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Abstract
The Global Navigation Satellite System-Acoustic ranging combination technique (GNSS-A) is a key observation method 
for detecting geodetic events such as co- and postseismic effects following a megathrust earthquake and the distribu-
tions of slip-deficit rate along the subduction zone. For capturing detailed slip and slip-deficit event information, Yokota 
et al. (Mar Geophys Res, 2018. https ://doi.org/10.1007/s1100 1-018-9362-7) improved the accuracy of GNSS-A seafloor 
positioning using a method for extracting the gradient field of an undersea sound speed structure (SSS). In this paper, 
we examined how the extracted gradient parameters reflect a real ocean field. A comparison with the JCOPE2, a data 
assimilated ocean circulation model, shows that the extracted gradient parameters reflect the structure generated by 
a strong ocean current and can also be used for determination of the location and horizontal structure of the Kuroshio 
flow path. The results are also consistent with direct SSS observations. GNSS-A can thus serve as a sensor for detecting 
undersea sound speed gradient fields rather than surface condition.
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1 Introduction

The Global Navigation Satellite System (GNSS)-Acoustic 
ranging combination technique (GNSS-A) is a unique and 
important technology for detecting detailed absolute sea-
floor crustal deformation. Many key scientific findings have 
been obtained with the aid of GNSS-A [2–6]. Our data were 
published in Yokota et al. [7, 8].

The importance of various geophysical phenomena 
(e.g., postseismic mechanism, interseismic interplate 
coupling, and slow slip event) has been pointed out in 
seismology and disaster research [9]. The accuracy of 
GNSS-A is currently insufficient for detailed monitoring 
of these phenomena. Many GNSS-A studies have focused 

on undersea acoustic ranging to improve the accuracy 
[10–12]. Yokota et al. [1] proposed a technique for extract-
ing the sound speed structure (SSS) through multiple 
modeling with simple time functions that depend on ves-
sel and seafloor station positions. This technique not only 
improves the accuracy of seafloor position monitoring but 
also makes it possible to extract parameters considered to 
reflect the gradient state of the SSS.

In Yokota et al. [1], the verification of the extracted 
parameters was insufficient because only some of the 
data were compared with the ocean model. In this paper, 
we compare all extraction results obtained at sites HYG1 
and HYG2 (located below the Kuroshio) with the JCOPE2, 
a data assimilated ocean circulation model constructed 
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by Miyazawa et al. [13]. Additionally, the data on Decem-
ber 2017 are validated by comparing with in  situ SSS 
measurements.

2  Observation system

GNSS-A, proposed by Spiess [14], determines seafloor 
position using a combination of GNSS data, obtained 
above the sea, and acoustic ranging data, obtained under 
the sea. Since the mid-1990s, we, the Hydrographic and 
Oceanographic Department, Japan Coast Guard (JHOD) 
and the Institute of Industrial Science (IIS), the University 
of Tokyo, have been developing a seafloor geodetic obser-
vation system based on this technique [15]. GNSS-A uses 
an ocean vessel as a relay point for GNSS observation and 
undersea acoustic ranging, as shown in Fig. 1. Four acous-
tic transponders are installed as seafloor stations at each 
site. The use of a vessel limits the observation frequency 
to about several times per year. The absolute position of 
a surface transducer is determined from attitude data 
and high-rate GNSS data analyzed using the software IT 
(Interferometric Translocation) [16, 17], and the distance 
between the vessel and a seafloor station is determined 
from acoustic ranging data based on travel time. The abso-
lute position of the transducer and the relative distance 

data are combined to determine the absolute positions 
of the seafloor transponders.

We use survey lines composed of straight lines and a 
diamond around the site area. The straight lines are set so 
that the ship crosses the site area. For an overview of the 
SSS, sound speed depth profiles are acquired every few 
hours using temperature and salinity profilers, namely a 
conductivity temperature depth (CTD) profiler, expend-
able conductivity temperature depth (XCTD) profilers, and 
expendable bathythermographs (XBTs).

3  SSS extraction method

For determining the absolute seafloor positions, a lin-
earized inversion based on the least squares formulation 
that combines the onboard transducer positions and the 
acoustic travel times is performed. We performed a posi-
tion inversion and SSS inversions iteratively to obtain the 
final solutions in the inversion flow (Fig. 2). The SSS inver-
sion method was developed by Yokota et al. [1] based on 
Fujita et al. [18] and Matsumoto et al. [19] and is described 
in detail in these papers. Here, we explain only the gradi-
ent parameters extracted from the SSS inversions.

