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Abstract. Quantifying the physical dimensions of historical tsunamis is fundamental for validating hazard models and 10 

informing coastal risk management. However, pre-instrumental records predominantly consist of qualitative descriptions 

from which macroscopic intensity are defined to quantify the size of the tsunami. In this study, we present the first empirical, 

statistically robust, and fully invertible relationship linking local macroscopic tsunami intensity to shoreline wave height. By 

coupling a simplified 1D onshore hydraulic propagation model with high-resolution coastal transects and local roughness 

constraints, we homogenized observation metrics (run-up and inundation distance) into a consistent wave height reference 15 

for three benchmark Mediterranean events: the 1908 Messina Strait, the 2002 Stromboli, and the 2020 Aegean Sea tsunamis. 

Applying Orthogonal Distance Regression (ODR) to account for uncertainties in both dependent and independent variables, 

we defined a linear scaling law applicable to any existing historical observation. The relationship is validated against existing 

observations and subsequently applied to the Italian Tsunami Effects Database (ITED), which collects all the tsunami effects 

observed along the Italian coasts since 79 AD, reconstructing the tsunami history of Italian coasts and establishing an 20 

empirical bridge between historical qualitative archives and modern tsunami modelling and hazard assessments. 

1 Introduction 

A primary limitation in quantitative tsunami hazard assessments and computational models—such as the regional 

NEAMTHM18 hazard model for the North-Eastern Atlantic, the Mediterranean, and Connected Seas (Basili et al., 2021), 

which underpins European tsunami hazard and national warning protocols (DPC, 2018; Selva et al., 2021; Tonini et al., 25 

2021)—is the absence of an explicit empirical control based on past observation of tsunamis, due to the extreme limitation of 

such data. While quantitative hazard models target physical metrics like coastal wave height, run-up, or flow depth to 

evaluate risk and design mitigation strategies (Grezio et al., 2017; Behrens et al., 2021; Tonini et al., 2021; Goda and De 

Risi, 2023), observational historical catalogues rely heavily on qualitative macroseismic-like descriptions (Ambraseys, 1962; 

Baptista and Miranda, 2009; Maramai et al., 2019a, 2019b; Papadopoulos and Imamura, 2001; Papadopoulos et al., 2007, 30 
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2020; Sieberg, 1923, 1927; Soloviev et al., 2000). For this reason, PTHA models are heavily based on the source modeling, 

looking to merge all existing sources of information about potential tsunami sources (e.g. Selva et al. 2016), but the final 

results can only qualitatively be compared with the record of past tsunamis. This is mainly due to the lack of a sold 

relationship bridging calculated physical tsunami parameters to historical macroscopic observations.  

Tsunamis are events rare. Detailed knowledge of their impact is limited to a few events, unevenly distributed over time. 35 

Since 2000 BC, the Global Historical Tsunami Database (NCEI/WDS) reports less than 3000 events. Unfortunately, only 

about 35% have the highest reliability value (4, Tsunami Defined) and about half of these are concentrated since the 1960s 

and constitute the majority of the record. The small number of available observations is the reason for the high uncertainty in 

the description of the tsunami sources (Behrens and Dias, 2015). 

To extend over time observations, tsunami catalogues collected all existing information about older historical tsunamis, as 40 

described in historical documents (Papadopoulos et al., 2014 and reference therein). In the Euro-Mediterranean region, 

catalogues like the EMTC (Euro-Mediterranean Tsunami Catalogue) and ITED (Italian tsunami effects database) summarize 

highly heterogeneous historical descriptions using macroscopic intensity grades (Maramai et al., 2019a, 2019b). For 

example, the EMTC contains observations for almost 300 tsunamis from 6150 BC to present. The information about the 

physical intensity of the tsunami in the different sites is not always directly available, and when available is provided with a 45 

variety of metrics (e.g. inundation length, run up, etc.) and referred to coastal configuration which may different from its 

present state. Consequently, metrics such as the 12-degree Papadopoulos and Imamura (2001) scale were explicitly 

engineered to be independent of physical parameters, focusing instead on discrete effects on humans, objects, vessels, and 

structures (in line with EMS-98; Grünthal, 1998).   

