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Abstract: The Great East Japan Earthquake occurred at 14:46 JST on
March 11, 2011, which was the strongest earthquake on record in Japan.
When the earthquake occurred, large fluctuations of groundwater levels
were observed at 102 observation wells in Tokyo, although Tokyo is
located around 400 km away from the epicenter. In this study, we
investigate and cluster the fluctuation patterns of hourly groundwater
levels using self-organizing maps. As for the results, the fluctuation
patterns of the groundwater level were classified into eight clusters.
Spacio-temporal characteristics of these patterns including their causes
were investigated in detail.

1 INTRODUCTION

Whole Japanese Archipelago and Southeast Asian region are in serious peril of
severe earthquakes, because it is situated in the Circum-Pacific Seismic Zone. Most
of the megacities not only in Japan but also Southeast Asian countries are located on
the alluvial plains where the ground is very soft and especially vulnerable for
groundwater related disasters like landslides and liquefactions.

A earthquake of 5 upper intensity was observed in the Tokyo Metropolitan area
due to the 9.0 moment magnitude (Mw) 2011 off the Pacific coast of Tohoku
earthquake (hereafter called “the Great East Japan Earthquake”), which occurred at
2:46 JST on 11 March 2011, off the coast of Sanriku in the northeastern part of the
Japanese mainland. Many aftershocks and post-seismic slips, such as the intensity of
5 lower (Mw 7.4) earthquake which occurred at 3:15 p.m. on the same day, triggered
some phenomena including liquefaction and unique fluctuation of groundwater levels
(JMA, 2012; AIST-GSJ, 2011, Itadera et al., 2011; Kawai et al., 2012).

It is very important to understand this change caused by the earthquake correctly,
not only for developing countermeasures for land subsidence and liquefaction, but
also for water resource management. In addition, evaluating the rapid change of
groundwater level after the earthquake is effective to predict its influence on hydrologic
cycle, and it will be valuable for future research.
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Regarding the relationship between groundwater and the Great East Japan
Earthquake observed by the Active Fault and Earthquake Research Center, the
National Institute of Advanced Industrial Science and Technology, Kitagawa et al.
(2011) reported on changes of the groundwater level, groundwater pressure, and the
amount of artesian water flow in the day after the earthquake in the areas of Tokai,
Kinki and Shikoku. Although some phenomena such as the rising or lowering of
groundwater level, and the increased amount and rising temperature of hot spring
water were observed all over Japan after the Great East Japan Earthquake, no
detailed analyses can be found on the change before and after the earthquake
(Kagawa et al., 2013; Itadera et al., 2011). Most of the past research and studies on
the groundwater in the Tokyo area can be classified into the following categories:
reports on the groundwater itself (kokubun and Tsuchiya, 2003), reports on the
relationship between groundwater and land subsidence (TMG-BE, 2011), and reports
on the fluctuation of groundwater level based on predictions of earthquake precursors
(TMG, 1979). Research and studies on fluctuations of unconfined and confined
groundwater levels, however, do not appear to have been published.

Using hourly observation data for the month of the Great East Japan Earthquake
(March 2011) which was collected from the groundwater level observation system in
the Civil Engineering and Training Center (CETC) of Tokyo Metropolitan Government
(TMG), the authors categorized the time-series behaviors of the groundwater
fluctuation into seven confined and three unconfined groundwater level patterns by
authors’visual inspections (Ishihara et al., 2012). However, data from observed
records of groundwater level after the Great East Japan Earthquake is very rare, and
is difficult to compare or verify. To analyze the characteristics of the unprecedented
and complicated fluctuation of groundwater level, it is important to summarize the
patterns using more objective analyses which do not rely on subjective classification.
Self-Organizing Maps (SOMSs) are a pattern classification technique, which have more
advantages for finding data characteristics than other techniques, such as visualizing
the interconnectedness of complicated data on two-dimensional surfaces (Kohonen,
1990). Therefore, SOMs are often used in the areas of hydrology (lseri et al., 2010;
Nishiyama et al., 2005; Iseri et al., 2013) and meteorology (Nguyen et al., 2015),
however, they do not seem to have been used for categorizing the characteristics of
groundwater level.

