
CLIMATE CHANGE IMPACT ON GRAVITATIONAL MASS 
FLOW OCCURRENCE IN THE ISLAND OF ISCHIAA06

ABSTRACT
The Italian Island of Ischia is prone to natural hazards. Especially the slope morphology and pyroclastic soils make the island vulnerable to 

gravitational mass flow events (GMF), such as landslides, earth and debris flows and rockfalls. In the period 2002 to 2022, one severe earth-

quake and 19 rainfall-triggered GMF-events have been reported. This study aims to create a common understanding about the occurrence of 

GMFs under future climate conditions among different stakeholders, based on scientific data and basic probabilistic methods. Therefore, his-

torical rainfall and GMF databases are combined in a Bayes model and linked with climate change projections of daily rainfall patterns. The 

results indicate that the historical occurrence probability of GMFs will change under future climate conditions. Depending on the applied 

climate model and emission scenario, the probability might slightly decrease or increase in the future. Yet, the probability of extreme GMFs 

triggered by high intensity rainfall is likely to be increased under future climate conditions – especially under worst case climate projections.

INTRODUCTION
The Island of Ischia located in the Gulf of Naples, is part of the active Phlegraean fields and was formed during various sequential volcanic 

phases (Carlino et. al., 2022). The island is prone to natural hazards due to the potential of heavy rainfalls and its volcanic origin, coexisting 

with seismic activity leading to earthquakes. Various floods and types of gravitational mass flows (GMF) such as shallow, flow-like, and 

deep-seated landslides, debris flows and rockfalls have been reported in the past. Especially, the Mount Epomeo green tuffs favor slope 

instabilities. The green tuffs generally have a relatively high connected porosity, meaning water can easily infiltrate this lithology inducing 

high pore pressure and destabilizing of the rock mass. The Mount Epomeo green tuff also contains swellable clay minerals of the smectite 

group, which is a weathering product of basaltic rocks (D’Antonio et al, 2021). These clay minerals increase their volume favoring a rapid 

increase of pore pressure during rain, which is one of the drivers of landslides on a microscopical level. 

In recent years, several natural disasters have been reported. On August 21st, 2017, an earthquake with rather moderate magnitude of 

MW 3.9 – Md 4.0 caused two fatalities, 42 injuries, and extensive damage to the Casamicciola Terme town and its surroundings, with 2500 

displaced people (De Falco et. al., 2023, De Novellis et. al., 2018). Furthermore, three severe GMF-events occurred in Casamicciola Terme: 

On November 10th, 2009 (Santo et. al., 2012) and on November 26th, 2022 (De Falco et. al., 2023 and Romeo et. al., 2023) heavy rainfalls 

triggered flash floods, debris flows and flow-like landslides resulting in a total of 13 fatalities (De Falco et. al., 2023). Also on April 30th, 

2006, a landslide with one fatality occurred near Mount Vezzi (De Vita et. al., 2007). 

In addition to the three well-documented events mentioned above, scientific databases contain additional information on about 910 GMFs 

registered in the past. The databases of historical GMF-events were screened. A merge of the ITALICA (Peruccacci et al. ,2023), CAFLAG 

(Esposito and Matano, 2023), IFFI (Italian Landslide Inventory by ISPRA, 2023) and LaICa (Fusco et. al. 2023) datasets identified 910 GMFs 

from 1828 to 2022 on the island of Ischia. For the period 2002 – 2022, 20 events are listed with exact dates, of which 19 have been triggered 

by rainfalls and one was triggered by an earthquake (see Figure 1 and Table 1). Thus, in the observation period of 21 years the historical 

occurrence probability of a rainfall induced GMF was 90 % within one year.
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Figure 1 Island of Ischia: Overview of historic GMFs and rainfall stations.