Quantitative hazard frameworks cannot be directly benchmarked or tested against centuries of macroscopic observational 50 

data because no functional conversion exists between physical hydrodynamics and macroscopic grades. Unlike modern 

seismic hazard methodologies—which routinely employ empirical conversions between ground motion parameters and 

macroseismic intensity to test national hazard models (Faccioli and Cauzzi, 2006; Gomez-Capera et al., 2007, 2020; Faenza 

and Michelini, 2010; Meletti et al., 2021; Visini et al., 2021)—tsunami hazard modeling lacks a parallel bridging function. 

Developing such an empirical relationship is therefore essential to converting historical macroscopic intensities into physical 55 

parameters, expanding observational datasets, and systematically evaluating past and present PTHA models like 

NEAMTHM18. 

To address this gap, we defined a strategy to develop an empirical relationship bridging calculated physical tsunami 

parameters to historical macroscopic intensity scales in the Mediterranean Sea, which may be adapted and applied also in 

other areas. In particular, Section 2 selects a subset of three historical events in the Mediterranean Sea with co-located 60 

physical measurements and macroscopic intensity estimates, homogenizing observations to coastal wave height while 

accounting for local coastal morphology. Section 3 derives and tests the target empirical regression between physical wave 

height and macroscopic intensity. Finally, Section 4 tests this relationship with all existing data and applies it across the 
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Italian national catalogue (ITED) to reconstruct physical wave height estimates for all documented historical tsunamis 

impacting the Italian coastlines. 65 

2. Building a homogeneous dataset of observations  

To build a homogeneous and unbiased dataset for the regression analysis, we selected  a few important events with multiple 

observations, on which to dive for building a homogeneous starting dataset of observations.  

The Messina and Reggio Calabria earthquake and tsunami of 1908 AD is the event with most observations in the Euro-

Mediterranean tsunami catalogue (EMTC, Maramai et al., 2019a, 2019b). This event was generated by a magnitude 7.1 70 

earthquake, which probably generated an earthquake-induced landslide, with both sources generating a significant tsunami 

that caused, along with the earthquake, more than 80,000 fatalities (Favalli et a. 2009, Guidoboni et al. 2018), and that 

impacted a large area with a wide variety from large to small tsunami intensity, up to more than 10 m of wave height (Favalli 

et al. 2009). A rich documentation was produced at the time of the event, allowing a detailed reconstruction of the event in 

many target areas (Platania, 1909a; 1909b; Omori 1909; Baratta, 1910).  75 

To complement this event, we selected two additional more recent Mediterranean events: the tsunami following a volcanic 

landslide at Stromboli in 2002; and the 2020 Aegean Sea earthquake and tsunami, which affected the coasts of Greece and 

Turkey. This allows extending source typology, including one event with a purely non-seismic source (Stromboli 2002), one 

with a purely seismic source (Aegean Sea 2020). This is important for a wider application of the relationship, as existing 

datasets of macroscopic tsunami intensity mix the different sources and the actual source is sometimes even unknown for 80 

some historical event (Maramai et al., 2019a, 2019b).  

More information about the selected events and the related source data can be found in Appendix A. Available observations 

include wave height along the shoreline, tsunami elevation, flow depth, run-up, inundation/withdrawn length (Figure 1a), or 

simply a qualitative description of the observed phenomena. Existing databases provide data acquired from all available 

sources, without proposing any quantification of physical measurements other than those reported in historical documents or 85 

in the scientific literature, based on observations or, mainly for recent events, direct measurements.  
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Figure 1: a) Physical measures of tsunamis (modified from Triantafyllou et al., 2021). b) Wave impact on a constant slope S0 land 90 

profile, reporting wave-crest levels (YS,), onshore inundation distance (L), run-up (R), total head friction gradient (Sf), water depth 

(y) and the profile of wave-crest heights (dashed red line; modified from Smart et al. 2016). 
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The most common parameters for quantitatively measure tsunamis are run-up and inundation length, as they can be directly 

derived by the marks left by sediments and water. For this reason, databases report almost exclusive these two types of 95 

measure.  

