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Evaluation of Remotely Sensed Soil Moisture
for Landslide Hazard Assessment

Lu Zhuo, Qiang Dai, Dawei Han, Ningsheng Chen, Binru Zhao, Matteo Berti

Abstract—Soil moisture isimportant in the triggering of many
types of landslides. However, in-situ soil moisture data arerarely
available in hazardous zones. The advanced remote sensing
technology could provide useful soil moistureinfor mation. In this
study, an assessment has been carried out between the latest
version of the European Space Agency Climate Change Initiative
soil maisture product and thelandslide eventsin anorthern Italian
region in the 14-year period 2002-2015. A clear correlation has
been found between the satellite soil moisture and the landslide
events, as over four-fifths of events had soil wetness conditions
abovethe 50% regional soil moistureline. Attempts have also been
made to explore the soil moisture thresholds for landdide
occurrencesunder different environmental conditions (land cover,
soil type, and slope). The results showed slope distribution could
providearather distinct separation of the soil moisturethresholds,
with thresholds becoming smaller for steeper areas, indicating
dryer soil condition could trigger landslides at hilly areasthan in
plain areas. The thresholds validation procedure is then carried
out. 45 rainfall events between 2014-2015 are used as test cases.
Contingency tables, statistical indicators, and Receiver Operating
Characteristic analysis for thresholds under different exceedance
probabilities (1% - 50 %) are explored. The results have shown
that the thresholds using 30% exceedance probability providethe
best performance with the hitting rate at 0.92 and the false alarm
at 0.50. We expect this study can provide useful information for
adopting remotely sensed soil moisture in the landdlide early
war nings.

Index Terms—Emilia Romagna, Eur opean Space Agency (ESA)

Climate Change I nitiative (CCl) v04.2, landdlide, natural hazards,
satellite remote sensing, soil moisture.

. INTRODUCTION

economic system [2-4]. Early warnings and predictions are
therefore essential for mitigating such impacts. The most
common way of real-time landslide forecasting relies on
rainfall thresholds, which has been adopted worldwide due to
its simplicity [5] However, in many cases, early warnings
based solely on rainfall is not adequate, because soil moisture
conditions play a crucial role in the initiation of landslides [6-
13].

Although the importance of soil moisture condition has been
widely recognized in landslides forecasting, the direct usage of
soil moisture data in the area is still limited. In most cases, only
the antecedent precipitation indices (i.e., precipitation
accumulated during a given period before landslide triggered;
[14-16]) are adopted to approximate soil moisture. However,
such an approach is not recommethly many studies due to
the weak relationships found between the antecedent
precipitation and the real soil moisture variatiobs-19]. This
is due to not all precipitation enters the soil layer when reaching
the earth surface, instead, parts of them become direct runoff
[20, 21]. In addition, evapotranspiration plays an important role
in the soil moisture temporal evolution, which also leads to the
weak relationships as aforemention€derefore, it is important
to use the actual soil moisture information for landslide studies.

Generally, soil moisture can be estimated through in-situ
measurements, models, and remote sensing. In-situ
measurements can provide the highest accuracy among all the
three methods, but it only gives point-based measurements.
Since soil moisture has a high variability in both space and time
especially in steep mountainous areas, a dense soil moisture
network is normally required at those high-risk areas for
monitoring purposes. Some studies have been carried out to

ANDSLIDE is one of the most common and dangerousxplore the usefulness of in-situ soil moisture for landslide
natural hazards worldwide, causing severe direct impacdipplications [9 18, 22, 23]. Unfortunately, in many remote
on human lives, public and private properties and lifelines [13reas, soil moisture stations are not available or only are
Moreover it can lead to indirect damages to the whole societparsely distributed in those non-hazardous areas, due to high
ranging from the reduction of productivity force, a decline distallation and maintenance cost (e.g., in our study area,
industrial revenue to mental trauma and the break of afthough there is a total of 19 in-situ soil moisture sensors
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installed, nearly all of them are installed in the plain areas whearsed are provided in Sectidh Methodologies for thresholds
landslides never occurred). Another technique to obtaialidation are described in Sectidii. The satellite soll
continuous soil moisture variations relies on land surfageoisture evaluation result is covered in SectddnSection V
/hydrological modelling [7 24-27]. However, model-based shows the landslide relationships with the satellite soil
methods tend to suffer from time drifts problem (e.g., erranoisture. The attempts of exploring soil moisture thresholds as
accumulation over times), require a large number of accuratell as their validations are presented in SectibnSection
data inputs and are normally computationally intensiv¥ll includes further discussions about the results, potential
particularly for large monitoring areas. Alternatively, remotéuture works, and conclusions.
sensing is an advanced technology in soil moisture monitoring
on a global scale [280]. There have been enormous Il. STUDY AREA AND DATASETS
investments by various orgapisations such as ESA (Europe&n Study Area
Space Agency) NASA (National Aeronautics and Space - o )
Administration) and EUMETSAT (European Organisation for 1€ Emilia Romagn’a Region is located in the north of Italy
the Exploitation of Meteorological Satellites) a wide range 29 i one of the country’s most populated areas (Figure 1). The
of soil moisture observational programs (e.g., ENVISATCEION'S ‘topography changes from hilly and mountainous
(Environmental Satellite), ASCAT (Advanced Scatterometerie‘:tOrS in S-SW to wide plains towards ,NE' and its elgvat|on
AMSR-E (Advanced Microwave Scanning Radiometer fofan vary from 50 m up to 2125 m over a distance apprommately
EOS), SMOS (Soil Moisture and Ocean Salinity), and SMABC Km running north to south [41, 42]. The mountainpast
(Soil Moisture Active Passive)). However, despite their fre@‘b_()“t_lsv200 ki belongs to the northern Apenln_es chain,
availabilities, studies attempting to use them for landsligdhich is a complex fold and thrust arcuate orogenic belt that
related applications are nearly abse2f][To our knowledge WaS formed dug t.o the closure of the Ligurian chan and t.he
so far only five pioneering studies have been carried out Wbsequent cc_)II|S|0n o_f the European and continental margins
Brocca et al. (2016; 2012) [25, 31] with ASCAT, and Ray anynich started in the Oligocene. _ o
Jacobs, (2007), Ray et al., (2011; 2010) 3@2with AMSRE, The region has a mild Mediterranean climate with distinct
which all have illustrated the effectiveness of utilising satellitd’@'m and dry season from May to October, and a cool and wet
soil moisture for landslide predictions and monitoring, despig€ason from November to April. The mean annual rainfall
coarse resolution and the shallow soil depth sensed by satefit&raged over the whole area is about 1000 mm, butit can reach
sensors . Such a significant gap between the sateliite s§iPund 2000 mm in the highest mountains. The Emilia
moisture data abundancy and the landslide studies scardgMmadna Region is extremely prone to landslides, with one-
demonstrates the necessity of further research in this arbi? Of the hilly and mountainous territory covered by active or
Particularly, since more satellite soil moisture data ar%ormant landslide deposits. The majo.rlty of them were caused
becoming available, further studies using different data ssurd®y €arth-flows after the Last Glacial Maximum and the
should be carried out. On the other hand, soil moistufXPansion during the wet seasons of the Holocene which
thresholds can be useful information for landslide hazards eaffFated superimposition of new earth-flows. Intense and
warnings (e.g., to work together with rainfall thresholds)F,’rOIO_nge_d rainfall events are _the main _tnggermg factors for
however such a research has rarely been carried out [25, 35]€activation of those pre-existing deposits, followed by snow
Therefore, the aim of this paper is to further explore th@elted by warm rain. AIt_hough the landslides in 'ghe area do not
usefulness of remotely sensed soil moisture products ﬂ)rmally cause casualtleg, they lead t_o a considerable number
landslide applications with the latest satellite soil moisture dafd d@mages to the properties and local infrastructures. Each year
In addition, it is attempted to investigate the soil moistur@e cost for the purpose of property rebuilt and area regeneration

