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INTRODUCTION

This work proposes a comprehensive methodology for rainfall triggering
thresholds, using a centenary landslide database associated with a single
centenary daily rainfall dataset. The specific objectives of this study are:

2.

to identify the critical rainfall combination quantity-duration to landslides
occurrence;

to define linear and potential regression thresholds and lower limit and upper
limit rainfall thresholds;

to assess the thresholds performance using receiver operating
characteristic (ROC) metrics;

to estimate the probability of several rainfall thresholds and the probability of
landslide event above each rainfall threshold;

to identify the area where the thresholds can be applied.

METHODOLOGY

The methodology applied in this study follows the steps below:

Identification of landslide events from a landslide database carried out
exploring newspapers published between 1865 and 2010. Alandslide event
was defined as a landslide/ set of landslides occurred at a unique date.

Selection of a rainfall gauge considering its climatic representativeness,
data resolution and available time series. Buffers (5, 10, 15, 20, 30, 40, 50,
60 km) from the selected rain gauge were applied to evaluate the area
where the gauge is representative.

Reconstruction of accumulated rainfall for different durations (1 to 90
consecutive days) and computation of the extreme values statistics
following Gumbel (2012).

Identification of critical rainfall combinations for each landslide event
by selecting the pair (quantity-duration) with the highest return period
(Zézere et al., 2005, 2015). Only critical rainfall combinations with return
period above 3 years were considered rainfall-triggered landslides.

Identification of critical distance for rain gauge by assuming that the
ratio of non-rainfall triggered events/total landslide events should decrease
as the distance increase from the gauge. If this relation is not identified the
station is notrepresentative.

Identification of “no landslide rainfall data” (grey dots) by selecting the
maximum values for each duration (1 to 90 consecutive days) for the years
without rainfall-triggered landslides records.

Identification of rainfall triggering thresholds. Critical rainfall thresholds
were established by linear and potential regression. The lower limit and the
upper limitthresholds were also computed.

Validation of thresholds based on ROC metrics (Fawcett, 2006; Staley et
al.,2013).

Identification of probability of rainfall thresholds and probability of
landslide event above each rainfall threshold based on the Return
Period and the Positive Predictive Rate (PP;).

Evaluation of the regional performance of rainfall thresholds by
calculating, to the lower rainfall threshold and to each distance buffer (15 to
60 km), the ratio False Negative / (True positive + False Negative), not
excluding the events with less than 3 years of return period. When this
relation increase, the rain gauge is assumed no longer representative.
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3. RESULTS

The Lisboa-Geofisico was the rain
gauge selected (daily rainfall records
since 1864), located inside the
Lisbon urban area.

10 km from the rain gauge was the
critical distance, for which the lowest
ratio non-rainfall triggered events/
total landslide events was obtained

Fig. 1 Landslide cases in the Lisbon region [ * ReaiGauge.
(Note: only landslides with high spatial

accuracy are represented).
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highest return period and above
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area in the period from 1865 to o Lancsides RP3 cons;:u“ve day:m RP25
2010 (Fig. 2).
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Fig. 2 Critical rainfall combinations quantity—duration
that resulted in landslide events in the Lisbon region,
and the return period (RP) for 3, 5, 10, 25, 50, 100, 150
and 200 years.

3.2 RAINFALL THRESHOLDS

The linear regression follows the equation: y = 5.5D + 124.6, where vy is the
critical rainfallin mm and D is the duration in days (Fig. 3).

Maximum values, for each duration (1 to 90 days) and for each climatological
year (1865 to 2010) without rainfall-triggering landslide reported, were also
computed and considered as 'negatives' to validate the rainfall thresholds.

The lower threshold is the limit below which there are not events, but only true
negative. It was adjusted by the linear function: y=4.4D+56.5.

The maximum threshold is the limit above which there are only true positives and
follows the function: y =7.3D + 235.8.
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Fig. 3 Rainfall quantity—
duration thresholds for the
landslide events in the
Lisbon region from 1865 to
2010.
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3.3 VALIDATION OF THRESHOLDS BASED ON ROC METRICS

Threshold performance was assessed by ROC metrics (Table 1).

Regression threshold (linear): good results in FP,(0.02) and in TS (0.27).

Lower limit threshold: conservative model; good results in landslide events
prediction (TP.=1); high number of “no events” above the threshold (FP;=0.37).

Upper limit threshold: sensitive model; only surpassed by true positives
occurrences, so FP; and FA; have the best result (0); TPy is very low (0.03),

considering the high number of FN.

