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Abstract 21 

For a better understanding of possible physical links between geophysical observables and earthquake 22 

characteristics, it is important to analyze statistical spatiotemporal patterns in nature related to such events. 23 

For this purpose, characteristic changes in groundwater level (GWL) were observed before and after the 24 

2016 Kumamoto earthquake in Japan. Previous research has shown that self-organizing maps (SOM) can 25 

be used to classify complex patterns of GWL-change during different parts of the earthquake sequence. In 26 

this study, we used before and after earthquake GWL data as input vectors to SOM. In total, 64 observed 27 

groundwater levels were classified into 12 different clusters. Most shallow wells displayed GWL difference 28 

that was small during the foreshock (first earthquake) and large during the main-shock (second earthquake). 29 

Upstream deep wells showed relatively large difference in water level from 1 to 2 days after the earthquakes. 30 

The GWL rapidly increased just after the earthquake, then tended to gradually decrease from September. 31 

Most of the shallow wells in the unconfined aquifer rapidly recovered to initial GWLs within several hours 32 

to several days, because of hydrostatic pressure. However, most of the deep wells in the confined aquifer 33 

needed longer time to recover, in some cases several weeks to several months. These findings are important 34 

for the physical understanding of earthquake effects on the groundwater environment, disaster prevention, 35 

and possibility for development of earthquake precursors. 36 

 37 
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Introduction 41 

The 2016 Kumamoto earthquake sequence started with a 6.2 MW foreshock at 21:26 (JST) on April 14. 42 

About 28 hours later, it culminated in a 7.0 MW main-shock tremor at 1:25 (JST) on April 16. The strike-43 

slip movement of the seismogenic Hinagu-Futagawa fault is the main cause of this type of crustal 44 

earthquakes in the area. The earthquake triggered a series of natural disasters such as surface ruptures, 45 

landslides, land subsidence, liquefaction, which resulted in severe damage to infrastructure and buildings 46 

in the epicenter region, especially in Mashiki town and Minami-Aso village (Shirahama et al. 2016; 47 

Yamazaki and Liu 2016). 48 

Hydrological effects occur simultaneously with seismic processes in earthquake-affected areas. 49 

Such effects may be liquefaction, groundwater level (GWL) anomalies, changes in water chemistry, 50 

formation or depletion of springs, streamflow variation, and eruption of mud volcanoes (Wang and Manga 51 

2010; Manga and Wang 2015; Shi et al. 2015). During the last decades, with the development of efficient 52 

observation techniques, such phenomena are quantitatively recorded and analyzed for a better physical 53 

understanding, disaster prevention, and possible development of earthquake precursors (Roeloffs 1988; 54 

Tsunogai and Wakita 1995; Barberio et al. 2017). Especially, with respect to GWL effects, there have been 55 

many correlational studies. For example, (1) detailed observations of GWL-change types induced by one 56 

or multiple earthquakes (Chia et al. 2001, 2008; Cox et al. 2012; Shi et al. 2015), (2) mechanism assessment 57 

of GWL-change characteristics through interdisciplinary methods such as poroelastic theory, permeability 58 

enhancement, and undrained consolidated sediments (Wang and Chia 2008; Wang and Manga 2010; Manga 59 

and Wang 2015), and (3) numerical modeling using correlation between earthquake-triggered GWL-60 
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variation recovery and hydrogeological characteristics in different aquifers (Lin et al. 2018).  61 

For an improved understanding of links between earthquakes and sub-surface hydrological 62 

processes, research has focused on the 2016 Kumamoto earthquake by applying various methods. Hosono 63 

et al. (2018) interpreted earthquake-induced structural deformation causing hydrologic response in the 64 

active volcanic system of the Mount Aso caldera. It clarified the source mechanism for new spring 65 

formation and assessment of hydrothermal solute fluxes by use of hydrogeochemistry, isotopes, and binary 66 

mixing calculations, respectively. Drinking water for habitants in the Kumamoto area is almost 100% from 67 

groundwater. Thus, this area has been equipped by a high-resolution and extensive monitoring system in 68 

groundwater wells for water quality, withdrawal, and hydrologic response to earthquakes. These data 69 

provide a unique opportunity to study how crustal earthquakes influence hydrological processes in the near-70 

zone of earthquakes (within one rupture distance).  71 

 Recently, multivariate analysis using self-organizing maps (SOM) has been applied in various 72 

research fields, such as ecology, geomorphology, hydrology, meteorology, and wastewater treatment. SOM 73 

is an effective tool for studying and interpreting of spatiotemporally varying phenomena (Kalteh and 74 

