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Abstract Ocean data have been improved with the enhancement of observed values and the evolution of
computational technologies. It has also been verified based on the reproducibility of various ocean phe-
nomena. Mode water is one of the indicators for assessing ocean data because of its special properties.
However, its definition differs for each ocean data. Besides, its observation is primarily performed by 2D
analysis using the cutting plane of the ocean space. Therefore, reproducibility of the ocean space may have
not been fully examined. Here, this paper presents a visual analysis tool for the feature of ocean data based
on the 3D shape comparison of the mode water regions among three ocean datasets. Our comparison is
based on similarity measure from shape appearances of the mode water regions extracted as isosurfaces.
Users can interact with shape similarity data and a pair of isosurfaces. Our visualization tool supports to
easily explore the relationship of different variable thresholds that are used for conditions of the mode water
region and observe the specified parts of the pair in the 3D space. We demonstrate the availability and
potential benefit of this approach through three examples that searched for the best conditions and expert
feedback.

Keywords Comparative visualization - Scientific visualization - Volume dataset - Isosurface - Ocean data -
Mode water

1 Introduction

Mode water is a type of seawater mass defined by particular water properties and distributed in the world
ocean (Fig. 1). Its formation process is closely related to the condition change of air on the seawater surface.
For example, subtropical mode water, one of the mode waters in the North Pacific Ocean, is formed under
mainly the influence of Kuroshio and westerlies. Studies of mode water lead to understanding the mech-
anism of global phenomena, such as seawater flows and climate change.

Mode water forms a 3D region characterized by similar water properties. Its property is one of the
criteria for evaluation of ocean data. Researchers in the field of physical oceanography have often compared
the ocean data by drawing iso-contours on the cutting plane of the ocean including mode water regions
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Fig. 1 Distribution of mode water in the world (Talley 1999). Each color shows a type of mode water

(Yasuda and Kitamura 2003; Usui et al. 2017). This comparison is useful to observe partial structures of
mode water; however, it is not easy to reproduce the 3D structure of the ocean by observing the iso-contours.
3D shape comparison of mode water regions is important because it can contribute to the high reproduction
of the 3D ocean space. Finding similar/dissimilar parts of the mode water region would be helpful to
improve the understanding of ocean features in the data. An example scenario is to compare observation and
simulation datasets based on the shapes of the mode water region. Dissimilar parts of shape can provide a
hint of better ocean simulation.

A mode water region can be defined as a set of subregions where satisfy pre-defined conditions of
physical characteristics such as temperature, salinity, and density. Several studies of mode water have been
performed based on their definitions applying different sets of physical characteristics (Douglass et al. 2012;
Gao et al. 2016; Masuzawa 1969; Oka et al. 2015; Yasuda and Kitamura 2003). Also, various thresholds of
the physical characteristics have been applied to extract mode water regions (Davis et al. 2011; Nishikawa
et al. 2010; Xu et al. 2014) appropriately. It is therefore important to analyze how different definitions of
thresholds have impacts on each shape of mode water regions (Yano et al. 2018). Comparative analysis of
mode water regions based on the different definitions of thresholds would be effective to comprehend 3D
distributions of physical characteristics in the ocean.

In this paper, we present a 3D visualization tool for shape comparison of mode water regions applying
the different conditions to evaluate ocean data. We suppose to compare two volume datasets generated by
each ocean dataset of the same ocean region. We generate isosurfaces as outer boundaries of mode water
regions from each ocean dataset and calculate the similarity between the isosurfaces by a view-based
method, one of the 3D shape comparison methods. Isosurfaces are generated based on the different con-
ditions from each ocean dataset. The visualization tool displays the set of similarity values as multi-
dimensional time series data. We can observe the tendency of similarity values based on the conditions of
mode water regions of each ocean dataset. Moreover, we can select a pair of mode water regions based on a
condition and observe the pair of their isosurfaces.

This paper is an extended version of our conference paper (Yano et al. 2018): the paper introduces the
comparative experiments applying three ocean datasets (observation (Locarnini et al. 2013; Zweng et al.
2013), simulation (Masumoto et al. 2004), and assimilation (Usui et al. 2017)) based on the mode water
regions.
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Table 1 References which define mode water

References Data PV Density

Xu et al. (2014) ARGO <15x 10710 24.9-25.5
Xu et al. (2014) OFES <1.5x 10710 25.2-25.6
Xu et al. (2014) POPH <1.5x 10710 24.8-253
Xu et al. (2014) POPL <15x 10710 25.3-25.8
Davis et al. (2011) ECCO2 <2.0x 10710 25.0-25.6
Nishikawa et al. (2010) OGCM <2.0x 10710 24.8-25.3

Our contributions are:

— Comparison of the mode water regions by implementing a view-based 3D shape comparison method
(Sect. 3.2).

— Visualization of shape similarity data and a pair of isosurfaces of the mode water regions supported by
the presented tool (Sects. 3.3-3.5).

— Analysis of reproducibility of three ocean datasets based on shape comparison results of the mode water
regions (Sect. 4).

