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Abstract

Underwater disturbances are the largest error source in GNSS-A seafloor geodetic observation. In particular, the gradient of
sound speed structure directly affects the horizontal accuracy and needs to be examined. Previous studies have not investigated
its temporal change component. In this paper, we verified the assumption that the underwater gradient structure does not
change significantly during GNSS-A observation for several hours through applying a modified version of an analysis software
called GARPOS to actual data of SGO-A (provided by Japan Coast Guard). Obtained results suggested that this assumption
holds at many observation data, and the positioning accuracy becomes better. Some non-improved observation epochs were
speculated to be accompanied by structure changes for which this assumption was not valid. It is suggested that the sound

speed structure change during observation will be an important research topic in GNSS-A.
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Key Points:

e We verified the assumption that a gradient of a sound speed structure affecting GNSS-A
does not change during GNSS-A observation.

¢ Incorporating this assumption into the analysis method improved the variation of the

GNSS-A time-series.

e The results suggested the validity of the assumption and presented new research theme

about the km-scale ocean structure.
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Abstract (137)

Underwater disturbances are the largest error source in GNSS-A seafloor geodetic observation.
In particular, the gradient of sound speed structure directly affects the horizontal accuracy and
needs to be examined. Previous studies have not investigated its temporal change component. In
this paper, we verified the assumption that the underwater gradient structure does not change
significantly during GNSS-A observation for several hours through applying a modified version
of an analysis software called GARPOS to actual data of SGO-A (provided by Japan Coast
Guard). Obtained results suggested that this assumption holds at many observation data, and the
positioning accuracy becomes better. Some non-improved observation epochs were speculated to
be accompanied by structure changes for which this assumption was not valid. It is suggested
that the sound speed structure change during observation will be an important research topic in

GNSS-A.

Plain Language Summary (140)

GNSS-A is a seafloor geodetic observation method that determines the seafloor position by
combining Global Navigation Satellite System (GNSS) and acoustic ranging with centimeter-
scale accuracy. The biggest error in GNSS-A is not the high-rate (> 1 Hz) GNSS noise, but the
kilometer-scale underwater disturbances. Previous studies have showed that the gradient of the
sound speed structure strongly affects the positioning accuracy, but its time stability has not been
verified. This paper has verified the assumption that the underwater structure does not change
significantly during several hours in GNSS-A observation and only the intensity of the gradient
may change. Incorporating this assumption into the analysis method improved the variation of
the GNSS-A time-series. Thus, the kilometer-scale underwater structure was found to be
generally time-stable for components that affect GNSS-A. This leads new research theme of

GNSS-A seafloor geodesy and GNSS-A oceanography.
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1 Introduction

In the last 15 years, many kinds of geophysical phenomena have been detected by a seafloor
geodetic monitoring technique called as the Global Navigation Satellite System (GNSS) -
Acoustic ranging combination technique (GNSS-A) proposed in 1980s (Spiess, 1985; Asada and
Yabuki, 2001; Fujita et al., 2006) (fig. 1a). GNSS-A determines a seafloor position by combining
high-rate (> 1 Hz) GNSS and underwater acoustic ranging on a sea surface platform such as a

vessel.

Although the uncertainty of GNSS-A positioning data differs at each observation site, the
standard deviation in the horizontal components () is empirically about 2.0 cm and 1.5 cm in
the best case in data of the GNSS-A Seafloor Geodetic Observation Array (SGO-A), provided by
Japan Coast Guard (JCG) (Yokota et al., 2018). GNSS-A with this accuracy can detect temporal
changes of crustal deformation by a transient postseismic effect, interplate coupling condition
changes, and slow slip events (e.g., Sato et al., 2011; Yokota et al., 2016; Yokota and Ishikawa,
2020; Watanabe et al., 2021a).

