trend of the trajectory, any instantaneous jumps in
position, and periodic or cyclical displacements:

X(t) = Xl.rend + Xjumps + chcle (13)

Jumps are described as linear combinations of Heaviside jumps at prescribed jump times
{t;}. The number of jumps, 7, may be zero, one or more. Jumps include coseismic jumps,
which are real movements of the ground, and ‘artificial’ jumps associated with changes in
the GPS antenna and/or its radome, or changes in the antenna monument, etc. Nearly all
GPS time series present a seasonal cycle of displacement which can be modelled as a 4-
term Fourier series with periodicities of 1 year and 0.5 year. The most common trajectory

model invokes a constant velocity trend, in which case the SLTM has the following form:
ny g
X() =X, +Vv({t—tp)+ ij H(r—1;)+ Z[Sk sin(w,t)+c¢, cos(a)kt)] (1.4)
j=1 k=1

Where fr is an arbitrary reference time, often set to the mean time of observation, Xr =
x(tr) is the reference position, and v is the station velocity vector, which is assumed to be
constant. The function H is the Heaviside or unit step function, and vector b; describes

the direction and magnitude of the jump which occurs at time #. The 3-vectors s and ¢



are the Fourier coefficients (one for each component of the position vector) for the

harmonic with angular frequency .

In the event that the station does not move with a constant velocity trend, we can use a

more general form of the SLTM in which the trend is polynomial in time, thus:

np+1 n;

x()= Y p,(t—1)" + Y. b Hit—1)+ i[sk sin(@,f) + ¢, cos(,1)] (1.5)

i=

Where np is the maximum order of the polynomial. If np = 1, then this model reduces to
the constant velocity model, with p1= xr and p2 = v. If np = 2, it becomes the quadratic
trend or ‘constant acceleration’ model in which the acceleration vector a =2 ps3. No
matter what the value of np, p1 always corresponds to the reference position xr. In our
experience it is only rarely necessary to set np > 3. For the large majority of GPS stations,

it is adequate to set np = 1.

The vector equation (1.5) can be thought of as a system of three scalar equations
describing the temporal evolution of the X, Y, and Z coordinates respectively. But it can
just as easily be used to describe the E, N, and U components of displacement. That is,

one could associate x3 with Z or U.

The SLTM cannot adequately describe postseismic transient displacements. This can be

done using exponential or logarithmic transients, and we prefer to use logarithmic
7



transients. It is well known exponential and logarithmic transients can produce almost
identical fits to GPS time series manifesting postseismic deformation, but we have
convinced ourselves that logarithmic transients provide very slightly better fits (Sobrero,

2018). A simple logarithmic transient displacement, d, has the form

d=Alog(1 + AUT) (1.6)

where A4 is the amplitude coefficient, 7 is the characteristic time scale of the transient, and
At 1is the time since the earthquake occurred. Since this formula applies only after the
earthquake has occurred, we are restricted to the domain A¢ > 0. The scalar d might refer
to any one of the geocentric cartesian coordinates (X, Y, or Z) or topocentric Cartesian

coordinates (£, N, and U) used to describe a geodetic time series.

Sometimes a significantly better fit to an observed transient can be obtained using a

double transient in which there are two characteristic time scales, 71 and 7>, thus

d=Alog(1 + AU/TY) + Az log(1 + At/T) (1.7)

Double transients always provide a better fit than simple transients, since they double the
number of adjustable quantities, but they also lead to inversions with considerable larger
condition numbers, implying that the solution is less stable and might lead to a less

reliable prediction of future behavior despite producing a better fit to the data in hand.



This occurs because the double transient model may start to model the noise as well as
the signal. In practice, it is dangerous to invoke double transients if the observations
being modeled are highly noisy. As a result, we never invoke double transients where we

are modeling tide gauge observations rather than GPS displacements.

We define the extended trajectory model (ETM) as the combination of a SLTM and one

or more logarithmic transients. Explicitly, the ETM is

np+1 ny

W Ny
xX(t)= Y p.(t—1)"" + Y b, Ht—1,)+ D [s,sin(w,1) + ¢, cos(w,)]+ Y. a, log(1 + At, /T,)
i=1 k=1 i=1

Jj=1

(1.8)

where nr is the number of logarithmic transients. For each transient caused by an
earthquake at time fgq , we define Az =0 for t <teq and Af¢ = (f - tgq) otherwise. Note that
we can invoke double transients by having the same value of #eq for two of the Az; , but

different values for 7.

In this thesis, we are mostly concerned with vertical land motion (VLM), which is the
upwards component of ground displacement, U, or with the vertical motion of the sea
surface. Sea level rise can be expressed relative to the land, i.e. relative sea level (RSL)
change, or relative to an external reference frame, i.e. ‘absolute’ sea level (ASL) change.

As aresult, we will use the SLTM and the ETM, but only for vertical displacements, and



so the vector equations presented above will normally reduce to scalar equations. The
other, less important change is that when we model RSL time series collected by tide
gauges, those displacements have already been corrected for tidal displacements. But the
tidal models are sometimes imperfect, and so residual oscillations may be present at tidal
frequencies. In this case the truncated Fourier series may be augmented to include the
major tidal frequencies as well as the annual and semi-annual periodicities associated

with seasonal ground motion.

One of the most attractive aspects of the SLTM is that this model is linear in its
coefficients, so the task of fitting an observed time series with this model, i.e. solving for
the coefficients or parameters of the trajectory model, reduces to solving a linear least
squares problem. This is not strictly true for the ETM, but if the characteristic time scales
(T) of the logarithmic transients are assigned rather than estimated, then the problem

again becomes linear and the ETM is renamed the extended linear trajectory model

(ELTM). It is often reasonable to pre-assign the transient time scale parameters,
particularly when invoking a double logarithmic transient. In this case we usually set 7=
0.0523 years and 7> = 1 year, because formally optimizing their values very rarely leads
to significant improvements in fit (Wang, 2018). We follow this practice throughout this
thesis. When the displacement data are too noisy to justify the use of a double transient,
then (provided that there is at least one year of displacement data following the

earthquake) we will typically set 7= 1 year (Bevis and Brown, 2014).
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1.4 Colored noise and confidence intervals

When solving the linear least squares problem, it is conventional practice to compute a
covariance matrix for the solution vector, and then use the diagonal of this matrix to form
a standard error estimate, o, for each component of the solution vector (Hamilton, 1964;
Menke, 2012). The elements of the solution vector comprise the parameters or
coefficients of the model. The £, the standard error estimate provides insight into the
uncertainty associated with the estimated value of the & used in the model parameter.
When the noise in the measurements is drawn from a normal distribution and is
uncorrelated in time, the 95% confidence for the corresponding parameter estimate is
1.960, i.e. very close to 2c. Let n be the number of observations in the data or
observation vector. As the time series gets longer the value of # increases, so, if the
amplitude of the noise in the observations is not changing in time (i.e. the process is
stationary), the amplitude of the standard error estimate will decline inversely with the
square root of n. This ensures that the standard errors and the widths of the confidence
intervals decline fairly rapidly, if not proportionately, as the length of the time series
increases. However, if the noise affecting the observations is correlated in time, and the
post-fit residuals are not independent, then dividing by root 7 is problematic because
there are not, in fact, n independent residuals, nor (n-m) residuals where m is the length of
the solution vector). One can take the point of view that the covariance matrix and
therefore the standard errors are defined in a purely geometrical way, and therefore the

standard equations used to estimate the standard error estimates are still valid. But if our
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definition of the standard error is not modified when the noise is correlated in time, then
the 95% confidence interval will not be 2o, but perhaps 10 6 or 30 ¢ instead! Not
recognizing that daily coordinate time series for GPS stations are affected by correlated
noise, will lead us to seriously underestimate the width of the 95% (or any other)
confidence level. That is, we would systematically underestimate the uncertainties

attending our parameter estimates.

Noise that is not correlated in time (i.e. from one measurement to the next) is referred to
as white noise. Its power spectrum is flat, i.e. its power spectral density does not vary
with frequency. In contrast, power law noise (PLN) has a power spectral density, P,

which is a function of frequencys, f, with the following form:

P(f) = Po (1)fs)* (1.9)

where x is known as the spectral index of the PLN. Clearly, P(f,) = P,, and the specific
frequency f, is some (arbitrary) reference frequency. Note that when log(P) is plotted
against log(f), this curve becomes a straight line with slope x that passes through point
[log(fs), log(P,)]. PLN with x = -1 is called flicker noise, pink noise or 1/fnoise. Note
that 1/f noise is pronounced “one on fnoise”. PLN with x = -2 is called random walk

noise. The designation ‘noise’ is somewhat subjective, since one scientist’s signal can be

another scientist’s noise. So, it is possible to discuss a process that obeys equation 1.7 for
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many decades of frequency, and whereas a geodesist might consider this to be a ‘noise
process’, astronomer or an oceanographer might consider this spectrum to characterize a
signal instead. Note that white noise is a special case of PLN for which the spectral index
is zero. Be aware that some scientists and engineers define another index a = -k, so, for
example, flicker noise has a = +1. Power law noises with non-zero spectral indices are
collectively called colored noise. Flicker noise and random walk noise are special cases
of colored noise. Although engineers recognize colored noise processes with positive
and negative spectral indices, K, most processes observed in nature have negative values,
commonly with 0 >k > -2. The relative sea level histories recorded by tide gauges often

seem to be dominated by power law processes (Agnew, 1992).

