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Abstract 27 

Earthquakes do not only trigger landslides in co-seismic phases but also elevate post-seismic 28 

landslide susceptibility either by causing a strength reduction in hillslope materials or by producing 29 

co-seismic landslide deposits, which are prone to further remobilization under the external forces 30 

generated by subsequent rainfall events. However, we still have limited observations regarding 31 

the post-seismic landslide processes. And, the examined cases are rarely representative for 32 

tropical conditions where the precipitation regime is strong and persistent. Therefore, in this study, 33 

we introduce three new sets of multi-temporal landslide inventories associated with subsets of 34 

the areas affected by (1) 2016 Reuleuet (Indonesia, Mw=6.5), (2) 2018 Porgera (Papua New 35 

Guinea, Mw=7.5) and (3) 2012 Sulawesi (Indonesia, Mw=6.3), 2017 Kasiguncu (Indonesia, 36 

Mw=6.6) and 2018 Palu (Indonesia, Mw=7.5) earthquakes. Overall, our findings show that that the 37 

landslide susceptibility level associated with the occurrences of new landslides could return to 38 

pre-seismic conditions in less than a year if the given area is exposed to prolonged and strong 39 

precipitation. 40 

Keywords: Landslide, earthquake, precipitation, recovery, post-seismic landslides 41 

1 Introduction 42 

Based on the number of casualties, earthquakes and precipitation are the most common landslide 43 

triggers (Petley 2012) and near-real-time global landslide susceptibility assessment methods are 44 

separately available for both earthquake- (e.g., Nowicki Jessee et al. 2018; Tanyaş et al. 2019) 45 

and rainfall-triggered (Kirschbaum and Stanley 2018) landslides. However, none of these 46 

methods are capable of accounting for the coupled effect of earthquakes and precipitation. 47 

Nevertheless, characterizing these interactions is critical to advance effective landslide 48 

susceptibility assessment because various studies show that the combined effect of earthquakes 49 

and rainfall could increase landslide susceptibility (e.g., Sassa et al. 2007; Sæmundsson et al. 50 

2018; Wistuba et al. 2018; Bontemps et al. 2020; Chen et al. 2020a). 51 

To capture this coupled effect for a rainfall-triggered landslide susceptibility assessment, we need 52 

to consider the preconditioning effect of seismic shaking. Hence, we first need to understand the 53 

evolution of landslides in post-seismic periods.  54 

In the geoscientific literature, the post-seismic landslide evolution is examined on the basis of the 55 

temporal variation of several parameters such as landslide rate (km2/year, in Barth et al., 2019), 56 

landslide density (m2/km2, in Marc et al., 2019), climate normalized landslide rate (Marc et al. 57 
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2015), number of landslides (Saba et al. 2010), total landslide area (Shafique 2020) and 58 

cumulative landslide area/volume (Fan et al. 2018). The timespan of the post-seismic period 59 

required to restore a given area to pre-seismic landslide susceptibility levels is called landslide 60 

recovery time (e.g., Kincey et al., 2021; Marc et al., 2015). And, it is mostly identified using one 61 

of the parameters listed above. However, there is no agreement in the geoscientific community 62 

on the actual meaning of the term landslide recovery. On one hand, some geoscientists define 63 

the recovery as a mechanical healing process where the strength of hillslope material is restored 64 

(e.g., Marc et al., 2015). On the other hand, others argue that healing on strength of hillslope 65 

materials is not possible through natural processes under low pressure and temperature 66 

conditions (e.g., Parker et al., 2015).  67 

Regardless of the landslide recovery definition, our knowledge regarding the post-seismic mass 68 

wasting processes mostly, if not entirely, depends on landslide inventories. In particular, multi-69 

temporal landslide inventories are vital to understand the spatial and temporal evolution of 70 

landslides in post-seismic periods. However, cloud-free images required to create multi-temporal 71 

landslide inventories -- especially for large areas -- are rarely available and therefore, multi-72 

temporal inventories are not common (Guzzetti et al. 2012). To date, only nine earthquakes in the 73 

literature have been associated with post-seismic landslides recorded in a multi-temporal scheme 74 

(see Fig. 1). These earthquakes correspond to: (1) 1993 Finisterre (Papua New Guinea, Mw=6.9) 75 

(Marc et al. 2015), (2) 1999 Chi-Chi (Taiwan, Mw=7.7) (Shou et al. 2011a; Marc et al. 2015), (3) 76 

2004 Niigata (Japan, Mw=6.6) (Marc et al. 2015), (4) 2005 Kashmir (India-Pakistan, Mw=7.6) 77 

(Saba et al. 2010; Shafique 2020), (5) 2008 Iwate (Japan, Mw=6.9) (Marc et al. 2015), (6) 2008 78 

