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Measuring the amount of rainfall is essential for a
wide-area evaluation of the risk of landslide disaster
using a real-time simulation. In Thailand, located in
Monsoon Asia, point observation is conducted using
a rain gauge. Interpolation calculation is crucial for
obtaining the planar rainfall intensity for the wide-
area analysis from scattered point observation data. In
this study, to accurately calculate rainfall intensity us-
ing the inverse distance weighting (IDW) method, the
parameters affecting the results are examined. Ad-
ditionally, using obtained rainfall data, a simple pre-
diction calculation of groundwater level fluctuation by
Wakai et al. [1] and Ozaki et al. [2] is performed. Fi-
nally, the relationship between the rainfall intensity
and the fluctuation of groundwater level will be dis-
cussed.

Keywords: numerical simulation, inverse distance
weighting method, rainfall data, slope failure, groundwa-
ter level

1. Introduction

Recently, the extreme weather conditions caused by
global climate change have resulted in an escalation of
landslide disasters. To address this, many proposals have
been put forth based on the short-time calculation of real-
time evaluation of landslide disaster risk (for example,
Misumi et al. [3], Okimura et al. [4], Kinoshita et al. [5]).
Wakai et al. [1] and Ozaki et al. [6] have proposed sim-
plified prediction models of groundwater level fluctua-
tion based on the finite element method. For perform-
ing the numerical analysis, it is necessary to input rain-
fall data to all points in a spatially discretized grid shape
and observe the input value. In Japan, country-wide high-
performance X-Band MP radars are deployed, and wide-
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area and high-density rainfall observation is conducted
(Kuran [7]). However, in Monsoon Asia, where land-
slide disasters occur and radar analysis networks similar
to those in Japan are not in place, point observations us-
ing rain gauges are performed. However, it is important
to obtain a wide-area rainfall intensity to evaluate the risk
of landslide disasters in Thailand and Vietnam, which are
also located in Monsoon Asia. In this study, prediction by
interpolation calculation to measure wide-area rainfall in-
tensity from rainfall data obtained by a point observation
using a rain gauge is conducted (Fig. 1).

This study conducts an analysis in Chiang Mai in
northern Thailand to accurately predict the rainfall in-
tensity. Next, the rainfall intensity obtained by interpo-
lation calculation is applied to the method proposed by
Wakai et al. [1] and Ozaki et al. [2] to conduct a simple
prediction calculation of groundwater level fluctuation.
Finally, the results of the analysis will be discussed, and
a method to obtain the wide-area rainfall intensity nec-
essary for landslide disaster risk evaluation will be pro-
posed.

2. Rainfall Interpolation Calculation Using
Inverse Distance Weighting (IDW) Method

2.1. Outline of IDW Method

As a simple interpolation calculation method for pre-
dicting the planar rainfall intensity from the rainfall data
obtained by point observation, examinations have been
conducted using the inverse distance weighting (IDW)
method (Chen and Liu [8]), kriging (Goovaerts [9]),
spline (Hutchinson [10]), and so on. For a real-time eval-
uation of slope failure risk in heavy rain, it is essential
to use a method with a small calculation load that im-
mediately provides a solution. Therefore, this study uses
the IDW method described by Li and Heap [11] (Fig. 2).
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Fig. 1. Interpolation calculation of rainfall.
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Fig. 2. Conceptual view of IDW method.

The IDW method’s calculation formula is expressed by
the following equations, where R is the rainfall at the
interpolation point, R; is the known rainfall observation
data, L; is the distance from the interpolation point (alter-
natively, the distance on the coordinate system obtained
from the latitude and longitude), P, is the weight of the
inverse distance, k is the multiplier of the weight of the
inverse distance, and » is the number of observation data.

