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Abstract: The sustainable performance of foundations of various urban buildings and infrastructures
is strongly affected by groundwater level (GWL), as GWL causes changes in the stress state within
soil. In the present study, the components affecting GWL were investigated, focusing on the
effects of precipitation and river stage. These components were analyzed using a six-year database
established for hydrological and groundwater monitoring data. Five study regions for which daily
measured precipitation, river stage, and GWL data were available were compared. Different periods
of precipitation, geographical characteristics, and local surface conditions were considered in the
analysis. The results indicated that key influence components on GWL are different depending on
the hydrological, geological, and geographical characteristics of the target regions. River stage had
the strongest influence on GWL in urban areas near large rivers with a high ratio of paved surface.
In rural areas, where the paved surface area ratio and soil permeability were low, the moving average
showed a closer correlation to GWL than river stage. A moving average-based method to predict
GWL variation with time was proposed for regions with a low ratio of paved surface area and low
permeability soils.

Keywords: groundwater level; precipitation; moving average; river stage; seasonal variation; climate
change; correlation analysis; estimation method

1. Introduction

Load-carrying capability and deformation are key design components of various buildings and
infrastructures to ensure the proper level of serviceability during the lifetime of the structures. These
design components are strongly affected by the stress state within soil, which varies with groundwater
level (GWL), resulting in changes in soil effective stress and pore water pressure [1]. Although
there are no apparent indications of failure or collapse conditions, changes in GWL can cause a
considerable amount of ground subsidence and instant instability problems, all of which are related
to the functionality and performance of target structures [2,3]. Various investigations into the effects
of GWL on the performance of foundation structures have been performed, and design methods to
take GWL into account have been proposed [4-7]. The results from these investigations indicated
that incorporation of GWL into the design is essential to guarantee the sustainable performance of
structures and to prevent unexpected damage during the lifetime of the structures due to additional
settlement or reductions in bearing capacity.
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GWL varies and fluctuates for various reasons, including uneven annual precipitation and changes
in river stage. Other components that affect GWL variation are the duration and intensity of preceding
precipitation, proximity to the river, and pumping and recharge activities [8-11]. Moving average,
which is the cumulative precipitation during a certain past period, was introduced as a more refined
expression for precipitation and better captures the characteristics of GWL and its variations than
precipitation [8,9]. Guttmann [9] and Murray [12] both used the moving average and showed that the
moving average is closely related to the variation in GWL over time. Winter [13], Sanders [14], and
Kelly [15], by contrast, reported that river stage had the greatest effect on variations in GWL.

Most previous studies of GWL have focused on individual and uncoupled influences of
hydrological components, such as precipitation, accumulated rainfall, and river stage as well as
regional pumping and recharging activities. However, the effects of these components can differ
depending on the geographic and geomorphic characteristics of target areas, such as proximity to rivers,
soil profiles, and ground surface conditions. In particular, because most urban and residential areas
are located near rivers, comparative analyses that address the effects of various components that can
influence GWL are required, as there may be some reciprocal effects among influencing components.

In the present study, significant influence components on GWL and its variation are investigated,
focusing on the effects of precipitation and river stage. These components were analyzed using a
multi-year database of hydrological and GWL monitoring data and compared among five study regions
for which daily measured precipitation, river stage level, and GWL fluctuations data were available.
Different time scales of precipitation, geographical characteristics, and local surface conditions were
considered. A method for GWL estimation is proposed based on the moving average for regions with
a low paved surface area ratio and low permeability soils.