Geodesists examining two color geodimeter (distance) measurements and GPS
displacements in the 1990s recognized the presence of temporally-correlated or colored
noise in their time series (e.g. Johnson and Agnew, 1995; Zhang et al., 1997), and in the
next decade many geodesists addressed the problem of producing stochastic models for
these noise processes, and figuring out how to adjust or normalize the standard errors
they produced for their kinematic models (especially velocity estimates), so that the 95%
confidence interval really was very close to 2c* where 6* is the renormalized, adjusted
or ‘corrected’ value of the conventional standard error estimate, 6. For GPS time series,
in particular, it was quickly realized that some combination of PLN and white noise
(WN) seemed to be appropriate for most GPS stations, and in many cases a mixture of

flicker noise (FN) and WN seemed to account for the residuals about the best fit
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trajectory models (Zhang et al., 1997; Mao et al., 1999; Williams, 2003). Various
algorithms have been developed for accounting for the impact of colored noise on the
confidence intervals of station velocities and other trajectory model parameters
(Williams, 2008; Bos et al., 2013), and the OSU geodesy group has implemented a
similar algorithm which we use here for computing normalized standard errors, based on
the adoption of one of several stochastic noise models: (1) PLN, (2) PLN+WN, (3) FN,
or (4) FN+WN. When working with GPS data we have found, as have many other
investigators, that PLN+WN and FN+WN seem to work best. For any given station it is
very hard to determine which model is best, and we tend to choose the model that

produces the more conservative (larger) estimate for the confidence interval.

Suppose we fit a trajectory model to our GPS data and assume (incorrectly) that the
measurement noise is white noise (which is uncorrelated in time), and use the classical
formulas to compute the standard error estimate, o, from the post-fit residuals. The
conventional assumption that 2o (truly 1.960) constitutes the 95% confidence interval
is actually incorrect. Actually the 95% confidence interval is some scale factor flarger
than this. If we estimate /by devising a stochastic noise model from the power spectrum
of the post-fit residuals, or using another appropriate algorithm, then we could assert that
the true 95% confidence interval is 2fc (or 1.96 fo if we are sticklers for detail). The
approach more commonly taken in the geodetic community is to report the ‘corrected’ or
normalized standard error estimate 6* = fo, and assert that the 95% confidence interval is

2c*. We will follow the second approach in this study. However, to simplify our
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notation, we will drop the use of 6*, and it should be understood that in all following

chapters, we shall use o for the ‘corrected’ or renormalized standard error.
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Chapter 2. Trajectory models for GPS stations in the Samoas

2.1 Location and tectonic setting

There are three long-lived GPS stations in the Samoan archipelago (Fig. 2.1). This group
of islands is divided between American Samoa (a territory of the USA) and the
independent nation of Samoa, which was called Western Samoa between 1914 and 1997.
There are two GPS stations on the island of Upolu in Samoa: one has the station code
FALE and is located in the grounds of the international airport, and the other, with station
code SAMO, was built in the capital city of Apia. The third GPS station of the
archipelago, which has the code ASPA, is located in Tutuila, the main island of American

Samoa, in the capital city Pago Pago (which is pronounced Pango Pango).
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Figure 2.1 Samoa and Pacific region location map. The GPS station ASPA and the tide gauge
PAGO are located in the island of Tutuila (American Samoa). The GPS stations SAMO and
FALE and tide gauge UPOL are located on the island of Upolu (Samoa).

There are two important tide gauges in the Samoan archipelago. One, built by Australia’s
National Tidal Facility, is located in Apia harbor on Upolu island. It has tide gauge code
UPOL. The other, built by the US government, is located in Pago Pago Harbor, in
Tutuila, and has tide gauge code PAGO. The GPS station ASPA is located 6.4 km from
the tide gauge PAGO. The GPS stations SAMO and FALE are located 3.8 km and 27
km, respectively, from the tide gauge UPOL. The two tide gauges are 126 km apart. The
distances between the GPS stations are FALE-ASPA: 148.4 km, and SAMO-ASPA:

121.7 km and FALE-SAMO: 28.3 km.
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GPS station FALE, constructed by M. Bevis in late 1996, incorporates a steel antenna
monument coupled directly to bedrock. It is considered a very ‘stable’ monument in the
sense that its movements are those of the underlying lithosphere. Neither SAMO or

ASPA are built into bedrock.

All of the Samoan islands lie within the Pacific plate, close to a subduction zone
associated with the Tonga trench and island arc (Bevis et al., 1995). The Tongan island
arc is separated from the Australian plate by the Lau Basin, an active back-arc basin. The
subduction rates at the Tongan trench increase northwards, reaching a maximum value of
~ 250 mm/yr near the northern terminus of the trench. Most plate convergence at the
subduction zone is aseismic, but there are some large seismic events. Large, shallow
earthquakes with epicenters in or close to the Tonga trench tend to be of three kinds: low
dip angle underthrusting earthquakes on the plate interface or megathrust; normal faulting
earthquakes in the outer trench wall or outer rise; and “hinge-faulting” or “trap-door”
events, close to the northern limit of the Tonga trench, where the subducting portion of
the Pacific plate to the south has to detach (by tearing) from the adjoining part of the
Pacific plate, to the north, which does not subduct. The major historical earthquakes in

the general region of the Samoan islands are listed in Table 2.1.
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Table 2.1 The major historical earthquakes near the Samoan Archipelago.

Location Moment Distance Date of E.Q. E.Q.

Magnitude | from PAGO S - score

Latitude Longitude (Mw) (km) yyyy-mm-dd | >.2 is Sig.
-14.739 -173.562 8 313.998 1917-06-26 | 0.425413
-18.352 -172.515 8.1 492.82 1919-04-30 | 0.303777
-16.264 -172.467 7.8 291.738 1975-12-26 | 0.355229
-16.696 -172.095 7.6 307.982 1977-04-02 | 0.236696
-14.96 -173.085 7.7 269.137 1981-09-01 | 0.336746
-15.199 -173.529 7.4 322.502 1995-04-07 | 0.121236
-20.187 -174.123 8 751.154 2006-05-03 | 0.0952108
-15.489 -172.095 8.1 202.454 2009-09-29 | 0.640569

The S score listed in Table 2.1 is an empirical statistic developed at OSU that predicts the
likelihood of an earthquake causing a significant jump and/or transient at a specific point
or station, based on the distance between the earthquake and the station, and the
magnitude of the earthquake. S values near zero, or less than zero, are very unlikely to
cause significant displacements, and S values > 0.2 are very likely to produce significant
displacements. Seismic events producing S values at or above 0.5, for example, always
produce very large jumps and transients. This statistic, which was developed by an
analysis of a very large, globally distributed set of GPS stations from 1994 to present, and
the USGS earthquake catalog, suggests that for stations in the vicinity of Pago Pago, the
2009 earthquake very likely produced the largest coseismic and postseismic

displacements of any seismic event since 1917.

The 29 September 2009 seismic event was by far the most important event that has

occurred in the lifetime of all three Samoan GPS stations. It was also a very unusual
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‘composite’ event — i.e. a pair of coupled, nearly simultaneous earthquakes (Beavan et al.,
2010). One event occurred on the subduction interface and the other occurred in the
outer-rise on the opposite side of the trench axis. Both events had moment magnitudes
My ~ 8, but they are often listed in earthquake catalogs as a single event of magnitude
8.1, because they are very difficult to separate. In the rest of this thesis we will treat them

as a single event.

The almost instantaneous coseismic jumps produced by an individual earthquake, and the
much more protracted postseismic transient motions, tend to diminish with increasing
distance from the center of the earthquake rupture zone, as well as with azimuth. GPS
station ASPA was located 196 km from the nominal center (15.49° S, 172.09° W) of the
Mw 8.1 doublet, whereas GPS stations FALE and SAMO were only 184 km and 186 km
distant, respectively. These distances are fairly similar. However, viewed from the
centroid of the earthquake, ASPA has an azimuth much closer to the azimuth of the
seismic slip vector than do either FALE or SAMO, so one would expect the largest
displacements at ASPA. The azimuth of FALE is more removed from the azimuth of the
slip vector, than is the case for SAMO, so one would expect the displacements at SAMO

to be larger than those at FALE, but smaller than those at ASPA.
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2.2 Trajectory models for GPS stations FALE, SAMO and ASPA

Here we present the vertical displacement time series from OSU’s global GPS solution
g08b which is expressed in the reference frame OSU2008 which is OSU’s realization of
the International Terrestrial Reference System, realization 2008 (ITRF2008). In Fig. 2.2,
the daily GPS solutions are shown as blue dots, and the best fit trajectory models as red
lines. The ELTM trajectory models invoked a double logarithmic transient with
timescales of 0.0523 years and 1.000 year. Note that 0.0523 years is the logarithmic mean

of 1 day and 1 year.

The weighted root mean squares (WRMS) vertical scatters of the daily GPS positions
about the trajectory models are SAMO: 8.5 mm, FALE: 8.4 mm and ASPA: 9.1 mm.
These WRMS values are slightly higher than the typical scatter levels observed
worldwide (4 - 6 mm), mostly due to the extreme humidity in the tropical West Pacific.
Water vapor fluctuations are the single largest cause of positioning error in most of the
world. Note that vertical daily scatter levels are roughly 3 times larger than horizontal

scatter levels, which is fairly typical of the global pattern.

The level of vertical positioning noise at the three GPS stations is very small compared to

the variability of daily RSL levels recorded by tide gauges, even after the ocean tides

have been removed.
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Figure 2.2 The daily GPS time series for the up (U) component of motion, and the ELTMs, for
ASPA, SAMO and FALE. Above each plot we list the rate (mm/yr), the jump amplitude, J, the
cumulative transient displacement, CTD, at epoch 2015.8, and J+CDT, all in mm.

Above each of the subplots in Fig. 2.2 we list the trend rate (i.e. the velocity, Vy or Vim)
in mm/yr, the amplitude of the coseismic jump (J), the cumulative transient displacement
(CTD) at the epoch 2015.80, and the sum J+CTD, which is the total seismic perturbation
at epoch 2015.8, all in mm. We adopt the reference epoch 2015.8 because it is the end
date for our tide gauge time series, so this epoch can be used with all of our time series.