Drivers of GMFs are slope morphology, lithology, land-use (changes), anthropogenic interventions, and extreme weather events. Ultimate 

triggers are rainfalls (extremes on different temporal scales), rapid snowmelt (especially in alpine regions) or earthquakes (Tichavsky et.al., 

2019). Rainfall can be linked to climate conditions and climate change, and therefore rainfall-induced GMFs are the focus in this study. In 

general, it was shown that long-lasting wet periods (i.e., antecedent rainfalls) and/or short-term intense rainfall are inducing slope failures 

(Tichavsky et.al., 2019 and references therein). In case of pyroclastic soils, as on the island of Ischia, it depends on the soil cover (shallow 

or not) and grain size whether antecedent conditions or short-term extreme rainfalls trigger slope instabilities (Uzielli et. al., 2018 and refer-

ences therein). Especially the disaster on November 26th, 2022, was triggered by a very extreme daily rainfall event (De Falco et. al., 2023 

and Romeo et. al., 2023), which was then publicly connected to climate change.

To recover from the 2017 earthquake disaster and the 2022 flashflood and landslide disaster, the Italian government appointed a Special 

Commissioner. The Commissioner aims, in collaboration with the European Investment Bank, to support the Island of Ischia in the process 

of planning for the post-disaster recovery and reconstruction. In this collaboration, recommendations on the most relevant climate change 

adaptation investments are elaborated. As a part of this elaboration, the GMF occurrence under future climate conditions is estimated. The 

applied data and methods and results are discussed in the following chapters.

DATA AND METHODS 
To estimate the future GMF probability, the following steps were carried out:

1. Analysis of historical data (2002 – 2022):

	 a. Data analysis of historical GMF and rainfall datasets.

	 b. Establishing of a conditional probabilistic model (i.e., Bayes Model) describing historical GMF probability.

2. Future projections (2040 – 2060)

	 a.  Analysis of projected changes of daily rainfalls (based on the EURO-CORDEX Regional Climate Model ensemble).

	 b. Estimation of future GMF probability based on conditional probabilities and projected rainfall.

In the first step, databases of historical GMF events were screened. A merge of the ITALICA (Peruccacci et al. ,2023), CAFLAG (Esposito and 

Matano, 2023), IFFI (ISPRA, 2023) and LaICa (Fusco et. al. 2023) datasets identified 910 landslides from 1828 to 2022 on the island of Ischia 

(Figure 1). The different datasets contain information on location, date, landslide characteristics (e.g., movement type, friction angle, triggers) 

and damage. Unfortunately, this information is not consistently available and information regarding intensities (runout, energy, volume, or 

velocities) is very sparse or not available. Furthermore, the exact date of occurrence is not always available within the datasets. It is assumed 

that events with reported exact dates were serious events, which need to be particularly considered in the landslide risk assessment of the 

island. All types of GMFs – complex, debris or earth flows, rock falls and shallow landslides – between 2002 and 2022 were considered since 

the triggering processes are similar. No deep-seated landslides have been reported. As far as possible, the selected GMFs were validated by 

internet research and scientific papers. For instance, the events in April 2006, November 2009 and November 2022 are documented by De 

Vita et. al., 2007, Santo et. al., 2012, De Falco et. al., 2023 and Romeo et. al., 2023. 
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Furthermore, historical rainfall measurements of four rainfall stations on the Island of Ischia were analysed (Figure 1). The station Mount 

Epomeo contains the longest record (2002 – 2022) and was considered in this study. Rainfall in Ischia has a clear seasonal pattern with a 

rainy season from September to February, peaking in November (150 mm/month), and a minimum from July to August (18 mm/month). 

Mean annual rainfall is around 870 mm/year. In 20 years of observation, 1696 days with a daily rainfall larger than 1mm/day have been 

observed. The mean rainfall event is 11 mm/day, while the maximum observed rainfall was 145 mm/day and occurred on November 26th, 

2022.