The rest of this paper is organized as follows: Sect. 2 introduces the related work. In Sect. 3, we present a
shape comparison procedure of the mode water regions. Section 4 describes the used ocean datasets, the
conditions to extract mode water regions and the shape comparison results of the mode water regions using
our tool. Section 5 provides expert feedback on the tool and results. We discuss the advantages and
limitations of the tool and future work in Sect. 6 and conclude in Sect. 7.

2 Related work

This section explains the definition and role of mode water, isosurface-based comparison visualization, and
3D shape comparison.

2.1 Definition of mode water

Mode water has been defined with physical characteristics by different variables (Douglass et al. 2012; Gao
et al. 2016; Masuzawa 1969; Oka et al. 2015; Yasuda and Kitamura 2003). For example, (Masuzawa 1969)
defined the North Pacific subtropical mode water with temperature and salinity. Yasuda et al. (Yasuda and
Kitamura 2003) defined it with temperature and gradient of temperature.

A mode water region is defined as a closed 3D region of the ocean where physical characteristics of the
seawater satisfy a pre-defined set of conditions. Table 1 shows examples of variable thresholds corre-
sponding to the conditions of the same mode water as above. Here, the term “PV” stands for potential
vorticity and is a vertical gradient of “density.” The term “density” is a value calculated from temperature,
pressure, and salinity (Tenth 1981). This table suggests there are various definitions of variable thresholds
among the used ocean data. We have implied that different definitions of thresholds affect shapes of the
same mode water in the previous work (Yano et al. 2018). In this work, we compare three types of ocean
data based on shape comparison of the same mode water regions with different thresholds. We expect that
shape comparison results would be effective to comprehend 3D distributions of physical characteristics and
assist the process of reproduction for each ocean data.

2.2 Comparison of ocean data based on mode water

Mode water is applied as one of the criteria for the comparison of ocean data. It has been used to visualized
by drawing iso-contours on the cutting plane of the ocean to compare ocean data (Yasuda and Kitamura
2003; Usui et al. 2017). Usui et al. (2017) showed differences in temperature between compared datasets in
addition to the above observation. It is possible to analyze the reproduction in the specific position of the
ocean; however, researchers cannot easily recognize differences in 3D distributions between the compared
datasets. Meanwhile, 3D analysis of the ocean phenomena gets more important recently. For example, ocean
eddies are applied to isosurface visualization to observe their variation (Liu et al. 2017). Research on the
main pycnostad water of subtropical mode water in the North Pacific Ocean required 3D structure analysis
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for further study (Toyama and Suga 2011). This paper presents our 3D shape comparison of mode water
regions among ocean datasets and analysis of the spatial differences between the ocean datasets aiming the
better reproduction. We expect 3D visualization techniques would help mode water analysis which previ-
ously applied 2D visualization techniques.

2.3 Isosurface-based comparative visualization

Many effective techniques for isosurface-based comparative visualization have been developed. Isosurface
similarity maps (Bruckner and Moller 2010; Tao et al. 2018) provided representative isosurfaces. Hazarika
et al. (2018) selected the most informative isosurfaces using an information-theoretic method. These studies
focused on suggesting important isovalues and understanding their corresponding isosurfaces. Alabi et al.
(2012) proposed Ensemble Surface Slicing (ESS) as an ensemble data visualization technique applying
sliced isosurfaces. Demir et al. (2016) visualized an ensemble of isosurfaces by a set of screen space
silhouettes. Biswas et al. (2013) introduced isosurfaces applying the color-mapping representing the degree
of uncertainty of variables. Hazarika et al. (2016) visualized ensemble isosurfaces applying the color-
mapping representing distances from the median surface.

Our technique calculates colors of isosurfaces from distances between the arbitrary point of an isosurface
and the other isosurface, as Hazarika’s technique. Ocean dataset is a volume dataset that contains scalar
values s; to sy at each grid-point, where N is the number of scalar values. We apply the marching cubes
algorithm to ocean datasets in order to extract the outer contour boundary of the mode water. It is described
as the 3D region surrounding a set of grid-points which satisfy 519 <s; <s;; to syg <sy <sy1, Where s; and
s;1 are lower and upper thresholds of the ith scalar value. Also, such regions can be perfectly reproduced as
the logical product of interval volumes (Fujishiro et al. 1996).

2.4 3D shape comparison

Based on a survey conducted by ElNaghy et al. (2013), 3D shape descriptors are divided into five types; (1)
view-based, (2) graph-based, (3) geometry-based, (4) statistics-based, and (5) general. View-based methods
examine the similarity of appearances from images of 3D objects projected on the 2D spaces. Graph-based
methods apply graph matching of 3D objects. Geometry-based methods capture geometric features directly,
while statistics-based methods treat those features converted into statics values. General methods are based
on feedback and a combination of 3D object retrieval techniques.

Overall, view-based techniques are more discriminative than any other methods despite discarding 3D
information of an object as discussed in (Chen et al. 2003; Shilane et al. 2004; Bimbo and Pala 2006). This is
because geometry-based comparison tends to deal with high-dimensional values to capture salient features.
Statistics-based comparison tends to lack accuracy because the spatial distribution of object features is not taken
into account. On the other hand, the process of view-based comparison, such as image acquisition and feature
extraction, is not complicated. Therefore, we apply a view-based shape comparison technique in this work.
Actually, the view-based method is widely applied to 3D shape recognition (Su et al. 2015; Qi et al. 2016).