Run-up and inundation length can be related as:  

� = ���            (1) 

where � is the run-up, � the inundation length, and � the mean slope (Fig. 1a). This  very simple and intuitive relationship is 

possible as run-up and ingression both indicate the point of maximum onshore penetration, but in two different directions: 100 

horizontal and vertical. Eq. 1 shows that to relate run-up and inundation length, we need to have a slope value that 

adequately characterises the affected location. 

On the other hand, run-up and inundation length implicitly contain a great variability as a function of topography and 

hydrography, whose exploration or analysis always require a significant effort in retrieving specific local topographic data at 

the time of the event. In addition, such measures may reflect a very local situation, more than the general impact in an area 105 

that is commonly referred to when macroscopic tsunami intensity is assigned. In addition, local conditions may significantly 

change through time, due to both natural (e.g. coastal dynamic) and/or artificial (e.g. new infrastructure development) 

reasons.  

To systematically correlate the macroscopic tsunami intensity with physical parameters, it is necessary to make reference to 

a homogeneous, stable, and standardized type of measures. To this end, we prefer to select a third tsunami measure, that is 110 

the wave height along the coastline. Despite the fact that wave height along the coastline is more difficult to measure 

directly, this measure is more stable along the coast and through time, and thus more suitable to be representative of an entire 

area, rather than a single point. In addition, wave height  is consistent with the tsunami parameter typically evaluated when 

the offshore tsunami propagation is modelled without an explicit evaluation of the local inundation, which is the typical case 

of national and regional hazard assessments (Grezio et al. 2017, Behrens et al. 2021). 115 

Consequently, to build a homogeneous input dataset for the regression, we first establish a reference method to generate an 

approximate estimation of the wave height at the coastline from any of the other physical intensity measures (Section 2.1). 

Then, we estimate the model’s parameters for each observation point to apply the method in the selected three case studies  

(Section 2.2). The results are then tested to verify the consistency of the obtained estimates with existing information, when 

available (Section 2.3).   120 

 

2.1 Approximate model for wave heights 

The simplest relationship between the main physical parameters describing tsunamis can be obtained neglecting all local 

effects. Such 'rule-of-thumb' approach can be used anywhere to link the offshore wave height to the potential maximum 

inland effects simply approximating friction and elevation changes. An example of this type of approach is the one proposed 125 

by Leonard et al. (2008), which has been adopted for developing evacuation plans along the coasts of New Zealand and for 

the Italian Coasts (DPC, 2018), translating the regional tsunami hazard model results (e.g., NEAMTHM18, Basili et al., 
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2021) into evacuation zones (Tonini et al. 2021). This empirical relationship is based on a simple wave reduction law that 

only differentiates whether inundation occurs along a river or not, and considers 1 m of maximum run-up decay for every 

200 m of tsunami travel inland, or 1 m for every 400 m in significant rivers, until a topographic obstacle is met (Basili et al., 130 

2021; Leonard et al., 2008; Smart et al., 2016; Tonini et al., 2021). 

This type of approximations may be useful for national-wide applications, not requiring accurate information about the 

morphology of the target area. When the average slope of the terrain and its effective friction are known, a better 

approximation can be obtained using simplified 1D physical onshore propagation model (e.g. Smart et al. 2016; Glimsdal et 

al. 2019).  135 

A further step up can be obtained with more sophisticated approaches, accounting for the energy conservation principle and 

modelling the energy dissipation along potential inundation profiles with a modelling approach known as Energy Grade Line 

Analysis. Energy Grade Line has been adopted in different contexts providing good results for engineering applications (e.g. 