Berndtsson 2007; Bedoya et al. 2009; Yu et al. 2014; Nguyen et al. 2014, 2015; Nakagawa et al. 2017; Yu 75 

et al. 2018). Using SOM, visual representation of complex but linked groundwater characteristics is 76 

possible. Ishihara et al. (2013) used SOM to evaluate GWL characteristics in Tokyo induced by the 2011 77 

off the Pacific coast of Tohoku earthquake. Eight patterns were identified for the characteristics of 78 

unconfined and confined aquifer GWL-change. They concluded that SOM successfully characterized GWL 79 

fluctuation patterns affected by the earthquake. 80 
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 In view of the above, this study deals with characteristic changes in GWL that were observed 81 

after the 2016 Kumamoto earthquake. The objectives are to improve the understanding regarding GWL 82 

effects due to seismic activities and give practical recommendations to groundwater supply managers 83 

regarding expected time scale of GWL changes in connection to earthquakes. For this purpose, SOM 84 

combined with hierarchical cluster analysis using before and after earthquake GWL data as input vectors 85 

are applied. The classification results obtained by the SOM analyses, the spatiotemporal properties of 86 

GWL-change, and seismic relationships are discussed in detail. The paper is closed by a discussion on 87 

practical advice to groundwater supply managers.  88 

 89 

Materials and methods 90 

Study area 91 

Kumamoto area is located in the center of Kyushu Island, southern Japan. It occupies an area of 945 km2. 92 

The main geology is constituted by Paleozoic bedrock of metamorphic and sedimentary rock, pre-Aso 93 

volcanic rock of Tertiary-Quaternary period, Quaternary Aso volcanic rock, and lacustrine alluvium. Pre-94 

Aso volcanic rock has evolved as lava and tuff breccia. However, Quaternary Aso volcanic rocks are mainly 95 

pyroclastic deposits from four eruptions of the Aso volcano, named Aso-1 (270 ka), Aso-2 (140 ka), Aso-3 96 

(120 ka), and Aso-4 (89 ka), respectively (Miyoshi et al. 2009; Hosono et al. 2013). These pyroclastic 97 

deposits as well as part of the alluvial deposits contain important aquifers. The uppermost Aso-4 and alluvial 98 

sediments include a near-surface unconfined aquifer with uneven thickness ranging from a few meters to 99 

50 m. Aso-1, Aso-2, and Aso-3 contain confined aquifers with a varying thickness of 60-200 m. The 100 
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discontinuous lacustrine deposits and marine sediments act as an aquiclude between the aquifers (Kagabu 101 

et al. 2017).  102 

Locations of the 19 shallow and 45 deep wells acting as the monitoring system in this study is 103 

shown in Fig. 1. These monitoring wells are distributed over the Kumamoto groundwater area consisting 104 

of the Shirakawa and Midorikawa River watersheds. The regional climate is warm and humid. Mean annual 105 

temperature and precipitation are about 16.9℃ and 1986 mm, respectively. About 40% of the rainfall occur 106 

from June to July (Japan Meteorological Agency 2018). 107 

Since groundwater is an important resource of the area, several correlational studies have been 108 

conducted such as combined use of isotopes for confirming nitrate origin (from chemical fertilizer, 109 

wastewater, and manure), attenuation mechanisms and identifying nitrate biogeochemical processes with 110 

regional groundwater flow (Hosono et al. 2013, 2014), evaluation of groundwater age by using multiple 111 

environmental tracers (Kagabu et al. 2017), and understanding the origin of fluoride, arsenic pollution, and 112 

cumulative environmental factors for groundwater quality (Hossain et al. 2016a, b). These studies have 113 

significantly contributed to groundwater quality protection and basis for policy decisions in the study area. 114 

At the same time, these studies provide an important background knowledge for a detailed understanding 115 

of groundwater processes in the area. 116 

 117 

Self-organizing maps 118 

Self-organizing maps (SOM) are powerful tools for spatiotemporal data analyses (Nguyen et al. 2015; 119 