2. Study Regions and Data Descriptions

2.1. Study Regions

Five regions were selected and introduced to analyze the comparative effects of various
influencing components on GWL and its variations (Figure 1). The five regions were located in
different areas near Seoul, Gyeonggi, and Gangwon provinces in Korea, with different soil types and
geographical conditions. These selected regions are referred to as regions R1-R5 in this paper. Based
on the geographical characteristics of these areas, target study regions were categorized into three
groups: group A (R1), group B (R2 and R3), and group C (R4 and R5). Group A represents locations
near a large river and urban areas where surface conditions are mostly impermeable due to a high
paved surface area ratio (higher than 97%). Regions in group B are also urban areas with paved surface
area ratios higher than 90%. Compared to group A, regions in group B are located near smaller-sized
rivers with lower paved surface area ratios. Regions R4 and R5 in group C represent rural areas with
paved surface area ratios lower than 35%.
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Figure 1. Locations of study regions.
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The locations of regions R1-R5 are shown in Figure 1. Region R1 is located near the Han River,
one of the largest rivers in Korea. The distance of the GWL observatory in region R1 from the Han
River is 156 m. Regions R2 and R3 are located near Ui and Anyang streams at distances of 253 and 203
m from rivers, respectively. The geographical and hydrological characteristics of each region are shown
in Table 1. Detailed hydrological and size information about the rivers listed in Table 1 is provided in
Table 2.

Table 1. Geographical and precipitation characteristics of study regions.

. . Paved Area Mean Annual .
Region  Group Nearby River Ratio (%) Precipitation (mm) Distance (m)
R1 A Han River 97.4 1344 156
R2 B Ui Stream 93.7 1344 253
R3 B Anyang Stream 91.0 1451 203
R4 C Nambhan River 16.9 1294 431
R5 C Dong River 32.0 1242 281
Table 2. Basic characteristics of the rivers in the five study regions.
. . . . N 1 Wat M Disch duri
River Mean Width (m)  Basin Length (km)  Drainage Area (km?) lggzlva(m;s)e r ;la;) 4 lss:a:;gle(ml;;sl;l 8
Han River 1155 494 26,018 423 2456
Ui Stream 60 8 27 - -
Anyang Stream 200 33 281 6 16
Nambhan River 309 375 12,514 89 471
Dong River 242 65 2448 17 138

The land maps of all study regions, obtained from the Korean Ministry of the Environment, are
shown and compared in Figure 2 [16]. The portions of paved surface areas in regions R1-R3 were
higher than in regions R4 and R5 (Table 1). Soil profiles at the regions are indicated in Figure 3. Surface
soils of regions R1-R3 were composed mainly of highly permeable granular soils, whereas the top
soils of regions R4 and R5 (in rural areas) were composed of low permeability clays.
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Figure 2. Surface conditions in study regions.
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Region
R1 R2 R3 R4 R5

Depth (m)

Rock
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Figure 3. Soil profiles in the five study regions.

2.2. Precipitation, River Stages, and Groundwater Levels

Typical patterns of annual precipitation in the study regions showed seasonally dependent
variation with highly concentrated rainfall from July to August. Figure 4 shows the annual distributions
of monthly averaged precipitation in regions R1-R4 during the past 37 years (1965 to 2001) [17] and
in R5 during the past 30 years from 1981 to 2010 [18]. The amount of precipitation during July and
August was noticeably high, more than twice the mean monthly-averaged precipitation.
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Figure 4. Annual distributions of monthly averaged precipitation.

A six-year database of precipitation, river stages, and GWL was established for the study regions
and used in the correlation analysis. River stage and precipitation data were obtained from the
Han River Flood Control Office [19], and GWL data were obtained from the National Groundwater
Information and Service Center [20], both official organizations for flood and GWL control in Korea.

Figures 5 and 6 show periodic variations of daily measured GWL for the six years from 2006 to
2011, plotted together with daily measured precipitation (Figure 5) and river stage (Figure 6). For region
R5, river stage data were collected for four years due to a newly established observation facility in 2008.
Note that the daily measured data were introduced because the safety margin of structures can also
be affected by instant changes in stress and soil conditions. Similar patterns were observed each year
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with regard to summer-concentrated annual precipitation, river stage, and GWL. During the six-year
monitoring period, the maximum annual fluctuation in GWL was 5.44 m in region R1. For regions R2
and R3 of group B, the maximum GWL fluctuations were 3.30 and 1.84 m, respectively. For R4 and R5
of group C, the maximum GWL fluctuations were 5.07 and 5.38 m, respectively. Detailed hydrological
data for each region are summarized in Table 3.
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Figure 5. Variations in GWL and precipitation for regions (a) R1; (b) R2; (c) R3; (d) R4; and (e) R5.
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Figure 6. Variations in GWL and river stage for regions (a) R1; (b) R2; (c) R3; (d) R4; and (e) R5.

