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Abstract. Typhoon Morakot caused terrible flooding and Morakot brought heavy rainfall to the southern part of Tai-
torrential rains that severely damaged southern Taiwanwan. According to the Central Weather Bureau of Taiwan,
Swollen rivers wiped out roads and demolished buildings.Typhoon Morakot dumped more than 2500 mm of rain over
Long-lasting and intense rainfall triggered landslides inthree days starting on 7 August 2009. This amount of rain
many regions in southern Taiwan, including the landslideis comparable to the average annual precipitation in Taiwan,
that buried Siaolin Village in Kaohsiung County and killed and, thus, this rainfall caused floods and landslides. These
approximately 500 people. Locating buried buildings imme- landslides destroyed and buried many villages in Kaohsiung
diately after a landslide could be an emergent issue in lifeCounty; among these villages, Siaolin Village suffered the
saving and hazard mitigation. Analyzing the magnetic sigha-worst damage.

ture of a buried area is an efficient and non-destructive way Based on field investigations, the landslide in the Siaolin
to detect subsurface buildings. This paper presents the raegion affected an area 1000m wide and 3500m long
sults of a magnetic survey for the purpose of outlining sub-(Fig. 1), and the landslide completely buried Siaolin Vil-
surface images of Siaolin Village after the catastrophic landHage. Changes in elevation before and after Typhoon Morakot
slide induced by Typhoon Morakot in 2009. We found that a (Fig. 1b) were derived from digital terrain models (DTMs)
high-resolution magnetic survey can reveal suspected buildwith a precision of five meters by the Agriculture and
ing positions that match the initial locations of buildings in Forestry Aerial Survey Institute of Taiwan. According to
Siaolin Village. The estimated depths of the buried buildingsthe DTMs before and after Typhoon Morakot, the volume
are 5-10 m deep. The magnetic data further suggest a possf the major landslide body (cool colors in Fig. 1b) was
ble debris-flow direction of NE to SW because the northernabout 23.87 million i, with an average depth of 42m and
part of the village was mostly destroyed, while buildings in an extent of 57 ha. The sliding block was mainly composed
the southern part of the village remained in place. of Pliocene shale and Quaternary colluvium. The sliding
surface may have been located along an interface between
fresh and weathered Pliocene shale. The National Disasters
Prevention and Protection Commission of Taiwan reported
724 deaths that were caused by the flooding during Typhoon

Typhoons frequently strike Taiwan between summer and fallMorakot. The landslide at Siaolin Village was responsible
According to statistics from the Central Weather Bureau offor 474 of these deaths.

Taiwan, approximately four typhoons per year have hit Tai- Siaolin Village is located in Kaohsiung County in south-
wan since 2000. Typhoons consist of high-speed winds an@&rn Taiwan. The Nantzuhsien River (also called the Cishan
rain. Quickly accumulating rainwater often causes floodsRiver) borders the west side of the village (Fig. 2a). At its

and, in many cases, landslides. On 7 August 2009, Typhooghallowest point, the river measures about 345m in eleva-
tion. Sian-Du Mountain, at an altitude of 1445 m, borders

_ the east side of the village (Fig. 1a). The elevation difference
Correspondence taC.-C.Chen between the east and west sides is more than 1000 m, with a
BY (chencc@earth.ncu.edu.tw)
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Fig. 1. (a) The topography anfb) its changes due to the landslide event in the Siaolin area. Purple rectangles in each plot indicate the areas
of the magnetic survey.

slope of appro>.(ima-ttely 20 Qegrees. Initiaty,150 buildings Table 1. Density and susceptibility of rocks and iron oxides.
made up Siaolin Village (Fig. 2a). However, after Typhoon

Morakot, only one or two remained (Fig. 2b).

Material Density p)  Susceptibility &)

To identify the locations of the buried buildings, a mag- (gem3) (s))
netic survey (Fig. 2) was conducted immediately after the
catastrophic landslide. Magnetic anomalies come from dif- Shale 2.10 0-0.019
ferent magnetic susceptibilities or the magnetization contrast Sandstone  2.24 0-0.021
of different materials (Table 1; Nabighian, 1972; Hsu et al., FeO 5.745 20x 10°
1996; Doo et al., 2009). A high-resolution magnetic anomaly Fe;03 5.24 236x 10°

map is essential to quickly understand the characteristics of
subsurface materials. In general, the magnetization of build-

ings is much larger than that of mud or other geological sed- )
iments because the buildings are constructed using steel tig¥ere collected in October 2009. We held a portable magne-

