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ABSTRACT: This study used multi-temporal high-resolution LIRAEMs to map new landslides and to establish
an empirical relationship between area and voluMaralslides in a study area at southern Taiwar dlavation
changes are detected from 2 successive sets ofRIDEBM in a forested land. They were acquired wifloant-cloud
density of more than 1.0 point per square met@0®b and 2010, respectively. The accuracy standardsurvey
procedures are based on the 2005 MOI guidelinevéd¢andslides are successfully identified and neappsing
differential DEM derived from the 2 data sets, gsinchange threshold of 0.50 m to remove noise fiiffarential
data and visual interpretation of typical landsliderphology with supplemental information from apinotos.
More than 95% of landslides were mapped undefhitteshold of 0.50m, in comparison to orthophotofsgquently,
the coverage area and volume of each individualdishe are derived. An empirical relationship betwéandslide
area A (M) and volume V (M), V = kA* with k = 0.099 and a = 1.396, is then proposetiimpaper. The power law
formula was obtained through linear fit of the lalidies with coefficient of determination, R-square@l.837. It can
be further applied for estimation of the total voki of landslide materials in a whole region. Initdd, the
differential DEM can be further applied to undenstdhe regional sedimentation activities showirgsburce areas
and the deposition areas

1. INTRODUCTION

Landscape of Taiwan is subjected to severe chamgeodtorrential rainfalls. Subsequently, sedimentsled from
landslide materials triggered by torrential raitsfadre transported to water reservoirs. In additmrthe adverse
effects of water turbidity which make the wateratraent process difficult, the sustaining time fervoirs are
reduced substantially. Therefore, a good understgnaf landslides in watershed becomes criticaldostaining
management of reservoirs in Taiwan. It is not gaedio estimate watershed-wide volume change dientislides
caused by a torrential rainfall by direct measunetfieLiDAR digital elevation model (DEM) with higiesolution
and high accuracy becomes important tools for tggses of landslide inventory and management. ,Timas
relationship between size and volume of landslicks be derived when individual landslides can brucately
identified.

It is straight-forward to apply the difference efa DEMs for representing landslide volume causedbyevent
(Liu et al., 2010), e.g.

AV =" (DEM,, - DEM,,)

Where DEMy, represents the DEM of the accurate topography #fteential event and DEM represents that
before torrential event. Premises of data quality @ommon datum are requirekV is the volume change after the
event. When the value @V is negative, it indicates the area is of depletid/hereas\V is positive, it indicates
the area is of accumulation.

The purposes of this study include landslide magpind establishing an empirical relationship betweea and
volume of landslides in the study area by usingtiplel DEMs before and after 2009 Morakot event dnithern
Taiwan. This relationship allows estimating theatatolume of landslide materials in an individuatehment. In
addition, the results of cut and fill analysis besén two-temporal LiDAR-based DEM in a catchmentessaows
distinctly evolution processes of debris flow frothe landslide source and subsequent deposition. area
Understanding the time scale of landslide mass mewt is important to determine the debris flow spsibility in

a catchment.



2. TWOTIMESOF LiDAR DATA SETS

In this study, two times of LIDAR data are used, fepresenting the accurate topography before fiad Morakot
rainfall event. The first LIDAR data set was acediin 2005 (MOI, 2006a) and the second in 2010 (B\ZD10).
The point density of both datasets is more thanittgper square meter. The grid-size of final DEEMLimeter. The
orthometric height of each grid cell conforms te #ttcuracy standards required by the draft spatifitcs made by
the Ministry of The Interior (MOI, 2006b). The presas for applying two DEMs for landslide volumeisttion
require that both the datum and the quality ottt@DEM datasets are maintained. To assure théyoathe DEM,
strict standard operation procedures are follo@l( 2006b). Five phases of tasks are implemerteadbtaining
the accurate elevation models by airborne LiDARvsyr including: (1) The planning step; (2) Flighiad
preprocessing — obtaining point clouds in locajgxted coordinate system, namely Taiwan Datum {99VD97);
(3) Classification step — The extraction of poihiging the bare earth from all point clouds foe throduction of
LIiDAR DEM; (4) Quality validation step - for assng the conformance of quality and quantity requésts of the
results to the MOI guidelines (MOI, 2006b); and e output step with grid of 5k map-sheets — Tiyital
elevation models (i.e. DEM) with ellipsoid heightim grid are created by interpolation of the diteground points.
DEM with orthometric heights are prepared by apmlya reduction of geoid undulation model publishgcthe
Ministry of The Interior, namely TaiWan Vertical fen 2001 (TWVD 2001).

The relative error is then evaluated with overlapadand absolute error is evaluated by a compavisitnground

control points. The residuals between strips is $hiidy are smaller than 10 cm. A cross fligheisigned in every 30
km perpendicular to major flight lines for checkinliscrepancies between flight strips. Five landes/mand

transactions for ground survey are also selecteddtidating the accuracy achieved in this phaseu@d data are
collected by GPS and Total Stations. The 5 desighlaind-cover types include (1) bare land, (2) Vegetation, (3)
sparsely-vegetated forest, (4) dense forest, anoufiEling-up area. At least 30 measurements ateated for each
of the cover types. In addition, 50 check points esllected along a profile of 20 km in length miog the flight

strips. The accuracies (root mean square errorramer types of bare land, low vegetation, sparesioand

building-up areas are all better than 0.16m. Threxaye error for transactions in the study areali3Xin. However,
the RMSE is around 0.25m for dense forest.