Table 3. Precipitation and river stage characteristics of the five study regions.

) Precipitation (mm) River Stage (m) GWL (m)
Region Max. Level =~ Daily Mean  Peak Level = Mean Level = Max. Level = Mean Level
R1 237.0 4.0 8.6 3.1 7.6 2.7
R2 273.0 4.9 19.1 16.8 18.1 16.5
R3 258.0 4.0 9.0 7.1 8.4 5.1
R4 314.0 4.3 30.3 25.2 38.3 34.6
R5 181.0 3.8 195.5 190.5 200.1 194.7

3. Methods for Data Analysis

3.1. Simple and Cross-Correlation Analyses

In the present study, simple and cross-correlation analyses, which are frequently adopted to check
the validity of data correlation, were introduced for analyzing the influence levels of precipitation and
river stage on GWL [21-23]. Cross-correlation analysis provides the degree of correlation, periodicity,
and time lag between two sets of time-series data as expressed by the following equations:

Cuy (k)
030y

Ty (k) = )

%Z X)(rsk — V), @

where x; and y; are time series data; Xand Y are averages of x; and y;, respectively; oy and o, are
standard deviations of x; and y;, respectively; k is the time lag; and 7 is the length of the time series. The
best coefficient of correlation obtained from the cross correlation analysis was used for comparative
analysis between two sets of time-series data. The results from the cross-correlation analyses were
examined using t-tests to confirm statistical significance with respect to the time-series data.
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3.2. Moving Average (MA) and Auto Regressive Moving Average (ARMA)

To further investigate the correlation between precipitation and GWL, a moving average was
adopted, representing the average accumulated precipitation for a certain past period. Similar to
other precipitation parameters, the moving average had minimum values close to zero during drought
seasons and peak values during flood seasons. The moving average was originally introduced to
estimate the drought index [9,11] and later applied to calculate the management index for groundwater
dams and to consider the cumulative characteristics of preceding precipitation [24,25].

Because the moving average represents the accumulated amount of precipitation, it is determined
through an iterative process. The iterative process involves calculating an average precipitation value
over a certain past period of time that corresponds to the period when the best correlation to the target
variable is achieved. Therefore, the moving average calculations should be repeated by increasing the
number of periods examined until the best correlation is obtained. The auto regressive moving average
(ARMA) is an improved method that assigns a certain weighted value to each past day from auto
regressive analysis [26,27]. To evaluate the correlation of precipitation to GWL, the moving average
and ARMA are used and compared.

4. Results

4.1. Precipitation

The average annual precipitation in Korea over the past 30 years was 1308 mm, nearly twice the
world average. Because of the summer-concentrated characteristics of annual precipitation and time
delays for rainfall infiltration into the ground, the timescale or resolution of the annual precipitation
distribution can affect correlations to GWL. To analyze the effect of precipitation on GWL at different
timescales, daily measured and monthly averaged precipitations were correlated to GWL. These are
plotted in Figure 7a,b for regions R1, R3, and R5 of groups A, B, and C, respectively. The values of r
(coefficient of correlation) for the match between GWL and precipitation data are indicated in Figure 7
and Table 4.
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Figure 7. Comparison of GWL with (a) daily measured and (b) monthly averaged precipitations.
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Table 4. Coefficients of correlation of components influencing GWL.