(Table 1). Magnetic data can thus be expected to identifyfometer at 1.22 or 1.82m above the ground and recorded the
the outlines of the buried buildings in Siaolin Village. This total-field magnetic data. Portable proton precession mag-
study presents the results of a quick magnetic investigatiof'étometers (Geometrics model G-856, with a sensitivity of

of Siaolin Village and the implications to the kinematics as- 0-1nT) were used in the magnetic surveys. To ensure mea-
sociated with the Siaolin landslide. surement reliability, the magnetic data were measured at least

three times at each location within a few minutes. If the stan-
2 Data and methods dard deviation of readings was less than 10 nT, we calculated

the average to represent the value of the total magnetic field
After the typhoon, we collected magnetic data at the villageat each location. We also set up a reference magnetic sta-
location and surveyed most of the relatively flat area abovetion (Fig. 1a) to continuously record the magnetic fluctua-
the township of Siaolin Village (rectangles in Figs. 1 and 2). tions with a sampling interval of 15s. Using this continu-
The track lines of magnetic measurement were along the dieus data, we performed a diurnal variation correction on the
rection of NW to SE (with an interval of 5m). The data observations.
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Fig. 3. Histograms of raw magnetic readings measured at heights
of 1.22 (upper panel) and 1.82 (lower panel) m above the ground.
Note that there are two groups of data points, at the high and low
ends, in both histograms.

23°09'36"N

magnetic data at different heights for each location. Thus, we
were able to directly estimate the vertical gradient from the
s Meters survey d_ata (Fig. 4c). This direct estimation made the results
more reliable.
120°38'48"E 120°39'00"E 120°39'12"E We determined the boundaries and the buried depths of
the buildings following the method proposed by Hsu et

Fbig. ?t A(_?_rialhphotf\)/lgrapkhs O:;Sidaglin ViIIagie tall_«(a)bbefohre ankd f al. (1996). As suggested by Hsu et al. (1996), the geo-
(b) after Typhoon Morakot. Red dots are leveling benchmarks OrIfogical boundaries were estimated by tracing the maximum
positioning. Purple rectangles in each photo indicate the areas o

the magnetic survey. Note that the main course of the Nantzuhsie mplitudes of the analytic signal. Likewise, by applying

River was slightly diverted to the east after Typhoon Morakot. this method, we Were_ a_ble to de_ztermine the morphological
boundaries of the buildings buried by the landslide. The

depth of each geological/morphological boundary can also
All of the raw readings are given in the histograms of be estimated from the amplitude ratio of the enhanced and

Fig. 3 for the two measured heights of 1.22 and 1.82m. [tSiMple analytic signals using the following equatios=

should be noted that two groups of data points, at both the/2- ./ 22&3 (Hsu et al., 1996). In this equatiod, indi-

high and low ends, can be observed in these two histogramgates the depth to the boundary, atiland A, indicate the

of raw data. The magnetic anomalies (Fig. 4a and b) wereamplitudes of the simple analytic signal and the enhanced

then obtained by subtracting the mean value of the surveysecond-order analytic signal, respectively. For details, we re-

data. fer readers to the paper of Hsu et al. (1996) and a recent paper
The analytic signal technique is widely used to detect subdy Doo et al. (2007).

surface magnetic source boundaries (e.g., Nabighian, 1972,

1974, 1984; Roest et al., 1992; Hsu et al., 1996, 1998; Hsu,

2002; Fedi and Florio, 2001; Salem and Ravat, 2003; Doo e8 Results and resolution test

al., 2007, 2009). The enhanced analytic signal is composed

of the nth-order vertical derivative values of two horizontal We obtained two maps of magnetic anomalies, one at

gradients and one vertical gradient. In general, the verticall.22 (Fig. 4a) and the other at 1.82 (Fig. 4b) m above

gradient can be derived from the Hilbert transform of the the ground. According to the magnetic anomaly maps,

horizontal gradients. In this study, we additionally measuredhigh-amplitude magnetic anomalies were present in the

23°09'24"N
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were primarily distributed in the southeastern region, the re-
Fig. 4. Magnetic anomaly maps ét) 1.22 m andb) 1.82 m above maining bU|Id|ngs may still exist there underground. Flg'
the groundy(c) vertical gradients of magnetic fields obtained from ure 4d also shows the results of the estimated depths of the
the differences in magnetic data betweaj and (b); and(d) the boundaries. The depths of the suspected buildings were typ-
first-order analytic signal together with source depth solutions (tri- ically five to ten meters deep, as indicated by the triangles in
angles and.circles). Both red and blue dots indicate surveying pointgig, 4d.
for magnetic data. To demonstrate the feasibility of the proposed method, we
determined whether our layout of magnetic data could re-
solve the small targets representing buried buildings. We
constructed a model (Fig. 5¢) consisting of two square prisms
southeastern quadrant of our survey area. These anomalig§ 5 m x5m to represent the buried buildings. The distance
may be associated with the buried bUIIdIngS of Siaolin Vil- between the ground and the top surface of each prism was
lage. It should be noted that before Typhoon Morakot the1sm. Considering the artificial buildings as aggregates of
buildings in the village were originally located both in the concrete and steel, the susceptibility of each prism was about
northeastern and southeastern quadrants of the survey are@go, of FeO (Table 1). The magnetic sampling points were
(Fig. 2a). These anomalies thus suggest a pattern of regyvenly spaced at intervals of 5m, the same as in our survey
distribution of the damaged and buried buildings. The 0V€r-|ayou'[_ Figure 5a shows the magnetic anomaly (solid line),
all magnetic anomaly patterns in Fig. 4a and b are quite simitogether with its upward continuation at 20 m (dashed line).
lar, thereby suggesting data reliability. Moreover, the verticalwe then calculated the analytic signal (Fig. 5b). It should
gradient distribution (Fig. 4c) also showed a pattern similarpe noted that the orders of magnitude for both the magnetic
to that of the magnetic anomalies. anomaly and the analytic signal were very close to those of
Figure 4d shows the results of the distribution of the first- the observations. The buried depths of the prisms were es-
order enhanced analytic signal. In the study area, the sourcadmated to be 15.6 m (black stars in Fig. 5¢). This model-
of magnetic anomalies primarily come from contrasts be-ing experiment confirmed that the resolution of the observed
tween the buildings and covering sediments brought by thenagnetic data is sufficient to detect buried buildings.
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structed to non-destructed zones due to landslide/debris-flow
can be presented on a scale of several meters (Hsu, 2004).
Furthermore, such a destruction frontier indicates a major
flow direction along the NE to the SW for the sliding of ma-
terials into Siaolin Village. Such an inference based on the
magnetic survey is supported by a very recent simulation of
the Siaolin landslide by Kuo et al. (2010). The magnetic ob-
servations in this study thus provide a relevant constraint for
further numerical simulation (e.g., Crosta et al., 2004; Kuo
et al., 2009) of the flow pattern of the Siaolin landslide event
(Kuo et al., 2010). Understanding and modeling the flow pat-
tern is of considerable importance to identify potential haz-