Our implementation of view-based methods places a target shape at the center of a polyhedron. Vertices
of the polyhedron are treated as viewpoints so that we can arrange viewpoints uniformly. An octahedron (6
viewpoints) (Vranic and Saupe 2004), a dodecahedron (20 viewpoints) (Chen et al. 2003), and an icosa-
hedron (42 viewpoints) (Ohbuchi et al. 2008) have been applied as typical polyhedrons. Here, it is not easy
to estimate the optimal number of viewpoints because we have multiple factors including accuracy and
computational complexity. Lian et al. (2010) presented that the use of a large number of viewpoints does not
always perform well. According to several discussions on the number of viewpoints, comparison results
using 20 viewpoints are better than those using six viewpoints (Chaouch and Verroust-Blondet 2007). On
the other hand, except in the case of comparison of articulated shapes, no significant differences are
observed between comparison results using 20 and 42 viewpoints (Ohbuchi et al. 2008).

In addition to the above studies, (Chen et al. 2003) proposed that the 20 viewpoints could roughly
represent a 3D object based on previous studies (Lindstrom and Turk 2000; Huber and Hebert 2003). They
put cameras on 20 vertices of a dodecahedron to collect images of a 3D object and provided better
comparison results based on visual similarity than those using any other methods. Several view-based
techniques are using images from vertices of a dodecahedron (Lin et al. 2018; Shih and Chen 2006) similar
to Chen’s work. Recently, images of a 3D object rendering from vertices of a dodecahedron have been
applied to shape comparison combining deep learning (Xie et al. 2015; Han et al. 2017).
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We measured the computation time for acquisitions of a series of 20 images on our running environment
with Java Development Kit (JDK) 1.8.0 and found that at least 350 ms is required after every frame
acquisition. It takes about 8.1 min to calculate feature vectors of 20 shapes generated from a one-month
dataset and 13.12 ms to calculate the shape similarity value of a pair. Therefore, we take about 25.6 h to
compare all shapes in this study, including about 21 h to calculate feature vectors of all shapes and 4.6 h to
calculate the similarity of all pairs. We will require about twice the computation time as long as the above-
mentioned if we take the number of viewpoints as 42. Based on these discussions and experiments, we
experimentally place the shape of the mode water region into a dodecahedron.

One disadvantage of the view-based method using silhouette images is to overlook dents or cavities of a
target 3D object. As referred to Sect. 2.2, there have been observations of the rough outline of mode water
regions and discussions on the relationship of ocean phenomena; however, these studies did not focus on the
detail of shapes of mode water regions. Besides, the cutting plane including a center part of the mode water
region shows that large dents or cavities are not formed based on the distribution of PV and density from
observation datasets (Xu et al. 2017). In physical oceanography, there are weak diffusions caused by ocean
currents to keep isodensity under the ocean. For that reason, the dent parts are hardly formed in a center part
of mode water regions. Even if there are dent parts, the parts have been not emphasized in previous works of
mode water regions. Therefore, the above-mentioned disadvantage is not an important problem in our work.

3 Design of the presented tool

We describe the processing flow of shape comparison of the mode water regions in this section, as illustrated
in Fig. 2. We first extract outer boundaries of the mode water regions as isosurfaces from each volume
dataset, where scalar values are assigned to each grid-point. We then perform 3D shape comparison of mode
water regions by a view-based method and calculate their shape similarity. We visualize the similarity
values and a pair of isosurfaces using the tool.

We select a type of datasets and set conditions of the mode water region while generating isosurfaces. In
this study, we suppose that multiple isosurfaces can be extracted from a single volume dataset by repeating
the isosurface generation while adjusting the conditions of the mode water region. We also suppose that
isosurfaces can be extracted at multiple time steps if the dataset is a time-varying volume. As a result, we
can compare one-to-multiple isosurfaces and treat their similarity values as multi-dimensional time series
data. Our tool visualizes the multi-dimensional time series data in a time series plot and user-selected pairs

(b) Comparison between

a) Isosurface generation .
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Fig. 2 Processing flow; a multiple isosurfaces generation from a single volume dataset, b comparison between one-to-multiple
isosurfaces, ¢ similarity data visualization and d comparative visualization in the tool
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of isosurfaces. Here, since this visualization gives an overview of a series of shape similarity values, users
can observe easily the specified pairs of isosurfaces with a shape similarity value by click operations.

3.1 3D outer boundary extraction

We generate isosurfaces by extracting the 3D outer boundary of mode water regions using the tool. We first
generate an additional scalar field in each volume dataset. A positive value is assigned to a grid-point if it
satisfies all the condition. Otherwise, a negative value is assigned. We then extract an isosurface from a set
of points satisfying that the scalar value is zero and treat the outer surfaces as the 3D outer boundary of a
mode water region in this study.