1
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]

In this method, the smaller the distance of interpolation
points, the larger the effect of the point on the interpo-
lation value. That is, the superiority of the known point
observation data for the interpolation value can be con-
trolled by the multiplier k of the weight; the larger the k,
the higher the superiority of a near point, and the lower
the superiority of a distant point. Here, it is necessary to
determine the range of observation data, which is the tar-
get of the calculation of interpolation point. For this, the
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Fig. 3. Locations of observation stations around Doi Pui Village.

radius of influence o [km] from a discretionary point is
determined, and the points within the radius of influence
are included in the calculation.

2.2. Input Conditions Used in IDW Method and its
Application to Target Sites

In this study, the IDW method is used to apply for the
analysis around Doi Pui Village of Chiang Mai. This
method uses the rainfall data provided by the Department
of Disaster Prevention and Mitigation (DDPM) of Thai-
land. Fig. 3 shows the locations of the observation sta-
tions around and rain gauge at Doi Pui Village (hereinafter
referred to as the Doi Pui observation station). The valid-
ity of calculation results by the IDW method is examined
by estimating the rainfall — regardless of the observation
data — and comparing the estimated rainfall with the ac-
tual measurement value of the Doi Pui observation station.
The collection interval of the actual measurement value
by the rain gauge is five minutes. The 24 hours rainfall
data were used that were observed at the Doi Pui obser-
vation station on August 21, which recorded the highest
rainfall in August 2019.

As input conditions of the IDW method, the inverse
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Table 1. Examination items of input conditions of IDW method.

1,2,3,4,5
3.5-30

Inverse distance weight multiplier £

Radius of influence o [km]

== Doi Pui observation station
Khun Chang Khian observation station

Rainfall intensity[mm/h]
]

Fig. 4. Rainfall intensity at Doi Pui observation station and
Khun Chang Khian observation station.

distance weight multiplier k£ and the radius of influence
o [km] are determined by calculating the result under the
conditions of k =1, 2, 3, 4, 5, a = 3.5 to 30 km (Ta-
ble 1). The root mean squared error (RMSE) was used
for examining the validity of the result.

The groundwater level rises after rainwater infiltration
and storage in the ground during rainfall (Wakai et al. [1],
Ozaki et al. [2]). The accumulative amount of rainfall over
time and the temporary rainfall intensity affect the evalua-
tion of landslide disaster risk by predicting the groundwa-
ter level fluctuation. Due to the movement of rain clouds,
rainfall in the observation point of the target area is some-
times accompanied by a time delay depending on the spa-
tial arrangement. For example, Fig. 4 shows the rain-
fall intensity observed at the Doi Pui observation station
and the Khun Chang Khian observation station (Fig. 3).
The rainfall intensity was high in Doi Pui Village from
around 9:45 to around 11:45, while the rainfall inten-
sity was low at the Khun Chang Khian observation sta-
tion. However, the rainfall intensity was high at the Khun
Chang Khian observation station from around 13 o’clock
to around 15 o’clock. Such a phenomenon also occurred
at other observation stations. Therefore, based on the spa-
tial distribution of rainfall over time, the rainfall intensity
is evaluated focusing on the accuracy of the accumulative
rainfall data and the prediction of the observed rainfall at
5-minute intervals. We calculate and evaluate accumula-
tive rainfall for 1, 2, 3, 4, and 6 hours.

2.3. Accuracy Evaluation Method Using RMSE

To decide the input conditions necessary for applying
the IDW method around Doi Pui Village, the accuracy is
evaluated using the RMSE described by Phogat et al. [12].
The calculation formula is expressed by Eq. (3), where
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M, is the actual measurement value at the Doi Pui observa-
tion station, S; is the prediction value calculated by IDW
method, and N is the number of data.
1 N
RMSE=,/=Y M;—=S)?. . ... ... (3
N =
RMSE indicates that the smaller the calculated value, the
smaller the difference between the actual measurement
value and the prediction value, and the higher the accu-
racy of the prediction value. The value obtained by Eq. (3)
is in the same unit as that in the rainfall data. RMSE for
the accumulative rainfall of 1 hour to 6 hours is calculated
in addition to the rainfall of the 5-minute intervals, and all
units are unified by converting them into [mm/h].