In this paper, therefore, the characteristics of confined and unconfined
groundwater level are objectively evaluated with SOMs using hourly data captured by
the observation system for groundwater level in CETC in the month of March 2011,
when the Great East Japan Earthquake occurred. From a comparative review of these
results and those of subjective classifications based on the time-series behaviors
described earlier, more specific fluctuation patterns and classification characteristics
become clear.

2 MATERIALS AND METHODS
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2.1 Overview of the groundwater level observation system in the Tokyo Metropolis
Figure 1 shows the location of Tokyo, and Figure 2 shows the locations and
numbers of the groundwater level observation sites in the Tokyo Metropolitan area
(TMG-CETC, 2012). The Tokyo Metropolitan area stretches from west to east with a
mountainous district in the west, a central terrace called the Musashino Plateau, and

eastern lowlands bordering Tokyo ) 7
Bay. Tokyo Metropolis covers an e ZJW i &‘;.’_/JS ) ‘“\;\\mara%
area of about 1,580 km2 (excluding |/ N —rape
the islands and mountains of gvamuasm ‘\jgw ol
China _/ L ,,} ¥ ;651‘4.}‘
TOkyO). > @ 5 ( - Chiba
2 B \’ § \/3
Sy ~“Shizuoka'
2.2 Data used b Tokyo
Using hourly observation data (7 Jepan
for the month of the Great East Figure 1. Tokyo location map
3/1 3/11 3/21 3/31 3/1 3/11 3/21 3/31
0 T g T Ul 0 T Wl
mm/ || I l
h 35 L 4 35 L |
7 7
o 14:46 . 14:46
No.32-1 No.14-4
945 L
| — VAN P e NP 25 "‘\.
B S . — I Scheduled
P 2 , ™~ blackouts
(m) No.26-1 -2
wre  Scheduled . No.5-1
N SN AN T
. v _ blackouts 25 A A
10 e o \j »\\)\\ﬂ ,J/\\\.
Vel - W \\J \\\
~S _3 . .
85 1 // 1 3/1 3/11 3/21 3/31
/vabw No.20-1
9
3/ /i /1 3/31
Confined groundwater level Unconfined groundwater level

Figure 3. Time-series behaviors of the groundwater level fluctuation
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Figure 2. Location of groundwater level observation sites

Japan Earthquake which was collected from the groundwater level observation system
in the Civil Engineering and Training Center, the authors investigated the time-series
behaviors of the groundwater level fluctuation and found that the earthquake caused
changes as shown in Fig. 3.

Some data are missing in March 2011 due to Tokyo Electric Power Co. Inc.’s
planned blackouts (TEPCO, 2011). Therefore, 5 items, (a) to (e) below, are used as
input data from 98 wells (confined: 85, unconfined: 13) in 40 observation sites, where
the data were less affected by the blackouts.

The SOM input data were standardized so that even a slight or long term water
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level change could be extracted from the

raw data shown in Table 1.

(a) The difference of water levels before
and after the earthquake (cm) ; 16:00,
11 March - 14:00 of the same day.

(b) The difference of water levels
immediately after the earthquake and
22 hours later (cm) ; 14:00, 12 March -
16:00, 11 March.

(c) The difference of water levels the day
after the earthquake and two days
later (cm) ; the mean value of 14
March - 14:00, 12 March.

(d) The long term difference of water
levels two days after the earthquake
and 31 March (cm) ; the mean value of
31 March - that of 14 March.

(e) The altitude value of the depth of the
screen in each observation well. (T.P.:
Tokyo Peil ; standard mean sea level
of Tokyo Bay in Japan )

The reason that the depth of the
strainers is included in the items above is
to classify the confined and unconfined
groundwater level accurately.

2.3 Application of Self-Organizing Maps

(SOMs)

SOMs are a neural network technique
which can plot the connections of input
data on maps by their degree of similarity.
Using this function, multidimensional data,
which are generally difficult to
comprehend, can be classified on two-
dimensional maps, and can be clearly
visualized (Kohonen, 1990, Vesanto,
2000).