3.2 3D shape comparison

We calculate the shape similarity to compare pairs of isosurfaces. We implement a view-based shape
comparison method that generates a polyhedron surrounding a target object and treats vertices of the
polyhedron as viewpoints (Fig. 3). In this implementation, we generate a dodecahedron and place an
isosurface of mode water region inside the dodecahedron. We can obtain 20 images of the isosurface from
different viewpoints that are vertices of the dodecahedron. Then, we extract the outer contour of the
isosurface from each image and convert pixels Py to the polar coordinates (ry, 0;). We generate a 2D
histogram (r, ) that is normalized with the mean distance of r and regard frequency as a feature vector. Let
X, = {p1,p2,....p20} be a set of feature vectors at each viewpoint of shape X, where p; is a feature vector
generated with the ith viewpoint. Also, let Y, = {g1,92,...,¢2} be a set of feature vectors at each view-
point of shape Y, where ¢; is a feature vector generated with the jth viewpoint. We calculate the Manhattan
distance between X, and Y, at each viewpoint by d(p;, ¢;) = |p; — ¢:|- Then, we calculate the mean distance
D(X,Y) = 2—102[2:01 d(pi,q;) and treat it dissimilarity between shape X and shape Y.

3.3 Visualization for similarity data

We generate multiple isosurfaces from each volume dataset applying different conditions of the mode water
region. Therefore, we calculate multiple similarity values between an isosurface generated from one of the
volume datasets and multiple isosurfaces generated from another volume dataset. In this study, we compare
isosurfaces generated from an observation dataset with those generated from the other datasets. We visualize
the similarity values as multi-dimensional time series data in a time series plot of the tool. The number of
axes corresponds to years of the other datasets compared with the observation dataset. The range of axes
corresponds to the range of similarity values. Smaller dissimilarity is depicted on the lower side of the axis.
One polyline shows a time series of dissimilarity of a pair of isosurfaces generated from the observation and
other datasets. Colors of polylines are assigned based on the user-selected condition. Polylines of the same
condition are aggregated and displayed as a band to avoid visual cluttering. Users can filter the polylines to
observe the specific pairs of isosurfaces by click operations.

Images from each viewpoint

)

&

) b w

> - @
y

v fouanba..

b

20

(@) Placed into a dodecahedron to obtain images (b) Generate 2D histogram from each image

Fig. 3 View-based 3D shape comparison; a image acquisition and b feature extraction
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3.4 Comparison visualization for isosurfaces

A pair of isosurfaces is displayed according to the user-selected condition in the tool. Users can observe the
specified pair by clicking a particular polyline vertex in a time series plot. The color of a vertex of an
isosurface is calculated based on the distance from the vertex of the other isosurface. This coloring finely
represents which portions of isosurfaces are similar/different to each other. Users can interactively control
the transparency of each of a pair.

3.5 User interface

We design a 3D visualization tool for shape comparison of mode water regions. Our goals are to analyze the
features of each ocean data based on comparison results of the mode water region and help the high
reproduction of each ocean data. This tool assists the following tasks to archive our goals:

T1 Understand the relationship between variable thresholds applied to mode water conditions.

T2 Explore the shape dissimilarity and pairs of isosurfaces based on the user-selected condition. For
example, the similar/dissimilar, same and temporal variation-based conditions.

T3 Observe the specified parts such as similar/dissimilar by comparing pairs of isosurfaces.

Figure 4 shows a snapshot of the user interface of the visualization tool presented in this paper. The tool
provides a time series plot for a shape dissimilarity data and a specified pair of isosurfaces for shape
comparison in the center of the window [Fig. 4(1)(2)]. Users can check interactively a pair of isosurfaces
corresponding to a pair of vertices on the time series plot. The tool enables to visualize above tasks as
follows:

— Polylines of the same condition are aggregated and displayed as a band to avoid the decline of visibility
and compare the tendency of data easily (T1) in the time series plot. In addition to the color for each
threshold of variables, a band is colored based on the variance value for every year of the band. A large
variance shows red and a small one shows blue in the band frame.

— To observe polylines of the user-selected condition (T2), the interface widget for a polyline filtering is
placed in the right of the window [Fig. 4(3)]. Besides, a pair of isosurfaces is displayed according to the
user-selected condition (T2). The transparency of each isosurface can be controlled by adjusting the
slider of the isosurface setting in the right of the window [Fig. 4(4)].
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— The color of an isosurface is calculated based on the distance from the vertex of the isosurface to the
other isosurface (T3). A dissimilar part of isosurfaces is colored in red and a similar one is colored in
blue.

4 Result

We experimented to compare mode water regions of three ocean datasets, observation, simulation, and
assimilation. We employed an observation dataset from WOA13 (World Ocean Atlas 2013) (Locarnini et al.
2013; Zweng et al. 2013), an assimilation dataset from FORA-WNP30 (Four-dimensional variational Ocean
ReAnalysis for the Western North Pacific) (Usui et al. 2017), and a simulation dataset from OFES (Ocean
general circulation model simulation For Earth Simulator) (Masumoto et al. 2004).