triggering conditions for landslide occurrences based d2round €33 million.
different environmental features (i.e., land cover, soil typ&. The CCI-SM Products

slope), as using only one threshold for a large study area is npfq first version of the CCI-SM was released in 2012, which
appropriate  [36], after which, thresholds are validateglag the first multi-decadal, global satellite-observed soil
statistically. Here the stawf-the-art ESA Climate Change nisiyre product. It is produced by merging information from
Initiative (CCI) soil moisture product (CCI-SM hereafter) iS,4 active and passive microwave space-borne instruments,
chosen because the program is the first of its kind in mergifid nree harmonised products: a merged ACTIVE (1991-
multiple active and passive microwave senksors to producezgm), a merged PASSIVE (1978-2016), and a COMBINED
long-term (>30 years), harmonized satellite soil moisturag78_2016) active + passive microwave product. Compare
datasets [37]. CCI-SM has been demonstrated with goQg its first release, the latest version which is adopted in this
agreements with the in-situ observations globally488-The 4y (v04.2, released in early 2018) includes a large number of
large physmgraphlc variability, together with the matL_Jrlty 0faidvancements, for instance incorporates various new satellites,
landslide data records, make Italy an ideal place for this stuqy:angs temporal coverage to 1978-2016, merges all active and
Here an Italian region called Emilia Romagna is chosen for this «sive Level-2 products directly to generate the COMBINED
purpose. The study period is from 2002 to 2015, where both foduct (previously, this was created from the ACTIVE and

landslide records and the CCI-SM datasets are the M@ ss|VE products) [43], and uses a new blending approach to
complete. Details regarding the study area, and different data
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compute a weighted average of measurements from all sendwgterogeneous, and it is controlled by the distribution of the
that are available at a certain point in time. Comparativelyeak rock units as well as by the location of the critical rainfall
microwave bands have more advantages in soil moistuggents during the considered period.

estimation than other spectral bands, mainly bec‘du@_ehave D Other Datasets

longer wavelengths, so they can penetrate deeper into the Soil )

and have more ability to pass through cloud and sonfé IN-Situdata o o .
vegetation coverZl]. As a result, CCI-SM can provide soil Among the 19 installed in-situ soil moisture sensors within
moisture information in the upper few centimetres of soil. CCfe study area, only one sensor installed at San Pietro
SM is in the format of volumetric water content¥(m?), with ~ Capofiume (latitude 44° 39" 13.59", longitude 11° 37" 21.67)

a daily temporal resolution, and 0.25-degree spatial resolutiBfPvides long-term surface soil moisture information (at 10 cm).
globally. The rest of the sensors are either absent from valid data (e.g.,
The active data used in the newest version of the CCI-SM &2 data, or very big data gaps) or do not cover the study period
generated by the Vienna University of Technology (TU Wie t all. Therefore, only the San Pietro Capoﬁumg station |s'used
based on observations from the C-band scatterometers on bdgfdhe CCI-SM evaluation purpose. The San Pietro Capofiume
of the Europedn remote sending satdllite-1 (ERS-1), ERS-2 aitg is typical of the agricultural area of the Po River valley. The
Meteorological operational satellite A (MetOp-A) and soil moisture data measurements are carried out by the Regional
MetOp-B. The passive data set are produced by the Vigency for Environmental Protection of Emilia Romagna
University Amsterdam in collaboration with NASA based orffi€9ion at seven different depths in the soil between 10 cm and
passive microwave observations from Nimbus 7 Scanning0 ¢m Time Domain Reflectometry (TDR) equipped with
Multi-channel Microwave Radiometer (SMMR), Defens ataloggers is used for automatic data collection. The