2.4. Examination of Inverse Distance Weight
Multiplier &

The inverse distance weight multiplier k£ in Eq. (1)
changes the effect of observation data on the interpola-
tion points when the IDW method is used. Section 2.4
examines the setting of this parameter. The amount of
rainfall at the Doi Pui observation station is estimated by
conducting an interpolation calculation from the observed
amount of rainfall at the Doi Pui observation station, ex-
cept for the actual measurement amount at the observation
station. At this point, the rainfall amount is calculated by
varying k from 1 to 5 in the rainfall data observed on Au-
gust 21 and these values are compared it with the actual
measurement value. The calculation is performed with the
radius of influence assumed to be about 14 km from the
Doi Pui observation station, where the data are relatively
concentrated. As mentioned above, the examination and
evaluation are accumulatively carried out, in addition to
the rainfall data observed at 5-minute intervals.

Figure 5 shows the result of the interpolation calcula-
tion of the rainfall intensity on the 1 km gridatk=1to 5
in the range surrounded by the blue line of about 20 km x
20 km including the Doi Pui observation station in Fig. 3.
The results at 10 o’clock on August 21, 2019, are shown.
Fig. 5 shows that the effect of the observation data near
the interpolation point becomes larger by increasing k.

Figure 6 shows the actual observation values at the Doi
Pui observation station and the accumulative values of the
rainfall data interpolated by varying k from 1 to 5. The
case of k = 2 is most similar to the actual observation
value at the Doi Pui observation station. Therefore, Fig. 6
also shows prediction and observation values of rainfall
intensity observed every five minutes with k = 2. Com-
parison of the time series data indicates a difference in
the results. Here, Table 2 shows RMSE calculated from
the actual observation value and prediction value at the
Doi Pui observation station under the condition k =1 to
5. In addition to the 5-minute interval observation val-
ues, the rainfall amounts of 1- to 6-hour accumulation
were also compared. Comparison with the 5-minute in-
terval data indicates that RMSE was the smallest when
k =1. Contrarily, RMSE was the smallest when k = 2
with a longer accumulation time. When using this value
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Fig. 6. Comparison of observation values at Doi Pui observation station with accumulative values of rainfall data interpolated by
varying k from 1 to 5, and comparison of observation values and prediction values of rainfall intensity every five minutes when

k=2.

Table 2. RMSE calculated from actual observation values and prediction values at Doi Pui observation station under condition of

k=1to5.

Rainfall data used for RMSE RMSE Emn]/h] Points in yellow ipdicate the
- minimum values of each rainfall

(Actual measurement values and prediction values) =1 =2 =3 =2 s
5-minute interval data 3.73 4.67 6.13 7.16 7.72
1-hour accumulative rainfall 2.85 3.00 3.73 4.34 4.69
2-hour accumulative rainfall 2.32 1.68 1.59 1.82 2.01
3-hour accumulative rainfall 2.35 1.90 2.04 2.37 2.60
4-hour accumulative rainfall 1.59 0.80 0.84 1.27 1.55
6-hour accumulative rainfall 1.19 0.49 0.57 0.97 1.21

for response analysis of groundwater level, it is necessary
to focus more on the accumulative rainfall that infiltrates
into the ground than on the temporary rainfall. There-
fore, the rainfall interpolation calculation was performed
by adopting k = 2, which gave the best accuracy based on
the accumulative rainfall.

2.5. Examination of Radius of Influence & [km]

The optimum value of the radius of influence is ex-
amined to decide the adoption of the point observation

564

data. The radius of influence is varied around the Doi
Pui observation station to increase the number of obser-
vation points, and the obtained values are evaluated us-
ing RMSE. As in Section 2.4, we used the rainfall data
observed on August 21, 2019 and the inverse distance
weight multiplier of k = 2 were used.