In this method, large-scale temporal changes of SSS 
such as a daily change are first removed. Then, two gra-
dient parameters are extracted from the inversion flow 
(Fig. 3). Primary gradient parameter ΔV

1(t) is extracted 
as a function of time t dependent on vessel positions. As 
shown in Fig. 3a, acoustic signals are affected by a gradi-
ent field because they take different paths depending on 
the location of the vessel. For the left and right seafloor 
stations (Fig.  3a, b, respectively), the extracted ΔV

1(t) 
are almost the same since they depend on the area sur-
rounded by the paths if the SSS is inclined linearly.

Secondary gradient parameter ΔV
2(t) is extracted as 

a function of time t dependent on seafloor station posi-
tions. It reflects the difference in the acoustic paths due 
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Fig. 1  Schematic diagrams of our seafloor geodetic observation 
system (modified after Asada and Yabuki [15] and Fujita et al. [18])

Fig. 2  Schematic diagram of inversion flow proposed by Yokota 
et al. [1]. A seafloor position inversion and SSS inversions are alter-
nately iterated until the convergence to obtain the final solutions
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to the difference in the seafloor station position, as shown 
in Fig. 3c. Even when the vessel position and the scanned 
gradient field change (Fig. 3c, d), as is the case for a sub-
stantially linear gradient field, the extracted ΔV

2(t) in the 
cases of Fig. 3c, d are almost the same except for a time 
change for the same reason given for ΔV

1(t).
ΔV

1(t) and ΔV
2(t) in this analysis are not set for each 

depth; instead, they are set to be the same for all depths. 
Therefore, the extracted components were normalized so 
that the gradient structure extends over the entire depth 
because the correction function is set to be the same for all 
depths. A gradient field cannot be correctly extracted with 
only one straight survey line, because this method has no 
resolution along the normal direction of a survey line. 
Therefore, we discuss only the values obtained by sum-
marizing gradient parameters for multiple survey lines.

4  Extracted parameters

To discuss many cases, we compared the extracted param-
eters obtained at sites HYG1 and HYG2 (Fig. 4). These sites 
are, respectively, located east of the Hyuga-nada region 
and almost below the Kuroshio, which flows near the 
Japan Islands. Figure 5 shows all the extraction results 
between February 2012 and December 2017. As shown 

in the lower-right example in Fig. 5, black and red vectors 
indicate extracted ΔV

1(t) and ΔV
2(t) parameters, respec-

tively, normalized so that the gradient structure extends 
over the entire depth. Each arrow points in the direction 
of increasing sound speed (increasing temperature). As 
shown, the relationship between ΔV

1(t) and ΔV
2(t) var-

ies. For example, for HYG1 (top graph in Fig. 5) in Epoch 
13, ΔV

1(t) is large and ΔV
2(t) is almost 0, whereas for HYG2 

(bottom graph in Fig. 5), both ΔV
1(t) and ΔV

2(t) are small, 
and their directions are different. These parameters are 
listed in Supplementary Material 1. 

5  Interpretation of extracted parameters

We used a simple model to interpret the kind of under-
sea SSS expressed by the ΔV

1(t) and ΔV
2(t) parameters. 

Figure 6 shows sectional views of four cases for a survey 
line. In Case A, shown in Fig. 6a, the gradient field of the 
SSS is strong at the most disturbed surface layer. Since 
primary parameter ΔV

1(t) reflects the gradient between 
path-1 and path-3, it is strongly affected by the gradient. 
Secondary parameter ΔV

2(t) reflects only the gradient 
between path-1 and path-2, and thus, it is only slightly 
affected by the gradient. Figure 6b shows Case B, for which 
the gradient field is located at a somewhat deep depth. 

(a) (b)

(c) (d)

Fig. 3  Schematic cross-sectional views along a survey line for a 
rightward gradient field. Gradient parameter ΔV

1(t) extracted from 
surface vessel positions and a left and b right seafloor station data. 

Gradient parameter ΔV
2(t) extracted from seafloor station posi-

tions when the vessel is located in the c left and d right regions
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The ratio of the gradient effects reflected by ΔV
1(t) and 

ΔV
2(t) is different from that for Case A. The effect on ΔV

2(t) 
between path-1 and path-2 is larger than that for Case A. 