: ardous sites to protect buildings, structures and people from
L p—rs avalanches, debris flows and rockfalls in the future.

- e The magnetic data also indicate another important valida-
120'8885°E 1R0'8845°F 120'8900°E 120831'E tion of the burying process of Siaolin Village. Contrary to
the destruction scenario involving a landslide occurring in

Fig. 6. Superposing the distributions of the first-order analytic sig- the northeastern portion, the estimated depths of the buried

nals (contours) onto an aerial photograph taken before Typhoony " . : .
Morakot. The thick dashed line indicates the destruction l‘rontierrbUIIdIngS are 5-10m (Fig. 4d) in the southeastern part of

of the landslide suggested by the magnetic survey. Buildings in thdh€ Survey area. As mentioned above, most of those build-

area encircled by the red dotted curve were destroyed and removeligs obviously stayed at their original locations without dis-
by the landslide impact. placement (Fig. 6), and some may have even remained in-

tact. Mud floods associated with the breached landslide dam
and witnessed by the surviving villagers struck the southern
part of the village about 30 min after the landslide and then
) ) . completely covered the remnant village. A burying scenario
4 Discussion and concluding remarks happening in the southern part of the village validated by the
magnetic survey is essentially different from the scenario in
The above magnetic results have important implications forthe northern part and is fundamental to the redistribution of
the Siaolin landslide. After superposing the distribution of the initial landslide material for the geomorphologic evolu-
analytic signals (contours in Fig. 6) onto the aerial photo-tion in such an extreme event. The redistribution of the initial
graph taken before Typhoon Morakot, we found that most ofjandslide material deposited by mud floods may also cause
the building locations in the southeastern quadrant of the surfatal destruction, as occurred in the Siaolin landslide.
vey area corresponded to high-amplitude analytic signals. In  Finally, in terms of hazard mitigation, near-surface
contrast, in the northeastern portion (the area indicated by thﬁigh-resomtion magnetic surveys, as demonstrated in this
red dotted curve in Fig. 6), the magnetic anomaly signaturestudy, can be very helpful to identify subsurface build-
was not significantly related to the original locations of build- ings/structures buried around 10 m. Surveying efﬁciency and
ings. It should be noted that because the magnetic survey wagsolution are practical problems in these surveys and should

conducted over a relatively flat topography with a covering pe improved for the purposes of saving lives and retrieving

layer of about 10 m (as shown in Fig. 1b) and the buildingspodies.

in the north were not buried much deeper than those in the

south, it was not the buried depth that masked the buildings

in the north. A comparison of the analytic signal results andAcknowledgementsThis project was funded under grant NSC98-

the aerial photograph thus indicates a clear boundary (thick745-M-008-013 of the National Science Council of Taiwan.

dashed line in Fig. 6) for the magnetic pattern and suggest®€epest appreciation is given to SeeHope Tech. & Eng. Ltd.

that the landslide very likely dislocated buildings located to €9~ _Tawan, for helping to collect the valuable magnetic data

the north of that boundary. To the south of that boundary, theon Siaolin Village. The comments and suggestions from Fausto

buildi inin ol ) d buried ' 7 Guzzetti, Mark Pilkington and two anonymous reviewers are highly
uildings remain in place and are buried. appreciated.

The analytic signal results suggest a destruction fron-

tier along the direction of~N70° E, as depicted by the

thick dashed line in Fig. 6. North of the destruction fron- Edited by: F. Guzzetti

tier, landslide/debris-flow damaged and removed most of theReviewed by: M. Pilkington and two other anonymous referees
buildings, while south of the destruction frontier, many of

the buildings may have been spared from the impact of the

landslide/debris-flow. Therefore, the transition from the de-
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