Wenchuan (China, Mw=7.9) (e.g., Tang et al. 2016; Zhang et al. 2016; Yang et al. 2017; Fan et 79 

al. 2018; Chen et al. 2020b), (7) 2012 Haida Gwaii (Canada, Mw=7.8) (Barth et al. 2020) and  (9) 80 

2015 Gorkha (Nepal, Mw=7.8) (Marc et al. 2019; Kincey et al. 2021). On the basis of the analyses 81 

executed on these events, there is a general agreement that earthquakes elevate the landslide 82 

susceptibility in post-seismic periods. This mechanism acts either by disturbing the strength 83 

and/or geometry of hillslope materials or by producing co-seismic landslide deposits, which are 84 

prone to instabilities mostly due to subsequent rainfall events. As a consequence, returning to the 85 

pre-seismic susceptibility levels takes a few years in most cases. 86 

Nevertheless, the agreement reported above within the geoscientific community, leave room to 87 

an equal amount of disagreements on the duration of the recovery. In fact, even for the same 88 

earthquake, there are different observations regarding the time through which the elevated 89 

landslide susceptibility persists in post-seismic periods. For instance, Shafique (2020) examines 90 
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a subset of the area affected by the 2005 Kashmir earthquake from 2004 to 2018 using multi-91 

temporal landslide inventories and indicates that 13 years after the earthquake the level of 92 

landslide susceptibility is still larger than the level estimated in pre-seismic conditions. Conversely, 93 

Khan et al. (2013) monitored a sample of the hillslopes that failed during the Kashmir earthquake 94 

and suggested that the landscape returned to pre-seismic susceptibility level within five years 95 

after the earthquake. 96 

In the same way as above, different timespans of elevated landslide susceptibility have also been 97 

suggested for other large earthquakes such as Chi-Chi (e.g., Marc et al., 2015; Shou et al., 2011), 98 

Wenchuan (e.g., Fan et al. 2018; Chen et al. 2020b) and Gorkha (e.g., Kincey et al., 2021; Marc 99 

et al., 2019) earthquakes. Notably, the inconsistency between different observations could be 100 

related to the boundaries of examined areas (e.g., Shafique, 2020; Yunus et al., 2020) because 101 

the ground shaking level spatially varies, hence the its effect varies as well. In other words, the 102 

damage produced by ground motion is not homogeneous throughout the area affected by an 103 

earthquake. Kincey et al. (2021) elaborate on this issue and refer to both methodological and 104 

conceptual issues. They note that the method used to map landslides and, in particular, the data 105 

used for the mapping may play a role. They also indicate that post-seismic landslide evolution 106 

could be assessed by monitoring new landslides or both new landslides and reactivated co-107 

seismic landslides. In turn, based on the target post-seismic landsliding processes, different 108 

conclusions regarding the post-seismic evolution of landslides could arise.   109 

Taking aside these uncertainties, the actual landslide recovery time could also be different in each 110 

earthquake-affected area because of the diversity in environmental conditions (e.g., Kincey et al., 111 

2021). For instance, landslide recovery time could be longer in areas affected by stronger 112 

earthquakes (e.g., Fan et al., 2018) and/or stronger and more numerous earthquake aftershocks 113 

(Tian et al. 2020). Also, the amount of co-seismic landslide deposits and precipitation pattern 114 

could influence the landslide recovery time (e.g., Tian et al., 2020). This shows that different 115 

seismic and climatic conditions could shape the general characteristics of post-seismic landslide 116 

evolution processes. In this context, new cases reflecting different environmental conditions are 117 

essential to better understand the post-seismic processes.  118 
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 119 

Fig. 1 World map of the Köppen-Geiger climate classification (Kriticos et al. 2012) overlaid by 120 
the spatial distribution of cases (blue points) in which post-seismic landslide evolution processes 121 
were examined via multi-temporal landslide inventories. Red points indicate the sites where we 122 

mapped multi-temporal inventories for this study. 123 

Specifically, new cases from the high-relief mountainous environments where the precipitation 124 

rate is high and persistent could provide valuable information regarding landslide recovery time 125 

because such conditions could trigger more landslides and allow us to create high-resolution, 126 

multi-temporal landslide inventories. However, the literature summarized above shows that post-127 

seismic landslide evolution is rarely examined for fully humid, tropical conditions (Fig. 1). The only 128 

case belonging to this climate zone is the 1993 Finisterre earthquake (Marc et al. 2015). 129 

Therefore, in this paper, we aim to contribute to the current literature by introducing three new 130 

sets of multi-temporal landslide inventories (two sites from Indonesia and one from Papua New 131 

Guinea) where the post-seismic periods are governed by strong and persistent precipitation 132 

regimes.  133 

2 Materials and methods 134 
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We examined the post-seismic landslide evolution associated with five earthquakes (Fig. 1): (1) 135 