In Case C (Fig. 6c), when the gradient field is located at 
a deep depth, ΔV

2(t) is larger than ΔV
1(t) . For HYG1 and 

HYG2, this case was not observed. Case D is much more 
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12 31-34.0148N 132-34.3845E Dec. 9 15:54 XBT
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Fig. 4  (Upper) Locations of seafloor sites and direct sound speed 
observation points in December 2017. Red squares indicate sea-
floor sites HYG1 and HYG2. Green and light-blue circles indicate 

XBT and XCTD observation points, respectively. (Bottom) Detailed 
information about XBT/XCTD casts is listed
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Fig. 5  Comparison between extracted gradient parameters at sites 
HYG1 and HYG2 and 100-m-deep temperature fields of the JCOPE2 
model on observation dates for HYG2. Color scale of temperature 
fields is drawn on the right bottom. On the left shoulder of the 
graph for each gradient parameter, an area categorization (defined 

in Fig.  7) determined from the extracted parameters is shown. 
Based on these categorizations, an interpretation of the position 
and horizontal structure of the Kuroshio is shown at the bottom of 
the figure for each epoch
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Fig. 5  (continued)
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complicated rather than the former cases (Fig. 6d). In such 
a gradient field, ΔV

1(t) is small compared to the absolute 
intensity of a shallow gradient field because it is affected 
by a reverse gradient field on the deep side. ΔV

2(t) may 
be largely affected by a deep gradient field in a direction 
different from that of the shallow gradient.

The cross section of the boundary region of the Kuro-
shio can be represented as shown in Fig. 7, since a gradi-
ent of SSS of the Kuroshio generally starts at the shallow 
region from the north ridge and progresses to the deep 
region as in the past direct XBT/CTD measurements [20, 
21] and our direct measurements as shown in Fig. 8a. 
The positional relationship between the site and the 
Kuroshio flow path can be divided into four areas. In the 
south region, Area I, there is stable flow, so it is unlikely 
that a disturbance like that in Case D will occur. The con-
dition of the gradient field is thought to be similar to 

that for Case A, but the gradient parameters are small 
since there is no strong gradient field. In Area II, a thick 
gradient field is located in a deeper region, as in Case B. 
In Area III, there is only a shallow strong gradient field, as 
in Case A. In Area IV, outside the Kuroshio, unstable dis-
turbance is likely to be generated, as in Case D, because 
there is no strong current flow. However, when the ocean 
field is stable, a weak gradient field may be generated, 
as in Case A, which has a small ΔV

1(t).
On the left shoulder of each graph in Fig. 5, an area 

categorization based on the extracted parameters is 
shown. The epochs that exhibited features of Cases B 
and D were judged as Area II and Area IV, respectively. 
When ΔV

1(t) in a direction different from the Kuroshio 
flow region was extracted, the epochs were judged as 
Area IV. The epochs of Case A were judged as Area I when 
ΔV

1(t) was relatively small and as Area III when ΔV
1(t) 
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Fig. 6  Schematic diagrams of the relationships between extracted 
parameters and gradient SSSs. a Case A: there is a gradient field 
only in the shallow part. b Case B: there is a slightly deep and/or 
thick gradient field. c Case C: there is a gradient field in the deep-

est part. ΔV
1(t) and ΔV

2(t) parameters give gradient fields in green 
regions surrounded by path-1 and path-3 and pink regions sur-
rounded by path-1 and path-2, respectively. d Case D: there is a 
complicated gradient field
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was relatively large. In other cases, the epochs were 
not determined and multiple possibilities are given. In 
order to verify the interpretation results, the tempera-
ture distribution at a depth of 100 m calculated from the 
JCOPE2 reanalysis model is also shown in each epoch 
in Fig. 5. These distributions are for HYG2 observation 
dates because HYG1 and HYG2 were always observed 
simultaneously.

6  Interpretation: HYG2 results

The HYG2 results (graphs in the second row in Fig. 5) for all 
the epochs can be identified as one of the four areas. For 
example, the results for Epochs 1, 2, 14, 17–19, and 21 can 
be categorized as Case A, because small ΔV

2(t) and large 
ΔV

1(t) parameters were extracted. Therefore, these epochs 
are judged to be Area III. The results for Epochs 3, 8, 11, 12, 
15, and 20, in which ΔV

2(t) vectors are oriented in directions 
similar to those of ΔV

1(t) vectors, are categorized into Case 
B. Then, these epochs are judged to be Area II. In Epochs 9, 
10, 22, 24, and 25, ΔV

2(t) are excessively large or their direc-
tions are different from those of ΔV

1(t) . These epochs are 
categorized as Case D (Area IV). Some cases could not be 
categorized clearly. The parameters extracted in Epochs 5, 

16, and 23 have intermediate characteristics. Although the 
parameters extracted in Epochs 4, 7, and 26 can be catego-
rized as Case A, since the field strength is small, area catego-
rizations could not be made.