Wiebe, 2013; Smart et al., 2016; Kimpton et al., 2024), and has been adopted in the American Society of Civil Engineers 

(ASCE) design standard for tsunami-exposed structures (Chock, 2016; ASCE/SEI7-16, 2016; ASCE/SEI7-22, 2022). 140 

Different implementations of this method have been proposed, typically requiring a detailed topographic model of the 

coastal area and a fine-tuning calibration of the model’s parameters that strongly depend on the target area (Estrada et al., 

2025). 

Here, we follow an intermediate level approach, implementing the simplified 1D model proposed by Smart et al. (2016), 

which enables the estimation of run-up from wave height based on the concept of the roughness aperture �. This method is 145 

selected considering that historical topographic maps are often difficult to reconstruct, and that it should be uniformly 

applied to multiple target areas.  

The Smart et al. (2016) model considers a tsunami wave, propagating onshore with a given velocity over a uniform ground 

slope, from a one-dimensional perspective. The parameters involved are summarised in the diagram in Figure 1b. Ground 

permeability is ignored and the wave is considered quasi-steady (Smart et al., 2016). In particular, differentiating along the 150 

direction of flow the Bernoulli's equation for free-flowing currents, and assuming that the wave velocity is near constant 

throughout a vertical section (shallow-water approximation), and accounting for the flow resistance through the Darcy’s 

friction factor f, the maximum wave height at the coast can be derived from  inundation distance and run-up, that is 

  �� = ��� 	
��

� − 1� = ��� �
 ��


��� − 1�                                              (2) 

where a is the roughness aperture, which is a function of the local Darcy’s friction factor f and the distance between the flow 155 

protrusions such as trees or houses d: 

      � = 2 �
� .      (3)  

In Eq. 2, the three main physical parameters for describing the local tsunami wave (wave height ��, the run-up �, and the 

inundation length �) are related to each other through two local unknown parameters: the mean characteristic slope ��, 

expressed as percentage, and ground cover roughness aperture a, expressed in meters. 160 
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The use of a mean slope by using a constant criterion for all observations (e.g. the mean slope up to 100 m from the coast) 

might be limiting for the purpose of an accurate description with regard to specific locations. Instead, it is necessary to take 

into account the size of the local tsunami, so that the slope of an area of similar size to that actually flooded by water during 

that event could be assessed. If, for example, a run-up value of 3.6 m is observed in a given observation point, it is 

appropriate to assess the slope of a hillside up to an altitude above sea level of the same order of magnitude (e.g. 5 m). On 165 

the other hand, if a run-up value of 8.2 m is observed, it is more appropriate to assess the slope up to an altitude above sea 

level of at least 10 m. Similarly, where an ingression of 20 m is observed, the slope must be calculated along a consistent 

planimetric length (e.g. approximately 50 m). On the contrary, using a common criterion for all observations would consider 

areas certainly not inundated by water, leading to potential biases. 

To apply the relationship, also the average friction in the inundated area should be evaluated. Friction should account for 170 

both the ground and what stays above it, as both may significantly affect the flowing water. In scientific literature, the 

reference usually used for high-resolution tsunami simulations is the Manning's coefficient, an empirically derived 

coefficient used in the Gauckler-Manning-Strickler equation for the description of friction losses (Gayer et al., 2010; 

Gibbons et al., 2022; Kaiser et al., 2011). This coefficient is tabulated for most materials and soils because the equation in 

which it appears describes the flow of liquids in free-flowing channels and it is usually used in engineering for civil and 175 

environmental applications. However, it is virtually impossible to define the appropriate coefficient in all points for historical 

events, since land-use changes significantly through time. 

The roughness aperture proposed by Smart et al. (2016) is not meant to describe the roughness of a surface, but rather to 

indicate how water is obstructed in its flow, and its estimation is necessary for each observation. With reference to Eq. (3), it 

is reasonable to use a typical value for f of 0.05 for fully turbulent flow in rough conduits (Smart et al., 2016). What 180 

influences most is the distance between the obstacles, i.e. how dense the obstacles are on the ground that do not allow water 

to penetrate evenly.Smart et al. (2016) proposed a set of values for roughness aperture characterizing land cover types for the 

case study they considered (2009 South Pacific tsunami that mainly affected Samoa and South Java), as reported in Table 1. 