Because GNSS-A is a technique which combines the radio wave positioning and acoustic wave
positioning, the temporal and spatial inhomogeneity of the medium above and under the water
affects the accuracy. In this paper, we focus on acoustic medium i.e., sea water. Oceanographic
disturbance causing variations in under water sound speed structure (SSS) is one of the major
error sources of GNSS-A. To observe the temporal change of crustal deformation, which has
been actively studied in recent years (Yokota et al., 2021), the positioning accuracy of 1 cm or
less is required. Therefore, high-accuracy estimation of SSS is indispensable for seismological
purpose of GNSS-A and various studies have been conducted (Yokota and Ishikawa, 2019;
Yokota et al., 2020; Kinugasa et al., 2020).

In the GNSS-A observation (fig. 1a) routinely operated by JCG, thousands of acoustic round-trip
travel time are measured between multiple seafloor stations (acoustic transponder) and a surface
station in a few hours to half a day. A surface station moves around the area where the horizontal

distance is about twice the water depth and performs acoustic ranging. Here, we use the open
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source GNSS-A positioning software GARPOS, which enables high-precision and high-speed
GNSS-A analysis (Watanabe et al., 2020; 2021b). GARPOS estimates the spatiotemporal
variation of SSS in the observation area using the sufficiently many acoustic data collected from

surface and seafloor stations’ positions (fig. 1b).

In this paper, we examined the pattern of SSS estimated by GARPOS, using the actual data
obtained at the Nankai Trough (ASZ2) and the Japan Trench (FUKU) (fig. 1¢) (Japan Coast
Guard, 2021), which have different ocean fields. In the Nankai Trough region (especially on its
western side), the stable Kuroshio Current generates a stable SSS. On the other hand, in the
Japan Trench region, SSS is more complex due to the mixing of warm water from Kuroshio and

cold water from Oyashio.

2 SSS estimation in GARPOS

GARPOS estimates the model parameter (seafloor stations’ positions and SSS as perturbations of
travel time) using the residuals between observed acoustic travel time and calculated one. The
round-trip travel time is calculated as a function of the seafloor stations’ positions, X, surface
station's position, P(t), and 4-dimensional (4D) SSS, V(e, n,u, t), where e, n, u, and ¢ are
eastward, northward, upward, and time components, respectively. However, since it is

impossible to accurately grasp 4D-SSS, GARPOS (Watanabe et al., 2021b) estimates SSS’s
effect on travel time decomposing V (e, n, u, t) into an effect from a horizontally stratified steady
profile (reference SSS), V,(u), and a perturbation. V(1) is obtained from sea water observation,
such as Conductivity, Temperature, Depth sensors (CTD). This decomposition is expressed as

following using travel time:

T(V(e,n, u, t)) = exp(—y) - T(Vo(u)), (1)
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92 where 7 denotes the reference travel time obtained under V;(u), and y expresses the effect of
93  spatiotemporal variation of SSS from the reference. Since GNSS-A has measurement points on
94  the sea surface and seafloor only, the correction term y is picked up from a perturbation field
95  expressed as a function of those positions, I'(t, P, X). GARPOS version 1.0.0 implements I'

96  estimation using the following linear relations as a simple function:

97 T'(t,P,X) = ay(t) + a.(t) P+ a,(t) - X. (2)

98  a typically indicates the time-dependent coefficient for the average sound speed change. The
99  coefficients for the second and third terms expresses the spatiotemporal variation of SSS

100  depending on the surface and seafloor stations’ positions.

101 |y| « 1, where V,, appropriately represents the actual SSS, is satisfied in most cases. In such
102 cases, the deviation of actual ray path from the reference is small, so that the average sound
103 speed along the actual path can be expressed as V, + 8V;~V, + y;V,, where V,, denotes the

104  average of V,(u).

105  Fig. 2 shows the 2D schematic picture of the decomposition of SSS effect and its projection to
106  the perturbation field, I'(t, P, X). In the scheme of GARPOS, a contribution from the actual
107 structure is lineally decomposed into ones from a steady reference profile and a residual

108  structure. Residual structure causes a spatial variation in travel time of acoustic paths. The

109  coefficients a; and a, in ' are estimated from by this spatial variation in travel time.