Figure 4 shows the ordering of
nodes on the SOM map. In the SOM
algorithm, the patterns are trained based
on input vector (the data to be classified)
from the input layer. The arranged pattern
on each node is described by the
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wells and data used.
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multidimensional vector, called a reference vector, and each reference vector
corresponds to one node. Reference vectors have the property of being similar to each
other if they are closer, and being different if they are more distant on the SOMs (Jin
etal.,, 2011).

The selection of input vectors by SOMs is trained so as to be organized according
to Euclidean distances between input data. Therefore, it should be taken into
consideration that the results of the SOM analysis are highly sensitive to the data pre-
processing method used. The input data of the SOMs were standardized so that even
a slight or long term water level change could be extracted from the raw data shown
in Table 1.

Considering the diastrophism in Tokyo after the Great East Japan Earthquake was
4cm at the most, + less than 5cm fluctuation water level in (a) to (d) is shown as 0,
and x5cm or any value greater is shown as +1 or -1 in this paper. Also, the depth of
the strainers was input using the actual amount (in meters) of Tokyo Peil. The
reference vectors are clustered on the map. In this paper, the most appropriate
number of clusters is defined by the minimum DBI value (Davies-Bouldin Index) which
applies K-means algorithm (Scott and Oyana, 2006; Jin et al., 2011; Nishiyama et al.,
2007), and Ward’s method is used for cluster classification. A heuristic rule of m =5v
n is generally used to determine the SOM structure (Jin et al., 2011; Hentati et al.,
2010; Hilario and Ivan, 2004). m denotes the total number of nodes and n is for the
number of input data. Here, since n =98, the total number of nodes is 50, and a
hexagonal array of 10 vertical nodes and 5 horizontal nodes was used, as shown in
Fig. 4.

Input vectors (n=98)

X)) =Cxqq, X192, 5 X15)
X(Z):(X21,Xzz, "',X25)

X(n) =( X1, Xn2.t Xo5)

Reference vectors (j=50)

M(j):(mjhijv"'vmjs)
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3. Extraction of patterns from groundwater level fluctuation

Figure 5 shows the results of the reference vectors corresponding to the 5 items
from (a) to (e) described earlier, using SOMs. (a) to (d) show the reference vectors
standardized into [0, 1], and (e) shows the strainer depth of the reference vectors
obtained. 50 nodes were classified into clusters by the techniques described earlier to
understand the characteristics shown on Fig. 5 more easily. Figure 6 shows the
change of DBI values corresponding to the number of clusters, and the lowest value
is for 8 clusters. Figure 7 shows a dendrogram with node numbers classified into their
8 respective clusters.

In Figure 8, the arrangement of the 8 clusters is shown, as well as the number
of observation wells in each node. In Figure 9, the number of each observation well
from Table 1 is shown so that the characteristics of each well can be easily understood.
Figure 10 shows the reference vectors of each cluster which are standardized into [0,
1] to understand the characteristics of the 8 clusters, and the first quartile, the median
(i.e.,the second quartile), and the third quartile are plotted.

. " g '
® o %—ﬁ sosee

(e) (@~(d) (

‘ 1.0 +106
0.8 -10 Figure 5. Component planes for the
é‘ 0.6 -87 standardized differences in water levels
04 -184 (@) ~ (d) and the altitude values of the
] 02 _pg0  depths of the strainers (e).
0 -377
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classified into the respective clusters.
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Figure 9. Index of observation wells
classified into the respective nodes.
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4. Pattern characteristics of
water level fluctuation in each
cluster

4. 1 Pattern classification of water
level fluctuation using SOMs

The characteristics of the
distribution patterns in Fig. 5 and Fig.
8, and are shown as an overview,
not focusing on the specific details of
the distribution patterns, since
standardized data are used in this
analysis.
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Figure 10. Radar charts for the respective clusters with

the first quartile (blue lines), the median (red lines) and
Median the third quartile (green lines) by obtained reference
vectors.

= = First quartile

=+ Third quartile

As an overall characteristic in Fig. 5, the 4th line down from the top left, and the 5t
line down from the top right of SOMs (a) to (d) divide them into upper and lower color
patterns. The color patterns also show a clear difference in the left and right halves of
each SOMs. The upper parts of the SOMs from (a) to (d) show a decreasing trend of
the groundwater level, which then increases over time. (e) covers a broad range of
wells, from deep to relatively shallow strainers. The clusters on the middle and lower
left of Fig. 8 correspond to wells which have deep strainers, and show the increasing
trend of groundwater level fluctuation after mid-March.