The WOA13 and OFES datasets have a set of monthly type data, whereas the FORA-WNP30 dataset has
a set of daily type data. WOAI13 is a regular volume consisting of rectangular elements sized as 1.0°
latitude/longitude. Meanwhile, FORA-WNP30 and OFES are also regular volumes consisting of rectangular
elements sized as 1.0° latitude/longitude. We interpolated depth values at a one-meter interval in the used
region, as these datasets are irregular volumes in the depth level. Grid-points of these volume datasets have
PV and density values based on salinity and temperature values.

We supposed the following conditions to extract mode water regions from the WOA13, FORA-WNP30,
and OFES datasets:

— Usage month July, August, September, or October (WOA13 only)

PV<15x 1071 PV <2.0 x 10719,
PV <2.5x 10710 0rPV <3.0 x 10710

25.1 < density < 25.4,25.2 <density <25.4,
25.2 < density < 25.5,25.3 <density <25.4, or 25.3 <density <25.5

— PV threshold

— Density threshold

The combination of the above conditions brings 20 shapes for one-month data. We generated 480 shapes for
six periods (1: 2005 to 2012, 2: 1995 to 2004, 3: 1985 to 1994, 4: 1975 to 1984, 5: 1965 to 1974 and 6: 1955
to 1964) from the WOA13 dataset, 600 shapes for 10 years from the OFES dataset and 2040 shapes for 34
years (1982-2015) from the FORA-WNP30 dataset.

4.1 Overview of comparison results among the observations, simulations, and assimilations

Figure 5 (left) shows a comparison result between the observations and the assimilations. We treated the
similarity values for 34 years of the assimilation dataset as 34-dimensional time series data. It displays 4800
of 34-dimensional similarity data. Figure 5 (right) shows a comparison result between the observations and
the simulations. We treated the similarity values for 10 years of the simulation dataset as 10-dimensional
time series data. It displays 4800 of 10-dimensional similarity data.

As we mentioned in Sect. 3.5 that polylines of the same conditions are aggregated and displayed as a
band, Fig. 5 shows bands in each comparison result are colored based on each period of the observation
dataset. Here, the range of each axis is fixed to compare the two results. Compared the two results in Fig. 5,
pairs of the observations and the assimilations cover smaller dissimilarity than those of the observations and
the simulations. Therefore, the assimilations are more similar than the simulations to the observations.
However, we did not find shapes in detail which part is similar/dissimilar between the compared shapes. In
this paper, we show isosurfaces of mode water regions applied to the conditions to be a focus on after Sect.
4.2.

As referred to Sect. 3.3, the polyline of a pair that has smaller dissimilarity is focused on the lower side
of each axis. We can observe a common tendency that the minimum dissimilarity for each period of the
observations is obviously different between the two results. The minimum dissimilarity gets smaller as the
period of the observations gets newer. The first period (colored in red) of the observations is most similar to
both the assimilations and the simulations. The two results are notably different in the distribution of the
sixth period (colored in magenta). Compared to the assimilations in Fig. 5 (left), the minimum dissimilarity
of the sixth period is larger than those of any other periods. Also, the band of the sixth period is distributed



A comparative visualization tool for ocean data analysis 321

[= V1.5_DZ2SsS.1-25.49 WOA13_1_Oct_V1.5_D25.1-254
ilarity ax<: 65039.00 Dissmilarity Max 6509.00

TN

NN
\i
\
i

V/
g

D o

1 W . Y

A/ S . 4
1\-_ ‘.\
L] L — ] ]

8
:

Dissmilarity Min: SS8.00 Dissmilarity Min: 358.00
85284 86388398082943963980 2 4 6 & 101214 1yr 2yr 3yr 4yr Syr Byr 7yr 8yr Syr 10yr
83858789391 393395373391 3 S 7 9 11131S

Each period of the observation datasets

I Period 1 Period 2 [ Period 3
Period 4 I Period 5 [ Period 6

Fig. 5 (Left) A comparison result between the observations and the assimilations. (Right) A comparison result between the
observations and the simulations. The range of each axis in each result is fixed. Colors of bands in each result are assigned
based on each period of the observation dataset (period 1: red, 2: yellow, 3: light green, 4: cyan, 5: blue, and 6: magenta)

in a range of large dissimilarity. This is because the sixth period (1955-1964) is outermost from the period
(1982-2012) of the assimilation dataset. Actually, the fourth and fifth periods (colored in cyan and blue) are
over the period of the assimilation dataset, but the distributions of the two periods are not different as much
as the sixth period. We suppose that the observed ocean condition of the sixth period is different from the
assimilation dataset. Whereas compared to the simulations in Fig. 5 (right), the distributions between the
sixth and fifth periods are not so much different. We do not know how such differences between ocean
datasets are generated, but the detailed analysis of that may bring a hint for generating a better ocean dataset.

Users can observe pairs of isosurfaces of mode water regions applied to the conditions using our tool.
The following sections show three examples.