Table 1 ROC metrics associated to the established rainfall thresholds in the Lisbon region.

Regression Regression Lower limit ~ Upper limit
threshold (linear) threshold (potential)  threshold threshold
True Positive (TP) 35 37 96 3
False Negative (FN) 61 59 0 93
False Positive (FP) 33 46 527 0
True Negative (TN) 1395 1382 901 1428
True positive rate (TPr=TP/(TP+FN) 0.36 0.39 1 0.03
False Positive rate (FPr=FP/(FP+TN) 0.02 0.03 0.37 0
False alarm rate (FAR=FP/(TP+FP) 0.49 0.55 0.85 0
Threat score (TS= TP/(TP+FN+FP) 0.27 0.26 0.15 0.03
Positive predictive rate (PPs=TP/(TP+FP) 0.51 0.45 0.15 1.00

3.4 PROBABILITY OF RAINFALL THRESHOLDS AND PROBABILITY OF

LANDSLIDE EVENT ABOVE EACH RAINFALL THRESHOLD

Positive predictive rate (PP;) gives the probability of a rainfall combination
quantity-duration resultin a landslide event when the threshold is exceeded.

Above the lower limit threshold the probability is 0.15 (Table 1) and above the
upper limit threshold the probability is 1 (landslide occurrence is certain).

In the plot area between the lower limit and upper limit thresholds the 20%, 30%,
40%, 50% and 60% thresholds probability of landslide occurrence were
established based on the PP, (Fig. 4). Further probabilities were not possible to

compute due to lack of data.

Table 2 ROC metrics associated to probability of landslide events above the rainfall

thresholds.

PPr20% PPr30% PPr40% PPg50% gg:z
True Positive (TP) 91 76 66 50 15
False Negative (FN) 5 20 30 46 81
False Positive (FP) 364 177 99 50 10
True Negative (TN) 1064 1251 1329 1378 1418
True positive rate (TPr=TP/(TP+FN) 0.95 0.79 0.69 0.52 0.16
False Positive rate (FPr=FP/(FP+TN) 0.25 0.12 0.07 0.04 0.01
False alarm rate (FAr=FP/(TP+FP) 0.80 0.70 0.60 0.50 0.40
Threat score (TS= TP/(TP+FN+FP) 0.20 0.28 0.34 0.34 0.14
Positive predictive rate (PPr=TP/(TP+FP) 0.20 0.30 0.40 0.50 0.60

The return periods of rainfall thresholds were computed for each duration and

the results are shownin Fig. 5.
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Fig. 4 Probability (20%, 30%, 40%, 50%, 60%) of
landslide events above the rainfall thresholds.
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Fig. 5 Return period computed for the rainfall
thresholds.
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3.5 REGIONAL PERFORMANCE OF THRESHOLDS

We found that the ratio False Negative / (True positive + False Negative), for
the lower threshold, is stable up to the 50 km from the rain gauge.

Table 3 Ratio FN/(TP+FN) for the lower threshold for different buffer distances to the rain

gauge.

Distance True Positive  False Negative Ratio
(km) (TP) (FN) FN/(TP+FN)
[10-15] 20 4 0.2
[15-20[ 7 2 0.2
[20-30[ 26 11 0.3
[30-40[ 23 7 0.2
[40-50[ 8 2 0.2
[50-60[ 5 5 0.5

4. CONCLUSIONS

- The critical rainfall combinations responsible for triggering the landslide
events were identified by selecting the pairs (quantity-duration) with the
highest return period.

- Four rainfall thresholds were firstly identified: linear regression threshold (y
=5.5D + 124.6); potential regression threshold (y = 67.8D"*); lower limit (y =
4.4D +56.5) and the upper limit (y =7.3D +235.8).

- The thresholds performance was tested with ROC metrics with good results
in Treat Score for rainfall thresholds obtained with linear and potential
regression (0.27 and 0.26, respectively).

- The zone between the lower and upper thresholds (where landslide may
occur) was analysed defining the probability of 20%, 30%, 40%, 50% and
60% for landslide events to occur above each rainfall threshold. These
probability thresholds can be more informative to apply to early warning
systems.

- Thereturn period of rainfall thresholds is very high for the durations below 10
days. The probability of rainfall thresholds is typically highest for durations
between 15t0 45 days.

- The thresholds identified for the Lisboa-Geofisico rainfall gauge can be
applied with reasonable results for the area within 50 km distance.
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