In table, we added a value which can be considered appropriate to characterise built-up areas rich in obstacles for the passage 

of water, assuming a distance between the flow protrusions d = 1.25 m. This value provide a roughness aperture a = 50 m 185 

that is intermediate between light buildings (which are less stable and dense than standard built-up areas) and dense 

vegetation (which is denser than than a standard built-up area).  

Using Table 1,  the onshore roughness condition may be roughly estimated by knowing the local climate and the extension 

of villages at the time of the event, even if the land-use at historical times cannot be always well characterised. 

Table 1: Reference values for the roughness aperture parameter a, modified from Smart et al. (2016). 190 

Onshore condition Aperture parameter a (m) 

Flat or smooth open ground, beach 200 
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Undulating open ground 100 

Light buildings, plantations 80 

Residential area (buildings and other obstacles) 50 

Dense vegetation 10 

 

 

2.2 Parameter estimation 

The evaluation of the mean characteristic slope and the roughness aperture at each observation point (OP) has been made by 

defining a set of transects with variable lengths and heights in the area of the reported observation. Transects are drawn 195 

perpendicularly to the local coastline, starting from  an elevation of approximately 0 m and extending inland for a variable 

length depending on the observation, as shown in Figure 2a. 

Run-up and ingression individually describe the effect at one precise point, which generally refers to the maximum values 

documented in a larger area: run-up data generally refer to a built-up area, while ingression is measured along a less steep 

path, such as a rice field, valleys or streams. However, especially in the case of historical events, it is necessary to consider 200 

several sections for the characterization of the affected area, since there is not always a precise benchmark and the OPs in the 

catalogues refer to entire localities or districts, mentioning several specific locations in a variable narrative adopted to 

describe the overall intensity in the area. 

Transects were retrieved through the geographic information system (GIS) Google Earth Pro 

(https://www.google.it/intl/en/earth/) The images, distance and elevation data stack several sources together, allowing for 205 

greater coverage. The accuracy of the altimetry data can be considered sufficiently precise for the purpose of an approximate 

assessment of the slope. Despite Google Earth's lack of accurate data description and errors, many studies evaluated the 

accuracy of the data, demonstrating a sufficient accuracy for many engineering design purposes, with associated root mean 

square error usually smaller than 2 m (e.g. Benker et al. (2011), with 1.63 m; El-Ashmawy (2016), with 1.85 m; Wang et al. 

(2017), with 1.32 m.  210 
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Figure 2: a) Transects drawn betweenBriga Marina (San Paolo district) and Malati district, in Sicily. The central transect extends 

over the bed of the Briga stream, with a smaller slope than the residential areas. b) Example of transects plotted from Google 215 

Earth in Santa Tecla (Sicily). For one of the transects, the elevation profile from which the mean characteristic slope was 

calculated is displayed. Maps data: © Google Earth 2022; images: © Terrametrics, SIO, NOAA, U.S. Navy, NGA, GEBCO. 
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Transects with terrain elevation profiles were drawn at points where observations were available (Figure 2). Considering the 220 

variety of Observation Points (OPs), many specific issues emerged. For example, in Figure 2b we show four transects plotted 

for the OP of Santa Tecla (Sicily), a location severely affected by the tsunami following the 1908 Messina tsunami. This OP 

provides a very useful example of the required corrections necessary in many OPs. In Santa Tecla, the first two transects 

(north) were drawn in the centre of the locality, a place naturally protected by a steep cliff. Following consultation of the 

report by Baratta (1910) (visualised through CFTILab - Advanced Laboratory of Historical Seismology, Tarabusi et al., 225 

2020), it was possible to identify the location of the run-up measured by Platania(Platania, 1909a; 1909b; Baratta, 1910), 

clearly indicated as the 'southern beach' (Baratta, 1910) and that 'damages were particularly in the southern part of the 

village' (Platania, 1909b) (from ITED, Maramai et al., 2019b). Whenever the precise location was not identified, a flag was 

assigned to the relative observations, as potentially affected by large uncertainty. This occurs only for the historical events, 

like the 1908 Messina earthquake. All the additional interpretations required are detailed in Table S1. In addition, satellite 230 

image quality and the correspondence between elevation data and images (coastline elevation 0 m) may vary depending on 

the specific geographical area considered. In some cases, when the value at 0 m was too far from the coastline, it was not 

possible to assess the slope. In such cases, the transect(s) of the Observation Point were not considered. 