Note that the coseismic and postseismic displacements diminish in moving from ASPA to
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SAMO to FALE, much as one would expect based on the focal mechanism of the 2009

earthquake (Fig. 2.1).

We list in Table 2.2 these velocity solutions and their renormalized standard errors, based
on the noise model adopted (Chapter 1). During the rest of this thesis we will adopt the
error estimate associated with the flicker noise plus white noise model (FNWN), because
(1) this is the most conservative assumption we can make, and (ii) this is the model
preferred by most GPS geodesists for the colored noise at most stations. The FNWN
model produces standard error estimates that are 6.2 — 7.1 times larger than the naive or
‘conventional’ estimates for standard error that are valid only for pure white noise (i.e.
positioning noise that is uncorrelated in time). We note that this pure white noise
assumption is often unstated or implicit, and almost always unjustifiable. However, while
it is better to estimate standard errors for the trajectory model parameters using a colored
noise model, it is not that easy to justify the ‘best’ choice of model even when we are
talking of a large suite of GPS stations. It is even harder to do so for any single station, as
can be seen in Fig 2.3, where we show the empirical power spectrum of the post-fit
residuals at ASPA and the best fitting stochastic noise model. Clearly the FNWN and the
PLNWN models seem to fit the spectrum rather better and does the PLN model. But one
cannot make a really compelling argument that the FNWN model is ‘better’ than the

PLNWN model, or vice-versa.
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Table 2.2 Some key trajectory model parameters for GPS stations FALE, SAMO and ASPA. Vu
is the vertical velocity component of displacement. The standard error estimate for Vu depends
on the stochastic noise model we adopt for positioning error. Jump refers to the vertical coseismic
jump produced by the 2009 earthquake. The amplitude parameters for the double logarithmic
transient are A1 and A2. We also compute the cumulative transient displacement (CTD) at epoch
2015.8 (about 3 months after the last epoch for our tide gauge time series), which is 6.06 years
after the earthquake. This is the net effect of the transients developing with time scale parameters
T1 and T2.

GPS Vu Standard error for the vertical Jump Al A> CTD at

station (mm/yr) | velocity (Vu) depending on the (mm) (mm) (mm) 2015.8

code choice of noise model (mm/yr) (mm)
FNWN | PLNWN PLN

FALE -1.861 0.26 0.20 0.11 -3.8 -10.0 -9.0 -65.4

SAMO -1.694 0.45 0.37 0.21 -15.9 -13.4 -3.2 -70.2

ASPA -0.481 0.59 0.49 0.28 -25.7 -5.9 -46.1 -118.2

The standard errors for the rate estimates shown in Fig. 2.2 are those for the flicker noise
plus white noise (FNWN) model which we slightly prefer over the power law noise plus

white noise (PLNWN) model and greatly prefer over the power law noise (PLN) model.

It is difficult to interpret the amplitude coefficients for the double logarithmic transient
since their relative contribution to the combined multi-scale transient depends on the time
that has elapsed since the earthquake occurred. This is why we evaluated the total

transient displacement that had developed by epoch 2015.8. Note that this
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Figure 2.3 The power spectra and competing noise models for GPS ASPA

displacement, which accumulated over the ~6 year period following the earthquake, is
much larger than the (effectively instantaneous) coseismic jumps that occurred during the

earthquake. The total seismic perturbation at 2015.8 is found by adding the jump (J) to
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the cumulative transient displacement (CTD). It is this combination, (J+CTD), that will
be sensed most strongly by tide gauges, though its impact on RSL will involve a change
in sign: when the ground displaces downwards, RSL rises by an equal but opposite
amount. RSL time series are so ‘noisy’ that it is very difficult for them to sense small
coseismic jumps such as those recorded by FALE, but since the cumulative transients
grow over time, the combined seismic perturbation J+CTD will eventually become quite

apparent.

It is of interest to determine if the differential or relative rate of uplift between FALE and
SAMO are significantly different: they are located on the same island, and the distance
between them is modest compared to the distance to the 2009 earthquake. Suppose the
uplift rate at station A is 4 64 while that at station Bis 73  6p. Suppose we define the
differential rate as Ar = r4 - rp then the standard error on this quantity, 64, is of interest
because it will tell us whether or not Ar is significantly different from zero. If the

measurement errors at A are independent of the measurement errors at B, then

oa’ =04+ o4 (3.1)

We do not want to use the conventional standard error estimate based on the assumption
of white noise, or uncorrelated errors, because we understand that this will lead to
unjustifiably optimistic estimates of uncertainty. But the values of the normalized or

corrected standard errors (chapter 1, section 4) depend on the stochastic noise model that
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we adopt for GPS positioning noise (Table 2.2). We propagate the errors for each of the
noise models in turn and present them in Table 2.3, where we also address whether or not
Ar  oa is significantly different from zero at the 95% confidence level. In the case of
FALE and SAMO, the differential vertical velocity is not significantly different from
zero no matter which noise model we adopt. But this is not true for the differential uplift
of ASPA with respect to SAMO. This difference is not significantly different from zero
only if we adopt the FNWN model, which yields the most conservative standard error
estimates. If we adopt the PLN model, which produces the smallest error estimates, then
the differential velocity is significantly different from zero. Indeed, if we adopt the
PLNWN model, which delivers error estimates of intermediate magnitudes, then we find
we are essentially on the boundary between significantly different and not significantly

different.

Table 2.3 The uncertainty on the differential uplift rates between FALE and SAMO (same
island) and ASPA and SAMO (different islands), and whether or not the differential rate is
significantly different from zero, depending on the stochastic noise model adopted for GPS
positioning error. All quantities have units of mm/yr

Stochastic
Noise Ar = FFALE - ¥'SAMo Ar = r4sp4 - ¥SAMO
Model
Ar oA Sig. Ar oA Sig.
Dift.? Dift.?
FNWN -0.17 0.52 no +1.23 0.74 no
PLNWN -0.17 0.42 no +1.23 0.62 marginal
PLN -0.17 0.24 no +1.23 0.35 yes
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The fact that the geodetic estimates for the rate of vertical displacement at FALE and
SAMO are not significantly different increases our confidence in the stability of the
monument at SAMO. We know that FALE is stable in the engineering sense, since it is
built into bedrock. All indications are that SAMO has a stable monument as well. Of
course, this does not tell us if the tide gauge UPOL close to SAMO is stable. The
question of whether or not there is relative vertical motion between a tide gauge and
some nearby GPS reference station is always of concern (Bevis et al., 2002), and relative

motion can arise if there is engineering instability at either end of the baseline.
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Chapter 3. An introduction to satellite altimetry and “ALT-TG”

3.1 Satellite Altimetry

The most celebrated of all satellite altimetry missions was TOPEX/Poseidon, the first
satellite altimeter to have a very well constrained orbit. Since then there have been other
successful satellite altimetry missions. NASA’s TOPEX mission is divided into two sub-
missions (TOPEX A and B) because of equipment degradation problems that required a
change in operational procedures, and ultimately a change to the redundant backup input
altimeter, in order to maintain system performance. TOPEX was eventually replaced by
the NASA-CNES missions JASON-1 and JASON-2 (Macmillan et al., 2004) and finally
by JASON-3. Several groups have attempted to adjust the results obtained by TOPEX -
Jason-2 into a single seamless solution that represents the temporal history of ASL from
1993.6 to 2015.8, or beyond, on a grid of reference points that cover most of the oceans.
Forming multi-altimeter solutions for ASL is technically difficult because (1) altimetry
collected over long periods of time must be corrected for possible instrument drift using
tide gauges, and those tide gauges record land motion as well as changes in sea level, and
(2) the measurements of sea level produced using the various altimeters are expressed in
the spatial reference frames (RFs) used by geodesists to compute the orbital solutions for
those satellites, and even when the geodesists agree in principle on the definition of a

common RF spanning the entire time period, it is difficult to realize these frames in a
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completely consistent manner. This problem is known as reference frame realization error
(Dietrich et al., 2001; Bevis and Brown, 2014). Nevertheless, multi-mission altimeter
solutions are certainly good enough to monitor the high-amplitude, dynamic fluctuations
in sea level associated with the shifting patterns of the global wind field, and with air-sea
interactions such as the El Nifio — Southern Oscillation (ENSO) phenomenon. But it is
much more challenging to reduce the levels of error affecting multi-altimeter solutions to
the point that they can be used to study low-amplitude, slowly developing changes in
global mean sea-level (GMSL), and even inquire into the rate of acceleration of GMSL

rise (Watson et al., 2015; Nerem et al., 2018).

Table 3.1 The time windows of the four altimetry missions (TOPEX A and B, JASON-1 and
JASON-2) used to form the multi-mission altimetry solution used in this thesis.

Altimeter Mission | Mission start | Mission end | Data Start Date | Data End Date
TOPEX-A 08/1992 02/1999 1993.16 1999.11
TOPEX-B 02/1999 10/2005 1999.11 2002.37
JASON-1 01/2002 02/2009 2002.37 2008.53
JASON-2 06/2008 On-going 2008.53 2015.40

The need to improve our understanding of the RSL changes recorded by tide gauges, in
order that these time series can be used to improve the calibration of satellite altimetry, is
one of the main motivations of this thesis research. But for the present chapter we reverse
the logic, and simply adopt the multi-mission altimeter solution of (Beckley et al., 2016)

for the space-time variability of ASL, and see what it can tell us about vertical land
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motion at tide gauges. Towards the end of this study, we will briefly address the accuracy

of the multi-mission altimeter solutions.

3.2 Estimating vertical land motion (VLM) using altimetry and tide gauges

If we recall equations 1.1 and 1.2 from Chapter 1 of this thesis, we can see that it is
possible to reverse the logic that motivates our study, and attempt to estimate vertical
land motion by subtracting RSL recorded by a tide gauge from what is nominally an ASL
time series produced by one or more satellite altimeter missions. That is, VLM = ASL —
RSL. Since the ASL time series is derived from altimetry, and RSL time series are
derived from tide gauges (TGs), this combination is often referred to as “ALT-TG”, for

short.