These standardized procedures assure the requirefiggodetic and vertical survey datums, as wetha quality of
the datasets. As pointed out by Liu et al. (20h@j uncertainties are large in the area coveratebge forest due to
artifacts of point cloud filtering, landslide maskih polygons of landslides after the heavy rdirdaents are used
in this study to extract local DEMs, restricted yotthie landslide areas. This can effectively elirténthe adverse
effect of errors due to dense forest. Thereforeyasis of the results of quality validation phake,cumulative error
of subtracting two DEMs in this study will be maiirted to be as low as 0.5m.

3. THE STUDY AREA AND THRESHOLDS ORV

An example of LIDAR data for the experiment in teisidy is selected from national map-sheet numb&B3028
with a map-name of Tern-Bau-San One (Figure 1).&tient is about 2579m x 2775m, around 7 squaoenidters.
There are very few landslides on orthophoto take2005 where as landslides are everywhere on F@atri2os
orthoimage taken in 2010 of the same area. Itss shown that shaded-relief of DEM shows only tasetearth.
As a contrast, the shaded-relief of DSM shows bédigdcover information for visual interpretatiohlandslides.
Landslides are not obvious due to lack of contoasiveen sliding and non-sliding areas.

Figure 2 shows thaV maps derived from 2010 DEM and 2005 DEM of thedgtarea. The differential DEM
shows that a maximum negative value is -53.9835maximum positive value of 39.3773. In Figure 2pldé&d
areas are with negative values whereas accumulateas are with positive values. When comparingiiéid.B,
1D and Fugure 2, it is clearly shown that the léidds are in depleted areas, and the accumulatessare mainly
in stream valleys. To isolate the landslides, aghold is set to filter out all those areas witrake larger than Om,
as shown in Figure 3A. When the threshold is se8no as shown in Figure 3B, all the noises due ® th
uncertainties of DEM and effects of landcover tymes removed and only major landslides are leftislt
noteworthy that a threshold of 3m means that dlleslarger than -3m are filter out. However, samall yet
important landslides are also deleted. When thitdskdm, the total depleted volume is 13,193,8@Bic meters,
whereas the threshold is 3m, the total depletedmelis 10,360,912 cubic meters. There is a differerf 21.47%.
Therefore, the selection of a proper thresholdéammgful. Thus, various thresholds are testedtlagid respective
AV maps are compared with landslide map derived froamual interpretation. It is shown that a thredHatger
than 0.50~1.0m can effectively remove noises fritra differential DEM. Visual interpretation of tyjail



landslide morphology with supplemental informatfoom orthophotos is carried out for the compariddare than
95% of landslides were mapped under the thresfdddb@m. In other words, active landslides can becessfully
identified and mapped by applying a threshold ojéa than 0.50 m.

Figure 1 Images of the study area before and 2060 Morakot event, (A) 2005 Orthophoto; (B) 2010
Orthoimage; (C) 2010 LIiDAR DEM; (D) 2010 LiDAR DSM.
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(A) "
Figure 2AV map showing the depleted areas with negativeegalnd accumulative areas with
positive values.




(A) (B) :
Figure 3AV map showmg the depleted areas Wlth a threshiolao(A) and 3m (B) respectlvely Noises are
obvious when no threshold is set, i.e. Om.

4. THE APPROACH TO DERIVE THE RELATIONSHIP OF A ANM

When 2 times of airborne LIDAR DEM are used, thame two approaches for deriving the relationshipvben the
2D area of a landslide and its 3D volume, as shiomigure 4. Landslide maps of 2005 and 2010 ata&béshed
before new landslides triggered by designated eweeatidentified, as shown in Approach 1. Howeveswn
landslides can also be established in a more efficivay by just applying a threshold to the difféi@ DEM, as
shown in the Approach 2. The later one is adoptettis study. The manually interpreted landslidé/gons are
used as cutting template to extract individual Hide in differential DEM. And, thus a list of aré&) and volume
(V) of each landslide are established.

[APPROACH 1] [APPROACH 2]

| 2005 DEM/DSM | | 2010 DEM/DSM | (2005 DEM| | 10 DEM|

2005 nDSM 2010 nDSM
2005 slides 2010 slides

I Differential DEM l

Slides change [ Threshold |

I

| New Landslides and their Areas (A) |

}

| Volume of Each New Individual Landslide (V) |

‘ Power Law: V = kA®

Figure 4 Flowchart for deriving the relationshipgyween A and V of landslides using 2 times of DEM

5.RESULT AND DISCUSSION

In this study area, 50 landslides are interpretetiused for the experiment. A list of area and ne@wf each of the
50 landslides can be extracted using the intexmeai landslide polygons and differential DEM. Sedpgently, an
empirical relationship linking landslide area A%jrand volume V (if), V = kA? can be established. The result



shows that k = 0.099 and a = 1.395 with R-squarafficient of determination = 83.7%. As a companigo a
separate study using 488 points of landslideswek-cemented sandstone and shale geological enwvieot, k =
0.0146, a = 1.523, and R-squared coefficient oémeination = 89.6% (Tseng et al., 2011). Figurehdvs the
fitting curves from these two cases. It was algmreed by Guzzetti et al. (2008) that V=0.0844&* with k =
0.0844 and a = 1.423. These empirical formulagcefiifferent physiographic conditions includingtysyy, soils,
climate and denudation processes (Kalderon-Asaadl,2008).
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Figure 5 Empirical formula of landslide area A’jrand volume V (rf), V=kA?.

6. CONCLUSIONSAND SUGGESTIONS

Multi-temporal LIDAR DEM can be applied to modekthelation between area and volume of landslideshis

study, 50 landslides of the test area are usedstabkish the empirical formula linking landslidesarand their
volumes under a well-cemented sandstone and skaleqgy. A national LIDAR mapping program is undeirgy

in Taiwan (Liu and Fei, 2011). Empirical formular fdifferent physiographical conditions can thus fheher

established when a complete coverage of accuraké @ffhe whole territory is completed.
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