The roughness aperture was instead estimated by comparing the descriptions in Table 1 with the existing or reconstructed 

characteristics of the area, based on the best knowledge it was possible to reconstruct for the local settings at the OP at the 235 

time of the event, assigning one of the available values in the table.  

The estimation was extended to all OPs where at least one observation was available. The details about the location of all the 

used transects as well as the retrieved average slope and the roughness aperture can be found in the supplementary files.  

 

2.3 Estimation of quantitative tsunami parameters 240 

By evaluating mean characteristic slope and roughness apertures in all OPs and associated transects, we could complement 

all observation records with at least one numerical quantitative observation with an explicit estimation of all the following 

three physical parameters: run-up, ingression and wave height on the shoreline (Fig. 1a).  

To evaluate the accuracy of the adopted strategy, we focus on the evaluation of the model accuracy at the OPs where both 

run-up and ingression data are present. Unfortunately, too few data regarding wave height are available, to make a similar 245 

comparison for the entire model. Thanks to the punctual evaluation of the mean characteristic slope of each site (transect) hit 

by a tsunami wave, it was possible to derive run-ups from the ingression data and vice versa, using Eq. (1). Thus, such OPs 

provide the opportunity to independently test the accuracy of the procedure and of the quantified average slope.  

The results are reported in Figure 3, including the three case studies. Plots for the individual events are reported as 

supplementary Figures S7, S8 and S9. The results demonstrate a good consistency between observed and estimated values, 250 

with a general good correlation for all the events considered, demonstrating that the slope obtained from transects is 

sufficiently precise for most of the observation points.  
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Referring to the 1908 event (green and red in Figure 3, reported separately in Figure S7), it can be seen that the OPs labelled 

as uncertain are the most dispersed, demonstrating that the precise location of the site is a key factor for the accuracy of the 

estimation. The results for the 2002 Stromboli tsunami (yellow in Figure 3, reported separately in Figure S8) show that 255 

estimations are very well correlated with observations, with a relatively small dispersion. This is probably due to the 

relatively simple coastal configuration at Stromboli, with a high angle and approximately homogeneous slope at most of the 

observation points. The results for the 2020 Aegean Sea tsunami (blue in Figure 3, reported separately in Figure S9) display 

a larger dispersion. This is probably due to the fact that Google data are more inaccurate in Greece and in Turkey than in 

Italy. Also, the available field observations are strongly spatially clustered, a feature that cannot be fully reproduced by the 260 

applied simplified 1D and averaged-along-the-transect model and that may increment the impact of some local deviation. 

For example, as it can be observed in Figure S9, there are four points that seem to follow a different trend from the one 

proposed by the relationship. These points are maximum inundation values along the course of rivers or ditches, where the 

slope is almost zero and it was not possible to accurately retrieve such a small value (slopes less than 0.70 %). Despite this 

inaccuracy in the slope, the wave heights computed at the shoreline (using roughness a = 200 m inside equation (4)) 265 

provided values comparable to the tsunami elevation (TE) values close to the shoreline reported in those locations by Dogan 

et al. (2021). 

Overall, Figure 3 demonstrates that the computational model provides results generally consistent with observations, even if 

some specificities due to local peculiarities may be missed. However,  since our general goal is to relate macroscopic 

intensity (defined over extended areas) with averaged physical parameters, this level of accuracy is judged sufficient, and 270 

potential uncertainty and inaccuracies simply adding uncertainty on the statistical regression.  

All the estimated parameters can be retrieved in the supplementary files. When both inundation length and run-up were 

available. wave height was estimated from both and the maximum among the two was selected as preferred value for that 

OP.  