It seems rather odd to estimate VLM using VLM= ALT-TG, since it would normally be
easier and far more accurate to estimate VLM using geodetic GPS observations. But there

are at least two possible applications that motivate study of the combination ALT-TG.

The time series ALT-TG has far less oceanographic ‘noise’ than does RSL recorded by a
tide gauge. This ‘noise’ can also be considered to constitute a signal, i.e. dynamic
variations in sea surface height (SSH) driven by the global wind field, and air-sea
interactions such as the El Nifio - La Nifia phenomenon. Many scientists interested in

global warming and long-term sea level rise are not interested in dynamic SSH variations.
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SSH variability is also viewed as noise by geodesists who are worried about whether or
not the RSL time series recorded by a given tide gauge has been perturbed or
‘contaminated’ by earthquakes. This brings us to the first application of the ALT-TG
combination: searching for relatively subtle seismic perturbations in the RSL time series

produced by tide gauges.

Figure 3.1 shows the vertical displacement time series recorded by GPS station ASPA
(Fig. 3.1a), the RSL time series recorded by the nearby tide gauge PAGO (Fig. 3.1b), and
the combination ALT-TG formed by subtracting the RSL time series from the multi-
altimeter ASL time series for a nearby reference point in the sea offshore from PAGO
(these points are about 10 km apart). We fit each of these time series with an ELTM.
Let’s not worry about the details right now, but focus instead on the following:

a) As expected, ALT-TG does mimic the pattern of vertical land motion recorded by
ASPA, and the seismic perturbation produced by the 29 September 2009 earthquake has
the opposite sign in the RSL time series

b) the WRMS scatter levels about the ELTM are about 9 mm for the GPS time series, 67

mm for the tide gauge time series, and 26 mm for ALT-TG.

The post-fit scatter of RSL recorded by the tide gauge is 7.4 times larger than the scatter
levels in the GPS time series, and 2.6 times larger than the scatter levels in ALT-TG. If
an oceanographer looking at the PAGO RSL time series did not know about the 2009

earthquake, he or she might take some time to notice the upwards perturbation caused by
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the earthquake. If the perturbation was half as big, it might never be noticed! It would be
hard not to notice the seismic perturbation in the ALT-TG at first glance, even if the
amplitude was halved. This establishes one important application of ALT-TG time series:
they are better suited to detecting modest seismic perturbations than are the raw RSL time
series. We can use ALT-TG to search for seismic perturbations at tide gauges that do not
have a nearby GPS station, and to look for earthquakes in the time period after TOPEX

was launched but before any nearby GPS station was constructed.
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Figure 3.1 Vertical displacement time series in American Samoa. The time series recorded by
GPS station ASPA (Fig. 3.1a), the RSL time series recorded by tide gauge PAGO (Fig. 3.1b), and
(Fig.3.1c) the combination ALT-TG formed by subtracting the RSL time series from the multi-
altimeter ASL time series. All three time series have been fit with an ELTM in order to assess the
level of scatter about the trajectory model.

This example motivates us to search for other ways to suppress the high scatter levels in

raw RSL time series. We return to this topic in the next chapter.
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Fig. 3.1 does establish that ALT-TG is reproducing VLM with some degree of fidelity,
certainly with enough precision to establish that the only earthquake that has produced
really significant ground motion near PAGO after 1993 was the 2009 event. But this
does not mean that ALT-TG can play a significant role in the central task of the
CGPS@TG agenda, converting RSL to ASL. That is, we cannot reasonably use a VLM
rate inferred from ALT-TG to ‘correct’ an RSL rate inferred from a tide gauge so as to
estimate the ASL rate at that same gauge. This would amount to a tautology, “building
in” the conclusion that the ASL rate at the gauge = RSL rate - (ALT-TG) rate = RSL rate
— (ASL rate from altimetry — RSL rate) = ASL rate from altimetry. This circular logic

does not constitute a valid approach when the goal is to calibrate the altimeter.

In principle, at least, ALT-TG might be used in a different context: to help us assess
whether or not the spatial RF used to estimate ASL using one or more altimeters is
actually (not just nominally) equivalent to the RF (used by other geodesists) to compute
VLM rates for GPS stations located close to our tide gauges. Suppose for example, that
the GPS geodesists’ frame was translating along the Z-axis (i.e. northwards) relative to
the altimetry frame. Then the difference in the VLM rates inferred from GPS and ALT-
TG for a global set of tide gauges ought to vary systematically as a function of their
latitude, producing increasing positive biases in one hemisphere and increasing negative
biases in the other, as the distance from the equator increased. However, this approach to
finding relative frame drift will be practical only if the accuracy of VLM determination

from ALT-TG is comparable to that obtainable using GPS.
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There are many reasons why this might not be the case. For example, the combination
ALT-TG does not involve subtracting RSL from ASL at the same point. The nearest
spatial grid point for the multi-mission altimeter solution might be 5-10 km distant from
the tide gauge. If the sea surface has been tilting rather than just rising, the differential
rate of sea level rise between the altimeter reference point and the tide gauge would be
injected into the estimate for VLM. This is not an abstract concern, because Caccamise et
al. (2005) have already demonstrated such sea surface tilting (i.e. laterally changing rates
of ASL) in Hawaii. Another concern, which we will address in a later chapter, is how can
we be sure that no inter-mission biases in ASL rate were introduced or admitted when the
results from the four altimeters were adjusted into a single, global solution for ASL
history? Biases of order 1 mm in space, and 0.5 mm/yr in rate, might not degrade the
value of this solution for studying high amplitude, dynamic phenomena such as the El
Nifio, or regional wind field stressing of the sea surface, but they could be quite
problematic for studies of global mean sea level (GMSL) rise, particularly if those biases

slowly shift in space and time.

3.3 Estimating VLM rates at tide gauges PAGO and UPOL using ALT-TG

Having established the value of the ALT-TG combination for assessing displacements of
the ground at a tide gauge when they are > 1 cm, and having acknowledged concerns
about small biases or systematic errors that might attend rate estimates, we now turn to

the problem of quantifying the rate of steady vertical displacement and the amplitudes of
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the displacement perturbations imposed by the 2009 earthquake, using ALT-TG. These

results are shown for tide gauge PAGO in Fig. 3.2a and Table 3.2 and for tide gauge

UPOL in Fig. 3.2b and Table 3.3. In the tables, the ALT-TG estimates for land motion

are compared with those obtained at the nearest GPS station.
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Figure 3.2 The ALT-TG combination that nominally constitutes vertical land motion, for the tide
gauges (a) PAGO (American Samoa) and (b) UPOL (Samoa), and their best fitting ELTMs.
Above each subplot we list the rate (mm/yr), the jump amplitude, J, the cumulative transient
displacement, CTD, at epoch 2015.8, and J+CDT, all in mm.

37



In order to compare the vertical displacement rates at a tide gauge and a nearby GPS
station in a meaningful way, there is an important complication that has concerned both
oceanographers and geodesists for many years. Many tide gauges are constructed on
harbor walls or piers built on engineering fill, and therefore there may be local
subsidence of the structure supporting the tide gauge as the fill compacts under the
weight of the structure. The GPS station is presumed to measure the vertical motion of
the Earth’s crust or lithosphere at the GPS station. But any local, near-surface subsidence
(i.e. ‘engineering instability’) of the tide gauge would be superimposed on crustal motion.
This is a straightforward correction given a geodetic estimate of subsidence rate.
Concerns about tide gauge stability have caused oceanographers to build, observe and re-
observe leveling networks for this purpose (Bevis et al., 2002). There is very little
subsidence affecting the tide gage PAGO. But the harbor wall in Apia is large and heavy,
relatively young, and built on thick engineering fill. A regular program of 1% order
leveling performed by Australian surveyors over many years indicates that the wall
supporting the tide gauge is subsiding at 0.82 mm/yr. This requires a major correction for
the vertical velocity or rate estimates obtained from ALT-TG, and also for the transient
deformation, since this develops over many years. Therefore, it is necessary to compare
the GPS trajectory parameters with the corrected ALT-TG trajectory parameters in the

right-hand column of each table.
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Table 3.2 The rates of vertical motion at Tutuila, the coseismic jump (J), the cumulative transient
displacement at 2015.8 (CTD) and J+CDT inferred from the GPS station ASPA, and (via ALT-
TG) for the tide gauge PAGO. The results for PAGO are corrected for local, shallow subsidence
of the structure supporting the tide gauge (last column). Rates and 1-sigma standard errors are
given in mm/yr.

Pago Pago, Tutuila Island, American Samoa
ASPA PAGO Pier motion | Pago Pago crust
GPS ALT-TG (leveling) (ALT-TG)CORR
Rate (mm/yr) -0.48  0.60 -0.76  0.48 -0.03  0.26 -0.73  0.55
Jump, J (mm) -25.6 6.2 -33.9 3.7
CTD (mm) -118.2 7.1 -101.6 5.1 -101.4 53
J+CTD (mm) -143.9 5.6 -135.5 32 -135.5 6.5

We can see that there is no statistically significant difference between the vertical crustal
velocities (VLM rates) inferred from the ASPA GPS station and using ALT-TG at the
PAGQO tide gauge. The amplitudes of the coseismic jumps, the cumulative transient
displacement at our reference epoch 2015.8, and the sum of the jump and the cumulative
transient are also statistically indistinguishable for the Pago Pago stations. Note that the
standard error for the combined jump and transient (J+CTD) is smaller than those for the
jump (J) or the cumulative transient displacement (CTD) at 2015.8. This is because the
covariance matrix for the trajectory model parameters reveals that the errors affecting (or

uncertainties attending) J and CTD are strongly anti-correlated.
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Table 3.3 The rates of vertical motion at Upolu, the coseismic jump (J), the cumulative transient
displacement at 2015.8 (CTD) and J+CDT inferred from the GPS station SAMO, and (via ALT-
TG) for the tide gauge UPOL. The results for PAGO are corrected for local, shallow subsidence
of the structure supporting the tide gauge (last column). Rates and 1-sigma standard errors are
given in mm/yr.