Coefficient of Correlation (r)

Region River Stage Daily Measured Monthly Averaged Moving Average ARMA
(Days) 2 Precipitation (Days) ? Precipitation (Days) b (Days) ¢
R1 0.931 (0) 0417 (-1) 0.811 0.781 (10) 0.790 (22)
R2 0.605 (0) 0.349 (-1) 0.866 0.841 (19) 0.842 (38)
R3 0.676 (—1) 0.533 (-1) 0.874 0.798 (8) 0.789 (15)
R4 0.354 (—1) 0.293 (—13) 0.581 0.863 (81) 0.796 (58)
R5 0.453 (—11) 0.150 (—34) 0.447 0.875 (109) 0.732 (73)

2 Time lag from cross correlation analysis; ? period for moving average; © period for ARMA.

Figure 7a shows that there was no meaningful, unique correlation between daily measured
precipitation and GWL, although the overall distribution of daily measured precipitation and
GWL were similar, with both showing similar summer-concentrated patterns (Figure 5). Improved
correlations were observed when monthly averaged GWL and precipitation were used (Figure 7b).
This indicates that the GWL—precipitation correlation may change depending on the time resolution
adopted, which in fact reflects the effect of preceding precipitation.

4.2. Moving Average

Each region considered in this study had different moving average periods that yielded the best
correlation to GWL. Figure 8a,b show the correlation of the moving average to GWL for region R4 and
the values of r as a function of period adopted to calculate the moving average for the study regions.
The 32.9 m marked in Figure 8a is the minimum GWL that is necessary for the method proposed in
this study, as will be explained later. The values of the moving average period for each region are
indicated in Figure 8b. For regions R1-R3 of groups A and B, the moving average periods were 8§, 10,
and 19 days, respectively, while longer periods of 81 and 109 days were required for regions R4 and R5
of group C.
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Figure 8. Correlation of moving average with GWL: (a) moving average and GWL with time and
(b) coefficient of correlation with moving average period.

The difference in moving average periods shown in Figure 8b can be attributed to differences in
soil type and permeability conditions, reflecting local, regional geological, and geographical conditions.
As observed in Figure 3, regions in groups A and B had granular fill layers with high permeability near
the top surface. For regions R4 and R5 of group C, fine-grained soil layers with a low permeability
(k) of 1.66 x 1072 cm/s and 2.46 x 10~* cm/s, respectively, were present [20]. This suggests that the
moving average period is strongly affected by the permeability of the soil, as soil permeability results
in differences in how long it takes for rainfall to infiltrate into the ground and to contribute to GWL.

All GWL and moving average data for regions R1, R3, and R5 of groups A, B, and C are plotted in
Figure 9. A higher correlation (higher r value) was observed for region R5 of group C while the lowest
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r value was obtained for region R1 of group A. A more detailed explanation and discussion of these
results is provided in a Section 5.1.
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Figure 9. Correlation between GWL and moving average for regions (a) R1; (b) R3; and (c) R5.

4.3. River Stage

River stage is another component that can significantly influence GWL, particularly in areas near
rivers. Measured GWL and river stage data for regions R1, R3, and R5 of groups A, B, and C were
correlated (Figure 10). The values of r shown in Figure 10 for each region are summarized in Table 4.
The best correlation between GWL and river stage was obtained for region R1 of group A (r = 0.931).
For regions R4 and R5 of group C, r values were lower at 0.354 and 0.453, respectively.
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Figure 10. Comparison of GWL and river stage for regions (a) R1; (b) R3; and (c) R5.

4.4. Cross-Correlation Analysis Results

To examine the correlations of the various components with GWL in a more systematic manner,
cross-correlation analysis was performed. Figure 11 shows results from the cross-correlation analysis
of regions R1, R3, and R5 with river stage and the moving average that was best correlated to
GWL for each region. Periodical characteristics of the correlations revealed that GWL, river stage,
and precipitation all fluctuated with a certain annual periodicity. For regions R1 and R3, the
cross-correlation was rougher with a time lag compared to that of region R5, which showed smoother
variation. The cross-correlation values were close to unity for all cases at time lags equal to zero,
confirming that the correlations among the components influencing GWL were sufficiently close.