 275 

https://doi.org/10.5194/egusphere-2026-5023
Preprint. Discussion started: 2 October 2026
c© Author(s) 2026. CC BY 4.0 License.



12 
 

 

Figure 3: Run-up (panel A) and inundation length (panel B) measured and calculated for all the events. Points in red correspond 

to places where it was not possible to conduct an effective measurement of the elevations. Plots reporting separately the 

comparison for the three events are shown in Figures S7, S8, and S9. 

 280 

3 Regression analysis 

Even if the relationship between tsunami parameters and tsunami intensity does not exist, a wide literature is available for 

the analogue problem in seismology, where the field of macroseismology analyze the macroscopic earthquake effects in old 
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and modern events and their link to the earthquake source. Seismological research has long been oriented towards an attempt 

to correlate seismic intensities with physical parameters of earthquakes, such as local ground shaking accelerations or 285 

earthquake magnitudes. Such associations are not included in the concept of seismic intensity by definition (Papadopoulos & 

Imamura, 2001), but are fundamental to enable the comparison between modern models to the observations in large past 

events, as well as observations in areas with few or no instruments.  

Apart from a few cases (e.g. Gomez-Capera et al., 2020), all regressions in seismological studies adopt the same functional 

form: a linear regression between the macroseismic intensity and the logarithm of the peak ground motion (Faenza & 290 

Michelini 2010; Gomez-Capera et al. 2007; Cataldi et al., 2021). The purpose of correlation proposals in seismology is to 

provide a tool for immediate estimation of intensities from ground shaking data (Faccioli & Cauzzi, 2006; Faenza & 

Michelini, 2010), but the opposite procedure is also a fundamental tool, especially for associating a physical quantity with a 

past intensity value. These relationships are usually quite noisy. Consequently, an explicit estimation of uncertainty is 

required. In addition, when they are obtained by means of an ordinary least squares relationship, they do not consider the 295 

error on both variables and cannot be inverted. Therefore, an approach allowing for the consideration of uncertainty in both 

variables is fundamental.  

In the following, we first describe the method adopted for estimating the regression (Section 3.1), and then we apply the 

same rationale to tsunami data (Section 3.2).  

 300 

3.1 Regression method 

Ordinary least-square (OLS) is the most common method for estimating parameters of a regression model. To use the OLS, 

some conditions must be fulfilled, including that the uncertainties in the independent variable are negligible with respect to 

the ones on the dependent variable. Being the x position assumed certain, this corresponds to minimizing the residual along 

the y-axis, that is in vertical, as represented in Figure 4a. This assumption is possible whenever a clear prevalence of the 305 

uncertainty can be established among the two considered variables. 

When both the independent and dependent variables are subject to normally and independently distributed measurement 

errors (errors-in-variables), the estimation of the regression parameters may be based on the so-called generalised orthogonal 

regression (GOR), also called orthogonal distance regression or Deming regression (Boggs et al., 1988). This statistical 

approach minimises the weighted distance between the fitting line and each data point along a line that is inclined 310 

proportionally to the ratio between the variances of the two variables. It is more complex than OLS and requires to set the 

ratio between the variances of the measurement errors on the two variables, usually indicated with �. This approach is 

adopted in many fields, including geophysics, especially seismology (Castellaro et al., 2006; Castellaro & Bormann, 2007; 

Gomez-Capera et al., 2007; Faenza & Michelini, 2010; Lolli & Gasperini, 2012; Das et al., 2013; Cataldi et al., 2021; Pallavi 

et al, 2022). A particular case occurs when � is set to 1 (Castellaro et al., 2006), which is sometimes called simple orthogonal 315 

regression (SOR) and the orthogonal distance between the line and the points is minimised (Fig 4b). 
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Figure 4: a) Ordinary least-square (OLS) where variable x is assumed without associated error and residual minimized vertically, 

and b) simple orthogonal regression (SOR), where variables are assumed with comparable error distribution and residuals 320 

minimized orthogonality to the regression line (modified from Leng et al. 2007).  