Apia, Upolu Island, Samoa
SAMO UPOL Pier motion Apia crust
GPS ALT-TG (leveling) (ALT-TG)CORR
Rate (mm/yr) -1.69  0.45 +0.48 0.51 -0.82  0.15 +1.30  0.53
Jump, J (mm) -159 63 -12.8 6.0
CTD (mm) -70.2 7.1 -87.6 74 -82.6 7.5
J+CTD (mm) -86.1 53 -100.4 3.2 -954 9.0

In contrast, the results obtained for the VLM rates at SAMO and UPOL are statistically
incompatible (-1.69  0.45 mm/yr versus +1.30  0.53 mm/yr) at the 95% confidence
level once the local subsidence correction has been made. It is not possible to explain this
in terms of a relative drift between the GPS and the altimetry reference frames, since any
such frame drift would produce essentially similar artifacts in Pago Pago and Apia.
Furthermore, we cannot explain the difference in VLM rates between SAMO and UPOL,
i.e.2.99 0.70 mm/yr, by claiming the GPS station is affected by local vertical instability
of this amplitude, because we have already seen in Chapter 2, that the vertical velocities
of SAMO and FALE are in excellent agreement, and FALE is coupled directly to

bedrock.

However, the results for the jumps and the transients at SAMO and UPOL are
statistically compatible once the local subsidence correction has been made. We conclude

that ALT-TG is useful for estimating seismic perturbations with amplitudes much larger
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than 1 cm, but is not sufficiently precise (or stable) for inferring VLM rates of order 1

mm/yr.

The main value of the combination ALT-TG, in our opinion, is as a diagnostic tool for
assessing the quality of RSL time series, and especially for detecting previously
unsuspected seismic perturbations in RSL time series, when there is no nearby GPS

station available to do this more directly.

In the next chapter we turn to the problem of accurately estimating the long-term rate of
RSL rise at tide gauges in the presence of the high amplitude, temporally-correlated noise
clearly visible in Fig. 3.1b. We cannot use ALT-TG to help us assess RSL rate, other
than helping us search for seismic perturbations in RSL time series. But we can mitigate
the impact of dynamic sea surface height (SSH) variations by other means. These
approaches were in some sense motivated by our ability to suppress SSH variations in
ALT-TG. This noise suppression works because much of the SSH variability in the
altimetry and in the tide gauge observations is ‘common mode’ (at least for nearby

points), so that it cancels out when these time series are subtracted.
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3.4 Using ALT-TG to probe the consistency of the multi-altimeter ASL solutions

Given that the combination ALT-TG eliminates a large fraction of dynamic SSH
variability, it should enable us to assess the consistency of multi-mission ASL solutions
because small inconsistencies in ASL or ASL rate from one mission to the next will be
easier to recognize when they are not buried in high amplitude SSH ‘noise’. We can do
this by examining ALT-TG time series obtained for various tide gauges and marking on
these plots the time of change-over from one altimeter to the next. Fig. 3.4 combines
ALT-TG time series for the following tide gauges: Astoria, US (ASTO), Broome,
Australia (BROM), Ceuta, Spain (CEUT), Honolulu (HONO), Kwajalein (KWAJ),
Lamu, Kenya (LAMU) and Lord Howe Island (LHIS). There are some striking
discontinuities in state (sea level) and/or rate. The most obvious discontinuity is that
between the Jason-1 and Jason-2 time periods at LHIS. This is a discontinuity in state and
rate. There is an apparent discontinuity in rate, but not in state, at the TOPEX-A to
TOPEX-B transition in the ASTO time series. The TOPEX-B solution for HONO seems
to have a different rate from the TOPEX-A and Jason-1 solutions, and there is a state
discontinuity at the TOPEX-A to TOPEX-B transient, but not between TOPEX-B and

Jason-1.

Adjusting multiple altimeter solutions into a single and completely seamless solution
would be possible only if the four solutions were completely compatible. The existence

of the mission-boundary artifacts suggest that the independent solutions were not quite
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consistent with each other. These small artifacts would not be visible in the ASL
solutions because they would be buried in far larger oceanographic signals. If an
oceanographer is concerned with tracking an El Nifo event producing decimeter changes
in sea level, these subtle inconsistences will do very little damage. But this level of
inconsistency is of greater concern if one is attempting to study spatial variations in the
rate of ASL rise, or seeking to identify decadal accelerations in ASL rate which have a

magnitude smaller than 1 mm/yr/decade.

The main focuses of this thesis are the problems of analyzing tide gauge RSL time series
so0 as to estimate RSL rate, using GPS time series to convert RSL rate to ASL rate, and
finally to figure out a methodology for working with tide gauges in which RSL has been
perturbed by coseismic and postseismic displacements of the ground. Our overall
motivation is helping the oceanographers to calibrate their altimeters using tide gauge
data. That is, our position in the overall workflow is near the front end of the process:
altimeter calibration. It is not our function to identify or diagnose problems in already
existing altimeter solutions. Perhaps the problems seen in Fig. 3.3 can be partly explained
by reference frame (RF) realization error, i.e. subtle differences between the realization
of nominally identical RFs — the four RFs used to express the orbits of the altimeters, and
the RF used to express the vertical motion of any tide gauges used in the altimeter
calibration process. But we doubt that this could be the dominant contributor to the
discrepancies seen in Fig. 3.3. There are several forms of calibration error, e.g. the water

vapor radiometer calibration, or even the tide gauge input into the calibration process
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being in some way incorrect or misrepresentative (e.g. an RSL time series was affected

by an earthquake, but this was not recognized and corrected for).

We show this result, even though we do not seek to explain it in any detail, because it

exemplifies the need to be as careful as possible when using tide gauges and nearby GPS

stations to calibrate satellite altimeters.
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Figure 3.3 ALT-TG time series for 7 tide gauges. The change-over times between altimeter
missions are shown with green lines. This uses the Beckley et al. (2016) solution for ASL.
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Chapter 4. Estimating RSL rates at tide gauge PAGO

4.1 Estimating RSL rates at PAGO without mitigating the impacts of ocean dynamics

The most naive estimate for the rate of RSL rise at PAGO would be that based on fitting
a straight line, or an SLTM consisting of a linear trend plus an annual cycle, to the entire
RSL time series (after ocean tides have been removed). This data set and an SLTM with a
linear trend are depicted in Fig. 4.1 (a). The effect of the 2009 earthquake is quite
apparent when looking at the entire time series (i.e. since ~ 1950), though it is rather less
obvious if we restrict ourselves to a shorter time period (e.g. since ~ 1993) and have less
confidence in the linear trend. The coseismic jump and postseismic transient of the 2009
earthquake perturbed RSL upwards, which means that the rate estimate of 3.12 1.8
mm/yr has a positive bias. We fit the same RSL time series with an ELTM in Fig. 4.1 (b),
and this effectively ‘insulates’ the linear trend from the seismic perturbation by modeling
that perturbation separately by evoking a jump and a logarithmic transient. This produces
a substantial drop in the estimated rate, which is now 2.10 0.7, and reduced the RMS
scatter from 75 mm to 67 mm. Note that the rates, coseismic jump amplitude (J) and the
cumulative transient displacements (CTD), for these trajectory models, and subsequent

trajectory models, are listed in Table 4.1.

Using a linear trend (i.e. constant rate) model to estimate the rate of RSL rise since ~

1950 is obviously problematic given that there is an abundance of evidence that the RSL
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rate is increasing with time (Chen et al., 2017; Nerem et al., 2018), along with the pace of
global warming. There are two ways to address this rate variability: (i) produce linear fits
in different time windows, and (ii) adopt a trend model which is polynomial in time, and
thus estimate the change of rate in a time-continuous sense. If we are interested in the
mean rate of RSL rise in the model altimetry era (1993.16 onwards) for example, we
could fit the RSL data only in that time period. On the other hand, we could fit a
polynomial trend model to the entire RSL time series, and then evaluate the mean rate in
the time period of interest. The problem of using the shorter time period is that RSL time
series are very noisy and the shorter the time period the less noise averaging occurs, and
therefore the greater the random error in the rate estimates. In effect the conundrum is
this: which is better - reduced random error but the possibility of a large systematic error
if we use the much longer time series, versus increased random error (but greatly reduced
systematic error) in the RSL rate estimates inferred from the much shorter time series?
The systematic error or bias that we refer to is that which arises when we do not account

for significant accelerations in RSL rate.
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Figure 4.1 Trajectory models for RSL at PAGO from 1950.8 onwards (a) An SLTM with a linear
trend that takes no account of the 2009 earthquake. (b) An ELTM that models the coseismic jump

and postseismic transient, and assumes a linear trend. (¢) An ELTM that invokes a quadratic
trend. This is used to predict the mean rate in the altimeter period (MRAP). (d) The residuals
from (c) — notice their asymmetry. The strong negative excursions are El Nifio events.



We fit the PAGO time series with an ELTM featuring a quadratic or ‘constant
acceleration’ trend model in Fig. 4.1 (¢). The rate of a quadratic model changes linearly
in time, from -0.54 mm/yr to 5.32 mm/yr. The mean rate in the time interval for our
multi-altimeter solution (1993.16 —2015.8) is 4.3 2.3 mm/yr. The residual time series
(i.e. observed — model RSL) is shown in Fig. 4.1 (d), and it immediately raises another
significant problem. The residuals have a highly asymmetric distribution around zero.
The strong negative excursions, which are caused by El Nifio events, are not balanced by
similarly strong positive excursions. Such a skewed distribution of residuals has the
potential to bias estimates of RSL rate (positively or negatively depending on the
distribution of El Nifio events in the time window of analysis). To avoid possible
estimation bias we have to find some way to suppress the ocean dynamic noise. Note that
dynamic variations in sea surface height (SSH) affect both ASL and RSL — and do so

equally.