2012 Sulawesi (Indonesia, Mw=6.3), (2) 2017 Kasiguncu (Indonesia, Mw=6.6), (3) 2018 Palu 136 

(Indonesia, Mw=7.5), (4) 2016 Reuleuet (Indonesia, Mw=6.5) and (5) 2018 Porgera (Papua New 137 

Guinea, Mw=7.5) earthquakes. In each case, we investigated subsets of areas affected by co-138 

seismic landslides and created multi-temporal inventories by only mapping new landslides (Table 139 

1).  140 

The area affected by the Reuleuet earthquake is the first site we examined (Fig. 2). The second 141 

area is affected by the Porgera earthquake (Fig. 3). The third site is affected by three earthquakes: 142 

the Sulawesi, Kasiguncu and Palu earthquakes (Fig. 4).  143 

To map multitemporal inventories we used PlanetScope (3-5 m), Rapid Eye (5 m) images 144 

acquired from Planet Labs (Planet Team 2017) and high-resolution Google Earth scenes. The 145 

details of the satellite images we used are presented in Table S1, S2 and S3. We systematically 146 

examined the satellite images through visual observation. We did not differentiate source and 147 

depositional areas of landslides and delineated them as a part of the same polygon.  148 

For each earthquake-affected area, we initially examined all available remotely sensed scenes 149 

and choose the largest available cloud-free regions. In turn, all the multitemporal images we used 150 

for mapping convey the real landslide distribution over time during pre- and post- seismic periods. 151 

Notably, we could not follow a fixed temporal resolution to create the inventories. We mapped as 152 

many inventories as the imagery availability allowed (Table 1). In each inventory, we eliminated 153 

landslides that have previously occurred and only include new failures.   154 

The 2012 Reuleuet earthquake occurred along a strike-slip fault and it triggered only 60 co-155 

seismic landslides over a scanned area of 1356 km2 (Fig. 2). We created one landslide inventory 156 

associated with pre-seismic conditions, a co-seismic landslide inventory and three post-seismic 157 

ones (Table 1). Intermediate, basic volcanic and mixed sedimentary rocks are the dominant 158 

lithologic units (Sayre et al. 2014) in which landslides are triggered. Based on our interpretation, 159 

the co-seismic failures are primarily characterized by shallow translational slides (60 landslides, 160 

0.4 km2 landslide area). The percentage of post-seismic landslides that interact with previously 161 

occurred failures is negligible (< 1% of the post-seismic landslide population) and no 162 

remobilization was observed in the post-seismic period. In other words, most post-seismic failures 163 

are characterized by new landslides.   164 

 165 
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Table 1. Details of the multi-temporal landslide inventories. 166 

Reuleut earthquake 
  Acquisition date of # of 

landslides 
total landslide 

area (m2)  pre-images post-images 
Pre-seismic 12-Jul-15 27-Jul-16 65 514396 
Co-seismic 27-Jul-16 14-Dec-16 60 373600 
Post-seismic1 14-Dec-16 25-Mar-17 742 839696 
Post-seismic2 25-Mar-17 12-Feb-18 105 509187 
Post-seismic3 12-Feb-18 5-Jan-19 162 689646 

Porgera earthquake 
 Acquisition date of # of 

landslides 
total landslide 

area (m2)  pre-images post-images 
Pre-seismic1 11-Jul-16 30-Sep-17 67 126458 
Pre-seismic2 30-Sep-17 4-Feb-18 66 227392 
Co-seismic 4-Feb-18 25-Mar-18 1177 10402050 
Post-seismic1 25-Mar-18 7-May-18 5 14715 
Post-seismic2 7-May-18 16-Feb-19 35 142476 
Post-seismic3 16-Feb-19 19-Oct-19 14 53256 
 Sulawesi, Kasiguncu and Palu earthquakes 

 Acquisition date of # of 
landslides 

total landslide 
area (m2)  pre-images post-images 

Co-seismic-A 17-Aug-12  20-Aug-13 520 1248485 

Su
la

w
es

i Post-seismic-A1 20-Aug-13 6-Feb-14 15 26647 
Post-seismic-A2 6-Feb-14 5-Jul-15 40 111938 
Post-seismic-A3 5-Jul-15 19-Oct-15 62 146584 
Post-seismic-A4 19-Oct-15 16-Feb-16 21 28999 
Post-seismic-A5 16-Feb-16 25-Apr-17 20 28375 
Co-seismic-B 25-Apr-17 7-Jun-17 386 494619 

Ka
si

gu
nc

u 

Post-seismic-B1 7-Jun-17 7-Aug-17 76 67193 
Post-seismic-B2 7-Aug-17 27-Sep-17 55 50840 
Post-seismic-B3 27-Sep-17 8-Mar-18 38 45389 
Post-seismic-B4 8-Mar-18 10-Jun-18 29 35118 
Post-seismic-B5 10-Jun-18 14-Jul-18 2 2054 
Post-seismic-B6 14-Jul-18 1-Aug-18 3 2252 
Post-seismic-B7 1-Aug-18 26-Sep-18 1 682 
Co-seismic-C 26-Sep-18 2-Oct-18 725 2494215 