) 3 ) .
Meteorological Satellite Program (DMSP) Special SensdfPlumetric water content (#m’) has been recorded in a daily
Microwave Imager (SSM/I), Tropical Rainfall Measuring timestep between 2006 ar@017 [44]. Here only the data

Mission’s (TRMM) Microwave Imager (TMI), Aqua AMSR- covered by the study period is collected (i.e., 2006-2015 for the

E, Coriolis WindSat, Global Change Observation Missior€valuation of CCI-SM). The rain gauge network of the study

Water "Shizuku” (GCOM-W1) AMSR2, and SMOS. The ccjarea consists of over 200 tipping-bucket rain gauges. For the
SM is continuously being upgraded ,although SMAP is ndurpose of rainfall event selections, daily rainfall data covering
currently considered, it is expected to be included in its futuf® Whole area are collected and analysed for years 2014 and

releases. In this study, the CCI-SM COMBINED product j€015. .
used. 2) Environmental data

In addition to the soil moisture and landslide information,

C. Landslide Database Discrimination environmental features (i.e., land cover, soil type, and slope) are

The adopted historical landslides catalog is fromRtélia  obtained from different sources. The reasons for choosing those
Romagna Geological Survey, which holds a large collection tgatures are because they have been found with important roles
landslides data sourced from parochial archives, technidallandslide occurrences [45The ESA CCI land cover map
documentation, reports to local authorities, national, region@2.0.7) is used here. The map describes the Earth’s terrestrial
and local newspapers [41]. The catalog only contains recordssgfface in 37 original land cover classes at 300 m resolution.
landslides that caused damages, therefore small-sized omb¢ classification is based on the United Nations Land Cover
occurred in remote areas were likely to be undetected. Althougltassification System [46]. The reason for choosing QK
the catalog does not contain all the occurred landslidé&nd cover map is similar to the C8M’s because we aim to
information it is an accurate inventory of those that causeckploit the full range of available datasets from remote sensing
certain damages. The information in the catalog includégchnologies (i.e., from ESA and relevant European missions)
location, date of occurrence, the uncertainty of date, landslid@e soil type map is from the SoilGrids-World Reference Base
characteristics (dimensions, type, and material), triggerirdass (TAXNWRB), which categorises the world into 118
factors, damages, casualties, and references. Unfortunately, 4higlue soil classes. SoilGrids is a system for automated soil
complete information is not available for all the landslides an@apping based on stabé-the-art spatial predictions methods.
in many cases, they are missing. Based on the availalfleorovides a collection of updatable soil property and class
information, two rules are set to decide if a landslide data coutigps of the world at 250 m spatial resolutions produced using
be used for the analysis purpose: 1) rainfall-induced onlyg2) tRutomated soil mapping based on machine learning algorithms
time of occurrence should be in daily accuracy. Moreover tiié7]. The slope information over the study region is calculated
catalog period for the selection process is between 2002 dnusing the Shuttle Radar Topography Mission (SRTM) 3 Arc-
2015 only, which is during the period when CCI-SM is thetmo$econd Global (~ 90m) DEM datasets. The reason for choosing
complete. Given these restrictions, about four-fifths of da@RTM DEM data is because it is of high quality and is the most
cannot fulfil them and were hence deleted. As a result, a totifed free DEM data worldwide. The coverage of this dataset is
of 239 events are retained. The individually retained landslidegar global extending from 60° north to 56° south in latitude
are mapped as single pinpoints in Fig, with Digital [48]. Although more detailed information of elevation, land use
elevation model (DEM) information also shown in theand soil type could be sourced for the study area, the global
background. The spatial distribution of landslides is very
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datasets are chosen here because they are freely available TABLE |
CONDITION AT DIFFERENT PERCENTILES.
Percentile (%) Percentage of events exceeded |
. METHODOLOGIES %5 24
90 41
In order to perform the calibration and validation of the soil 80 52
moisture thresholds, landslides and CCI-SM datasets are 0 I
divided into two periods: 2002-2013 for the construction of 50 83

thresholds, and 2014-2015 for the validation purpose. The

definition of soil moisture thresholds is based on finding the soil The Hanssen and Kuipers skill scorK({ [54], which is the

moisture triggering levels (thresholds) using differenforecasting accuracy for the events with and without landslides

exceedance probabilities (percentiles), e.g., a 5% exceedalican be calculated as:

probability is based on calculating the 5% percentile value of HK = HR — FAR 3)

the soil moisture observations in correspondence of thanges between -1 and 1, with the optimal value as 1.

landslide events. The adoption of exceedance probability is aThe predicting performance of different exceedance

common way to determine rainfall-thresholds in the landsliderobability levels is examined by using a Receiver Operating

early warning, which is therefore used in this study to explofgharacteristic (ROC) analysis [55, 56]. The analysis is based on

its usage for soil moisture threshold determinations the ROC plot wittHR against-AR as seen in Figurgh. Each
During the validation period, 45 rainfall events are selectgabint in the plot represents each exceedance probability level

as the test cases for theeshold’s performances. To separatescenario. The optimal result (the red point) is achieved when

rainfall events from rainfall datasets, a one-day dry period (i.¢he HR equals 1 and thEAR equals 0. The closer the point to

a period without rainfall) is used [48t]. Since most of the the optimal performance point, the better the prediction ability

landslides included in the datasets are shallow which respdadHence the Euclidean distances (d) between individual points

quickly to rainfall, therefore a one-day approach is suitabind the optimal points are calculated to judge which scenario is

here. The events generated through each rain gauge are therbest.