4.2 Estimating RSL rates at PAGO using an ocean climate index

In general terms, our approach to reducing biases in our RSL rate estimates is to attempt
to ‘insulate’ the rate estimates from biases driven by dynamic SSH variations by
modeling the SSH variability separately, just as we did with coseismic jumps and
postseismic transients. This approach is often referred to as ‘modeling out’ a given noise
source. We will attempt to do this with physical models of sea surface dynamics in the
next section of this chapter. But first we attempt to achieve the same goal using the

slightly cruder approach of predicting dynamic SSH variability using an ocean climate
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index. The one significant advantage of using one or more oceanic indices to ‘model out’

dynamic ocean noise is that these indices are widely available from 1950 onwards.

In different parts of the world one would use different indices, or different combinations
of indices, as a basis for predicting much of the dynamic variability of SSH. In the case
of Samoa, the dominant signal is from ENSO, so we will focus on an ENSO index. The
idea is to augment the design matrix associated with the ELTM by incorporating new
basis functions derived from the index. We have experimented with two approaches: first
we assumed that part of the oceanic dynamic signal in PAGO RSL time series can be
predicted using a time-lagged time series of a standard ENSO index. Specifically, we
assume the presence of RSL fluctuations that vary as some polynomial function of the
optimally lagged index. The tide gauge specific task is to determine the order of the
polynomial, and the optimal time lag. The second approach was to assume that RSL
variability can be predicted using a Hilbert transform of a suitable ENSO index time
series. We obtained a greater reduction in RMS misfit using the former approach, so we

restrict our attention to the first approach in this thesis.

We begin by selecting a specific ENSO index and de-trending it. We represent the de-
trended time series as I(t). We assume that there exists some time lag T such that I(t+7)
can be used to predict part of the ocean dynamical variability in RSL as a function of t.
We tried to augment the ELTM for RSL at time t with basis functions I(t+t), I*(t+t), and
higher order powers of I(t+1). We had better results using both I(t+1) and its square rather

than I(t+1) alone, but we obtained no significant additional advantage when we
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incorporated even higher powers. We searched over a wide range of time lags to
determine the specific time lag that produced the best fits to the RSL time series. We did
this using several different ENSO indices, and we obtained the best results using the
index OceanNino. The time lag arises because different ENSO indices are tuned to
specific sub-regions of the Pacific, and since the El Nifio propagates from west to east,
the drop in sea level driven by El Nino will occur earlier (later) than the drop in the
ENSO index if the tide gauge lies west (east) of the index reference point. In the case of
the tide gauge PAGO, which lies west of the ‘center of mass’ of the OceanNino region,
the optimal lag is -0.453 years if we use a linear trend model and apply it to the entire
time series (Fig 4.2). Since 7 is an adjustable parameter, we have increased the number of
degrees of freedom in the ELTM by 3, and this results in a 18.8 % drop in the RMS
misfit of the data and model (Fig. 4.3a). The height residuals are far less skewed than
previously (Fig. 4.3b). The estimated rate of RSL change is 2.12  0.51 mm/year, as
opposed to 2.08  0.70 mm/yr when we made no use of the ENSO index OceanNino (Fig
1.8.3) to model the same RSL data set under the assumption of a linear trend. That is a
very minor rate change, which is probably fortuitous. But using the index to augment the
trajectory model reduced the RMS scatter by 19%, and it reduced the standard error on

rate by 29 %.
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Figure 4.2 (a) The detrended ocean climate index OceanNino used (with an optimal time shift) to
augment the design matrix of the ELTM. The time shifted index and its square are adopted as
basis functions that can be used to predict dynamic SSH variations, and so insulate the ELTM
parameters from their influence. (b) The search for an optimal time lag for the ELTM, with a
linear rate, used to produce Fig. 4.3.

The search for an optimal time lag has to be repeated when any change is introduced in
the ELTM, e.g. if we change the trend model from linear to quadratic. The fit obtained
using a quadratic trend as well as the ocean index is shown in Figure 4.4, along with the
comparison of the residual distributions when we invoke quadratic trend with and without
the use of the ocean index. Again, the residuals obtained using the augmented trajectory

model are less skewed.
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Figure 4.3 Trajectory models for RSL with Nino-linear at PAGO from 1950.8 onwards (a) The
same time series that appeared in Fig. 4.1 (a-c), fit with an ELTM that invokes a linear trend but
which has been augmented by two basis functions derived from an optimally-lagged OceanNino
index. Note that the augmented model is now following the large negative excursions associated
with El Nifio events, reducing the size of the misfit. This suppresses the influence of the dynamic
SSH variations on the rate parameter of the ELTM. (b) The residuals associated with the same
ELTM, but without the augmentation (Fig 4.1b) — note their extreme asymmetry. (c¢) The
residuals produced when the ELTM is augmented using the OceanNino index. The residuals are
now much less skewed.

The rate now changes from 0.05 mm/yr at 1950.75 to 4.51 mm/yr at 2015.83, which
differs substantially from the results obtained using a quadratic trend model without
augmentation (Fig. 4.1c). The mean rate in the altimeter period (MRAP) when we use the
climate index is 3.0 1.7 mm/yr whereas without augmentation we found an MRAP of
43 2.3 mm/yr.
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Figure 4.4 Trajectory models for RSL with Nino-quad at PAGO from 1950.8 onwards (a) PAGO
RSL fit with an ELTM that invokes a quadratic trend and has been augmented by two basis
functions derived from an optimally-lagged OceanNino index. This fit produces the residuals
shown in (c), which contrast with the residuals (b) which occur without model augmentation (i.e.
the residuals from the fit shown in Fig. 4.1(c)).
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4.3 Estimating RSL rates at PAGO using a dynamic SSH model

The use of a physics-based ocean dynamics model driven by large numbers of
observations is clearly preferable to using a simple ocean climate index. The only real
disadvantage of using a numerical ocean dynamics model is that these models are more
restricted in time. Most of them do not make predictions for the ocean state prior to about

1979. Still, that is well before TOPEX was launched and the modern altimetry era began.

We examined the ocean dynamics models CFSR (Saha et al., 2013), PEODAS (Hudson
et al., 2012; Miles et al., 2014; Mclntosh et al., 2015)) and ORA-S4 (Balmaseda and
Mogensen, 2013). These models capture sea level variations associated with dynamic
height changes, barotropic circulation, advection and dissipation processes. They deliver
SSH histories on spatial grids. We used these models to predict SSH time series at our
tide gauges and used these time series to augment our ELTM using an approach similar
to that adopted with the ocean climate index. As before, we must remove any linear trend
from the SSH predictions since we want the ELTM to absorb the linear trend in foto. We
retained a search over possible time lags, and the optimal time lag was always small, as
expected. We obtain the best results using ORA, and we show only those results in this

thesis.

Dynamic SSH predictions made using ORA are available only for 1979 onwards, so all
the results we show in this section are for that time period. In order to assess the impact
of the ORA-augmented trajectory models we must compare it with an otherwise similar

analysis for the same time period, and using the same ELTM.
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Rather than showing the augmented model with the RSL dataset, in the remaining figures
we remove the best-fit ORA sub-model from the data and display that data fit only with
the ELTM sub-model. This provides us with a rather more vivid demonstration of the
ORA model’s ability to predict and remove dynamic SSH ‘noise’. In each of the next
three figures the raw RSL appears in the top subplot and the RSL minus the ORA SSH

model appears in the bottom subplot.

We begin by invoking an ELTM with a linear trend (Fig. 4.5). Augmenting the ELTM
with ORA (Fig. 4.5b) resulted in a 51% reduction in RMS scatter relative to the same
ELTM without the use of ORA (Fig. 4.5a). Without ORA augmentation the rate is 3.81
1.63 mm/yr, but with ORA augmentation the rate drops to 3.37 0.56 mm/yr, which has

a far smaller standard error.
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Figure 4.5 (a) The RSL time series at PAGO, after 1979, fit using an ELTM with a linear trend,
without augmentation with the ORA model. (b) The RSL time series, after the optimal ORA
model has been estimated, then removed from the RSL data, and the fit that is achieved using the
remaining ELTM, which has a linear trend.

We repeat this process using a quadratic trend in Fig 4.6. Note that the reduction in RMS
scatter (with ORA correction) for the quadratic case is very similar to that found
previously for an ELTM with a linear trend. Both the initial rate and final rate values
differ, as does the mean rate for the altimeter period (MRAP), i.e. 6.7 4.1 mm/yr
without ORA versus 3.7 1.4 with ORA. Again, note the major reduction in the standard

error for the MRAP estimate. Utilizing ORA dropped the RMS scatter level by 50%.
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Figure 4.6 The RSL time series at PAGO, after 1979 fit with quad, (a) fit using an ELTM with a
quadratic trend, without augmentation with the ORA model. (b) The RSL time series, after the
optimal ORA model has been estimated, then removed from the RSL data, and the fit that is
achieved using the remaining ELTM, which has a quadratic trend.

Finally, we perform the same analysis but after restricting the time window to 1993.16

onwards so as to estimate the RSL rate within the altimeter time period (Fig.4.7) based
only on a linear trend. The rate without ORA is 6.3 3.2 mm/yr, whereas the rate with
ORA augmentation is 3.94 0.94 mm/yr. The RMS scatter dropped by 56% and the

standard error dropped by about 70%.
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Figure 4.7 (a) The RSL time series at PAGO, during the altimetry period, fit using an ELTM
with a linear trend, without augmentation with the ORA model. (b) The RSL time series, after the
optimal ORA model has been estimated, then removed from the RSL data, and the fit that is
achieved using the remaining ELTM, which has a linear trend.