Nakagawa et al. 2017). During recent decades SOM have been used in a multitude of research fields (e.g., 120 
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Kalteh and Berndtsson 2007; Bedoya et al. 2009; Yu et al. 2014; Nguyen et al. 2014, 2015; Nakagawa et 121 

al. 2017; Yu et al. 2018). The advantage of SOM is that high-dimensional and complex data can be projected 122 

onto a more easily interpreted two-dimensional hexagonal array. Similarity of extracted SOM patterns is 123 

then compared visually using color gradients. The objective of SOM applications is to obtain useful and 124 

physically explainable reference vectors. The SOM properties also mean that a larger map size will give a 125 

higher resolution for pattern recognition. Optimal number of nodes and map configuration are determined 126 

by m=5√𝑛, where m represents the number of map nodes and n the number of input data (Hentati et al. 127 

2010). The number of rows and columns is dependent on the square root of the ratio between the two largest 128 

eigenvalues of transformed data (García and González 2004). These eigenvalues are calculated by principal 129 

component analysis (PCA). The reference vectors are obtained after iterative updates through a training 130 

phase that is composed by three main procedures: competition between nodes, selection of a winner node, 131 

and updating of the vectors. Results of the analysis are achieved after the training phase, which is fine-132 

tuned using cluster analysis such as k-means algorithms (Jin et al. 2011). Davies-Bouldin Index (DBI), 133 

applying k-means algorithms, determines the optimal number of clusters (García and González 2004). In 134 

the present study, these calculations were made using a modified version of SOM Toolbox 2.0 (Vesanto et 135 

al. 2000). 136 

 137 

Data 138 

Six kinds of GWL data were used as input vectors to the SOM analyses. As mentioned above, the 139 

earthquake was composed of two shocks; foreshock (first earthquake) on April 14 and main-shock (second 140 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 

 

earthquake) on April 16. The GWL data were taken from the groundwater monitoring network at hourly 141 

auto-recorded time intervals and transferred to an administrative center. Before applying the SOM analysis, 142 

data were organized according to the sequence of foreshock and main-shock. The earthquake-affected GWL 143 

time sequences used in the analyses are shown in Fig. 2. According to Fig. 2, (1) GWL difference between 144 

before and after foreshock (April 14, 22:00 (B) - 21:00 (A)) denoted F(a): (B-A), (2) GWL difference 145 

between 22 hours and right after foreshock (April 15, 20:00 (C) - April 14, 22:00 (B)) denoted F(b): (C-B), 146 

(3) GWL difference between 2 days and 1 day after foreshock (average for April 16 (E) - April 15, 21:00 147 

(D)) denoted F(c): (E-D), and (4) M(a) to M(c) are analogously defined as F(a) to F(c) as M(a): (G-F) GWL 148 

difference between before and after main-shock on April 16, 2:00 (G) - 1:00 (F). M(b): (H-G) is the GWL 149 

difference after 22 hours and right after main-shock on April 16, 23:00 (H) - 2:00 (G). M(c): (J-I) is the 150 

GWL difference between 2 days and 1 day after main-shock. The averaged GWL on April 18 (average) (J) 151 

- April 17, 1:00 (I). Using these defined six time series variables (F(a), F(b), F(c), M(a), M(b), and M(c)) 152 

served as input vectors to explore the spatiotemporal GWL-change characteristics for each observation 153 

location.  154 

 155 

Results and discussion 156 

Time series variation of reference vectors 157 

The time series variation of reference vectors is shown in Fig. 3. The upper row represents the GWL change 158 

features during the foreshock, and the lower row shows the GWL change characteristics during the main-159 

shock. A comparison between F(a) and F(b), M(a) and M(b), lower located neurons (reference vectors) 160 
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displayed large GWL difference with a time lag of 22 hours. As well, F(b) and M(b) displayed a similar 161 

time variation. The behavior right after and 22 hours after the earthquakes was similar for both foreshock 162 

and main-shock. This means that both earthquakes had generally similar change characteristics for 163 

groundwater levels during this period (within 22 hours) for most of the monitoring wells. In addition, F(c) 164 

showed larger neuron changes than M(c). The reason for this is the superimposed effect of foreshock and 165 

main-shock for F(c). Besides using the defined six variables (F(a), F(b), F(c), M(a), M(b), and M(c)), the 166 

spatial variation characteristics of GWL difference are further explored in Fig. 4. The GWL change of M(a) 167 

is larger than F(a), because the main-shock formed a series of new faults and the increasing of seismic 168 

energy density. In addition, the GWL change of F(c) is also greater than M(c), as to the above discussion 169 