Pa
lu

 

Post-seismic-C1 2-Oct-18 22-Oct-18 29 41595 
Post-seismic-C2 22-Oct-18 17-Mar-19 83 147493 
Post-seismic-C3 17-Mar-19 9-Sep-19 197 312380 
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 167 

Fig. 2 Maps showing (a) areal extent of multi-temporal inventories we mapped for 2017 Reuleut 168 
earthquake, (b) spatial distribution of mapped landslides and (c) Google Earth scene as a 169 

sample view of multi-temporal landslide inventories for a subset of the area. In panel (a) cyan 170 
contour lines show Peak Ground Acceleration (PGA) values are acquired from the USGS 171 

ShakeMap system (Worden and Wald 2016).   172 

As for the 2018 Porgera earthquake, which occurred on a thrust fault, we examined a 491 km2 173 

window and mapped a co-seismic landslide inventory including 1,168 landslides with a total 174 

surface of 9.8 km2 (Fig. 3). Landslides were triggered in basic volcanic and carbonate sedimentary 175 

rocks (Sayre et al. 2014). Rock/debris avalanches and translational landslides are observed as 176 

part of the co-seismic landslide inventory. We also mapped two pre-seismic and three post-177 

seismic landslide inventories (Table 1). Despite the relatively large deposits of co-seismic 178 

landslides, we did not observe any connection between post-seismic landslides and those within 179 

previously occurred deposits or sliding surfaces. In other words, we mapped only new landslides.  180 
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 181 

Fig. 3 Maps showing (a) areal extent of multi-temporal inventories we mapped for 2018 Palu 182 
earthquake, (b) spatial distribution of mapped landslides and (c) Google Earth scene as a 183 

sample view of multi-temporal landslide inventories for a subset of the area. In panel (a) cyan 184 
contour lines show PGA values are acquired from the USGS ShakeMap system (Worden and 185 

Wald 2016).   186 

The areas affected by the 2012 Sulawesi (strike-slip), 2017 Kasiguncu (normal fault) and 2018 187 

Palu (strike-slip) earthquakes overlap (Fig. 4). We mapped the landslides associated with the 188 

three earthquakes over an area of 1078 km2. The co-seismic landslide inventories we created for 189 

the overlapping area contained 520 (1.2 km2), 386 (0.5 km2) and 725 landslides (2.3 km2), 190 

respectively. We also mapped five, seven and three post-seismic landslide inventories for 191 

Sulawesi, Kasiguncu and Palu earthquakes, respectively (Table 1). In each case, we interpret the 192 

majority of landslides as shallow slides which were triggered in metamorphic and acid plutonic 193 
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rocks (Sayre et al. 2014). Also, in each case, post-seismic landslides appeared as new failures 194 

regardless of the locations of co-seismic landslides and their deposits. The percentage of the 195 

post-seismic landslides that appeared to have interacted with previous failures is less than 5%.   196 

 197 

Fig. 4 Maps showing areal extent of the examined area and spatial distribution of landslides we 198 
mapped for: (a-b) 2012 Sulawesi, (c-d) 2017 Kasiguncu and (e-f) 2018 Palu earthquakes. In 199 

panel (a), (c) and (e) blue contour lines show PGA values are acquired from the USGS 200 
ShakeMap system (Worden and Wald 2016).   201 
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Once the multi-temporal inventories were compiled, we examined the temporal evolution of 202 

landsliding based on the changes in both the number of landslides and landslide rates. We 203 

calculated the landslide rates as the total landslide area divided by the length of the scanned time-204 

window (m2/year).  205 

We also analyzed the variation in the precipitation regime to evaluate the role of rainfall. We used 206 

the Integrated Multi-Satellite Retrievals (IMERG) Final Run product (Huffman et al. 2019), which 207 

is available through Giovanni (v.4.32) (Acker and Leptoukh, 2007) online data system. Using this 208 

product, we first calculated the mean and standard deviation of daily accumulated precipitation 209 

from a 20-year (from 2000-01-01 to 2020-03-31) time series and compared it with variation in 210 

landslide occurrences. Second, we created boxplots of daily accumulated precipitation for each 211 

time-window that we mapped a landslide inventory and again compared it with variation in 212 

landslide occurrences. 213 

4 Results 214 

For the area affected by the Reuleuet (6th December 2016) earthquake, we compiled one 215 

landslide inventory associated with pre-earthquake conditions, a co-seismic landslide inventory 216 

and three post-seismic ones (Table 1). We observed the peak landslide rate in our first post-217 

seismic inventory that we created comparing the imageries acquired on 14th December 2016 and 218 

