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Abstract

The sustainable development of mountainous regions in northern Vietnam has been
significantly affected by natural disasters, especially landslides. Consequently, studies of
landslide susceptibility zonation are essential for planning residential areas and implementing
prevention strategies. Digital elevation model (DEM) data is crucial for establishing maps of
landslide causative factors. Therefore, the DEM resolution may impact the efficacy of prediction
models and the accuracy of landslide susceptibility maps. This study examined the effect of
DEM resolutions (12.5 m, 30m, 50m, 70m, and 90m) on the accuracy of landslide susceptibility
maps in Laocai city, Laocai province. The eight causative factor maps, including elevation,
slope, slope aspect, distance to drainage, distance to roads, lithology, distance to faults, and
rainfall, were produced. Afterward, the relationship between past landslides and causative factors
was analyzed using an integration of the fractal method and certainty method (FCF). As a result,
five landslide susceptibility zonation maps were produced, and the study area was divided into
five susceptibility zones: very low, low, moderate, high, and very high. ROC analyses revealed
that all five models have very good prediction performance (AUC > 80%), with the model using
a 70-m DEM resolution providing the best performance. According to the results of this study,
there is a relationship between the resolution of the DEM map and the average size of landslides
in the study area. In addition, the study results indicated the significance of the landslide
inventory map for assessing landslide susceptibility in any region.

Keywords: landslide susceptibility;, DEM resolution; ROC analysis; fractal method, certainty
factor method; Laocai.

1. Introduction

Because of the detrimental effects on communities and the economy, the landslide process in
Vietnam has attracted the attention of researchers (Kien et al., 2021; Kieu & Ngo, 2022; Luu et
al., 2023). Lao Cai province is a landslide hotspot in the northern mountainous region,
characterized by a high frequency of landslides of varying sizes that are mostly rainfall-induced.
Numerous studies have been performed in this region using various approaches, data sets, and
digital elevation models, all of which have yielded promising outcomes (Thanh et al., 2022; Tien
Bui et al.,, 2017). The DEM map is regarded as an essential input for mapping landslide
susceptibility (Kakavas & Nikolakopoulos, 2021). In susceptibility studies, prediction models
frequently employ DEM-derived factor maps, such as elevation, slope, slope aspect, and
curvature. Therefore, the reliability of the established prediction maps depends on the quality of
the DEM map, which includes its source and resolution.

This study investigated the impact of DEM resolution on the effectiveness of landslide
susceptibility assessment in Laocai city, Lao Cai province, Vietnam. Five DEM resolution values
(12.5 m, 30 m, 50 m, 70 m, and 90 m) and eight landslide causative factors were selected to
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build fractal-certainty factor models (FCF12.5, FCF30, FCF50, FCF70, and FCF90) based on
GIS. This study provided critical results, including 1) analyzing the relationship between past
landslide occurrences and landslide causative factors, 2) establishing landslide susceptibility
maps corresponding to the five models, and 3) comparing the performance of the models to
determine which DEM resolution is best suited for landslide susceptibility evaluation in the
study area.

2. Study area

Located in the Northwestern mountainous region of Vietnam, Laocai province is most
susceptible to landslides because of its mountainous terrain, complicated geology, and tropical
monsoon climate with high annual average precipitation. Laocai City (Figure 1) is known as the
socio-economic center of Laocai province. It is located between 103° 53’ 45" and 104° 03’ 45" E
longitudes and 22° 18’ 38" and 22° 31’ 34" N latitudes. Laocai City is 286 kilometers from Hanoi
through the Noibai-Laocai highway. The study area covers an area of 243 km® and has an
elevation ranging from 37 m to more than 2358 m. Geologically, the stratigraphic units in the
study area comprise sedimentary, metamorphic, and igneous rocks of various ages. Heavy
rainfall concentrated during the summer period, combined with complex topographical features,
a thick weathering crust, and human activity, have all contributed to the landslide occurrences in
the study area.
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Figure 1. Location of study area.