Table 1 shows the selected GMF events in detail. Most of the events occurred during the rainy season, with two distinct peaks: one at the 

beginning (October/November with heavy short-term rainfall events) and one at the end of the rainy season (February with higher ante-

cedent rainfalls, and thus most probably saturated soils). Triggering daily rainfall events were mostly smaller in February and larger in the 

remaining months. This is comprehensible considering the rather saturated soils at the end of the rainy season and potentially larger daily 

rainfall events in earlier rainy season months. Table 1 also leads to the assumption that all considered landslides were triggered by rainfall 

events (as also supported by De Falco et. al., 2023). Other triggers such as earthquakes cannot be generally excluded, but especially the 

well-documented disastrous events in 2006, 2009 and 2022 were triggered by heavy daily rainfall events. The 2022 event can be considered 

as very extreme while the other two can be considered as severe (compare also Figure 2). 

Table 1 Selected GMFs (2002 – 2022) with additional information (date, rainfall at and 59 days prior the event).

Figure 2 shows the daily rainfall events greater than 1 mm/day observed at Mount Epomeo, with rainfall events related to a GMF event 

marked in red – clearly, most events did not lead to a GMF event. The plot is divided into five classes: the first two classes ([1,20], [21,40]) 

are related to rainfall events that occur on an annual basis. The subsequent two classes ([41,60], [61,80]) can be associated to return intervals 

of five to ten years. The remaining class ([>80]) is unbounded and contains daily rainfall with return intervals of 20 years and more. These 

defined rainfall classes are essential in the applied Bayes model, which is described in the following.

Figure 2 1D-scatter plot of rainfall events (> 1 mm/d) from 2002 to 2022 and associated GMF-events (red dots). The 1D-scatter plot has no specific y-axis; the variation along the y-axis is to 

avoid overplotting of data points and to show the data density along the x-axis.

While rainfall is considered as main trigger of GMFs, they are not only ruled by rainfall, which means that a similar amount of daily rainfall 

does not always lead to a GMF-event. The question occurs: at which threshold does a GMF happen? Berti et. al., 2012 suggest a probabil-

istic approach to evaluate rainfall thresholds and GMF occurrence based on a Bayesian model (conditional probability). To keep the Bayes 

model simple and since most severe GMF events are most likely triggered by short and intense rainfall, the 1D-case as proposed by Berti 

et. al., 2012 is used: The conditional probability P(A|B) is the probability of some event A (i.e., a GMF) happens given the occurrence of 
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some other event B (i.e., daily rainfall sums). In other words, the conditional probability of A given B (also called posterior probability), is 

the probability of observing a GMF when a rainfall event of magnitude B occurs. In this study, B is considered as five rainfall classes (n) as 

shown in Figure 2. The conditional probability is provided by the Bayes’ theorem:

where:

P(B|A) is the conditional probability of B given A (also called the likelihood), that is the probability of observing a rainfall event of mag-

nitude B when a GMF occurs,

P(A) is the prior probability of A, that is the probability a GMF occurs regardless of whether a rainfall event of magnitude B occurs or not. 

In this study, the prior probability is 1.1 % (19 GMF’s in 1696 rainfall events).

P(B) is the marginal probability of B, that is the probability of observing a rainfall within a certain rainfall class (n) regardless of whether a 

GMF occurs or not.

As an example, for a rainfall in the fifth rainfall class B5 with an intensity I > 80 mm/day, it is P(B5|A) = P(I > 80|A) = 1/19 = 0.05 and 

P(B5) = P(I > 80) = 2/1696 = 0.0011 (2 out of the 1696 rainfall events fall in the considered range of intensity). The corresponding landslide 

probability is P(A|B5) = P(A|I > 80) = 0.05*0.011/0.0011 = 0.5. Running the same analysis for different intensity classes n, a histogram of 

GMF probability is obtained (Figure 3). As described by Berti et. al., 2012 the intensity classes with the higher P(A|B) values are most sus-

ceptible to GMFs. If the distribution of rainfall changes in the future due to climate change (e.g., towards more extreme events), it is possible 

to estimate changes in the occurrence of GMFs on a statistical basis. 