Figure 12 shows the results of a cross-correlation analysis between GWL and precipitation. Region
R5 of group C showed a 34-day time lag for the correlation due to the time delay for rainfall infiltration,
while regions R1 and R3 of groups A and B had no time lag. ARMA values are reported in Table 4.
Longer ARMA periods were observed in regions in group C, consistent with the results shown in
Figure 12.
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Figure 12. Cross-correlation analysis results between GWL and precipitation for (a) R1; (b) R3; and
(c) R5.

5. Discussion and Proposed Method

5.1. Discussion

For all study regions, the period of peak GWL coincided with those of peak precipitation and river
stage, while the patterns of GWL variation differed. GWL in groups A and B fluctuated within short
time periods in a similar manner to variation in river stage. GWL in group C took a longer time to rise
and fall, and showed smoother patterns of variation. Furthermore, GWL in Groups A and B showed
rough fluctuation patterns that were very similar to the patterns observed for river stage variation.

The correlations between GWL and river stage, daily measured and monthly averaged
precipitation, moving average, and ARMA are shown in Table 4. Note that the values in parentheses
in each column are the time lags or periods that yielded the best correlation to GWL. The correlation to
daily measured precipitation showed the lowest range of r values, while the correlations to moving
average were higher overall with values of r higher than 0.78. This indicates that accumulated
precipitation, which indicates the effect of preceding precipitation, is well correlated to GWL and thus
more useful for the characterization of GWL. Time lags or periods for the correlation to the moving
average of the study regions were different because of different soil and local surface conditions that
resulted in different time delays for the impact of precipitation on GWL.

The correlation with river stage was strongly affected by the geographic condition of the target
region. For region R1 in group A, which was located near a large river with a high paved surface
area ratio, GWL was better correlated with river stage than daily measured or monthly averaged
precipitation and the moving average. For regions R4 and R5 of group C, the correlations of GWL to
the moving average were tighter than to river stage. For regions R2 and R3 of group B, the correlations
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of moving average and river stage to GWL were similar. Note that the ratios of paved surface area for
both regions were above 91%, which is much higher than for regions R4 and R5 of group C.

The shape of the variation in GWL (see Figures 5 and 6) is another issue to be addressed with
regard to soil profile and soil permeability. As indicated in Figure 3, soils in regions R1-R3 consisted
mainly of highly permeable sands, whereas regions R4 and R5 had low permeability clay layers near
surfaces. For the regions in group C, as precipitation infiltrated vertically through the clay layers, the
response period to GWL fluctuation became longer and the crumpled shapes of GWL were attenuated.
For regions in groups A and B, river water, including runoff from precipitation, infiltrated horizontally
through the highly permeable sand layers because of the large paved surface areas in these regions.
Consequently, GWLs in regions in groups A and B were characterized by a pattern of rapid rise and
fall as well as a crumpled shape. This suggests a correlation between the time period used to obtain
the moving average and the permeability of the soil, and requires additional investigation.

5.2. Proposed GWL Correlation to Moving Average

5.2.1. Description of Methodology

One important finding obtained in this study was that GWL is closely related to the moving
average for areas with low permeability soils and a low paved surface area ratio. However, a close
correlation between moving average and GWL itself does not guarantee accurate estimation of
GWL, because the moving average period that gives the best correlation varies depending on local
geological and geographical conditions. In this study, a more systematic yet simpler procedure for
the estimation of GWL directly based moving average is explored and proposed. Adjustment and
calibrating processes were introduced to better match the annual distribution of GWL and the moving
average data.

The adjustment and calibration processes require certain correlation parameters because of the
different magnitude scales of GWL and the moving average and the different elevations at which
GWL was measured for different regions. For any past date in a certain year, the period of the moving
average was obtained by iteration until the best correlation to GWL was achieved. This was defined as
the optimal moving average period (tm) of the object region in that year.