of superimposed effect. The general change characteristics of GWL difference is basically consistent with 170 

the SOM change features.  171 

 172 

Cluster analysis 173 

The cluster analysis using the SOM reference vectors resulted in 12 clusters as shown in Fig. 5. The number 174 

of clusters was determined through the DBI index as explained above. Accordingly, the minimum DBI 175 

corresponds to the optimal number of clusters, which was equal to 12 in this case. The number labeled for 176 

each reference vector corresponds to the number of observation wells classified into the vector. According 177 

to the dendrogram (Fig. 6), the number of parent clusters are 5 (distance of about 3.5). In this case, clusters 178 

2 and 7, clusters 3, 4, 5, and 10, clusters 6, 9, and 12, clusters 8 and 11 are classified into the same parent 179 

groups. No well locations were classified into cluster 10. Thus, this cluster was excluded from further 180 
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analysis. The unconfined aquifer wells were classified into clusters 1, 5, 9 and 11 that include 3, 7, 8, and 181 

1 well, respectively. The main reason why we are not able to separate confined and unconfined wells before 182 

using SOM classification, is that unconfined well data are limited to only 19 wells. 183 

 184 

Radar-charts of clusters 185 

Radar-charts for each cluster display the main characteristics of the input data as displayed in Fig. 7. Cluster 186 

1 is related to the downstream of Shirakawa and Midorikawa River watersheds 6 locations, F(b) and M(b) 187 

are quite small but on the other hand F(a) and M(a) are large. The GWL difference was small right after 188 

and 22 hours after the earthquake. The GWL difference was large before and after the earthquake.  189 

Clusters 2 and 7 are related to the midstream basin well groups 1 and 3, respectively, which are 190 

represented by deep wells (F(b), M(b), and M(c) are large). This means that the GWL difference was large 191 

just after and 22 hours after both foreshock and main-shock. The GWL difference was as well large between 192 

2 days and 1 day after the main-shock.  193 

Clusters 3, 4, and 5 represent the mid- to downstream area with well groups 1, 2, and 14, 194 

respectively. F(c) and M(a) are quite large. The GWL difference between the 2nd and 1st day after foreshock 195 

was large (superimposed effect) and the GWL difference between before and after main-shock was large 196 

as well. 197 

Clusters 6, 9, and 12 are related to the up- to midstream areas with well groups 3, 7, and 17, 198 

respectively. F(c) and M(c) were relatively large. The GWL difference between the 2nd and 1st day after 199 

the earthquakes was large.  200 
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Clusters 8 and 11 are related to both sides of the downstream to midstream area with 6 and 4 201 

wells, respectively. F(a) and M(a) are small and F(b) and M(b) relatively large. The GWL difference before 202 

and after earthquakes was small, and relatively large just after and 22 hours after earthquakes. 203 

According to the above, clusters 2 and 7, and clusters 6, 9, and 12 are areas that tend to sustain 204 

GWL change (M(c) is relatively large). These areas represent deep wells in the confined aquifer except for 205 

cluster 9. The mechanism for sustained GWL change is mainly from earthquake-enhanced permeability, 206 

because the transmission of pore pressure from the source to certain wells occurs with different distance 207 

and thus, needs different time. This is probably the reason why GWL response time is different from right 208 

after earthquake and 22 hours after as well as after 1 day and 2 days. The degree of GWL change is probably 209 

influenced by well depth, hydrogeological characteristics, and seismic frequency. This indicates very 210 

complex geophysical relationships. Generally, different clusters represent different GWL response in terms 211 

of time difference from seismic waves and degree of change. Looking at the case when M(a) is larger than 212 

F(a) (clusters 5, 6, 8, 9, and 11), the degree of GWL change may be affected by earthquake magnitude under 213 

similar hypocentral distance (fault location of inducing foreshock and main-shock is closer) (Wang and 214 

Chia 2008). This is due to the fact that seismic energy density increases with larger earthquake magnitude. 215 