A comparison with the JCOPE2 model confirms that 
these categorizations are correlated with the positions of 
the Kuroshio flow path. In epochs categorized as Area III, the 
regions around site HYG2 are basically located northwest of 
the Kuroshio, which has a strong temperature gradient. In 
epochs categorized as Areas II and IV, the HYG2 site is basi-
cally inside the Kuroshio flow path and outside the Kuroshio, 
respectively.

7  Interpretation: Kuroshio path investigated 
using HYG1 and HYG2

We made a similar interpretation for HYG1 (graphs in 
the first column in Fig. 5). The positions and horizontal 
structures of the Kuroshio can be interpreted from the 
extracted SSS data at sites HYG1 and HYG2. In Fig. 5, based 
on the categorization for each epoch, the interpretation 
of the position and structure of the Kuroshio is shown at 
the bottom of the figure for each epoch. The meaning 
of the schematic interpretation image of the Kuroshio is 

Fig. 7  Schematic diagram of a 
north–south cross section of 
the SSS in the Kuroshio region. 
Area I indicates the south 
region inside the Kuroshio. 
Area II indicates the region 
that has a deep gradient in 
the Kuroshio. Area III indicates 
the region that has a shallow 
gradient in the Kuroshio. Area 
IV indicates the region outside 
the Kuroshio

N S

high low
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N

S
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explained in the lower-right example in Fig. 5. Each direc-
tion of flow was roughly interpreted from the directions of 
extracted parameters. For cases where the area categori-
zation could not be completely discriminated due to an 
intermediate feature, the rough position of the northern 
bound and structure of the Kuroshio are shown (dotted 
line). For Epochs 4, 7, and 26, since there are multiple inter-
pretations, multiple schematic images are shown.

First, we interpret the most characteristic cases. In the 
interpretations of Epochs 5, 6, 9, and 22–25, because the 
fields around HYG1 and HYG2 were unstable, the Kuro-
shio path is thought to be located in the offshore direction 
from these sites. The event in Epochs 22–25 was synchro-
nized with the Kuroshio large meandering after 2017. In 
Epochs 1, 2, 14, 19, and 21, it can be interpreted that the 
Kuroshio was considerably offshore, although not as much 
as in the previous cases. Conversely, in Epochs 8 and 11, it 
can be interpreted that the Kuroshio flowed very near the 
coast. In Epochs 17 and 18, the results from both sites are 

categorized as Area III (or IV) and indicate the possibility 
that the flow of the Kuroshio was spread widely. In Epochs 
10 and 13, although the HYG1 results were stable, the 
region around HYG2 is believed to be located in an unsta-
ble field. The directions of ΔV

2(t) were also inconsistent 
with the steady state of the Kuroshio. It was thus inferred 
that the Kuroshio was meandering around HYG2 in each 
of these epochs. The interpretations for many epochs are 
mostly consistent with the JCOPE2 model, suggesting that 
the extent of the Kuroshio berth can be determined from 
GNSS-A data.

Not all analysis results match the JCOPE2 model. In 
Epoch 16, ΔV

2(t) indicating the northward gradient dif-
ferent from ΔV

1(t) was estimated at HYG2. This is incon-
sistent with deeper parts of the JCOPE2 model. In Epochs 
24 and 25, although the gradient field is predicted to be 
located around the HYG2 site by the JCOPE2 model, this 
was not shown in the analysis results. These are not serious 
differences, and the results might complement the ocean 
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Fig. 8  Resultant SSS cross section of direct observations. Red bars indicate regions around sites HYG1 and HYG2. Green and blue circles at 
the surface indicate the position of XBT and XCTD casts, respectively. Contours are at every 5 m/s
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model constructed based on existing data. For example, 
in Epochs 24 and 25, the actual Kuroshio flow path might 
have been located slightly south of the location predicted 
by the JCOPE2 model.