combined, and with visual analysis, the rainfall event periods For the validation study, each threshold determined for each

for the whole study area are finally selected. The rainfall evern§the slope clasis used fo summarising the numbers of H,

data are shown in Secti®fi. P, and N events. Those numbers are then combined to
The validation methods used are based on Gariano et Ggtermine the overall statistical indicators (i.e., HR, FAR,.HK)

(2015) [52]. Here the soil moisture thresholds can be considered

as a binary classifier of the soil moisture conditions that are IV. RESULTS OFCCI-SM EVALUATION

likely or unlikely to lead to landslides. Based on such an Tg yse the CCI-SM, the initial step is to evaluate its
assumption, the landslide occurrences can either be true (Ty&fability. For this purpose, the CCI-SM is compared with the
false (F), and the threshold predictions can either be posifive (R-situ observations over the period of 2006 to 2015. Figure 4
or negative (N). As a result, there are four outcomes (FRa)e j||ustrates the comparison result between the satellite and the in-
i.e., true positive TP), true negativeTN), false positiveRP),  sjtu soil moisture. It can be seen CCI-SM is able to monitor the
and false negativeF(\) [53]. Atrue positive is an outcome gyerall seasonal and temporal changes of soil moisture. Only
where the threshold correctly predicts the occurrences fgf some cases: for instance, during dry periods, CCI-SM shows
landslides; similarly, a true negative is an outcome where tifar wetter conditions than observed; as well as during the
threshold correctly predicts the unoccurrences of landslidesy13 winter, ©I-SM is not able to capture the sudden
afalse positive (i.e., false alarm) is an outcome where tiigrement of soil moisture. The sudden rise of soil moisture
threshold is reached, but in reality landslides do not occur; apguld be the result of frozen soil condition, which affects the
afalse negative (i.e., missing alarm) is an outcome Wheggcuracy of satellite data [57{ should be noted since the study
threshold failed to predict the occurrences of landslides. Basggg only has one soil moisture station that provides valid
on the four possible outcomes, three statistical indicators cand¥servations, it is impossible to quantitatively evaluate the CCI-

calculated. o _ SM in this study. However, the temporal comparison does
The Hit RateiR), which is the proportion of the events thapdicate a general agreement between the CCI-SM and the
are correctly predicted. It can be calculated as: ground observations.
TP
HR = oo @
ranges between 0 and 1, with the optimal value as 1. V. LANDSLIDE EVENTS AND RELATIONSHIPS WITHCCI-SM

The False Alarm Rate (FAR), which is the proportion of To investigate the influence of soil moisture condition on
positive predictions when the event did not occur. It can bendslides, we use the wetness conditions measured on the day

calculated as: when landslides occurred. The reason for not using the
FAR = P (2) antecedent soil moisture condition plus rainfall data on the day
FP+TN

is because the purpose of this study is to explore the relationship
between soil moisture and landslides solely. In general, soil
moisture is a predisposing factor for slope instability, while

ranges between 0 and 1, with the optimal value as 0.



> JSTARS-2018-00593< 5

rainfall is the triggering factor. The same rainfall can trigger or RAINFALL EVTI?I\?'II'_gIIII\IFORMATION
not a landslide depending on the soil moisture content at the sgnng dae Ending date Duration_Ranfal  Number of
time of the rainfall event. The wetness conditions measured ORear Monn Day  Year Momn Day  (days)  meisly  Landside
the day of the landslide implicitly account for both the initial 2014 1 13 2014 1 24 12 2050 é
. . . . 2014 1 28 2014 2 14 18 13.61
soil moisture and the effective rainfall absorbed by the groundyy, 5 26 202 3 6 9 1335 0
and can be a robust indicator of the hydrological condition of214 3 22 204 3 27 6 11.08 0
the slope. Only after the evaluation of the soil moisture productass s  » oo o o : oo 0
; p - . y - p 2014 4 27 2014 5 4 8 12.13 0
rainfall information can then be used together with the204 5 26 2014 6 3 0 5.05 0
. . . . . 2014 6 14 2014 6 16 3 18.29 0
anteped_ent soil moisture mformaponl for foregastmg andy, &« x4 & 3 6 1139 0
monitoring purposes. After investigating the soil moisture 2014 7 7 014 7 14 8 7.84 0
" - . . . 014 7 21 2014 7 30 10 15.35 0
conditions over aII.the satellite grids, it .has been found duringo:; . a0 e o3 A pgs 0
most of the landslide events, the soil is always among thosens o 10 2014 o 12 3 11.84 0
R 14 9 19 2014 9 20 2 23.04 0
wettest days within a year. Here the results of the four se!ecte@;14 0 1 sou 10 1 1 451 0
satellite grids are presented (Figure 5). From the figure, it canoia 10 10 2014 10 17 8 13.01 0
- . . . 2014 11 4 2014 11 18 15 18.28 0
be seen soil moisture in correspondence to landslide events @ Lo N ool " o8 0
red star points) is most often in the top third range of the areadonsa 12 13 2014 12 16 4 6.24 0
H H H H H H S 2015 1 16 2015 1 17 2 14.87 0
soil moisture _(blue_Ilnes). Itis cI_ear the soil moisture variations,,,. |, . 1 o . s o
at each satellite grids behave differently, for instance Figure 5ans 1 29 208 2 10 13 9.98 0
H H HE 2015 2 13 2015 2 17 5 6.62 1
is gen_erally wetter tha_n Flggﬁﬁi. Therefore, it is necessary to Gois 2 21 oms 2 26 . L .
investigate the relationship between landslides and soibois 3 s 2015 3 7 5 11.69 1
: : H H 015 3 15 2015 3 17 3 9.00 0
mmstgre ba;ed on dlfferen.t' grids. A comparison b'etweer_ﬁ015 Y o o s o ; st )
landslide soil wetness conditions and the satellite grids soikois 2 3 2015 4 5 3 16.62 0
moisture at 95%, 90%, 80%, 70%, 60%, and 50% percentileg’> ¢ 1 2= 4 B 2 6.99 0
K T X 015 4 26 2015 4 29 4 11.23 0
are hence explored (Figure 6). It is interesting to observe thado;s 5 15 205 5 16 2 8.83 0
several landslide events occurred at very low soil moisture® ° 2 26 5 : Py .
conditions. This is because soil moisture is not the only factokeis 6 16 205 6 19 4 13.44 0
responsible for landslide. The stability of a slope, in fact, is2> ¢ 28 2015 6 24 2 6.07 0
. . 2015 7 22 2015 7 25 4 6.05 0
influenced by a number of different factors such aszus s o 205 8 10 2 24.69 0
deforestation, river erosion, or human activities that in some?> 8 15 2015 8 19 5 10.69 0
. . 2015 8 23 2015 8 24 2 7.88 0
cases can prevail slope hydrology. The percentage of landslidgis o 13 205 o 14 2 24.66 1
events that exceed the conditioned (i.e., different percentilesg015 s 28 2015 9 A4 2 7:50 0
. . . . . . 2015 10 1 2015 10 7 7 13.73 0
grid soil moisture is also calculated as shown in Table I. It iSys 10 10 2005 10 19 10 9.40 0
clear over half of the events are above the 80% percentile lingos 10 27 2015 10 29 3 2033 0
11 21 2015 11 25 5 13.78 1