3. Materials and methods
3.1. Methods

The certainty factor (CF) method, proposed by Shortliffe and Buchanan (1975), assesses
landslide susceptibility by examining the relationship between various parameters and past
landslides using a probability function. Using the certainty factor (CF) method in this study, CF
values assigned for landslide factor classes are determined based on equation (1):

PR PE e pp s pp
CF - {PPa(l—PPS) a=""s O
PP, — PP,
\pr.ci=ppy Y FPh=Ph
where PPa is the conditional probability of triggering a landslide in a landslide factor class (e.g.,
a 0-7 degree layer of slope factor), as determined by the ratio of the landslide area to the area of
the landslide factor class. PPs is the prior probability of the total number of landslide events in
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the study area, as defined by the ratio of the total landslide area to the study area. In this study,
using the following linear regression model, the CF values of the landslide factor classes,
ranging from -1 to 1, are normalized to the class weights (NCF), which vary between 0 and 1
(Fan et al., 2017):

"o/ 4T- @

The fractal method, first developed by Mandelbrot (1967), has been used effectively in
studies of landslide susceptibility in recent years. The method may be characterized as a power
law described by equation (3):

p(r) = rED , 01 ln(p(r)) = —Din(r) + InC ?3)

where r is the feature measured scale, p is the measured value under the corresponding scale r, D
is the fractal dimension, and C is a constant (Hu et al., 2020). The calculated D value is used to
determine the factor weight (W) by the equation (4):

W= ot (4)
l ?:1 D;
Finally, the landslide susceptibility index (LSI) is calculated using the equation (5):
n
LSI = )Y NCF; x W; 5)
2,

3.2. Materials

The landslide inventory map in this study was produced using aerial photography and field
survey results. A total of 60 landslides were investigated in the study area, with the smallest
landslide area being 602,78 m’® and the largest landslide area being 21050 m?. The statistics
indicate that large landslides cover 70,69% of landslide areas. According to statistical analysis,
five landslides were identified in an area of less than 1000 mz, 32 in an area of 1000 - 5000 mz,
16 in an area of 5000 - 10000 m?, and seven in an area of more than 10000 m”. Five landslides
span 3706,45 m* (1,2%), 32 landslides cover 82722,04 m® (26,9%), 16 landslides cover
122954,29 m* (39,9%), and seven landslides cover 98402.18 m” (32%).
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Figure 2. Statistics on landslide area in the Laocai city.

Eight landslide factors were selected in this study for mapping landslide susceptibility,
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including elevation, slope, slope aspect, distance to drainage, distance to roads, lithology,
distance to faults, and rainfall. Initially, a 12.5-meter resolution ALOS PALSAR digital
elevation model was downloaded from EarthData (https://asf.alaska.edu). Afterward, it was
resampled to DEMs with 30-, 50-, 70-, and 90-meter resolutions using the ArcGIS 10.5 tool. For
each DEM resolution, landslide factor maps were prepared, including elevation, slope, slope
aspect, and distance to drainage.

Each landslide factor was classified into subclasses to assess the relationship between these
factors and landslide distribution. As indicated in Table 1, elevation and slope were subdivided
into six subclasses (Jenks Natural Breaks classification method), while the slope aspect was
divided into nine classes. Maps of distance to roads, distance to drainage, and distance to faults
were produced using the Euclidean Distance tool in ArcGIS and then subdivided into six classes
based on field survey data. The lithology map (scale 1:50.000) is the outcome of the national
science and technology project under grant number PTDL.CN-81/21 and classified into five
subclasses. In this study, monthly rainfall data from meteorological stations in Lao Cai province
was collected. Afterward, the rainfall map was prepared using the Ordinary Kriging method and
divided into six classes (Jenks Natural Breaks classification method). Factor weight values
calculated by the fractal method are shown in Table 2.