Table 3 shows the radius of influence used in the cal-
culation, the number of observation points within the ra-
dius of influence, the results of evaluations by RMSE on
the prediction values using these conditions, and the ac-
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Table 3. RMSE calculated by the number of observation points and each rainfall amount when the radius of influence o [km] was

varied.
. Number of
Radius of . L . . .
influence obseryatlon RMSE [mm/h] Points in yellow indicate the minimum values of each rainfall
points
. 1-hour 2-hour 3-hour 4-hour 6-hour
o[km] n . S-minute accumulativ [ accumulativ | accumulativ | accumulativ | accumulativ
interval data e rainfall e rainfall e rainfall e rainfall e rainfall
3.5 2 6.50 4.04 1.82 2.18 0.97 0.70
6 5 5.27 3.31 1.60 1.88 0.69 0.44
7.5 7 5.08 3.21 1.63 1.90 0.69 0.42
8 9 4.85 3.10 1.67 1.92 0.73 0.43
11 11 4.71 3.02 1.68 1.91 0.78 0.47
15 13 4.63 2.98 1.68 1.90 0.81 0.49
19 17 4.54 2.93 1.70 1.89 0.85 0.53
25 19 4.51 2.92 1.69 1.89 0.85 0.53
30 21 4.49 2.91 1.69 1.89 0.86 0.54

tual measurement values of the Doi Pui observation sta-
tion. The variation in RMSE indicates that in the case
of accumulative rainfall, RMSE was significantly reduced
at about 3.5 to 8 km radius of influence and 2 to 9 ob-
servation points, and the change was small, on and af-
ter 11 km of the radius of influence and 10 observation
points. When the accumulation time was made longer,
the RMSE became the smallest while using the radius of
influence of @ = 7.5 km. From the above results, the ra-
dius of influence of o = 7.5 km became optimum when
predicting rainfall using the IDW method by targeting the
rainfall on August 21, 2019.

2.6. Confirmation of Rainfall Prediction Accuracy
of the Condition Used for IDW Method at Doi
Pui Observation Station

Until Section 2.5, the method of deciding — by RMSE —
the necessary conditions for predicting the rainfall amount
for the Doi Pui observation station using the IDW method
have been examined. Consequently, the optimum condi-
tions of the IDW method on August 21, 2019, were as
follows: the inverse distance weight multiplier k = 2, the
radius of influence ¢ = 7.5 km, and the number of obser-
vation points n = 7 in the radius of influence. To examine
whether these conditions are applicable to other rainfall
data, the rainfall under the same conditions were predicted
using the IDW method, targeting the rainfall that occurred
at the Doi Pui observation station in August 2019.

Figure 7 shows the results of the comparison between
the actual measurement values and the accumulative rain-
fall predicted by the IDW method for the six cases in
August 2019. The results obtained by the IDW method
have successfully reproduced the actual measurement val-
ues with good accuracy for the other four days, except for
cases 2 and 6. However, these cases were low in their
accuracy of predicting the actual measurement values be-
cause there was a shortage in the observed rainfall at the
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seven points used in the IDW method compared with the
observed rainfall at the Doi Pui observation station.

3. Calculation of Groundwater Level
Fluctuation Using Interpolation Calculation
Results

In Section 2, the multiplier k of the weight and the ra-
dius of influence ¢ were examined in order to use the
IDW method. In Section 3, the groundwater level fluc-
tuation is calculated using the interpolated rainfall data
based on these conditions.

3.1. Simple Prediction Model of Groundwater
Level Fluctuation

The amount of groundwater level fluctuation in the
shallow part in a natural slope is calculated assuming a
single geological composition. The fluctuation amount is
decided by the following models: the vertical infiltration
through the ground surface and the lateral infiltration of
groundwater level in the saturated zone.