and over four-fifths of events are above the 50% percentile Iir&ﬁlesrs
Those results indicate high soil moisture indeed plays ’
important role in triggering landslides.

and that does not indicate those areas are more prone to
#hdslides (e.g., wetter soil due to irrigation does not link with

a high occurrence of landslides). Therefore, in order to identify
landslides susceptibility, it is important to investigate how the
different environmental factors can influence the soil moisture
threshold. Here land cover, soil type, and slope information are
A. Whole Study Area taken into considerations.

The above analysis has shown that there is a correlatign | 4nd Cover Discriminations
between landslide events and soil moisture pro@EtSM.

) S . L . Land cover can play an important role in the occurrence of
The next step is to establish if the spatial variation of saqil : .
. . . Jandslides. To study the effects of land cover on landslide, the
moisture can be used to improve the thresholds for landsli

occurrence at the regional scale. §ﬁdy area is first categorised into 2_0 land cover t_ypes based on
As a first attempt, we can compute the critical soil moistur:(_%]e selected land cover map (Figure 7). It is found the
: . . Herbaceous areas have the largest extent (37%), followed by
for landslide occurrences over the whole study region. Wlth'raree (22%), Cropland (21%), and other types. However, from
5% exceedance probability, which is commonly adopted f ’ ’ ' '

landslide threshold studies to exclude the outlier cases [36]. Lﬁ{ﬁg duerret8r?é IEI'(;ZQ ngseere(?] tbe8l8a)r%izt Phuemgreor ?;L%n?fl?iz)ocs:é
threshold for the whole region is 0.23/m?, which is smaller - P A

than the areal mean soil moisture at 0.38nh This is because Herbaceous 'S only on the fourth place (n = 32). Moreover,
. . . ) . .~ although Mosaic cropland makes up only 6% of the overall land
in mountainous regionkandslides can be triggered at relatively : - . )

. . . . .. “use, the number of landslides occurred on it is relatively high (n
low soil moisture due to the influence of other instability ) : . ;
factors = 37). The reason is that Mosaic cropland is mostly found in the

Using one single threshold for the whole area is clearly nhlgh mountainous area, whereas the Herbaceous is mainly

. ) e plain area. Some landslides also occurred in urban areas (Six
appropriate. For instance, some areas are always wetter than : : : : . ;
events during the study period). The soil moisture triggering

VI. THE EVALUATION OF SOIL MOISTURE THRESHOLDS FOR
LANDSLIDE OCCURRENCES
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levels for each land cover type are explored. The CCI-SM TABLE Il
duct can be used to evaluate the soil moisture threshoT E RESULTSOF TP, FN, FP, TN, AND STATISTICAL INDICATORS (HR, FAR, Hk
produc : ), UNDER DIFFERENT EXCEEDANCE PROBABILITY LEVELS (P). THE BEST
associate to each land cover type. For this purpose, land cover PERFORMANCES OFHK AND D ARE HIGHLIGHTED
data has been rescaled to the CCI grid, that is, land cover typgg). ™ FN__FP TN HR FAR HK d
. . 1 13 5349 313 1.00 0.94 0.055 0.94
with small coverages are aggregatid those with large 2 13 527 435 100 092 0077 092
coveragesAs a result, there is a total of three major land cover 3 13 5057 605 100 089 0107 089
t . d C | d H b d T Th4 13 5004 658 1.00 0.88 0.116 0.88
ypes remained: Cropland, Herbaceous and Tree cover. The 13 1036 726 100 087 o128 087
corresponding soil moisture threshold at 5% exceedance are 13 4742 920 100 084 0162 084
3 3 3 7 13 4623 1039 100 082 0184 082
0:23 rﬁ'/m_ ,0.24 rﬁ/m , and 0.22 n’dm .ltis clear there areno " w101 100 070 0210 070
distinct differences in the soil moisture thresholds among the o 13 4384 1278 100 077 0226 077
H H H H H 13 4341 1321 1.00 0.77 0.233 0.77
various !and covers. One possible reason is the peculiar spatla}[g s a7 15 100 070 0405 o010
distribution of the three land cover types. Although Cropland 2o 13 3535 2127 100 062 0376 062
and Herbaceous are mainly in the plain areas, and Tree cover & 12 3825 2887 092 059  0.3% 059
X X X . 30 12 2858 2804 0.92 0.50 0.418 051
mainly in the mountainous regions, they all have some partsss 10 2731 2031 077 048 0287 053
distributed outside of their major zones (i.e., Cropland and 9 2629 3033 069 046 0228 056
. . 50 2208 3454 0.54 0.39 0.148 0.60
Herbaceous have some areas covered in mountainous zones,
while Tree cover is also found in the plain areas). As a resusltcbme areas. Steep zones are mainly found near the river valle
their thresholds are similar to the one over the whole area. : b ) y L y
T areas and at close to the main watershed divide at the Southern
Hence the use of the land cover feature for discriminating s%n :
. : . S oundary. To work with the CCI-SM, slope data has been
moisture thresholds is not suitable in this case. . . :
rescaled (i.e., averaged) to the CCI grids accordingly.