The clusters on the middle and lower right of Fig. 8 correspond to wells which have
shallow strainers, and show the increasing trend of groundwater level fluctuation just
after the earthquake.The main variability characteristics in each cluster are shown in
Fig. 9 and Fig. 10.

In cluster 1, it can be seen that the groundwater level decreased significantly just
after the earthquake, but by the following day, it had returned to the level just before
the earthquake. It continued to increase until March 14 and remained at that level until
March 31. The depth of the strainers is between (T.P.)-234 and +106 for these
observation wells.

In cluster 2, it can be seen that the groundwater level decreased significantly just
after the earthquake, and it remained at that level until the following day. By March 14,
it had returned to the level slightly lower than just before the earthquake, and it kept
recovering until March 31. The depth of the strainers is between (T.P.)-348 and +9.

In cluster 3, it can be seen that the groundwater level decreased the most in all the
clusters at 16:00, March 11. It increased on the following day to a higher level than
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just before the earthquake, and it remained at that level until March 31. The depth of
the strainers is between (T.P.)-299 and +16.

In cluster 4, it can be seen that the groundwater level slightly increased or showed
no significantly change just after the earthquake and from then on. The depth of the
strainers is very between (T.P.)-52 and +99.

In cluster 5, it can be seen that the groundwater level decreased significantly just
after the earthquake, and it had returned to the level just before the earthquake by the
following day. It remained at this level until March 14, then continued increasing again
until March 31. The depth of the strainers is between (T.P.)-377 and -56.

In cluster 6, no increase or drastic changes were observed just after the
earthquake, and the groundwater level decreased on the following day to the level
lower than just before the earthquake. It had returned to the level equivalent to just
before the earthquake by March 14, and had fallen again by March 31. The depth of
the strainers is between (T.P.)-40 and +68.

In cluster 7, the groundwater level shows a relatively significant decrease just after
the earthquake, and it remained at that level until the following day. It returned to the
level just before the earthquake on March 14, and continued increasing until March
31. The depth of the strainers is between (T.P.)-232 and -29.

In cluster 8, it can be seen that following the large decrease in groundwater level
just after the earthquake, the level suddenly increase. It decreased again to the level
just before the earthquake on March 14, and continued increasing until March 31. The
depth of the strainers is slightly between (T.P.)-170 and -50.

4.2 Comparison between the results of visual time-series behaviors and those of
SOMs

Regarding the fluctuation trend of the groundwater level, it has been shown in this
paper that confined groundwater can be classified into 7 patterns, and unconfined
groundwater can be classified into 3 patterns based on the visual time-series
behaviors (hereafter called “subjective classification”) (Ishihara et al., 2012). The
results of subjective classification and those of SOMs will be compared and examined
below.

Table 2 shows the groundwater fluctuation patterns based on subjective
classification, and their codes, characteristics and the number of wells. Table 3 shows
the same codes and number of wells classified into 8 clusters using SOMs. In the
subjective analyses, the confined and unconfined groundwater patterns were
separately classified into 10 patterns in total, but in the SOM analyses, they were
classified into 8 patterns without any distinction between confined and unconfined
water levels.
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Table 3. Results of SOM and subjective analyses.

SOMs Result Classification pattérns based on visual time-series behaviors
in each cluster (Table-2)
Num. Confined/Unconfined groundwater fluctuation patterns
Cluster-No.
of wells and number of wells
Cluster- 1 21 | C-DI | 12| C-DR{ 5| C-DC | 1| C-N 2| U-N 1
cluster- 3 25 | C-DI | 21| C-DR | 3|]C-DC| 1
cluster- 8 6 [C-DI{ 5] C-DC 1
cluster- 5 10 |C-DC}| 5/C-DR}{ 3[{C-DI| 2
cluster- 7 9 [C-DC | 6] C-DI 2] C-DR 1
cluster- 2 7 | C-DC | 6| U-D 1
cluster- 4 11 | U-N 41 C-N 4 C-11 1| C-IC 1|C-DR | 1
cluster- 6 9 | U-N 5| U-1 2{ C-N 1| C-ID 1