110  Multiplying the V, [m/s] by a; [km'] and a, [km™'] gives characteristic gradient sound speed

111 parameters, g4 (t) [m/s/km] and g, (t) [m/s/km] to express the residual structure.

112 The representation of residual structure using g, and g, means that the bulk structure is

113 projected onto functions in the boundary planes on the sea surface and seafloor. Rigidly, P and X
114 have vertical fluctuations, but they are enough small compared to the water depth of the entire
115  space, so they can be regarded as approximately flat surfaces. This “holographic projection”

116  reflects the SSS as “shadow” on surface and seafloor planes.
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Considering the 2D case, if a single uniform gradient layer exists at a certain depth as in fig. 2a

(i.e., sign(g,) = sign(g,)), the characteristic depth (central depth) of the gradient layer, D,, is

expressed by the ratio (=) as the following equation (modified from eq. in Watanabe et al.
d by the rati 51 he followi i dified fi 32) in W b 1
2

(2020)):
T=+5 ©

where D is a water depth. Because the full information of bulk SSS is partially lost by the
projection to boundary, this projection is irreducible, i.e., it is not unique to inversely estimate
SSS from g4 and g,. It is not possible to distinguish between a thick weak gradient and a thin
strong gradient at almost the same depth, both of which provide the same g, and g, (Yokota,
2019). In complicated cases (fig. 2b) that cannot be assumed with a single gradient, the

relationship between g, and g, becomes more complicated.

In actual case, g, and g, are contracted into 2D vectors with eastward and northward
components, i.e., g; = (g1g, 91n) and g, = (g2g, gon)- To verify the 3D structure, we classify

the relationship of g4 and g,4 as Gg = (924, g14) (d = E,N) on the g,4—g14 plane as shown in

914

the right side of fig. 2. Here, we can define the angle 054 (= arctan(g
2d

)) as the characteristic

state of SSS.

First, we consider the first and third quadrants (sign(g;4) = sign(g,q))- These cases can be
virtually interpreted as a single layer as fig. 2a and the characteristic depth D. of gradient layer is
expressed as eq. (3). We define these quadrants as Type-I. It is possible to interpret that the
structure is a single gradient layer, though it can also be a complex situation with multiple
gradient layers even for the same g,4 and g,4 (Yokota, 2019). The second and fourth quadrants
(sign(g1q) # sign(g,q)) cannot be interpreted as a single layer (Type-II). In this case, SSS
contains multiple characteristic scales for temporal and spatial variation. For example, it is likely
to be dominated by a temporary structure such as a water intrusion (fig. 2b), which typically

cannot be approximated to a linear SSS in km-scale (as fig. 2b). Therefore, the simple I'
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142 expression defined as eq. (2) tends to be insufficient to reflect the Type-II structures, which is a
143 topic for future research.

144
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Figure 1. (a) A schematic of GNSS-A system (modified after Yokota et al. (2019)). (b) An

example of gradient effect for the GNSS-A observation. Colored region indicates a projection of

SSS on a plane. Colors indicated the sound speed. (¢) The location of SGO-A sites. Currents

(bold lines) and a mixed water region (purple region) are based on Yasuda et al. (1996).
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(a) A singe gradient layer case Projectionto g, and g, in GARPOS

actual structure reference profile residual structure I in GARPOS expression on parameter plane
vessel

151  Figure 2. Schematic diagrams of a holographic projection in GARPOS for (a) single layer cases
152 and (b) a complicated case. (Right) Plots of G = (g5, g1) on the 2D g,—g; plane.

153



154

155

156

157

158

159

160

161

162
163
164
165
166
167
168
169
170
171
172

173

174

175

176

177

178

179

180

manuscript submitted to Geophysical Research Letters

3 Constraint on G trajectory

Figs. 3a and 3b show the ASZ?2 positioning time-series (northward component) estimated in
GARPOS and the range of Gy trajectories. Outliers in time-series (blue circles) are often located
at boundaries across quadrants in the Gy plane (blue-lined ellipses in fig. 3b). Figs. 3c—e show
the Gy trajectory examples of non-outlier (Jan. 2012, hereafter 2012-Jan) and outlier (2017-Jul
and 2014-Sep) cases. In fig. 3c, Gy fluctuates linearly within Type-I. On the other hand, in figs.
3d and 3e, Gy fluctuates linearly and non-linearly, respectively, and both cross the boundary of

third quadrant.