25th March 2017. After the first post-seismic inventory, a strong decline in landslide rates arises 219 

towards pre-seismic conditions (Table 1 and Fig. 5).  220 

We created the second post-seismic landslide inventory comparing the imageries acquired on 221 

25th March 2017 and 12th February 2018. Precipitation amounts show that during the period that 222 

we mapped the second post-seismic inventory, the study area was exposed to more intense 223 

rainfall events compared to the pre-seismic period we examined (Fig. 5). Also, the time-window 224 

we scanned to create both pre-seismic and second post-seismic landslide inventories have 225 

approximately the same length, which is one year. However, the landslide rates and the number 226 

of landslides triggered by rainfall are still at the same level in both phases. This shows that 227 

landslide rates that we calculated for the occurrences of new landslides return to pre-seismic 228 

levels by 12th February 2018 (Fig. 5). This case shows that the elevated landslide susceptibility is 229 

only valid until 25th March 2017. Also, we note that the highest daily accumulated precipitation for 230 

this four-month time window (i.e., between the Reuleut earthquake and 25th March 2017) is 231 

observed soon after the earthquake on 4th January 2017. However, due to the lack of availability 232 
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of more frequent imagery, we could not create a landslide event inventory for that specific rainfall 233 

event. 234 

 235 

Fig. 5 Landslide rates, number of landslides and daily precipitation regarding the examined time 236 
windows for the 2016 Reuleuet earthquakes. Yellow stars show the date of the earthquake. 237 

Vertical dashed black lines indicate the dates of the satellite imagery used for mapping. In panel 238 
(a), the mean and standard deviation of daily accumulated precipitation are calculated from a 239 
20-year time series are shown by black and grey lines. In panel (b), boxplots show minimum, 240 

median and maximum precipitation amounts as well as first, third quartiles and outliers. 241 

Regarding the Porgera (25th February 2018) earthquake, we created two landslide inventories for 242 

pre-earthquake conditions, a co-seismic one and three additional post-seismic inventories (Table 243 

1). We compared two sets of images from 4th February 2018 and 25th March 2018 to map the co-244 

seismic landslides. We observed the peak landslide rate in the co-seismic phase and then all 245 

post-seismic inventories gave rates in the same range with pre-seismic observations (Table 1 and 246 

Fig. 6). This shows that landslide rates that we calculated for the occurrences of new landslides 247 
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return to pre-seismic levels by 25th March 2018 (Fig. 6). Within the 50-day gap between the two 248 

sets of images we used to create our co-seismic landslide inventory, we noticed two peaks in 249 

daily accumulated precipitation on March 12th and 21st. Therefore, those rainfall events may have 250 

already triggered some of the post-seismic landslides and our co-seismic inventory may also 251 

include post-seismic landslides. However, we do not have landslide inventories capturing those 252 

specific rainfall events.  253 

 254 

Fig. 6 Landslide rates, number of landslides and daily precipitation regarding the examined time 255 
windows for the 2018 Porgera earthquakes. Yellow stars show the date of the earthquake. 256 

Vertical dashed black lines indicate the dates of the satellite imagery used for mapping. In panel 257 
(a), the mean and standard deviation of daily accumulated precipitation are calculated from a 258 
20-year time series are shown by black and grey lines. In panel (b), boxplots show minimum, 259 

median and maximum precipitation amounts as well as first, third quartiles and outliers. 260 

 261 
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In the third site, affected by three earthquakes (2012 Sulawesi, 2017 Kasiguncu and 2018 Palu 262 

earthquakes), we separately compiled co-seismic landslide inventories for each case. 263 

Furthermore, we mapped five inventories between the 2012 Sulawesi and 2017 Kasiguncu 264 

earthquakes. Similarly, we digitized seven inventories to monitor landslide rates between the 2017 265 

Kasiguncu and 2018 Palu earthquakes. Ultimately, we compiled three additional inventories 266 

describing post-seismic conditions with reference to the last (Palu) earthquake (Table 1). Below, 267 

we present each earthquake and associated pre-, co- and post- seismic landslide inventories 268 

separately.   269 

The inventory featuring the co-seismic landslides triggered by the Sulawesi earthquake (18th 270 

August 2012) lacked the support of pre-earthquake imageries. Moreover, we could not find cloud-271 

free images showing the situation through the entire area until the 20th August 2013. However, 272 

we acquired some scenes, (e.g., 17th and 21st August 2012, 4th September 2012 and 4th February 273 