4.2 Example 1: similar/dissimilar condition search

We filtered the polylines with each threshold of variables and observed their distributions. We easily found
similar/dissimilar conditions between the compared pairs of mode water regions by following the distri-
bution that is drawn with a focus on the lower/higher side of each axis. Figure 6 shows an example process
of a similar condition search. We colored the bands based on thresholds of PV and found that a band colored
in red (PV < 1.5 x 107'9) was focused on the lower of each axis in Fig. 6a. Then, we filtered the band with
the above condition, colored the remaining band based on thresholds of density and finally found that a band
colored in blue (25.3 < density < 25.4) was focused on the lower of each axis in Fig. 6b. Then, we filtered
the band with the above condition and colored the remaining band based on months, as shown in Fig. 6c.

In terms of the assimilations, the condition (PV<1.5x 1070 and 25.3< density <25.4) of the
assimilations was most similar to each period of the observations. In terms of the simulations, the most
similar conditions to each period of the observations were the same condition as the assimilations. We found
that the most similar condition to the observations was the same as both the assimilations and the simu-
lations. On the other hand, quite different distributions were observed for each period compared with the
assimilations or the simulations, in terms of the observations. We observed a tendency of each period that
larger the threshold value was as larger the minimum dissimilarity was, only for PV of the observations.
Also, we observed the same tendency of pairs of the observations and the assimilations regarding the
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Fig. 6 An example process of a similar condition in pairs of the assimilations and the observations of the first period. a—¢ show
filtered results based on variables applying the assimilations; a colored based on four thresholds of PV, b colored based on five
thresholds of density, and ¢ colored based on three months. We show a similar/dissimilar pair of the observation and the
assimilation (PV < 1.5 x 107! and 25.3 < density <25.4 in July), d the similar pair and e the dissimilar pair

minimum dissimilarity for each threshold of PV. Therefore, the assimilation dataset might have high
reproducibility of PV.

As an example of exploration, Fig. 6d, e shows a similar/dissimilar pairs of the observation and the
assimilation (PV <1.5 x 107'% and 25.3 <density <25.4 in July of the first period). The condition
(PV < 1.5 x 10710 and 25.1 < density < 25.4 in July 1988) of the assimilation is similar, and the condition
(PV <3.0 x 10710 and 25.2 < density <25.5 in September) of the assimilation is dissimilar to the above
condition of the observation. We can observe that the similar pair in Fig. 6d is almost colored in blue, except
for portions near the ocean surface and the dissimilar pair in Fig. 6e are colored not only in blue but also in
red and yellow. Both pairs include portions colored in red near the ocean surface in common, which are
parts of the assimilations. In the dissimilar pair, we can observe large differences in the south direction. One
reason for this may be the southward movement of the mode water caused by the recirculation gyre of the
Kuroshio Extension.

Comparison of mode water regions is often difficult due to definitions with different thresholds of
variables. Here, we explore and propose a similar condition for one of the criteria in observing mode water
regions. As an example scenario, let us suppose that the observation and the others (assimilations and/or
simulations) applying the same condition are similar. This case means that the assimilation and/or simu-
lation dataset faithfully reproduce the observation value. Also, let us suppose that the observations and the
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Fig. 7 Results on the left colored based on three months in (M1) pairs of the observations and the assimilations and (M2) pairs
of the observations and the simulations. Results on the right colored based on the two types of pairs filtered with (P1)
PV<1.5x 107'° and (P2) PV <3.0 x 107! in September

others (assimilations and/or simulations) applying the different condition, respectively, are similar. This
case is very interesting for experts in physical oceanography because thresholds of variables are different,
but those distributions are similar in 3D ocean space. The similar condition search enables the analysis of 3D
distributions of variables that apply to generate isosurfaces from different ocean datasets.

4.3 Example 2: same condition search

We observed each pair of the observations and the simulations, the observations and the assimilations
simultaneously. Figure 8a shows two comparison results, which a band colored in red shows pairs of the
observations and the assimilations, and a band colored in cyan shows pairs of the observations and the
simulations. Here, we selected the assimilations for ten years (2002-2011) corresponding to the maximum
number of year of the simulations.

As mentioned in Sect. 4.1, pairs of the observations and the simulations have larger dissimilarities than
those of the observations and the assimilations. We introduce the polylines filtered with the same condition
in this section. For example, observing each month as shown in Fig. 7(M1) and (M2), the two types of pairs
have similar distributions in July (colored in light green). On the other hand, regarding distributions in
August and September (colored in cyan and purple), pairs of the observations and the assimilations cover
smaller dissimilarity than those of the observations and the simulations. Also, regarding distributions of each
month, pairs of the observations and the simulations keep stable with a large dissimilarity. The study in the
field of physical oceanography has been reported that shapes of mode water are relatively stable in summer.
Here, let us suppose that shapes generated from the observation dataset are stable. The simulations are
different from the observations based on dissimilarity, but the difference is stable. Therefore, the simulation
dataset reproduces the shape stability and the assimilation dataset reproduces the shape similarity except for
July instead of the shape stability.