The G4 trajectories represent the temporal variation of SSS and are interpreted as shown in fig. 4.
Fig. 4a shows the simplest case, occurring the internal gravity wave in a pycnocline that is the
boundary between hot and cold water, the gradient layer is generated only at a certain depth. In
this case, G4 trajectory caused by internal wave travelling is a linear trend with constant 64 as
shown in the bottom of fig. 4a. In addition, existing a stable strong gradient field of Ogq = Ogq1
(e.g., due to a current) as the background, the situation becomes as shown in fig. 4b. In this case,
the Gy trajectory is a linear trend with constant 845, and not passing the origin of the G4 plane.
In this simple but realistic case, the trajectory is expected to be a linear line. For more
complicated case, the trajectory is no longer expected to be a linear line. For example, when the
water mass intrudes into another depth, a G4 trajectory is complicated depending on the speed of
the inflow (fig. 4c) and goes through Type-II that may not express the actual SSS appropriately.
2012-Jan is close to fig. 4a or 4b and 2017-Jul and 2014-Sep are close to fig. 4c, respectively.

Here, we consider how the estimations of positions and SSS can be improved in these cases. The
fluctuation of Gy trajectory is considered to be affected by both actual SSS variation and error.
In GARPOS, the bulk SSS is represented by two boundary functions g, and g,. Therefore, g,
and g, should be correlated to some extent. On the other hand, because g, is strongly correlated
with the seafloor station’s position X, the estimation of g, is less robust than g, due to the
influence of unmodeled error sources. Therefore, the result is expected to be more reliable by

adding the constraint between g, and g, rather than treating them as independent parameters.
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Based on the relationship between the outliers and G4 shown in fig. 3, this study introduces the

assumption corresponding to fig. 4a whose gradient depth does not change over time.

Because the actual SSS variation cannot be observed directly, we evaluated the validity of this
assumption from the variation of the seafloor position time-series result in next section. A correct

constraint condition should reduce the time-series variation.

Here, we consider constraining G4 on a line passing through the origin with a constant slope of

Kq as fig. 4a. This corresponds to replacing eq. (2) as follows:

Lt P,X) = ag(t) + o, (t) - P+ (kg ayp(t), kn " tayn (), 0) - X. 4)

Because the GARPOS version 1.0.0 dose not support the formulation of eq. (4), we performed
the following two-step algorithm: In the 1st-cycle, the same analysis as GARPOS was performed
using [ to determine k4 using the Gg trajectory (step-0). In the 2nd-cycle, the analysis using [,

was performed constraining k4 estimated from the 1st-cycle result.

To determine Ky after the Ist-cycle based on the above assumption, the following flow (fig. 5a)

was tried:

When Gy is within the Type-I range and does not straddle each quadrant, k4 was determined
from the median of G4 (step-1; case-A). In other cases, to determine whether or not G4 changes
linearly, the fitting ellipse was estimated with respect to all G4 parameters (step-2). If the semi-
major axis length (aL) of the estimated ellipse is more than an arbitrary ratio (p) with the semi-
minor axis length (as), the semi-major axis direction was determined as kg4 (case-B). In this
study, p was set to 4. For an epoch whose G4 trajectory cannot be linearly approximated, xq was
estimated from the median of 854 (case-C). This operation was performed individually on the

eastward and northward components.
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For example, 2012-Jan (fig. 3¢) was classified in case-A, and ky was constrained on a dotted line
and Gy was determined on a blue line. 2017-Jul (fig. 3d) was classified in case-B, Gy, which was
displaced horizontally due to an unexpected error in the 1st-cycle, was corrected. 2014-Sep (fig.

3e) was classified in case-C, Gy in the Type-II range was corrected. Here, each resultant acoustic

signal residual was almost unchanged and indistinguishable.
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Non-outlier case
ng 0_1 2012-)an nerthaad
[mis/kmi

0.05

4
2017-Aug torthward

0.z

The first 2
&

-t
"
lllq...--‘ .