Figure 3 Conditional probability of GMFs per rainfall class based on historical data (2002 - 2022)

In the second step, climate changes signals of daily rainfalls were assessed. EURO-CORDEX climate model data, as publicly available on the 

Copernicus Climate Change Service (C3S) platform, with a resolution of ~12 km over Europe ( Jacob et al., 2014, Hennemuth et al., 2017, 

Jacob et al., 2020), were used in this study. The climate model ensemble considers three different emission scenarios (i.e., rcp2.6, rcp4.5 and 

rcp8.5) and 14 different climate models. In total, 42 time series of simulated daily rainfalls from 1981 to 2065 were analyzed. 

To assess the changes in future rainfall, the following approach is used: First, the five historical rainfall classes, as shown in Figure 2, are 

translated into percentiles. This means that each bin is defined by its percentile value based on the historical observations. Second, for 

each of the 42 climate models, the percentiles calculated from the observations are applied to classify the simulated rainfall timeseries for 

the historical period 2002 – 2022. Third, the absolute values derived from this classification, separately for each climate model, is used to 

classify the simulated future period (2040 – 2060). Fourth, the number of days per bin is counted for both, the historical and future periods 

simulation and changes are calculated relatively to each other.

This approach, based on relative values (percentiles) derived from the observed series, but using absolute values as classification range to 

calculate the change from historical to future period in the climate model simulations, allows the use of original climate model data without 

explicitly correcting the model bias.   

Figure 4 shows the projected changes in number of days per defined rainfall class. Low rainfall intensities are likely to decrease, while 

medium intensities are likely to slightly increase, and high intensities rather increase. Variations between different climate models increase 

with higher intensity.
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Figure 4 Box plots of simulated changes [%] in 14 CORDEX climate model simulations for three different emission scenarios and each rainfall class. The number (red for a decrease or blue 

for an increase) shows the median of the CORDEX-ensemble.

Under the premise that the conditional probabilities of rainfall and GMFs do not change in the future, the occurrence of GMFs in the future 

was estimated based on the following approach. The climate change signals of each climate model and each rainfall class were applied to 

the historical observations. Then, the number of projected GMFs for the period 2040 – 2060 (#GMFCC) was calculated based on the changed 

rainfall occurrences in each class and each climate model simulation (#rainfalli,CC) as follows:

RESULTS AND DISCUSSION
The left panel of Figure 5 shows the projected number of GMFs and the related changes based on the CORDEX ensemble for different 

emission scenarios. Due to diverging climate change signals – decrease in the lower two rainfall classes and clear, yet uncertain, increase 

in the highest rainfall classes – the overall number of GMFs remains practically unchanged in the ensemble median However, the box plots 

show a low model agreement: 18/10/14 models show an increase/no change/decrease of GMFs in the future. The total number of projected 

GMFs (2040 – 2060) varies from 16 in the best to 23 in the worst case. Compared to 19 historical GMF events, the projection varies between 

-15 % to +20 %. 

The right panel in Figure 5 focuses on extreme GMFs (e.g., 2022-event) triggered by rainfalls with very high intensities and shows that their 

probability is likely to increase under future climate conditions. There is a rather good model agreement, with 21/9/12 models showing an 

increase/no change/decrease of future GMFs. Two climate model show a severe increase of extreme GMFs from one historical to four/five 

under future climate conditions. 

Figure 5 Results: left panel shows the total projected number of GMFs (2040 – 2060) along the CORDEX ensemble as well as projected changes [%]. Right panel shows the projected changes 

in the highest rainfall class and associated number of projected extreme GMF-events for the period 2040 - 2060. Blue number show the median along the ensemble.
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With respect to decision making, it is important to emphasize that the data produced by climate models is subject to uncertainties for various 

reasons, such as different assumed emission scenarios, imperfect simulation of the climate system by the models, and the inherent complex-

ity and non-linearity of the system. Also, the climate models have a rather coarse resolution, which do not fully capture orographic effects of 

the island’s topography. Climate models with very high resolution are currently developed (e.g., Raffa et al., 2023), but no large ensembles 

as required for the analysis of uncertainties are yet available. Therefore, climate model projections with higher temporal (e.g. hourly) and 

spatial resolution remain a subject for future research.