Table 1. Analysis of the relationship between landslide causative factors and landslide
distribution using CF method

Factor Class 12.5m 30m S50m 70m 90m
NCF NCF NCF NCF NCF
<200 0,389 0,392 0,429 0,364 0,427
200-500 0,177 0,183 0,154 0,141 0,090
Elevation. m 500-800 0,257 0,243 0,258 0,272 0,312
’ 800-1200 0,178 0,182 0,159 0,223 0,171
1200-1600 0 0 0 0 0
> 1600 0 0 0 0 0
0-7 0,209 0,205 0,241 0,251 0,243
7-15 0,280 0,307 0,367 0,306 0,512
Slope, deg. 15-22 0,234 0,229 0,216 0,287 0,147
’ 22-29 0,159 0,167 0,158 0,118 0,098
29-38 0,094 0,072 0,018 0,038 0
>38 0,024 0,019 0 0 0
Flat 0,079 0 0 0 0
North 0,070 0,070 0,071 0,094 0,048
Northeast 0,058 0,06 0,055 0,058 0,042
East 0,102 0,110 0,113 0,133 0,158
Slope aspect Southeast 0,184 0,209 0,195 0,178 0,204
South 0,181 0,199 0,193 0,175 0,113
Southwest 0,139 0,139 0,140 0,161 0,170
West 0,129 0,143 0,152 0,123 0,163
Northwest 0,058 0,071 0,082 0,077 0,101
0-100 0,244 0,240 0,243 0,288 0,214
100-200 0,183 0,196 0,176 0,115 0,215
Distance to drainage, m 200-300 0,104 0,091 0,098 0,105 0,049
’ 300-400 0,165 0,177 0,192 0,208 0,213
400-500 0,224 0,213 0,186 0,242 0,214
> 500 0,079 0,082 0,104 0,041 0,095
Distance to road, m 0-100 0,350 0,368 0,351 0,448 0,340
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Factor Class 12.5m 30m 50m 70m 90m
NCF NCF NCF NCF NCF
100-200 0,232 0,244 0,194 0,171 0,194
200-300 0,131 0,138 0,116 0,054 0,133
300-400 0,129 0,111 0,151 0,101 0,333
400-500 0,158 0,139 0,188 0,225 0
> 500 0 0 0 0 0
PR,sq 0 0 0 0 0
PR3sp 0 0 0 0 0
Lithology gcd 0,385 0,385 0,376 0,398 0,405
PR;sc 0,403 0,417 0,426 0,346 0,431
v/PZps 0,212 0,199 0,198 0,256 0,165
0-500 0,176 0,187 0,211 0,171 0,215
500-1000 0,159 0,158 0,161 0,156 0,182
Distance to faults. m 1000-1500 0,244 0,262 0,303 0,252 0,300
’ 1500-2000 0,114 0,082 0 0,112 0
2000-2500 0,250 0,249 0,270 0,231 0,253
> 2500 0,057 0,061 0,054 0,078 0,051
220-240 0,158 0,155 0,170 0,211 0,225
240-270 0,110 0,109 0,106 0,058 0,127
Rainfall. mm 270-300 0,276 0,274 0,300 0,229 0,279
’ 300-330 0,312 0,310 0,303 0,319 0,247
330-360 0,144 0,153 0,121 0,183 0,122
360-403 0 0 0 0 0

Table 2. Factor weight values calculated by the fractal method

12.5m 30m 50m 70m 90m
Factor
W w A% w w

Elevation 0,118 0,119 0,117 0,123 0,118
Slope 0,127 0,124 0,118 0,131 0,103
Aspect 0,128 0,126 0,132 0,136 0,126
Distance to drainage 0,130 0,133 0,132 0,124 0,142
Distance to roads 0,115 0,115 0,117 0,109 0,129
Lithology 0,130 0,130 0,129 0,130 0,129
Distance to faults 0,128 0,128 0,124 0,126 0,123
Rainfall 0,124 0,126 0,131 0,122 0,131