-
]
-
L

G
[m/sikm]

(®)

4
‘06 '07 '08 '09 ‘10 '11 '12 '13 '14 '15 '16 '17 '18 '19 '20 ‘21

Qutlier case: linear-like Gy

0.1 2017-Jul merthwaad

[mi s/km]

0.1

0.0

0.0

01

QOutlier case: not linear-like Gy

0.1 Zﬂlﬂ--Sep Nortivaard

Gm
[m/s/km]

The IatterE
4

[rm/sikm]

Figure 3. (a) The northward component of ASZ2 positioning time-series estimated in GARPOS.

Pink region indicates a slow slip event period estimated in Yokota and Ishikawa (2020). Blue

circles indicate outliers that deviate from the variation in surrounding epochs. Light-blue circle is
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a non-outlier example. (b) Ellipses indicate the range of Gy trajectories of all epochs. Blue-lined
ellipses indicate outlier cases in (a). Light-blue-lined ellipse indicates a non-outlier example. (c—
e) Gy estimated in GARPOS (1st-cycle; white line) and the proposed 2nd-cycle (light-blue line)
on the g,n—g1n plane. Dotted line indicates the ky direction. (f) Gy of 2017-Aug at FUKU. (g)

Gy estimated when the first % data (left) and the latter % data (right) were fixed to arctan(ky) = %

and %’ respectively.
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(a) internal gravity wave (b) internal gravity wave + stable gradient background (e.g. Kuroshio)

-

Gia Yo
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BGL'IZ

&
Typel et »0

(C) internal gravity wave + warm water intrusion

=

220  Figure 4. Three types of temporal changes in gradient fields from ¢; to t, (a) due to an internal
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221 gravity wave, (b) in addition, due to a stable gradient background, and (c) in addition, a water

222 intrusion. Each Gg trajectory is drawn on the bottom.
223
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4 Application of assumption

In this section, we verify the effect of constraint assumption, comparing the position time-series
and estimated Gg. Figs. 5b and 5S¢ compares the ASZ2 time-series and ranges of G4 determined

in the 1st- and 2nd-cycles.

The case-A (dark-blue circle in fig. 5b) such as the case in fig. 3¢ is the major pattern in the both
components at ASZ2. In these cases, the variation of positioning solutions was improved by
constraining the fluctuation of G4. Outliers in the 1st-cycle time-series tend to have G4 trajectory
straddling the Type-I and Type-II regions, i.e., in case-B or C, and the positioning solutions were
improved by confining G4. This result indicates that the straddling these regions is caused by the
error rather than the actual SSS variation and the constraint assumption leads a correct solution.
Because ASZ2 is often located in the Kuroshio (fig. 1c), the condition that the straight G4 does
not pass through the origin strictly (fig. 4b) is expected rather than the given constraint.
Therefore, there may be constraints to obtain a better time-series than the constraint given in this

study (assuming fig. 4a).

For comparison, data of FUKU in the Japan Trench region (fig. 5b) was analysed with the same
settings. In this site, about 80% were determined in cases-B and C, and suggesting more
complicated sea conditions along the Japan Trench (fig. 1¢) than ASZ2. k4 were determined in
more various directions than ASZ2 (fig. 5¢), suggesting that there was no steady background
SSS with strong gradient structure. FUKU results also showed the improvement in the variation

of time-series, except for some outliers.

The cases where Gq was constrained on Type-II in the 2nd-cycle (pink-lined circles) should be
difficult to track SSS changes properly. However, even in those cases, there was no serious
deterioration of the positioning solution. There might have been no significant 64 change during

the observation time. The analytical handling of such cases is a further research topic.
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The simple constraint assumption proposed in this study improved the accuracy of positioning
solution in many cases, but some outliers still even within the Type-I remain (green-lined circles
in fig. 5b). For example, in 2017-Aug at FUKU, the Gy trajectory varies with time (fig. 3f). In
this case, our algorithm that fixes one ky is considered not reasonable because it failed to
improve the positioning solution. The positioning solution was improved (green circles in fig.
5b) when fixed with multiple xy for two divided periods (fig. 3g). The positioning solutions for
some other outlier epochs were similarly improved by assuming two k4 during observations
(green circles in fig. 5b). In these epochs, the transition of the gradient state might have occurred
in a short time. The large variation in the eastward component of the FUKU time-series suggests

that such temporal change of 6 might have occurred frequently.