3.1.1. Modeling of Vertical Infiltration Flow

Based on the saturated—unsaturated groundwater anal-
ysis (FEM program: VGFLOW (Cai and Ugai [13])),
Wakai et al. [1] and Ozaki et al. [2] have built simpli-
fied prediction models of vertical infiltration capable of
obtaining the amount of raised groundwater level with the
same accuracy as FEM and in a short period. Fig. 8 shows
an example of the time history of the groundwater level
and the saturation degree of an unsaturated layer during
constant rainfall on a semi-infinite slope obtained by the
finite element method. The groundwater level tends to
elevate slightly until the saturation degree in the unsat-
urated layer reaches a certain level, even after the onset
of rainfall. It tends to maintain an almost constant rate
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of elevation, post-onset of elevation. Focusing on these
two time zones, Wakai et al. [1] and Ozaki et al. [2] con-
ducted modeling of vertical infiltration (Fig. 9). While as-
suming a constant rainfall intensity of / [m/h], assuming
that all the rainwater has infiltrated into the ground, the
elapsed time # [h] until the water level rises is expressed
by Eq. (4), where the soil porosity is n, the depth of the
groundwater level before the onset of rainfall is 4 [m], and
the initial saturation degree is S,o [%].

h S0
t1—Y<GCp—n100>. @
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(DThe rainwater is
initially stored here.

Fig. 9. Concept of the developed model for vertical infiltra-
tion in the slope.

In Eq. (4), 6. is the volumetric water content of upper
limit at which the rainwater can stay in the ground (not
contributing to the water level elevation), after infiltrating
into an unsaturated layer. The elevation speed v,,; (how-
ever, the value obtained by multiplying the correction fac-
tor o, of the speed) is obtained as a speed at which the
saturated zone expands upward by filling the underground
gap with water, post-onset of the water level elevation,
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after obtaining #;. Assuming that the saturation degree
when the elevation of the groundwater level starts is S},
the elapsed time 7, until the water level reaches the ground
surface post-onset of water level elevation is obtained by

Eq. (5).
;
o " (1 100) " S
2_sz_ ol B )

Wakai et al. [1] and Ozaki et al. [2] have reported that
simple phenomenon prediction is possible by back cal-
culating from #; and #, obtained by a series of analyses
and by determining, for each condition, the values of two
parameters (6., and o) that can cope with various condi-
tions. The calculation results indicate that the 8., param-
eter differs depending on the inclination angle. It should
be noted that , is constant (= 2.1) regardless of the con-
ditions.

By applying the above-described Egs. (4) and (5) — pro-
posed by Wakai et al. [1] and Ozaki et al. [2], to actual
rainfall — the fluctuation amount of the groundwater level
due to vertical infiltration is calculated.

3.1.2. Modeling of Lateral Infiltration Flow

The planar flow in an unconfined aquifer, that is, the
flow of groundwater along the aquifer, is given by the
following governing equation (Japanese Association of
Groundwater Hydrology [14]).

9 (p 9B\, 9 (5 0%\ _ 2% ©)
x\Max ) Tay\ ™Moy ) T

where T,, and T7,, are the transmissibility coeffi-
cient (m?/h), which is obtained by multiplying the hy-
draulic conductivity K [m/h] by the aquifer thickness (m),
n. represents the effective porosity, and & represents the
total head (m). To obtain an immediate and comprehen-
sive solution, instead of a large-scale matrix calculation, a
method with a small calculation load is required.
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Therefore, this method conducts a spatial and temporal
approximation in accordance with the difference calcula-
tion algorithm of Kinzelbach [15] and numerically solves
using an explicit method. The behavior of groundwater
spread across a wide area due to rainfall is reproduced by
calculating the vertical infiltration and lateral infiltration
flow in a rectangular grid at regular intervals for each time
difference.