A scale factor (s¢) was introduced to adjust for differences in numerical magnitudes between GWL
and moving average values. Moving average values are generally given in millimeters whereas larger
units (centimeters or meters) are usually used for GWL data. The scale factor s; then represents the
ratio of daily measured GWL to the moving average value. An example of the annual distribution of s¢
in 2007 obtained from region R4 is presented in Figure 13a. Most s¢ values fell within the range of 500
to 1500, although some exceptionally high values of s¢ were observed during the drought season from
March to April. Statistical analysis of results in Figure 13a resulted in determination of the value of s;
for that year. The statistical distribution of s¢ values in 2007 is shown in Figure 13b; the value of s; with
the highest frequency was 475. This s¢ value of 475 was then multiplied by the t,-day moving average
to adjust for the scale difference between GWL and the moving average.

An additional calibration factor (cf) was necessary to equalize the initial minimum values of the
moving average and GWL. Note that the minimum value of the moving average could be closer to
or larger than zero depending on the regional characteristics of annual precipitation. The value of c¢
then corresponds to the difference between the minimum GWL and the minimum moving average for
a given year, which is added to the moving average data of that year. This represents the effects of
vertically shifting up the annual distribution of the moving average to ensure equality of the minimum
values of GWL and the moving average. For region R4 in Figure 8a, for example, the value of ¢f was
32.9. The values of ty, s¢, and ¢ were obtained for different years using the same procedure and
averaged, and then used to estimate the GWL for a certain target year. The steps of the proposed
method described herein are summarized in Figure 14.



Sustainability 2016, 8, 1 12 of 16

9000 60
L Y i o ST ATS
8000 h 50 | -
7000 | 1
6000 g 3 40
5000 o s
‘;’- . = 30 -
4000 | : 1 =
3000 | . 1 L 20
2000 | _~-1500, 1
1000 /500-' YA q N || I
T Mﬁ—‘  p—— |
0&\5 L L L . 0 | - III IIIII IIII -
2007/01 2007/03 2007/05 2007/07 2007/09 2007/11 2008/01 0 150 300 450 600 750 900 10501200 13501500
Time St
(a) (b)

Figure 13. Distributions of scale factor (s¢): (a) annual distribution and (b) statistical distribution.

Obtain historical precipitation and
GWL data at object region.

Find optimal time period (tm) of
moving average from iterative

calculation.
r
Repeat for multiple Determine scale factor (s;) from ratio
year database of GWL to t,-days moving average.

Determine calibration factor (c;) equal
to minimum GWL of the year.

A

Obtain average t.,, s and c; values for
adopted multiple year database of
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Predict GWL from
sex(ty-days Moving Average)+c:

End

Figure 14. Calculation procedure of the proposed method.

5.2.2. Measured and Predicted Groundwater Levels

To check the validity of the proposed method, the precipitation and GWL data for regions R4 and
R5 from 2006 to 2011 were used to predict the GWL in 2012. Note that regions R4 and R5 belong to
group C, and therefore had a low paved surface area ratio and low permeability soils. Values of ty,,
s¢, and ¢; obtained annually from 2006 to 2011 for regions R4 and R5 are shown in Table 5. Average
values of these parameters are also included in Table 5. Using the proposed procedure described in
Figure 14, the annual variations in GWL for regions R4 and R5 were predicted and compared with the
measured data in Figure 15. The values of the correlation parameters ty, s¢, and c¢ used to predict the
six-year average values are provided in Table 5.



Sustainability 2016, 8, 1 13 of 16

38

Observed Data
—- Predicted Data

37 E

36

35 ¢

GWL(m)

34 |

3L Sep. 5 Sep. 8

32 I 1 1 1 I I
2012/01  2012/02 2012/04 2012/06 2012/08 2012/10 2012/12

Year-month

(a)

200 Observed Data

............... Predicted Data
199 F 3 S AN

198

197

195 | Ty
195 ¢ = Sep. 17 { sep. 18

194 . : s s \"/ s s

2012/01 2012/02 2012/04 2012/06 2012/08 2012/10  2012/12
Year-month

(b)

GWL(m)

Figure 15. Measured and estimated GWL variations for regions (a) R4 and (b) R5.