2013) which allowed us to partly but consistently observe pre- and co-seismic conditions in a 274 

fraction of the study area. Therefore, the peak landslide rate we observed in the first post-seismic 275 

inventory (20th August 2013) likely reflects the presence of some pre- and post- seismic landslides 276 

in addition to the co-seismic ones (Fig. 7). Nevertheless, the six intra-seismic inventories mapped 277 

between the 20th August 2013 and the 25th April 2017 showed significantly lower landslide rates 278 

compared to the first post-seismic one. As a result, we can still assume that the 20th August 2013 279 

inventory mostly encompasses co-seismic landslides.  280 

For the Kasiguncu (29th May 2017) earthquake, we observed another co-seismic landslide peak 281 

(Fig. 7). We compiled this inventory using images acquired on 7th, 10th and 26th June 2017. 282 

Therefore, we can confidently argue that co-seismic landslides cause this peak. We also mapped 283 

seven intra-seismic landslide inventories before the occurrence of the Palu earthquake. The first 284 

two intra-seismic inventories showed relatively higher landslide rates than the rest (Fig. 7). These 285 

relatively high rates can be linked to extreme precipitation discharged after the Kasiguncu 286 

earthquake (please note six rainfall peaks in Fig. 7c), although these rates are still in range or 287 

lower than the ones before the Kasiguncu earthquake (Fig. 7). Notably, the third post-Kasiguncu 288 

inventory (8th March 2018) highlights a regular or pre-seismic landslide regime which implies that 289 

landslide rates that we calculated for the occurrences of new landslides return to pre-seismic 290 

levels by 8th March 2018 (Fig. 7). 291 

 292 
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 293 

Fig. 7 Landslide rates, number of landslides and daily precipitation regarding (a-b) the largest 294 
time-window where we examined the landslides associated with three earthquakes (2012 295 

Sulawesi, 2017 Kasiguncu and 2018 Palu earthquakes) and (c) a zoomed-in view plotted for 296 
pre-, co- and post- seismic landslides associated with the 2017 Kasiguncu earthquake. Yellow 297 
stars show the date of the earthquakes. Vertical dashed black lines indicate the dates of the 298 
satellite imagery used for mapping. In panels (a) and (c), the mean and standard deviation of 299 
daily accumulated precipitation are calculated from a 20-year time series are shown by black 300 

and grey lines. In panel (b), boxplots show minimum, median and maximum precipitation 301 
amounts as well as first, third quartiles and outliers. 302 
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For the Palu (28th September 2018) earthquake (Mw=7.5), we also compiled a co-seismic 303 

landslide inventory using scenes acquired on 2nd and 5th October 2018. In this case, the 304 

associated landslide rate is significantly higher due to the strong shaking with respect to the 305 

previous two earthquakes (2012 Sulawesi, Mw=6.3 and 2017 Kasiguncu, Mw=6.6), which took 306 

place in the same area (Fig. 4). The three post-seismic inventories highlight a rapid decline in 307 

landslide rates, although it should be noted that these rates did not align along with the low to 308 

very low-rate trends shown in pre-Palu conditions (Fig. 7a and 7b). Nevertheless, we do not have 309 

an adequate series of observations as we have for the Kasiguncu case and because of this, it is 310 

not clear whether these low landslide rates imply a return to pre-seismic levels.   311 

5 Discussion 312 

As noted earlier in the text, in this study we focused on sites where post-seismic landslide 313 

processes are mostly governed by occurrences of new landslides in tropics where precipitation is 314 

high and persistent. We examined five earthquakes in total and mapped multi-temporal landslide 315 

inventories for each of them from pre- to post-seismic phases. Between five earthquakes, the 316 

landslide time series we created for Sulawesi and Palu earthquakes, on one hand, did not provide 317 

adequate information to cover the entire process of landslide evolution. In the Sulawesi case, we 318 

could not map a pre-seismic landslide inventory, whereas in the Palu earthquake our inventories 319 

did not cover a period long enough to monitor the entire post-seismic landslide evolution. On the 320 

other hand, for three of the examined cases (2012 Reuleut, 2017 Kasiguncu and 2018 Porgera), 321 

our multi-temporal inventories showed that the elevated landslide susceptibility levels return to 322 

pre-seismic conditions in less than a year.  323 

We stress that these observations are not representative of the entire area affected by these 324 

earthquakes but the areal boundaries of our study areas. This means that for the whole areas 325 

affected by these earthquakes these observations may not valid. However, compared to the 326 

similar works in the literature suggesting at least a few years for returning to the pre-seismic 327 

susceptibility levels (e.g., Fan et al., 2018; Kincey et al., 2021; Marc et al., 2015), our findings still 328 

point out a relatively short period.  329 

Among the examined cases, the 2016 Reuleut earthquake is a clear example to discuss the 330 

possible factors controlling this relatively short period to return to pre-seismic landslide rates. The 331 

Reuleut earthquake triggered only 60 shallow landslides in the examined area although, within 332 

110 days from the earthquake, we observed 742 new landslides in the same site (Table 1 and 333 

Fig. 5). This later series of landslides is larger than the common landslide rate in the area. 334 
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However, from this time onward, the landslide rate recovers to its pre-earthquake pattern (Fig. 5). 335 