C. Soil Type Discriminations Furthermore, for the purpose of thresholds calculations, slope
Different types of soil have different physical-mechanicaiata has been statistically divided into four groups, so all groups
properties that affect the hydrologic response to rainfall and theld the same amount of coverage areas. It can be seen in Figure
stability of the slope (e.g., soil permeability, cohesion forc&C the landslides numbers agree with the average slope angle
shear strength and etc.). To study the effects of soil types 6 steeper the area, the higher the number of the landslide
landslides, the study area is divided into 21 soil regions basi@gidences. The soil moisture thresholds are then calculated for
on the soil map shown in FigureRrom the map, it can be seenthe different slope groups. Since group 0.40-0@4y has one
the Gleyic Solonetz covers the largest area (70%), followed Igndslide event reported, it is removed from the analysis. As a
the Fibric Histosols (13%), the Haplic Andosols (7%), thé&esult, the thresholds for the remained three groups are: 0.84-
Haplic Phaeozems (6%), and other types. Similarly, the numied® (0.37 n¥/md), 4.15- 11.23(0.24 n¥/m?), and 11.23-20.44
of landslide events under Gleyic Solonetz type is also t8-20 n¥/m?. It can be seen that the threshold differences
highest (Figuréb). However, the second most frequent class etween the plain areas and the steep areas are significant (i.e.,
by Haplic Phaeozems. Compare with the coverage area 5% hlgher) The distinct results indicate the usefulness of
Hap“c Phaeozems in the study region’ the number of induc&lepe information for thresholds discriminations. The Spatial
landslides is extremely high. This is because Haplic Phaeoze#igtribution of the calculated thresholds can be then generated
is mainly found on steep, unstable slopes made of loose matetfdgure 11). The map clearly shows that the critical soil
derived from the weathering weak sandstone-pelite rdbks Mmoisture content is lower for the steep slopes that characterize
to the small extent of Haplic Phaeozems in the regidhe southern part of the region (close to watershed divide)
(aggregated by data rescaling procedure), only the G|eﬁ60l.lnd the hilly Southern boundary, and higher for the mild
Solonetz type remains for the evaluation of the soil mositufdopes to the North. This result well agrees with the general
threshold. The threshold for Gleyic Solonetz is calculated to B€ology of the area, that in the southern part is characterised by
0.23 n¥m?3, which is the same as one found through the whot&€e outcrop of sandstone rocks that form steep slopes covered
area exploration. This result is expected, as Gleyic Solondty @ thin layer of permeable sandy soil. These slopes are highly
holds the most landslide events and covers the majority ared@stable, and commonly fail at low water content because of
However only one threshold is clearly not useful, as hazards dd& steepness and the high hydraulic conductivity of the soil.
also occur in the Hap||c Phaeozems type_ Therefore, soil typeTige thresholds calculated via the Slope angle discrimination

not recommended for the discrimination of soil moisturé&ethod is then validated in the next section.
thresholds in this study area. It is noted although it should be more informative to use the

S original slope data (from the 90 m DEM data) for each of the
D. SlopeAngle Discriminations landslide event than the mean-slope method, we have found
Slope angle is one of the most important factors that contr@glgch an approach could not provide distinct thresholds among
the stability of a slope. Therefore, it is useful to investigate tl’iﬂfope groups. This is because their corresponding soil moisture
relationship between slope angle and landslides occurrenceyiftl is large (0.25-degree), so for instance, if five landslides
the study areaThe slope angle map of the Emilia-Romagnajistributed in both high- and low-slope areas occurred within a
region is generated using the selected DEM data as illustrate@l-SM grid, they would be assigned with the same soil
in Figurel0. It can be seen the slope angle can exce@ds

o
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moisture value. Therefore, in this case only the mean-slopenditions (i.e., land cover, soil type, and slope). Specifically,
method is further proceeded. the temporal comparison between CCI-SM and in-situ
£ The Validation of Thresholds Using Slope Angle observaﬂong shovys a general agreement between the datasets.
e - A clear relationship has been found between the CCI-SM and
Discrimination Conditions . .
o ) the landslide events, as over half of the landslide events occur
A preliminary threshold.model for Iaqd§l|des OCCUITence al, e the wettest 20% soil moisture, and over four-fifths of
regional scale can be derived by combining the average sloRe.nts occur above the wettest 50% soil moisture. Those results

likely to occur. These values are different for the differenyq, s identifying a few differences between thresholds. Of the
territorial units according to the average value of slope angley, ee factors used, only the slope distribution results in a clear
In this assessment, it is important to optimize the thre,Sh%%paration of the thresholds, with thresholds becoming smaller
values of soil moisture in order to reduce the number of missigg steeper areas. The empirical evidence confirms that wetter
alarms (when the threshold is too high) and false alarms (Whggy s required to trigger landslides in milder slopes than in
the threshold is too low). In our case, ue the slope angle as goener siopes. The fact that the slope is more distinctive than
discrimination conditions and consider 17 different exceedang&, oiher environmental conditions (land cover and soil type)
probabilities (from 1% to 50%). The .validation is then carriedy,5u1d not be surprising, as the slope is a key factor for earth
out to test the thresholds under 45 rainfall events (T8oléhe  giapilities. Further validation studies based on the slope

rainfall events are in the ranges of 1 day to 18 days, and i@ rimination conditions is then carried out, which is important

average rainfall intensities are between 5.05 mm/day and 24,89 .o ce the false predictions. 17 different exceedance
mnvday. During each event, the number of landslides occurrgd,apility levels from 1% to 50% are used to explore the best
is also shown. In combination with the satellite grids, there isg-qholds scenario. Selection of the optimal threshold is based

total of 5662 different outcomes of the TP, FN, FP andMe 1y ree statistical indicators, and the results demonstrate the