For other outlier example, the eastward component of 2017-Dec at FUKU was classified in case-
B, and the estimated positioning solution (purple-lined circle in fig. 5b) was deteriorated. This
cause can be inferred from the actual observation of sound speed profiles (SSPs). Fig. S1
compares SSPs during observations of 2017-Jul at ASZ2 and 2017-Dec at FUKU. The difference
of SSPs at ASZ2 is located at around 100—600 m depth. Although these observations suggest
only 'SSS change over time' and do not explicitly suggest a 'gradient field,' they indicate a
possibility that a gradient change at this depth. This can be regarded as a single layer shallow
gradient at ASZ2 (depth: 2900 m), suggesting that the 2nd-cycle result is more appropriate than
the 1st-cycle result (fig. 3d). On the other hand, the differences of SSPs at FUKU (fig. S1b) are
located at around 100-400 m and 600-1000 m depths. These depths can be regarded as shallow
and deep gradients at FUKU (1250 m). It suggests that validity that Gy passes the Type-II range
as estimated in the 1st-cycle. In this way, we can narrow down the range of G, using the SSP
direct observations and a more reasonable correction of G, may be possible.

If there is only single gradient source as fig. 4a, % = D.%N. If there are different gradient sources,

it is possible that the effective gradient layers are different in the eastward and northward

directions. When G, is decided in Type-I in the 2nd-cycle, % is obtained as follow:

= (L kg7 (5)
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275 Fig. 5d shows plots of (% , D.%N). Many epochs at ASZ2 were determined in the range of

276 % ~ D.%N but about half epochs at FUKU were determined to be outside those ranges. At ASZ2,
277 % were mostly located at relatively shallower side (0-0.5), suggesting a gradient field due to the
278  Kuroshio. At FUKU, % were often located at relatively deeper side, suggesting a deep gradient
279 field close to the seafloor and the complexity of the sea condition in the Japan Trench region.

280
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Basic GARPOS
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Figure 5. (a) Proposed algorithm flow for determining x4 considering G4 changes. (b)
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(red ellipses) determined in the 1st- and 2nd-cycles for each epoch. (FUKU) Purple ranges
indicate Gg of 2017-Dec. (d) The plots of (%,D.%N) estimated in the 2nd-cycle at (a) ASZ2 and

(b) FUKU. Red dotted lines indicate % = D.%N. The numbers at the top are the epoch ratios of
(°£ > 0.5) U (%2 > 0.5) (indicating deep-D,) and (°E < 0.5) N (°2 < 0.5) (indicating

shallow-D,). The denominator includes the epochs in Type-II.
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6 Summary

As a geodetic consequence, we found that the assumption that g4 is generally temporal-stable is
valid in about 90% epochs excluding some outliers at two sites, and it improves the positioning
accuracy. A more appropriate time-series could be obtained by finer determination flow even for
the remaining less than 10% epochs. In the future, a more appropriate G4 correction might be
developed using SSP direct observations and frequency of complex SSS generation as the
preliminary information. Instead of a secondary solution as in this paper, a method for finding a
unique solution e.g., by a modification of GARPOS, which explicitly considers the temporal-
stability of G4, might be also developed. The time-stability of Gq is also one of the keys for
understanding the tendency of narrow km-scale ocean fields in the open ocean. In particular, it is

valuable in marine acoustic engineering and may contribute to its future development.
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Figure S1. Sound speed, temperature, and salinity profile observation results on
(@) 2017-Jul at ASZ2 and (b) 2017-Dec at FUKU. Differences were measured by
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