Additional uncertainty comes from the use of accumulated daily rainfall data that may not fully capture differences in triggering events of 

shorter duration. Future increases in rainfall intensities for events with durations of a few hours might be higher than for daily rainfall (Westra 

et al., 2014), possibly implying more pronounced increases in GMF occurrence. Furthermore, the analysis is based on the Mount Epomeo 

rainfall station, which is considered as representative for all recorded GMFs on Ischia, although local rainfall intensities triggering the specific 

GMF might have been different than observed at Mount Epomeo station. 

Furthermore, the applied Bayes model introduces uncertainties: For instance, many of the observed GMFs fall into the two lowest rainfall 

intensity classes, where a decrease of rainfall days and therefore a decrease in GMFs is projected. However, this could be misleading, as the 

antecedent rainfall is not considered. Antecedent rainfalls and the related saturated soils might be relevant especially for GMFs triggered by 

rainfall events with relatively low daily rainfall intensity (compare also e.g., Uzielli et. al., 2018). Also, the combination of long dry spells 

followed by extremely wet conditions might trigger GMFs and could be observed more frequently in the future (Tichavsky et. al., 2019). 

Consideration of antecedent soil moisture conditions could be considered in a 2D Bayesian model (as proposed in Berti et. al., 2012). In 

addition, the assumption that conditional probabilities do not change in the future is only true if the earth surface system state remains 

unchanged (Berti et. al., 2012). For instance, an earthquake could change the conditions that triggered a GMF in the past and the prior 

probabilities may not be representative for the future anymore. However, after the 2017-earthquake, the reported landslides did not signif-

icantly increase. Therefore, no direct link to the earthquake can be established, indicating that the system might change slowly or that the 

magnitude of this earthquake was too weak. 

In addition, the applied method has limitations in terms of spatial resolution. The computed probabilities refer to the whole island and 

cannot be linked to a specific location on the island. Furthermore, the GMF database includes all different GMF types, which were analyzed 

together to have a suitable sample. Also, the database is limited to marginal information on intensities of GMFs, with only three GMF events 

documented in detail. For a more detailed view of the GMF hazard and risk on hot spots, more specific studies are required.

Despite the described uncertainties, the methodology is a statistical approach which could be further investigated by a comparison with 

more process-based methods, such as proposed by Kaitna et. al., 2023. However, the Bayes Model captures the basic physical relationship 

between daily rainfall and GMF occurrence. The use of probabilistic rainfall thresholds allows the consideration of climate change signals 

and provides a basis for discussion on how future GMFs might impact the society on the Island of Ischia. It raises attention to likely more 

frequent extreme events and highlights the importance of measures to reduce these hazards and/or avoid disastrous events in the future. 

CONCLUSIONS
On the Island of Ischia, the occurrence probability of serious GMFs is already high under the current climate. The analysis of historical events 

revealed that rainfalls with high intensities have the potential to trigger disastrous GMF events. The applied Bayes model also showed that 

the probability of GMFs during rainfall events with high intensities is higher compared to low intensities.

The analysis of projected changes in rainfall revealed that events with low intensities will rather decrease in the future and high intensities 

will rather increase. Based on these climate change signals and conditional probabilities, the occurrence probability of GMFs is projected to 

change between  15 % and +20 % under a future climate for 2040 – 2060. Furthermore, the analysis showed that in two worst case scenarios, 

four to five GMFs with the same disastrous potential as the 2022-event may happen in 22 years.

In the light of recovery and reconstruction, the analysis clearly shows that the threat of GMFs is evident and might be even more severe in 

the future, due to increased frequencies of extreme events. The study allows for reliable worst-case considerations that will serve as a base 

for discussion along different stakeholders. In subsequent studies, hot spots of potential slope instabilities shall be investigated more into 

detail and plans for adaptation measures shall be made to reduce the intensity of future GMF events.
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