The statistical scores are calculated based on those outconpesy performance is obtained by the 30% exceedance
and ROC analysis is also carried out. Tdllesummaries the probability.

results of TP, FN, FP ant, as well as the four statistical " ¢ is important to point out the validation conclusion made

indicators of HR, FAR, HK, and d for the 17 cases. Taking a 5 s hased on the best compromise between the minimum
exceedance probability, all the occurred landslides (13 recorop.ﬁ%ber of incorrect landslide predictiosRandFN) and the

landslide events) during the selected rainfall events agg,yimum number of correct predictionE(and TN) without
predicted by the threshold$R); however the=P is very high .,ngidering additional weighting factors. However, in real
(4936 cases). Accordingly, for the 5% exceedance probability

) - pplications, weightings should be considered, for example the
HR=1.00 andFAR=0.87. Withan exceedance probability of .,qt of missing alarms could be much more expensive than the
50%, the HR drops from 1.00 &.TP and zeroFN) to 0.54

- - ) cost of false alarms or vice versa. Therefore, thresholds decision
(sevenTP and sixFN), while the FAR improves from 0.94

makings at different regions should depend on the cost of each
(5349FP and 313TN) to 0.39 (2208 P and 3454TN). The gy ation accordingly. On the other hand, the impacts of hazards
worst HK result is observed in 1% scenatitikKE0.055), while

- - . at one region can also be distinct at different times, for example
the best one is obtained by the 30% scen&fl6=0.418). The 5 gohq0| over the weekends or holidays, when no one need to

ROC curve is plotted in FigutE. In the figure, each blue point e oyacuated should have totally different sets of thresholds
represents a scenario with a selected exceedance probabifiiy., comparing with the one during the term-times. Therefore,
level. The top flat part of the curve correspond$i®=1.00  ,ashoids should change both spatially and temporally (i.e.,

scenarios (1-20% exceedance probability levels). It can be segp mically). To realise such a target, an agent-based dynamic
with different exceedance probabilitidsAR can be reduced \,qe| could be very useful, and the results found in this study
without sacrificing theHR rate. The Euclidean distances d.;,, pe put into such a model for landslide hazards early

between blue points and the optimal point (the red dot) are a\ﬁgrnings 58]

calculated as shown in Tablél. Similar to the HK Although our study shows a clear relationship between the
performance, the largest distance is again observed by the &%_gp and the landslide occurrences, the temporal coverage
scenario (d = 0.94), while the smallest distance is achieved fcc1_sM for the study region is still limited. CCI is aimed at
the 30% scenario (d = 0.51). Based onkfteresult, the most ., ,cing long-term over 30 years soil moisture data globally,
suitable thresholds are obtained by the 30% exceedangg ever in the study area, the data are mostly unavailable
probability. before the year 2002. Comparing with the
comprehensive data records of the landslide which startbd
VII. DISCUSSIONS AND CONCLUSIONS year 1899, the shorter coverage of satellite data leads to a large

In this study, the relationship between the CCI-SM and th®it of usable landslides cases. This is because satellites
landslide events has been assessed in the Emilia Romagadicated for soil moisture observations are only initiated in
region for the period between 2002 and 2015. Additionall}2002, with the launch of AMSR-E. The data scarcity issue
attempts have been made to find the soil moisture thresholdsdould be solved by fusing satellite data with land surface
landslides occurrences under different environmentatodelled soil moisture (e.g., Noah-Multiparameterization Land
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Surface Model) to provide an extended period of datasef&M. Scaioni, L. Longoni, V. Melillo, and M. Papii "Remote Sensing for

: : : ndslide Investigations: An Overview of Recent Ackiments and
Machine learning technologies [59] such as Support VeCtb%rspectives," Remote Sensing, vol. 6, no. 10, p. NG,

Machines could be used for such purposes. [3]R. L. Schuster, "Landslides: Investigation andidition,” vol. 247, A. K.
Since satellite soil moisture observations are onljumer and R. L. Schuster, Eds. Transportation RelseBoard Special:
representative of a shallow soil layér limits their usage in National Academy Press: Washington, DC, USA, 19961@gB5.

. . . . % P. Canuti, N. Casagli, L. Ermini, R. Fanti, and=Brina, "Landslide activity
hydrological and landslide applications. One potential approaghl a geoindicator in Italy: significance and new pestipes from remote

to minimise the problem is by using the exponential filter (alsgnsing,” Environmental Geology, vol. 45, no. 7, fi}¥-919, 2004.

called Soil Water Indexbo calculate the Corresponding I‘OOt-[S]N' Caine, "The rainfall intensity-duration coolt of shallow landslides and
. . . . ebris flows," Geografiska annaler: series A, physicagogghy, vol. 62, no.
zone soil moisture [60]. An exploration has been carried out BY, o, 23.27, 1980.

using the recursive formulati@sdescribed in [60]it has been [6]T. Glade, M. Crozier, and P. Smith, "Applyingopability determination to

found the resultant root-zone soil moisture (the optimal rgfine landslideriggering rainfall thresholds using an empirical “Antecedent
. . IDail Rainfall Model”," Pure and Applied Geophysics, vol. 157, no. 6-8, pp.
parameter is determined as 2 days) cannot perform as well;gs 1979 2000,

the original CCI-SM data for landslide predictions. The maify|m. J. Crozier, "Prediction of rainfalt triggered landslides: A test of the

reason we suspect is due to the large data gaps in the CCl-8hdcedent water status model," Earth surface processksnaforms, vol. 24,

product (i.e., CCI-SM is not continuously available, anfgo' 9, Pp. 825-833, 1999.