The limited number of shallow co-seismic landslides implies that there is not much material 336 

deposited on hillslopes and the remobilization processes through, for instance, debris flows are 337 

negligible. This shows that the post-seismic process is governed by occurrences of new 338 

landslides and therefore, returning to pre-seismic landslide rates could be relatively quick (e.g., 339 

Tian et al., 2020). 340 

By discarding the contribution of deposit availability, the most likely explanation for the high 341 

landslide susceptibility following the earthquake can be associated with strength reduction in 342 

hillslope regolith and/or bedrock caused by ground shaking (e.g., Fan et al., 2019; Parker et al., 343 

2015). In such cases, the post-seismic landsliding processes may be controlled by two 344 

mechanisms already postulated in the literature (e.g., Marc et al., 2015; Saba et al., 2010): (i) 345 

healing of soil and/or rock mass strength parameters and/or (ii) the environmental stress due to 346 

the subsequent rainfall discharge.  347 

The healing of soil strength parameters is a proven process under certain circumstances 348 

(Lawrence et al. 2009; Fan et al. 2015; Bontemps et al. 2020). Specifically, in tropical landscapes, 349 

we can expect relatively fast recovery rates in the vegetation cover, which may play a large role 350 

in lateral root reinforcement for shallow landslide mitigation (e.g., Schwarz et al. 2010). However, 351 

vegetation recovery is a gradually occurring process and it may take three years even for the fast-352 

growing tree species in the tropics (Dislich and Huth 2012).  For instance, Yunus et al. (2020) 353 

examined the relation between vegetation recovery and landslide rates via NDVI values and 354 

concluded that just based on the established NDVI trend, pre-seismic landslide rates can be 355 

obtained within 18 years. Moreover, considering the persistent external stress caused by the 356 

precipitation regime in Reuleut, Indonesia (i.e., in the absence of dry season), in such a short 357 

post-seismic period (i.e., 110 days), healing in soil strength parameters is not likely to take place. 358 

The second alternative refers to the intensity and duration of the post-earthquake rainfall regime. 359 

Precipitation may negatively affect disturbed hillslopes that the earthquake has brought to a FoS 360 

close to one. However, the rainfall may not be enough to bring the FoS to the brink of actual 361 

instability and failure. As a result, regardless of the abovementioned healing processes, post-362 

seismic landslide rates might decrease gradually through time or might decline rapidly based on 363 

the climatic conditions, particularly based on intensity and persistence of precipitation.  364 

We can further discuss the intensity of landslide triggers, for instance, considering post-seismic 365 

landslides following the 2005 Kashmir earthquake. After the first monsoon season following the 366 
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Kashmir earthquake, Saba et al. (2010) observed only a few landslides despite the heavy 367 

precipitation. Our interpretation is in line with theirs, stating that the rainfall intensity might not be 368 

enough to trigger further landslides. On the other hand, they also note that another possible 369 

reason for the lack of landslides is that all unstable slopes might have already failed by that 370 

moment. However, the unstable slope is a relative term and a failure can occur on any slope if 371 

there is an access amount of external forces disturbing the stability conditions.  372 

In this context, our newly developed landslide dataset allows us to elaborate on the relativity of 373 

the term “unstable slope” and to make a simplified comparison between the intensity of rainfall 374 

and earthquake events as triggering agents that exacerbate slope stability conditions. The area 375 

affected by three earthquakes (2012 Sulawesi, 2017 Kasiguncu and 2018 Palu) shows that even 376 

relatively low-intensity ground shaking might be more effective than intense precipitation at 377 

triggering landslides. After the Sulawesi earthquake, the post-seismic landslide rates remain low 378 

until the 2017 Kasiguncu earthquake, although several intense rainfall events occurred between 379 

2014 and 2017 (Fig. 7). However, the high landslide rate associated with the 2017 Kasiguncu 380 

earthquake occurs despite the relatively weak ground shaking estimates reported by the U.S. 381 

Geological Survey, ShakeMap system for the examined area (PGA≈0.08-0.10g) (Worden and 382 

Wald 2016) (Fig. 8a). This implies that having a limited number of landslides related to rainfall 383 

events may not be due to the removal of all unstable slopes or healing on hillslope materials but 384 

because of a lack of triggers with sufficient intensity to cause failures on hillslopes, even when 385 

some of them have been previously damaged.  386 

This research also provides some findings regarding the argument that the legacy of the previous 387 

earthquakes can be valid years after an earthquake occurs (Parker et al. 2015). The Indonesia 388 

case where we mapped three co-seismic landslide inventories for the same site shows that there 389 

is an increasing trend in the co-seismic landslide rates through time (Fig. 8b). With co-seismic 390 

landslides, the intensity of ground shaking is naturally the main factor controlling the landslide 391 

rates. In fact, the 2018 Palu earthquake (Mw=7.5) caused one of the biggest landslide events 392 

observed in this region, though the site was hit by several large earthquakes previously 393 