We focused on the distributions caused by different thresholds of PV. In pairs applied to the smallest
threshold (PV < 1.5 x 10719), pairs of the observations and the assimilations had a different distribution
from those of the observations and the simulations. We observed the large differences in distributions in
August and September between the two types of pairs. Whereas in pairs applied to the largest threshold
(PV <3.0 x 10719), pairs of the observations and the assimilations had a similar distribution to those of the
observations and the simulations. We observed distributions in July were similar between the two types of
pairs, although variations of dissimilarity for each year were different. Therefore, we found that the dif-
ference in the distribution between the two types of pairs got smaller as the threshold of PV was larger.
Figure 7(P1) and (P2) shows example results filtered with the smallest and largest thresholds of PV in
September.
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Fig. 8 An example process of the same condition in the two types of pairs; a overview colored based on the two types of pairs,
b a result filtered with the same condition (PV <2.5 x 10710 and 25.1 < density <25.4 in September), ¢ the result colored
based on the variance values for every year of each band, d the pair of the observation of the third period and the assimilation in
2002 and e the pair of the observations of the third period and the simulation of the first year

This is fruitful knowledge for comparing mode water regions. In the case of the small threshold,
reproducibility of observation values is different between the two types of pairs. In the case of the large
threshold, reproducibility of observation values is not much different between the two types of pairs. As a
result, the detailed observations of each pair of isosurfaces enable us to find similar/dissimilar parts that
reproduce observation values or not. Comparison of mode water regions applied to the same condition is
essential to check whether observation values are reproduced.

Figure 8 shows an example process of the same condition search. We filtered the bands with the same
condition (PV <2.5 x 107'% and 25.1 < density < 25.4 in September) as shown in Fig. 8b. Then, we colored
those based on the variance values for every year of each band as shown in Fig. 8c. We observed that the
band framed in cyan was colored in blue every year, but the band framed in red was colored in red, yellow,
and green. We found that yearly variations of pairs of the observations and the simulations were stable. On
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Fig. 9 Results on small temporal variations; a colored based on the two types of pairs, b colored based on six periods of the
observation dataset and ¢ colored based on three months of the assimilations and the simulations

the other hand, those of pairs of the observations and the assimilations were unstable; in particular, we could
find the large variations in 2004 and 2006. These two years might have to be analyzed more intensively than
the other eight years. Figure 8d, e shows example pairs applied to the same condition. In the pair in Fig. 8d,
most parts were colored in blue except for small portions near the ocean surface. In addition, we observed
small differences in the south direction. Therefore, we found that there might be small differences in
reproducibility of the ocean in September between the observation and the assimilation. In the pair in
Fig. 8e, most parts were colored in blue, but some portions colored in red were observed near the ocean
surface and in the direction of the seabed.

4.4 Example 3: temporal variation-based condition search

We observed the polylines that temporal variation of the dissimilarity is small/large in the two types of pairs.
Figure 9 shows examples that temporal variation was small for each pair. In pairs of the observations and the
simulations as a band colored in cyan in Fig. 9a, we observed the polylines with the second and third periods
(colored in light green and cyan in Fig. 9b) of the observations. In pairs of the observations and the
assimilations as a band colored in red in Fig. 9a, we observed the polylines with the sixth period (colored in
purple in Fig. 9b) of the observations. The condition of those polylines that be observed the most was as
follows: the observations in October of the sixth period and the assimilations in September applying PV less
than 2.0 x 10710,

Meanwhile, Fig. 10 shows examples that temporal variation is large for each pair. Surprisingly, there
were no polylines of the pairs of the observations and the simulations. In pairs of the observations and the
assimilations, the condition of those polylines that be observed the most was as follows: the observations of
the first period applying PV <1.5 x 107'° and the assimilations applying PV < 1.5 x 10~!°. Therefore, we
found that many pairs of the observations and the simulations were relative smaller variations for every year
than those of the observations and the assimilations. In addition, we found that there were several pairs of
observations of the first period and the assimilations applying the smallest threshold of PV have large
variations.

Comparison of the temporal variation is a chance to detect any variations in the ocean. The ocean is a
stable state; therefore, researchers need to detect and analyze a variation in the ocean in case a state of the
ocean changes. A small variation verifies that dissimilarity of the comparison pair is constant for years in our
result; thus, the error from the observation value is likely to be constant. In the example pair that has small
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Fig. 10 Results on large temporal variations; a colored based on thresholds of PV applied to the observations, b colored based
on thresholds of PV applied to the assimilations and ¢ colored based on three months of the assimilations

variation, we observed that there were differences in the direction of the seabed, but almost no difference in
years in Fig. 11 (Left). On the other hand, a large variation was supposed to be a case that a pair has similar
and dissimilar states depending on years. For example, the band in July (colored in light green in Fig. 10c)
showed that dissimilarity in 2009 was a small value and one in 2005 was a large value. We observed the pair
of the above each year and found that there were differences in yearly reproducibility of the assimilations
depending on the condition in Fig. 11 (right). Further analysis of these cases will be very helpful to
understand the features of the ocean of each year.

We observed pairs of the observations and the simulations that the temporal variation was larger. The
condition of those polylines that be observed the most was as follows: the observations in October of the
fifth period applying PV more than 2.0 x 107! and the assimilations applying PV<1.5 x 1071°. As a
result, we found that several observations in October were different from those in any other month of the
fifth period.

5 Expert feedback

This section introduces the feedback on the presented tool and results from an expert in physical
oceanography studying the numerical models of the ocean.