. T.-L. Tsai and H.-F. Chen, "Effects of degree of satumatto shallow
sometimes the data gap can be more than 10 days), thereforg{igiides triggered by rainfall,” Environmental Eagciences, vol. 59, no. 6,

exponential filter equation which largely depends on the saip. 1285-1295, 2010.

moisture data from the last time step is not suitable in this ca&8R- Hawke and J. McConchie, "In situ measurement dfrsoisture and
oreawater pressures in an ‘incipient’landslide: Lake Tutira, New Zealand,"

However, if in the future satellites are capable of providingy nal of environmental management, vol. 92, npp2266-274, 2011.
more temporally consistent soil moisture observations, th@] M. Bittelli, R. Valentino, F. Salvatorelli, @P. R. Pisa, "Monitoring soil-
suggested method could have the potential to provide gowaer and displacement conditions leading to landsl@beirrence in partially
. L. saturated clays," Geomorphology, vol. 173, pp. 161-2032.
landslide predlctlon results. [11] S. Segoni, A. Rosi, D. Lagomarsino, R. Fanti, &hdCasagli, "Brief
Furthermore, it has been found the large grid sizes of satellgg@nmunication: Using averaged soil moisture estimates foroie the

data can hinder the further environmental threshold studig@§rformances of a regional-scale landslide early warsyggem,” Natural

. Hazards and Earth System Sciences, vol. 18, no. 80Fp812, 2018.
because feature types with small coverage areas are aggregg! apl Valenzuela, M. J. Dominguez-Cuesta, M. A. Grcia, and M.

by those with large coverages areas (i.e., a large numberj@iénez-Sanchez, "Rainfall thresholds for the triggeriof landslides
landslide events have been reported in the Haplic Phaeozeaensidering previous soil moisture conditions (Asturias, NSjain),"

; ; dslides, vol. 15, no. 2, pp. 273-282, 2018.
soil type, but due to its small coverage area, threshold canﬂ'@ T. Bogaard and g’_’ Greco, “Invited perspectivédydrological

be calculated). A potential solution is to increase the satellif@rspectives on precipitation intensity-duration thotgsh for landslide
data resolution by downscaling methodologies. Highanitiation: proposing hydro-meteorological thresholdsgtural Hazards and

resolution data sources such as satellite visible/ infrared d&th System Sciences, vol. 18, no. 1, pp. 31-39,.2018
A. F. Chleborad, "Preliminary evaluation of e@pitation threshold for

can be Useq for Sl_JCh a purpose. _ _ anticipating the occurrence of landslides in the ealfashington, Area,” US
Another issue is related to the landslide data. Since ma@siological Survey open-file report, vol. 3, no. 46339, 2003.

landslide catalogs only record events that are experienced [b§ M. Calvello, R. N. d’Orsi, L. Piciullo, N. Paes, M. Magalhaes, and W. A.
erda, "The Rio de Janeiro early warning system é&mfall-induced

people (e.g.,_ from victims, local newspapers, and report mdslides: analysis of performance for the years 200103," International
many events in the rural areas are undetected. As a result, wjoemal of disaster risk reduction, vol. 12, pp.53-2015.

investigating the soil moisture thresholds, the outcome could B&l J. L. Zézere, R. M. Trigo, and I. F. Trigo, "Sbal and deep landslides
induced by rainfall in the Lisbon region (Portuga§sessment of relationships

biased, i.e., the false alarm can be inaccurately. girder 0 i, ‘the North Atlantic Oscillation,” Natural Hazarcand Earth System
expand the catalog, remote sensing images and Geograph#zaince, vol. 5, no. 3, pp. 331-344, 2005.
Information Systems (GIS) can be useful. [17] J. D. Pelletier, B. D. Malamud, T. Blodgett, aBdL. Turcotte, "Scale-

. . . . . . invariance of soil moisture variability and its implicas for the frequency-
With the encouraging results obtained, future InveStlgatIO@r)ﬁe distribution of landslides," Engineering Geology, 48, no. 3-4, pp. 255-

will be to use the satellite antecedent soil moisture informatiopes, 1997.

together with rainfall data (e.g., rainfall thresholds or forecastétBl R. L. Baum and J. W. Godt, "Early warning of falkinduced shallow

rainfall data) for landslide early warning. Moreover, satellit%‘gfg"des and debris flows in the USA," Landslides, ¥ono. 3, pp. 259-272,

soil moisture data can also be used in physically based mode§ L. Brocca, F. Melone, and T. Moramarco, "On theinestion of
for landslides predictions. The results presented here are oaljecedent wetness conditions in rairfalhoff modelling,” Hydrological
valid for this specific investigated case study, therefore furth(%focesses' An International Journal, vol. 22, no. 56p@-642, 2008.

. . . . . ] L. Zhuo and D. Han, "Misrepresentation and amemdrmofsoil moisture
studies analysing the relationship between satellite Sl conceptual hydrological modelling,” Journal ofdsiology, vol. 535, pp.

moisture and landslides over a wider range of catchments &%d-651, 2016.
with more environmental features are needed. [21] L. Zhuo and D. Han, "Could operational hydgittal models be made
compatible with satellite soil moisture observations? dndiogical Processes,
vol. 30, no. 10, pp. 1637-1648, 2016.
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