In the subjective analyses, the patterns were classified using the water level
changes just after the earthquake and on March 31. However, in the SOM analyses,
the patterns were classified using standardized data and the depth of strainers. This
caused the differences in the results in these two analyses. The Decresing trend
patterns in confined groundwater level after the earthquake (C-D) in the subjective
analyses were classified into 7 clusters in the SOM analyses. The Increasing trend
patterns in unconfined groundwater level (U-1) in subjective analyses were classified
into 1 cluster in the SOM analyses. The No significant change patterns (U-N, C-N)
were classified into 3 clusters in the SOM analyses. There are a total of 8 clusters.

In Table 3, 2 to 5 of the fluctuation patterns from Table 2 are classified in each
cluster. This appears to contradict the subjective classification trends, however, the
main 2 patterns in each cluster in Table 3 represent as much as 73 to 100% of the
patterns.

For example, 80% of the No significant change and Increasing trend patterns in
unconfined observation wells in Table 2 are in Clusters 4 and 6 in Table 3. The

Table 2. Confined and unconfined groundwater fluctuation patterns
based on subjective classification.

Confined Groundwater level fluctuations Wells || Unconfined Groundwater level fluctuations Wells
Confined groundwater
C-DI 42 U-D Unconfined groundwater — Decrease 1
- Decrease then Increase
Confined groundwater
€D | €-DC - Decrease Continuing until end of March 2 vt Unconfined groundwater — Increase 2
C-DR CROel:t(i)l;Z:it§rt;)]:lll:::zrfor?teli:i:;}::j:ke 13 U-N Unconfined groundwater - No significant changes 10
Confined groundwater - Increase, temporary
decrease, Increase again
Confined groundwater - Increase Continuing
until end of March
Confined groundwater - Increase then

Decrease

C-11

C-1|CIC

C-1D

C-N [ C-N [ Confined groundwater - No significant changes 7
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Increasing trend patterns just after the earthquake (C-I, U-I) showed Decreasing
trends later, so these patterns were classified into the same clusters as the No
significant change patterns (U-N, C-N), taking the overall fluctuation patterns and the
depth of strainers into account. As of March 31, C-DR in Cluster 1 showed trends of
water returning to their original levels after temporarily decreasing, and this is similar
to the trends for C-DI, which showed water levels increasing after temporarily
decreasing. Therefore, the results from the SOMs and from those of previous
classifications can be considered as relatively the same.

Overall, the results of SOMs can be regarded as almost the same as those of
subjective analyses taking into account the overall characteristics in Table 3 and Chart
8. It was clarified in this paper that SOMs enable objective and comprehensible pattern
classifications to understand the characteristics of groundwater level fluctuations.

5. Conclusion

This paper categorized the fluctuation pattern characteristics of groundwater levels
in the Tokyo area after the Great East Japan Earthquake using SOMs, a pattern
classification technique. Five items were used as input data from 98 observation wells
(85 confined and 13 unconfined) in 40 sites out of 42 groundwater level observation
sites in the Tokyo Metropolitan area (excluding the islands and mountains of Tokyo).
These 40 sites were used as they were less affected by blackouts. As a result, the
fluctuation patterns of the groundwater level could be classified into 8 clusters.

It became clear in this paper that the trend of groundwater level fluctuation could
be shown more objectively and comprehensibility using SOMs than subjective
classification techniques. It also became clear that both techniques show almost the
same results overall. Increases in groundwater level happen infrequently but it
occurred at the time of the earthquake. Therefore, appropriately reflecting such
increases was one of the issues with using SOMs.

In the SOM analyses, this increasing trend is classified into the same cluster as
No significant change. This seems to be appropriate as it is an entirely different cluster
from the main Decreasing trend cluster, and the observation wells with increasing
trends right after the earthquake often showed decreasing trends later. It became clear
that preprocessing from standardizing the input data is an important factor in showing
clear characteristics. Therefore, using SOM analyses appears to be applicable in the
field of groundwater observation.

We would like to further promote analyses of groundwater level fluctuation in Tokyo
using SOMs in more multidimensional and complicated pattern analyses with long-
term input data.
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