(Watkinson and Hall 2019). The Palu earthquake created strong ground motions within our study 394 

area with Peak Ground Acceleration (PGA) values ranging from 0.20g to 0.68g (Fig. 8a). 395 

Therefore, the peak landslide rate related to the Palu earthquake is a natural consequence of 396 

such a large earthquake. On the other hand, within the same study area, the severity of ground 397 

shaking related to the 2017 Kasiguncu earthquake (PGA≈0.08-0.10g) was relatively lower than 398 

the 2012 Sulawesi earthquake (PGA≈0.08-0.26g). The level of ground shaking caused by the 399 
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Kasiguncu earthquake is out of the zone in which the large majority of landslides (90% of the total 400 

landslide population) are located in most of the earthquake-induced landslide inventories in the 401 

literature. Specifically, Tanyaş and Lombardo (2019) identify the 0.12g contour as the areal 402 

boundary of the zone containing at least 90% of the landslides. They also identify 0.05g as the 403 

minimum PGA value triggering landslides. This means that our study area is located in a zone 404 

where we do not expect so many failures caused by the Kasiguncu earthquake. However, the 405 

Kasiguncu earthquake triggered 382 landslides and the post-seismic landslide rates of Kasiguncu 406 

earthquake is relatively higher than the Sulawesi earthquake (Fig. 8b), although there is no 407 

significant change in the precipitation regime (Fig. 7). The relatively high landslide rates, in this 408 

case, might be explained by various factors such as frequency and/or duration of ground shaking 409 

(Jibson et al. 2004, 2019; Jibson and Tanyaş 2020) and detailed analyses are required to better 410 

understand these controlling factors. Yet, among various possible explanations, we can also 411 

count the legacy of the Sulawesi earthquake as a factor dictating the higher landslide rate 412 

concerning the Kasiguncu earthquake.  413 

 414 

Fig. 8 Plot shwoing (a) central tendencies and ranges of PGA for Sulawesi, Kasiguncu and Palu 415 
earathquakes and (b) the evolution of landslide rates in time for both co-seismic and post-416 

seismic (intra-seismic) landslides. The error bars are given for the first standard deviation of 417 
landslide rates for each examined and post-seismic (intra-seismic) set of landslides.  418 
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The variation in the mean (and standard deviation) of landslide rates for these three sets of post-419 

seismic landslide inventories (see grey dots in Fig. 8b) also suggests a similar conclusion that the 420 

legacy of the previous earthquakes might play a role in the trend of increasing post-seismic 421 

landslide rates through time. The accumulated disturbance on hillslope materials might cause a 422 

small increase in the average landslide rate of a site. As a result, the background level for the 423 

landslide susceptibility might be higher after each earthquake compared to previous earthquakes.  424 

6 Conclusions 425 

In this work, we examined the temporal evolution of landslides during post-seismic periods in 426 

which the combined effect of earthquakes and rainfall causes a particularly elevated landside 427 

susceptibility. Specifically, we examined some cases where rainfall acts as the main landslide 428 

trigger and seismicity plays the role of a predisposing factor. We focused on earthquakes that 429 

occurred in fully humid, tropical conditions because of two reasons. First, post-seismic landslide 430 

processes have been rarely investigated in these settings. Therefore, providing a new dataset 431 

belonging to rarely examined conditions could provide valuable information to better understand 432 

the post-seismic processes, which are mainly governed by site-specific environmental factors 433 

(e.g., seismicity, climate, etc.) (e.g., Tian et al., 2020). The second reason is due to the high and 434 

persistent precipitation regimes typical of tropical environments. In fact, these settings provide the 435 

perfect conditions for continuous genesis of slope failures, making it possible to obtain high spatial 436 

and temporal resolution time series of landslide inventories. The average temporal resolutions of 437 

our inventories are approximately eight, seven and five months for the areas affected by Reuleut, 438 

Porgera and Palu earthquakes, respectively (Table 1).  439 

We observed that landslide susceptibility levels associated with the occurrences of new landslides 440 

return to pre-seismic conditions in less than a year, for the environmental settings under 441 

consideration. This implies that the elevated landslide susceptibility could disappear rapidly if the 442 

area is exposed to strong and persistent rainfall discharges. However, this does not mean that 443 

prolonged and strong precipitation regimes always bring a rapid decline in elevated landslide 444 

susceptibility. Site-specific characteristics of a study area such as seismotectonic, morphologic, 445 

geologic and climatic conditions, as well as sediment budget associated with co-seismic landslide 446 

events, govern the evolution of post-seismic periods. In this context, the possible roles of these 447 

factors need to be examined by further analyses.  448 
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