Narrow-scale (GNSS-A scale) sound velocity gradient 
fields in the Lesser Antilles were discussed in Sakic et al. 
[22] only using an opportunity measurement. The gradi-
ents for an order of magnitude between 1–10 cm/s/km 
estimated in that paper were similar with our results in 
Fig. 5. At least from this comparison, quantitatively simi-
lar gradient structure conditions were constructed in the 
undersea internal structures in the Lesser Antilles and the 
northwestern ridge of the Kuroshio.

For example, at HYG1 in Epoch 4 and at HYG2 in Epoch 
8, a half-day periodicity is visible in Fig. 5. However, it can-
not be determined whether this is, for example, a half-
day SSS disturbance originating from the internal gravity 
wave or some error in the half-day period. A more detailed 
analysis of these gradient parameters will have to be per-
formed in the future using more seafloor sites and data.

8  Validation using direct observation

Finally, we validated the results obtained GNSS-A data 
by a comparison with direct sound speed observations 
at a survey line that passes through seafloor sites HYG1 
and HYG2 (Fig. 4). In an observation campaign in Decem-
ber 2017 (Epoch 26), we performed continuous XBT and 
XCTD observations along this survey line. Figure 8a shows 
a cross section of the undersea SSS constructed from these 
observations.

As shown, the region around HYG1 was in a strong shal-
low (depth: 100–200 m) gradient field in the north region 
of the Kuroshio and is categorized as Area III. As shown in 
the results for Epoch 26 in Fig. 5, the extracted ΔV

1(t) and 
ΔV

2(t) parameters suggest Case A. This result is consistent 
with the direct SSS observation.

According to Fig. 8a, there was a thick gradient struc-
ture at a depth of around 400–700 m between HYG1 and 
HYG2. This region was categorized as Area II. The region 
around HYG2 had only a gentle weak gradient at a depth 
of around 200–400 m and was categorized as Area I. The 
extracted parameters were categorized as Case A, suggest-
ing that area could be categorized Area I or Area III. This 
result is also consistent with the direct observation.

As shown in Fig. 8b, considering simple models, we 
can roughly estimate ΔV

1
 and ΔV

2
 . Yokota [23] intro-

duced this calculation method considering a ratio of 
areas. These results ( ΔV

1
 ~ about 5–6  cm/s/km, and 

ΔV
2
 ~ about 0–1 cm/s/km) are consistent to some extent 

with our estimation results ( ΔV
1
 ~ about 7–8 cm/s/km, and 

ΔV
2
 ~ about 0–3 cm/s/km) in Fig. 5 (Epoch 26) and suggest 

quantitatively the extraction ability for SSS of GNSS-A. ΔV
2
 

of HYG1 result cannot be visible in the direct observation. 
It will have to be compared with more detailed monitoring 
in space and time to confirm it.

When seafloor position was modified largely, large 
ΔV

2
 was also extracted as shown in Yokota et al. [1]. On 

the other hand, even when large ΔV
2
 parameters were 

extracted, seafloor positions were not always largely modi-
fied. It indicates that there were datasets and environ-
ments where new method replaces ΔV

1
 with ΔV

2
 and sea-

floor position is not significantly modified. In this regard, 
statistical analysis with more data is needed in the future.

9  Summary

The results derived using the estimation method for a gra-
dient SSS proposed by Yokota et al. [1] were found to be 
mostly in agreement with an ocean model (JCOPE2 model) 
and direct SSS observation. The extracted parameters can 
be used for determining the ocean field. These data can 
be used to monitor a much narrower region than that 
possible using other ocean observation techniques (e.g., 
satellite observation and direct buoy observation by Argo 
float). Although GNSS-A provides “fixed-point observa-
tions,” “the gradient of SSS” can be detected. By using data 
from multiple sites, it is also possible to obtain a partial 
ocean structure.

GNSS-A can thus serve as a sensor for detecting under-
sea sound speed gradient fields. As a sensor with capa-
bilities different from those of flow velocity sensors, such 
as current meter and the acoustic Doppler current pro-
filer, and temperature and salinity sensors, such as XBT 
and CTD, GNSS-A can be used for investigating ocean 
current flow paths. Particularly, GNSS-A can be a sensor 
for undersea current structure rather than surface condi-
tion unlike a satellite observation. Temporally continuous 
(high-frequency) GNSS-A observation will make it possible 
to observe much more accurate SSS and seafloor position. 
The realization of a continuous GNSS-A monitoring system 
will contribute not only to earthquake disaster prevention 
research but also ocean research.
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