All these results are summarized in Table 4.1
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Table 4.1 Estimates of the RSL rate at Pago tide gauge based on a variety of modeling strategies,
and associated estimates of other quantities of interest. The ORA model for dynamic SSH is not
available before 1979. Those RSL rate estimates we consider plausible are bold-faced, but note
that they may apply to different time periods.

Time spanused | ELTM Dyn. RSL rate MRAP Jump CTD J+CTD RMS

for RSL trend SSH (mm/yr) (mm/yr) (mm) (mm) (mm) sctr

model model ‘constant’ (mm)

1950.75-2015.8 | linear none 3.14 .70 n/a n/a n/a 75.0

1950.75-2015.8 | linear none 2.12 .70 24.6 149.2 173.9 67.2
53.1 71.2 49.1

1950.75 - 2015.8 quad none 429 225 23 130.5 132.9 66.3
40.9 73.7 55.2

1950.75-2015.8 | linear Nino 2.08 +.53 36.4 117.1 153.4 54.5
40.9 544 37.1

1950.75 - 2015.8 quad Nino 3.73 £ 1.66 18.7 104.4 123.1 53.8
39.6 54.7 41.2

1979.0 - 2015.8 linear none 3.81 1.63 1.7 140.3 142.1 69.9
56.1 78.6 57.0

1979.0 - 2015.8 linear ORA 3.37+.56 343 121.3 155.6 34.6
20.6 29.0 20.0

1979.0 - 2015.8 quad none 6.74 4.11 -13.9 106.1 92.1 69.3
54.9 90.0 77.2

1979.0 - 2015.8 quad ORA 3.72+£1.43 32.5 117.5 150.2 34.5
20.5 32.9 27.6

1993.16-2015.8 linear none 6.30 3.32 -13.1 123.1 110.0 67.4
53.7 82.7 65.7

1993.16-2015.8 linear ORA 3.94 £ .95 322 122.5 155.7 29.9
16.2 24.3 18.7

For all ELTMs above, the timescale parameter for the logarithmic transient is 1.0 year.

MRAP rate, reported only when the trend model is quadratic, is the mean RSL rate predicted for
the time interval 1993.16 -2015.8

Cum. transient refers to cumulative transient uplift in the interval between the earthquake and the
end of the time series (2015.8).

J+T refers to the total displacement produced by the coseismic jump plus the logarithmic
transient through 2015.8.

The last three columns above can be compared to the estimated parameters of an ELTM fit to the
ASPA GPS time series (Fig 2.2a)

i.e. ajump of -25.6 mm, and cumulative transient displacement thru 2015.8 of -118.2 mm, and
their sum -143.9 mm.
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4.3 Estimating RSL rates by removing the seismic perturbations using a nearby
GPS station

So far, we have tried to ‘insulate’ the RSL rate estimates from seismic perturbations by
estimating the coseismic jump and the postseismic transient from the RSL time series
themselves. In this section we take an alternative approach, and use the best fit jump and
transient models obtained from nearby GPS stations to (nominally) remove the seismic
perturbation from the RSL time series. This requires us to account for the change in sign
between RSL and VLM perturbations. This allows us to estimate RSL rate using an
SLTM instead of an ELTM (Chapter 1). We could do this with or without augmenting
the SLTM design matrix using ORA, but given the successes obtained above, we choose
to continue with ORA model augmentation. That is, the following three analyses (Fig. 4.8
and Table 4.2) remove the seismic perturbation using GPS, and model out dynamic SSH

variability using ORA.

We begin by modeling the time series from 1979 onwards using a linear and quadratic
trend model (Fig 4.8 a,b). The SLTM with a linear trend has a rate of 3.39  0.55 mm/yr.
The SLTM with a quadratic trend has rate varying from 2.7 mm/yr at 1979 to 4.4 mm/yr

at 2015.8, with the MRAP = 3.86 0.77.

We also compute the rate within the altimeter period based only on the data from that

period of time (Fig. 4.8c). We find a rate 0f 4.05 0.86 mm/yr. We summarize these

results in Table 4.2.
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Table 4.2 Estimates of RSL rate at PAGO when the seismic perturbation is removed from the
RSL time series using the geodetic estimates of the coseismic and postseismic transient uplift

estimated at the nearly co-located GPS station ASPA. The quantities listed are defined as they
were in Table 4.1.

Time span of RSL SLTM Dynamic SSH RSL rate MRSL rate in RMS
observations trend model model ‘constant’ altimeter era Scatter

(mm/yr) (mm/yr) (mm)

1979-2015.8 linear ORA 3.54 +£0.41 34.62

1979-2015.8 quadratic ORA 3.86 £0.77 34.54

1993.16-2015.8 linear ORA 4.30 £ 0.56 29.96

The rates shown in rows 2-4 of this table can be compared to those in rows 5, 7 and 9 in Table 1.

Whereas the ELTM trajectory models used for Table 1 invoked a single timescale logarithmic
transient model for RSL, the logarithmic transient model fitted to GPS U time series at ASPA

was a double transient model that invoked transients with characteristic timescales of 0.0523 and
1.0 years.
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Figure 4.8 The RSL time series at PAGO in which the perturbation produced by the 2009
earthquake has been removed by applying the coseismic jump and postseismic transient solution
obtained at nearby GPS station ASPA. All three models shown are SLTMs augmented by ORA.
Here we remove the optimal estimates of dynamic SSH variations from the model and the data,
so that only the SLTM component of the model remains. (a) An SLTM with a linear trend, from
1979 onwards. (b) An SLTM with a quadratic trend, from 1979 onwards. (c) a SLTM with a
linear trend, from 1993 onwards.
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4.4 A meta-analysis of mean RSL rates over different time spans

When we examine the results summarized in Tables 4.1 and 4.2, we must keep in mind
that whenever the ELTM or SLTM invoked a linear trend, the RSL rate estimate refers to
the mean rate over the time span of the RSL data. If the sea level rise is accelerating at a
constant rate, then the mean rate associated with each time window should increase in
proportion to the time at the center of the time window. When we invoke ELTMs and
SLTMs with quadratic trends, and estimate the mean rates in the altimeter period
(MRAP), those estimates should be ‘posted’ at the mid-point of the altimeter time period
(1993.16-2015.8). We plot all plausible estimates already derived in Fig. 4.9. We fita
line by weighted least squares (weighting each rate estimate using its standard error, as
listed in Tables 4.1 and 4.2) and estimate an RSL acceleration rate of 0.094 0.040
mm/yr?. This means that every decade the rate of RSL rise increases by about 0.94

mm/yr.

We have two other potentially useful estimates of RSL acceleration. These come from the
quadratic ELTM models from 1951 onwards, one with no dynamic SSH correction, and
the other corrected (or augmented) using a dynamic SSH model based on the climate
index OceanNino. These acceleration estimates are 0.091  0.090 mm/yr? and 0.069
0.066 mm/yr?, respectively. If we calculate a weighted average of these direct estimates
of RSL acceleration since 1951, we arrive at an acceleration rate of 0.074  0.053
mm/yr?. None of these three estimates is statistically incompatible with the rate of 0.094

0.040 mm/yr? from our meta-analysis of how mean rates have changed over time.
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Figure 4.9 Estimating the acceleration rate of RSL at PAGO by estimating a linear relationship
between the various estimates for mean RSL rate and the time at the center of the time window
for each of these analyses. We have not plotted the error bars on the individual estimates, but they
are always very large (Tables 4.1 and 4.2) compared even to the largest misfit in this plot. None
of the points is significantly removed from the best fit line.
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What first seemed a bewildering array of disparate estimates for RSL rate is actually
remarkably consistent with an approximately constant acceleration, even though the
assumption of constant acceleration was only built into three of the eight trajectory
models used to estimate the rates shown in Fig. 4.9. Even the two rate estimates that do

not fit as well as the others have 1-sigma error bars that overlap the best fitting line.

Of course, this plot is based on a meta-analysis, and the individual rate estimates are far
from independent. Therefore the 95% confidence interval shown with the dotted lines is
likely to be optimistic. If we calculate a weighted average of the three estimates nearest
the top right corner of the plot, we would conclude that the MRAP =4.10 0.41 mm/yr,
and if we used all five estimates near the top right corner of the plot then we would
conclude that MRAP =4.06 0.38. (The best fitting line from our meta-analysis suggests

MRAP=4.01 0.32 mm/yr).

To err on the side of caution, we adopt the following estimate: MRAP = 4.06 + 0.38

mm/yr.

We note in closing this section that the non-independence of the various rates in our
meta-analysis means that the estimated acceleration rate of 0.094  0.040 mm/yr? surely
has a very optimistic standard error estimate. However, we do notice that Nerem et al.
(2018) recently estimated the rate of acceleration in global mean sea level (GMSL) rise
for the time period from 1993-2016 as 0.084 0.025 mm/yr. There is no reason why

regional acceleration rates in ASL should match the global rate, but it is rather gratifying
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that this rate does not differ significantly (at the 95% confidence level) from either our
‘direct’ (0.074  0.053 mm/yr?) or ‘indirect’ (0.094 0.040 mm/yr?) estimates of RSL

acceleration rates.
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4.5 Estimating the mean rate of ASL rise in the altimeter period (1993.16-2015.8)

We can use Eq. 1.2 to estimate the mean ASL rate in the altimeter period by assuming
that the rate of vertical motion at ASPA, -0.48 0.60 mm/yr, is a reasonable estimate of
vertical crustal motion at PAGO. Since Vast = VrsL + Vim, if we set Vrse =4.06  0.38

mm/yr and Vim=-0.48  0.60 mm/yr, then we conclude that

VasL =3.58 £ 0.71 mm/yr at PAGO.