 216 

GWL-change related to clusters 217 

In order to analyze GWL-change characteristics for each cluster, the data were standardized using 218 

maximum and minimum of the change according to:  219 
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minmax

min

hh

hh
h




  220 

where h  is GWL, maxh  and 
minh  are maximum and minimum GWL, respectively, and h  is 221 

standardized GWL. To explore annual variation patterns of GWL change for each cluster, the time scale of 222 

data was set to one year. Unfortunately, 8 out the 64 wells did not have a full year record as the earthquake 223 

caused a power failure and disruption of data recording for these wells. Thus, we used the remaining 56 224 

wells for the following analyses. The obtained similar well clusters and mean GWL are shown in Fig. 8. In 225 

order to discriminate between earthquakes GWL-change from other GWL-change factors (such as 226 

precipitation evaporation, air temperature, and transpiration effects, recharge and withdrawal, etc.), ten year 227 

averages of GWL are used as background value in each cluster in Fig. 8.  228 

For cluster 1 (5 wells), a general GWL decline occurred in April and August, the GWL tends to 229 

return to its initial state. Compared to the ten-year average, the drop of GWL in April is clearly explained 230 

by the earthquakes (foreshock and main-shock). The drop of GWL in August was due to the unusually 231 

small precipitation during this month. The GWL declined 0.17 m in April as compared to the ten-year 232 

average.  233 

For cluster 2 (1 well) and 7 (3 wells), the earthquake delayed the general GWL recovery due to 234 

increasing rainfall. The maximum GWL drop occurred in May and continued until June. After this, GWL 235 

recovered due to rainfall. However, the earthquake effects continued to sustain a low GWL and it did not 236 

recover to average levels as seen in cluster 2. This is consistent with the assessment from the radar-charts. 237 

For clusters 2 and 7, the GWL decreased 0.69 m and 0.13 m in May compared to the ten-year average, 238 

respectively. 239 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



13 

 

In the case of cluster 3 (1 well), 4 (2 wells), and 5 (13 wells), the general GWL decline occurred 240 

in April and August similar to cluster 1. For cluster 3, the GWL decline continued until December and did 241 

not recover to the initial level. The GWL reduced by 0.55 m in December compared to the ten-year average. 242 

However, for clusters 4 and 5, the GWL gently increased after the earthquakes, then gradually tended to 243 

return to initial level. The tendency of GWL recovery from summer to winter is similar to the 10-year 244 

average GWL variation. In the same manner, cluster 4 and 5, display April GWLs in the same range as the 245 

ten-year average (0.03 m and 0.01 m, respectively).  246 

For cluster 6 (3 wells), 9 (14 wells), and 12 (5 wells), the GWL variation is similar to the general 247 

pattern of the 10-year average. However, the effect of the earthquakes is still noticeable. After the initial 248 

drop due to the earthquake, the GWL rapidly increased just after the earthquake and then tended to gradually 249 

decrease from September. Obviously, these clusters had higher GWL after the earthquake than before. All 250 

wells in cluster 6 and 12 are deep and located along the upstream-mountain sides. The rapidly increasing 251 

GWLs may be the results of the contribution of mountain-hold groundwater. For cluster 6 and 12, the GWL 252 

change exceeded 0.54 m to 2.94 m and 0.1 m to 2.19 m as compared to the ten-year average during April 253 

to September, respectively. As well, cluster 9 also increased 0.1 m to 0.48 m from April to September.  254 

In the case of cluster 8 (6 wells), GWL decline occurred in April, then slowly increased after the 255 

earthquake. The GWL tended to return back to initial levels in August, as well as continuously increase up 256 

to October. For cluster 8, the GWL varied from -0.11 m to 0.47 m during April to August as compared to 257 

the ten-year average.  258 

For cluster 11 (3 wells), the GWL decline occurred from April to June, then gradually increased 259 
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from July to October. The GWL did not recover to initial levels. This is clear, when comparing to the 10-260 

year average GWL change. For cluster 11, the GWL declined 0.16 m to 0.17 m from April to June compared 261 

to the ten-year average. In these clusters (8 and 11), the GWL peak occurred in October. This peak is also 262 

shown in the GWL change for the past ten-year average.  263 

Most of the shallow wells in the unconfined aquifer rapidly recovered to initial GWLs within 264 

several hours to several days. This was due to hydrostatic pressure. However, most of the deep wells in the 265 

confined aquifer needed longer time to recover, in some cases several weeks to several months. According 266 

to Shi et al. (2015), co-seismic GWL-change usually prevails more than one week after the earthquake. On 267 

the contrary, co-seismic GWL-change shorter than one week is a transient change. From the annual 268 

variation characteristics such as for clusters 2, 7, and 11 (deep wells except for only one well), the GWL-269 

decline seems to be sustained over 1-3 months. Shallow wells such as cluster 1, 5, and 9 were also affected 270 

by extremely low rainfall in August. Even if two wells in cluster 4 are deep wells, GWL dropped in August. 271 