3.2. Calculation of Groundwater Level Fluctuation
in Doi Pui Village
3.2.1. Input Data

The analysis is carried out in a region of 1210 m X
1060 m including Doi Pui Village (Fig. 10). The calcu-
lation was performed by resampling DEM of 1-m reso-
lution of AW3D to 5-m resolution by the nearest neigh-
bor method, with the spatial difference of 5-m grid. The
rainfall data are entered by interpolating the rainfall data
of August 21, 2019, observed by DDPM of Thailand.
The conditions of the IDW method are the previously-
mentioned inverse distance weight multiplier of k =2 and
the radius of influence v = 7.5 km, which are used for the
interpolation points of the entire region. Fig. 11 shows the
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Table 4. Parameters used in calculating groundwater level.

Medium sand
Saturated hydraulic 10-4
conductivity k [m/s]
Porosity n 0.3
Initial unsaturated layer 20
thickness (base depth) / [m] )
Initial saturation 60
degree S,o [%]

time history of the rainfall intensity calculated at the cen-
ter (Point A) of the target region. Fig. 12 shows the accu-
mulative rainfall at the stages of 9, 14, 19, and 24 o’clock.
Table 4 shows typical values of medium sand, regard-
ing the parameters used for calculating groundwater level
fluctuation, such as hydraulic conductivity. Assuming that
the initial groundwater table is located below the bedrock
surface, the thickness of the initial unsaturated layer, that
is, the depth to the bedrock surface was set to 2 m this
time, and the initial saturation degree was set at 60%.

3.2.2. Analysis Results of Groundwater Level in Doi
Pui Village

Figure 13 shows the groundwater level at the stages
of 9, 14, 19, and 24 o’clock as in the accumulative rain-
fall shown in Fig. 12. The accumulative rainfall reached
49 mm up to 24 o’clock after the onset of the rainfall.
At this time, the groundwater level increased with the in-
crease in the accumulative rainfall, and it was elevated
from —2 m (GL-m) of the groundwater level at the time
of initiating the analysis to —1.87 (GL-m) near the ground
surface at Point A, for example. The fluctuation and rele-
vance of rainfall and groundwater level can play important
roles when conducting future simulation analysis. In this
regard, the results calculated by the analysis method used
in this study can be adopted as a basic condition of future
simulation analysis. Thus, the rainfall interpolation calcu-
lation using the IDW method can be beneficial in conduct-
ing the response calculation of groundwater level over a
wide area.
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4. Conclusions

In this paper, the analysis was conducted using the IDW
method as one of the methods of calculating the planar
rainfall intensity from the rainfall data obtained by point
observation around Doi Pui Village in Chiang Mai, Thai-
land. When using the IDW method, it is essential to de-
cide the inverse distance weight multiplier k and the radius
of influence o. In this study, those conditions were de-
cided using RMSE. Since comparison of the actual mea-
surement values at the Doi Pui observation station with
the results predicted by the IDW method, the condition
of the IDW method was decided as the one providing
the best accuracy when predicting a single point. Dur-
ing the application of the IDW method in a different loca-
tion from that in this study, there is a possibility that the
optimum condition is different depending on the arrange-
ment of rain gauges and the tendency of rainfall. Hence,
it is necessary to decide the inverse distance weight mul-
tiplier and the radius of influence based on the target re-
gion. When using the conditions of the IDW method de-
cided at the Doi Pui observation station for the ground-
water level fluctuation calculation of Wakai et al. [1] and
Ozaki et al. [2], the rainfall data were entered and the val-
ues for the entire target region were calculated. Addition-
ally, the planar groundwater level for over time was cal-
culated. Consequently, the relation between the increase
in the accumulative rainfall and the elevation tendency of
the groundwater level was suggested. In the future, con-
ducting the risk assessment of landslide disaster in a wide
area in Monsoon Asia may be an issue, particularly by
combining such a method with the rainfall interpolation
calculation.
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Fig. 13. Groundwater level at each time point in target region.
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