The quantitative shape comparison based on dissimilarity provides a new perspective for the distribution
of mode water regions. For example, the same condition search can be used as the definitive measure of the
reproducibility of the ocean model. Ocean data are generated while adjusting various parameters such as
temperature, salinity, wind stresses, freshwater, and heat flux that interact with each other intricately.
Therefore, dissimilar parts colored in red as shown in Fig. 8d, e suggest differences in the effects of
parameters, which may mean features of each ocean data.

The similar/dissimilar condition and same condition search make model improvement more efficient.
Moreover, these analyses bring fundamental insights into the variation of the formation process of mode
water regions. Interannual variation of atmospheric and ocean conditions may alter the density, PV, volume
and shape of formed mode water regions. Therefore, the expert mentioned that this may be a powerful tool
to explore the mechanism of the fluctuation of mode water regions.

The temporal variation-based condition search shows the movement of dissimilar parts, which reflect the
spatial propagation of variation of the mode water region. As shown in Fig. 11 (right), the large temporal
variation between 2005 and 2009 may associate with the large meander of Kuroshio occurring from 2004 to
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Fig. 11 (Left) Example pairs with small variation for (S1) the second year, (S2) the fourth year, and (S3) the tenth year. The
condition of the pairs is as follows: the observation in July of the second period applying PV <2.0 x 10~ and
25.2 < density <25.5, and the simulations in August applying PV <3.0 x 107!° and 25.2 < density < 25.5. (Right) Example
pairs with large variation in (L1) 2005 and (L2) 2009. The condition of the pairs is as follows: the observation in August of the
first period applying PV < 1.5 x 10710 and 25.2 < density < 25.5, and the simulations in July applying PV <2.0 x 107'° and
25.3 <density <25.5

2005. As a whole, the expert mentioned that this is a promising tool for not only the validation of numerical
models but also the research of mode water regions. Experts who study ocean models adjust empirically
various parameters for producing ocean data. They optimize each parameter using evaluation functions (e.g.,
Green’s function); however, the production of high-quality data is difficult because parameters interact with
each other. The expert mentioned that this tool may be helpful to check the reproduction of 3D ocean space
based on comparison results of mode water regions.

6 Discussion and future work

We aimed to look for the features of three ocean datasets based on shape comparison of mode water regions.
The presented tool enables users to interactively explore a pair of isosurfaces based on shape similarity data.
The examples of condition search described in the previous sections showed that our tool enables to observe
similar/dissimilar parts of the specified pairs according to the user-selected conditions. We discovered a new
tendency that cannot be identified from the differences among ocean datasets generated by observation,
simulation and assimilation.

However, our tool still has remaining problems to visualize the spatial distribution of similar/dissimilar
parts. Our current implementation does not provide detailed information about similar/dissimilar parts. We
would like to extend the tool so that users can easily find which positions similar/dissimilar parts exist. One
of our ideas is to divide the ocean space enclosing isosurfaces into voxels. We could extract a region
including the specified part as a region of interest (ROI) and find local features as (Weissenbdck et al. 2018).
Another idea is to collect multi-fields datasets of the mode water region and examine the local distribution of
physical variables that do not use for conditions of the mode water region as (Wei et al. 2017). We expect
these processes would help evaluations for each ocean data based on spatial local features.

Meanwhile, we found that some shapes of the mode water region are separated into several parts. This is
because some eddies satisfy the condition of the mode water region. We treat those parts as one shape of the
mode water region even experts in physical oceanography have different opinions. Thereby, we observed
that a pair of isosurfaces are colored in not only blue but also red even if the pair has small dissimilarity. As
a further study, we would compare shapes of the mode water region taking other characteristics of mode
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water such as core density into account. This comparison would help to analyze the spreading of the mode
water region discussed in Nishikawa et al. (2010).

In addition to the above extensions, we will improve and apply other visualization techniques to shape
similarity data in the future as follows:

— Improvement of polyline rendering in a time series plot. Bundling (Zhou et al. 2008) and highlighted
function (Johansson et al. 2006) could make easier to understand the overview of shape similarity data.

— Additional filtering function. Filtering based on the user-selected polyline could promote more
interactive explorations.

— Other representations for shape similarity data. We could find a new pattern from shape similarity data
using MDS and t-SNE.

Our final goal in this study is to suggest the optimal parameterization for the generation of high-quality
ocean data. We would assist ocean data specialized in the reproducibility of the mode water region.

7 Conclusion

We presented a 3D visualization tool for shape comparison of the mode water regions. Shapes of the mode
water region are generated as isosurfaces from three ocean datasets (observation, simulation, assimilation)
applying the conditions combining thresholds of two variables. We compared those shapes based on shape
similarity data calculated by applying a view-based method. The presented tool visualizes shape similarity
data as multi-dimensional time series data and a pair of isosurfaces according to the user-selected condition.

This tool provides users an overview of shape similarity data in a time series plot and detailed parts of
the specified pair of isosurfaces interactively. We introduced three examples that searched for the best
conditions and had positive feedback on the tool and results using the condition search. Performing the
condition search is an effective approach of analyzing differences in ocean datasets based on shape com-
parison of the mode water regions by using the tool.
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