Table 5. Correlation parameters for the proposed method.

Region  Year 2006 2007 2008 2009 2010 2011  Average

tm 64 104 94 80 70 43 76
R4 Sf 175 475 425 225 225 175 283

s 33.2 329 33.1 33.1 33.6 33.2 33.2

tm 76 105 112 107 102 95 100
R5 Sf 225 425 375 525 525 425 417

ct 1951 1946 1953 1947 195.0 1952 195.0

Close agreements between measured and predicted GWL data for both regions were observed.
The measured and predicted peak GWLs in region R4 were 36.91 and 36.80 m on 5 and 8 September,
respectively, and the measured and predicted GWL fluctuations were 4.05 and 3.59 m, respectively.
For region R5, the measured and predicted peak GWLs were 199.09 and 199.15 m, respectively, on
19 September, while the measured and predicted GWL fluctuations on 17 September were 4.04 and
4.09 m, respectively. The errors in GWL fluctuations between the measured and predicted data were
11.4% and 1.2% for regions R4 and R5, respectively.

To evaluate the effect of database size on prediction accuracy, results predicted using different
year databases from two to six years were obtained and compared. Figure 16 shows the values of R?
for the match between measured and predicted GWL data of regions R4 and R5 in 2012. Overall, the
values of R? increased as the number of years increased. For region R4, the values of R? become higher
than 0.9; after 4 years, there was no significant increase in R?. For region R5, the values of R were
slightly smaller than 0.8 for the two- and three-year database and then increased after four years.
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Figure 16. Coefficient of correlation (R?) according to accumulation time.

6. Summary and Conclusions

Fluctuations in GWL have a negative impact on the foundations of various buildings and
infrastructures due to ground subsidence and reductions in bearing capacity [5,6]. It is challenging
to predict and estimate GWL and its variations, which are strongly related to meteorological
characteristics [1]. In the present study, components that could potentially affect GWL were analyzed
with a focus on precipitation and river stage. For this purpose, the six-year database of hydrological
and groundwater monitoring results from five selected regions were obtained and adopted in the
comparative analysis. Furthermore, a method for estimating GWL based on the moving average was
proposed for areas with a low paved surface area ratio and soil permeability.

Correlations to the moving average were strong overall, whereas no meaningful correlation
was observed with daily measured precipitation. This indicated that accumulated precipitation,
which indicates the effect of preceding precipitation, was well correlated to GWL and thus a feasible
parameter with which to characterize GWL. It is also observed that time lags and periods for the
correlation to the moving average of the study regions differed according to soil type and local surface
conditions. The correlation to river stage was highly affected by the geographic characteristics of the
target region.

Key findings of this study are as follows: (1) river stage is the dominant component influencing
fluctuations in GWL in urban areas with a high paved surface area ratio and near large rivers; (2) GWL
of urban areas near a river is less affected by the river if the size of the river and its proximity to these
areas are small; (3) for rural areas with a low paved surface area ratio and low-permeability soil, the
effect of river stage on GWL is small, even if the area is located near a river. In this case, GWL is better
correlated to the moving average and, accordingly, the time period that yields the best correlation
should be identified; and (4) the shape and period of GWL fluctuations are affected by soil profiles and
regional permeability conditions.

A simple method to estimate GWL using a moving average was proposed based on the similarity
of time variation patterns of GWL and the moving average. Three correlation parameters—optimal
period, scaling factor, and calibrating factor—were introduced for the proposed method and used to
adjust and calibrate the GWL and moving average data. The validity of the proposed method was
examined using case examples from two selected regions. It was confirmed that the proposed method
can effectively predict GWL in areas with low-permeability soils and a low paved surface area ratio.
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