Our estimate for the mean ASL rate at PAGO is similar to the GMSL rate estimated by
Nerem et al. (2018), which was 3.0 0.4 mm/yr. Again, there is no reason a regional
mean ASL rate should match the global mean rate, but we note that the two estimates are

not significantly different at the 95 % confidence level.

4.6 Discussion

We have illustrated a variety of problems that arise when we seek to estimate the rate of
ASL rise at the tide gauge PAGO using the rate of RSL inferred from the tide gauge data,
geodetic observations of VLM made by the nearby GPS station ASPA, and Eq. 1.1. We
have shown that we can largely ‘insulate’ an RSL rate estimate from an earthquake-
induced jump and transient signal in RSL by modeling those perturbations using an
ELTM. One could achieve a similar result simply by eliminating all RSL data obtained
on and after the day of this earthquake, but it is advantageous not to do so because we can

compare the amplitudes of the coseismic jumps estimated from the tide gauge data and
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using a nearly collocated GPS displacement time series, which enables a useful
consistency check. Another advantage is the longer the time series the better able we are
to calibrate a stochastic noise model which is essential for ‘correcting’ or renormalizing

the standard error estimates.

Perhaps the greatest source of difficulty in using Eqgs. 1.1 or 1.2 to estimate the rate of
ASL rise at most tide gauges is that there are many plausible approaches to estimating the
rate of RSL rise, and these methodologies produce significantly different results (Table
4.1 and 4.2). It seems to us that this problem will often be the major source of difficulty
associated with the CGPS@TG agenda, even in some areas like PAGO, that have been
affected by a single significant earthquake. The disparate RSL rate estimates can be
resolved when we account for the presence of an acceleration in ASL rate and/or RSL
rate. Any increase in ASL rate will propagate into RSL rate, but RSL rate might be
affected by accelerating rates in VLM. This could be a major issue in places like

Greenland, where accelerating crustal uplift is ubiquitous (Bevis and Brown, 2014).
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Chapter 5. The Tale of Two Samoas

5.1 Estimating RSL rates at UPOL

We now focus our attention on the tide gauge UPOL in Apia, Samoa. This tide gauge is
located close to the GPS station SAMO and on the same island as GPS station FALE. We
have confidence in the stability of station SAMO because its long-term vertical velocity
is very similar to that recorded by FALE, which is coupled to bedrock (Chapter 2). The
only concern about the situation in Apia is that we know that UPOL sits on a harbor wall
built on engineering fill, and this wall, and therefore UPOL, is subsiding (Chapter 3). We
will have to correct for this engineering instability. Local near-surface subsidence means
that RSL rise recorded by the gauge is greater than the RSL rise relative to the crust and
lithosphere. That is, the RSL rate recorded by the gauge is larger than RSL for Apia as a

whole.

The UPOL tide gauge was built and became operational in early 1993. Its time series is
far shorter than PAGO’s time series. It is far too short to support a meaningful estimate of
RSL acceleration rates. But this is hardly necessary since UPOL’s time series began

almost at the opening of the altimetry era.
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Figure 5.1 Fitting the raw (a) and (b) ORA-corrected RSL time series at UPOL with an ELTM
featuring a linear trend. See Table 5.1.

We begin by fitting UPOL’s RSL time series with an ELTM featuring a linear trend,
without augmenting the trajectory model using ORA, as seen in Fig. 5.1 (a). Even though
the rate estimate is at least partly insulated from the perturbation in VLM due to the 2009
earthquake, it is not insulated from the strong downwards excursion in sea level caused
by the 1997/1998 El Nifio event. As a result, this event ‘pulls down’ the left hand side of
the trend line, biasing the rate estimate (5.8 3.3 mm/yr) in a positive sense. There is no
point in trying to mitigate such dynamic SSH noise using the ocean climate index
OceanNino. Because this time series is so short we can use the ORA model instead, and
that is clearly the far better approach. We follow the same approach as we did in PAGO,

fitting a composite SLTM and ORA model based by searching on an optimal time lag,
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but then we remove the ORA component of the model from the original data, and show
what remains and its fit with the SLTM (Fig. 5.1 b). Note that the 1997/98 El Nifo
excursion has been almost entirely ‘modeled out’ by ORA. The RSL rate estimate now
drops to 3.04  0.90 mm/yr. But we note that this solution is underestimating the
combined impact of the coseismic jump (J) and the cumulative transient displacement
(CDT) at epoch 2015.8, which we designate J+CTD (Fig 5.1b and Table 5.1). We know
this by comparing J+CDT estimated from this fit with J+CTD estimated at GPS station
SAMO. The two sets of estimates ought to match apart from a change in sign. The fact
that the fit seen in Fig. 5.1 (b) overestimates J+CTD by 44 mm/yr suggests that it may be

underestimating the rate by ‘pushing down’ the right hand side of the linear trend.

Table 5.1 Estimates of the RSL rate at Upolo (UPOL) tide gauge based on a variety of modeling
strategies, and associated estimates of other quantities of interest.

Time span used | ELTM | Dynam | RSLrate | Jump CTD J+T | RMS
for RSL trend SSH (mm/yr) | (mm) (mm) (mm) sctr
model | model | ‘constant’ 2015.8 | 2015.8 | (mm)

1993.16-2015.8 | linear | none | 5.77 3.25 | -12.7 82.8 70.1 | 68.47
534 83.0 65.7

1993.16-2015.8 | linear | ORA |3.04 090 | 27.1 103.4 130.4 | 28.99
15.8 24.2 18.3

The last three columns above can be compared to the estimated parameters of an ELTM fit to the
SAMO GPS time series (Fig 2.2b) i.e. a jump of -15.9 mm, and cumulative transient
displacement thru 2015.8 of —70.2 mm, and their sum -86.1 mm.

Accordingly, we now take the alternative approach, as we did for PAGO, and remove the
coseismic jump and transient from the UPOL RSL time series by using the jump and
transients estimated by the nearly collocated GPS station SAMO. We can then fit the
remaining time series with an SLTM with a linear trend augmented with a dynamic SSH

model based on ORA. Having found the optimal time lag parameter we remove the ORA
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sub-model from the data and show the fit of the ORA-corrected RSL time series and the
SLTM (Fig. 5.2a). Note that the RSL rate has now increased to 4.40 0.59 mm/yr. Out
of curiosity we do the same using the more remote GPS station FALE to correct for the
coseismic jump and transient at UPOL, though it is clearly preferable to do this with
SAMO, since it is located much closer to UPOL. The rate estimate increases to 5.27
0.63 mm/yr, because a FALE-based correction is underestimating the amplitudes of the

coseismic jump and postseismic transient at UPOL. It is clearly better to use SAMO.
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Figure 5.2 The fit of ORA-corrected RSL time series at UPOL with a SLTM featuring a linear
trend, when the coseismic jump and posteismic transient are corrected using measurements from
(a) GPS station SAMO, and (b) GPS station FALE. Solution (a) is preferred since FALE will
underestimate the coseismic jump and transient at UPOL, and therefore overestimate RSL rate.
See Table 5.2.

73



Table 5.2 Estimates of RSL rate at UPOL when the seismic perturbation is removed from the
RSL time series using the geodetic estimates of the coseismic and postseismic transient uplift
estimated at the nearly co-located GPS stations SAMO and FALE. The quantities listed are
defined as they were in Table 5.1.

Time span of SLTM Dynamic RSL rate RMS GPS
RSL trend SSH model ‘constant’ Scatter
observations model (mm/yr) (mm)
1993.16-2015.8 linear ORA 4.40 0.60 30.0 SAMO
1993.16-2015.8 linear ORA 527 0.63 31.5 FALE

The rates shown in this table can be compared to those in row 2 in Table 5.1.

Whereas the ELTM trajectory models used for Table 5.1 invoked a single timescale logarithmic
transient model for RSL, the logarithmic transient model fitted to GPS U time series at SAMO
was a double transient model that invoked transients with characteristic timescales of 0.0523 and
1.0 years.

Our preferred value for the rate of change of RSL at UPOL is 4.40 0.60 mm/yr. But
this refers to the RSL rate at the gauge itself, which is subject to local subsidence. We

know that the subsidence rate is -0.82  0.15 mm/yr. This implies that

the RSL rate at UPOL (~MRAP), referred to the lithosphere, is 3.58 £+ 0.62 mm/yr.
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5.2 Estimating the ASL rate at UPOL and for the two Samoas

We must now correct for the vertical motion of the lithosphere, using the vertical velocity
of GPS station SAMO, -1.69 0.45 mm/yr, to arrive at an estimate for the rate of change

of ASL. We find that

VasL =1.89 £ 0.77 mm/yr at UPOL

We chose to use SAMO to correct for the vertical crustal velocity at UPOL because
SAMO is much closer to UPOL than is FALE, and the tectonic signal is expected to be
slightly different. But if we had used the vertical velocity of FALE, -1.86  0.26 mm/yr,

then this would reduce the ASL rate at UPOL to 1.72  0.67 mm/yr.

Our estimate of 1.89  0.77 mm/yr for the ASL rate at UPOL should be compared with
our previous estimate of the ASL rate at PAGO (3.58 0.71 mm/yr) which is 126 km
from UPOL. The difference between the two ASL rates is 1.69  1.04 mm/yr, which is

not statistically significant at the 95% confidence level.

The average of the ASL rate (Vasp) estimates at UPOL and PAGO is 2.8 £ 0.5
mm/yr

similar to the post-1993 mean GMSL rates estimated by Hay et al. (2015),1.e. 3.0 0.7
mm/yr, and by Watson (2015) who estimated the mean GMSL rate using two different
sets of VLM estimates and found rates of 2.6 0.4 mm/yr and 2.9 0.4 mm/yr. The

weighted average of these three estimates of mean GMSL rate is 2.8 0.3 mm/yr.
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