They were probably affected by adjacent shallow wells. 272 

 273 

Spatial distribution of clusters 274 

The spatial distribution of clusters is shown in Fig. 9. Spatial distribution of clusters is reasonably logically 275 

arranged, meaning that wells belonging to the same clusters are located at similar locations. A vast majority 276 

of the shallow wells are classified into cluster 5 (downstream) and 9 (midstream). These general cluster 277 

characteristics pertain a before and after GWL difference that was large for the main-shock, but small for 278 

the foreshock. After the earthquake, the GWL-change was comparatively small and finally returned back 279 
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to initial levels. Some of the deep wells are classified into cluster 6 and 12 (upstream-mountainside). These 280 

general cluster characteristics involve relatively large GWL difference 2 days and 1day after both foreshock 281 

and main-shock. As these wells are located on the mountainside, the rapid rise in GWL was probably fed 282 

by mountain-originating groundwater affected by tremor. Due to this, the GWL change was sustained 283 

several weeks to several months. 284 

 285 

Conclusions 286 

To explore transient spatiotemporal variation characteristics in GWL-change induced by earthquakes, SOM 287 

was used. As a conclusion, 64 observation wells were classified into 12 different clusters. Most shallow 288 

wells were classified into cluster 5 and 9. These groups were represented by a GWL difference that was 289 

small during the foreshock (first earthquake) and large during the main-shock (second earthquake). The 290 

GWL gently increased after the earthquake, then tended to stabilize around the initial level. Upstream deep 291 

wells were classified into cluster 6 and 12. This group showed relatively large difference in water level 292 

from 1 to 2 days after the earthquakes. The GWL rapidly increased just after the earthquake, then tended to 293 

gradually decrease from September. Cluster 1 displayed small difference in water level just after and 22 294 

hours after the earthquake.  295 

The observed wells could be clearly classified into 12 clusters. This information can be used by 296 

local governments and water supply managers to better plan appropriate groundwater management in case 297 

of a coming earthquake. For example, cluster 1 shows earthquake effects in April but the GWL recovered 298 

by December. Consequently, it may be expected that groundwater levels will return to normal within a year. 299 
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In the case of cluster 2 and 7, the GWL did not recover to initial levels and the earthquake effects continued 300 

for a long period. Thus, large groundwater withdrawal from these wells may need to halt for several years 301 

to protect water resources. In the case of cluster 3, 4, and 5, we need to continue GWL monitoring until 302 

recovery can be seen, because GWL did not recover to initial levels. However, in the case of cluster 6, 9, 303 

and 12, GWL increased compared to the 10-year average due to the contribution of mountain-hold water. 304 

Consequently, these wells can be used for emergency demand.  305 

The findings in this paper have improved the physical understanding on how earthquakes affect 306 

the groundwater environment. It is as well important to understand how earthquakes may affect the 307 

chemical quality of the drinking water supply. Thus, in future research, we will extend the analyses to longer 308 

timescales for GWL change as affected by earthquakes and in addition include groundwater chemistry in 309 

the analyses (Cox et al. 2012; Shi et al. 2015).  310 
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Figure Captions 428 

Figure 1   Monitoring wells in the Kumamoto area 429 

Figure 2   GWL-change in representative wells in connection to the Kumamoto earthquake sequence. 430 

(A-J indicate point-in-time to calculate water level variation before and after foreshock and main-shock. 431 

By using point-in-time (A-J), six variables were defined as F(a):(B-A), F(b):(C-B), F(c):(E-D), M(a):(G-432 

F), M(b):(H-G), and M(c):(J-I), respectively) 433 

Figure 3   Component planes for (F(a), F(b), F(c), M(a), M(b), and M(c)) 434 

Figure 4   Spatial distribution characteristics of GWL difference by use of the six variables (F(a), F(b), 435 

F(c), M(a), M(b), and M(c))  436 

Figure 5   Visualized map of the twelve clusters by the SOM 437 

Figure 6   Dendrogram for respective group using node numbers of SOM 438 

Figure 7   Radar-chart for each cluster 439 

Figure 8   Annual variation pattern for mean GWL of each cluster 440 

Figure 9   Cluster classification for Kumamoto monitoring wells 441 
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