4. Study results and discussion

The relationship between the contributing factors and all 60 past landslides was analyzed
using the CF method. The class weight values were calculated using equations (1) and (2). Using
equation (4), factor weight values were determined based on fractal analysis. Afterward, the LSI
values were calculated using equation (5) to establish LSZ maps. Finally, the accuracy of LSZ
maps was evaluated using the ROC method (Swets, 1988) and R-index (Baeza & Corominas,
2001). Five landslide susceptibility zonation (LSZ) maps were produced, and the study area was
subdivided into five landslide susceptibility zones (Jenks Natural Breaks classification): very low
(VL), low (L), moderate (M), high (H), and very high (VH). When identifying the spatial
distribution of susceptibility zones, all five LSZ maps generated by the five models show similar
characteristics. High and very high susceptibility zones are predominantly concentrated in low-
elevation areas with slopes less than 29 degrees and are dominated by road and drainage
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networks. Additionally, the spatial distribution of these zones is correlated with the fault system
in the study area. Figure 3 and Figure 4 show the percentage of each landslide susceptibility zone
as determined by the five models. As shown in Figure 4, the FCF12.5 model predicted the largest
area of the very low susceptibility zone. There is a tendency for the percentage of the moderate
and high susceptibility zones to increase as the DEM resolution decreases. However, the
predicted territory of the very high landslide susceptibility zone decreased from 33.47% to
28,12%, corresponding to the decrease in the DEM resolution.

ROC curves representing the performance of five models with a minimal acceptable AUC
value of 0,5 (50%) were produced using landslide data (Figure 5). As shown in Figure 5, all five
models have very good performance in predicting landslides (AUC > 80%). The analysis of the
ROC curves indicated that all models successfully established the relationship between the
landslide causative factors and the past landslide distribution in the study area. Generally, the
AUC values of the ROC curves for the FCF12.5, FCF30, FCF50, and FCF90 models are almost
similar. Meanwhile, the AUC value of 87,28% demonstrated that FCF70 is the most effective
model for producing landslide susceptibility maps in the study area. The R-index analysis
(Figure 4) also revealed that the DEM70 model best represented the ascending trend of the R-
index value and, as a result, provided the best prediction performance in this study.
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The analysis results indicated that the models utilizing low-resolution (coarse) DEMs can
perform more accurate predictions than those using high-resolution (fine) DEMs (Meena &
Gudiyangada Nachappa, 2019; Paudel et al., 2016). Therefore, it is essential to determine the
optimal DEM resolution for susceptibility mapping in a given area. The relationship between the
DEM cell size and the average landslide area was indicated by the results of this study, which are
consistent with those of previous studies (Huang et al., 2023). The 70-m DEM cell (4900 m?)
covers more than 95% of the average landslide area within the study area. In addition, as
depicted in Figure 2, the frequency of small landslides is greater than that of large landslides, but
the area covered by large landslides predominates.

5. Conclusions

Landslide susceptibility maps provide crucial information for predicting the spatial distribution
of future landslides in any given region. Therefore, the accuracy of these maps depends on the type,
quantity, and quality of the factor maps, the evaluation method, and the quality of the landslide
inventory map. The DEM map is used in all landslide susceptibility studies and has a significant
effect on other factor maps as well as landslide susceptibility zoning maps. By employing the Fractal
- Certainty Factor method, this study evaluated the influence of DEM resolution on the quality of
landslide susceptibility maps for the Laocai city, Lao Cai province, Vietnam. The study outcomes
confirmed the effectiveness of the FCF method for assessing landslide potential in the study area.
Very good prediction performance (AUC > 80%) was evaluated for all five models, and it was
ultimately determined that the FCF70 model was best suited for landslide susceptibility mapping in
the study area. Depending on the average size of landslides in the study area, the optimal DEM
resolution may be selected based on the study outcomes.
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