 

When both variables present uncertainties, a fitting using ODR is more appropriate (Fuller, 1987). In general, being ODR a 

generalization of OLS, ODR never performs worse than OLS and often it performs better; in addition, orthogonal regression 

allows least-squares data fitting to be extended to problems with independent variables that are both not known exactly 325 

(Boggs et al., 1988). This is common in geophysics, thus it has been shown that orthogonal regression leads to a better 

fitting, even its simpler formulation, that is  SOR, which is equivalent to GOR with � = 1 (Castellaro et al., 2006; Castellaro 

& Bormann, 2007; Gomez-Capera et al., 2007; Faenza & Michelini, 2010; Lolli & Gasperini, 2012). Notably, without 

making assumptions about the negligibility of the uncertainty of one variable, the relation becomes also invertible (Gomez-

Capera et al., 2007). 330 

To apply ODR to the tsunami datasets of Section 2, we adopted the specific function for Deming regression provided by Hall 

(2022), in the Matlab environment, which is based on the formulation of Jensen (2007). In short, in the linear relationship  

� =  � �  !            (4) 

of variables ! and � and parameters α and β, it is assumed that observations are subject to additive random variation: 

         "# = !# � $#          335 

  

�# = �# � 
# = � �  !# � 
#          (5) 

where "# and �# are the observations; !# and �#  are the (unknown) true values of respectively the dependent and independent 

variable;$# and 
# denote the measurement errors. Measurement errors are assumed independent and normally distributed, 

with mean zero and with their own variance, that is $# ∼ &'0, *+,- and 
# ∼ &'0, *.,-. The initial assumption for Deming 340 
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regression or general orthogonal regression (GOR) is that �, the ratio between the variances of the errors in measurements, is 

known: 

� = /0�
/1�             (6) 

The differentiation of the log-likelihood function provides an explicit formulation for estimating the parameters parameters α 

and β of the linear regression in Eq. (4). Two expressions may be obtained also for estimating the variance of the model, 345 

either maximizing the log-likelihood function (Jensen, 2007) or following the formulation discussed in Fuller (1987). In the 

following, we quantify the variance with both methods, always obtaining consistent results. For a quick reference, the details 

of the derivation are reported in Appendix B.  

 

3.2 Application to tsunami intensity scales  350 

In analogy with the approach followed for the seismological parameters by Faenza and Michelini (2010), the linear model is 

built between intensity and the (base-10) logarithm of the wave height. The input dataset consists of all OPs for which an 

estimate of wave height is available, that is for all the OPs in which a physical measure for the tsunami intensity (of 

whatever kind) is available. We consider separately the cases including or excluding the OPs labelled as uncertain, leading to 

a total of 249 and 272 OPs, respectively. Given that flagged observations are connected with potential biases due to the lack 355 

of clear information in the historical record, the estimation obtained removing flagged observations is preferred.  

At first, we focus on the 12-grade intensity scale (P-I) proposed by Papadopoulos & Imamura (2001). To check the effective 

correlation between the two parameters, in Table 2 we report the Pearson correlation coefficient R. We statistically test the 

null hypothesis of no correlation (Fisher 1990; MathWorks, 2022), adopting a significance level of 0.05. A strong correlation 

was found in the entire dataset, as well as in the individual events, with high R and low p-values. The hypothesis of no 360 

correlation is rejected for both the Messina and Aegean events, while it cannot be rejected only in the case of Stromboli, 

probably due to the very limited range of intensity covered in this event. Considering all data combining the events, both 

including or excluding the highly uncertainty flagged observations, very high correlation coefficients are found, and the 

hypothesis of no correlation is coherently rejected. 

To implement the regression, we have first to set �, that is the ratio between the variances of the measurement errors on the 365 

two variables. For tsunami intensity as well as for the tsunami physical measures, especially for old events, a precise 

estimation of the errors on the observations is impossible. However it is reasonable to assume that the ratio between them is 

roughly constant, as proportional to the time elapsed since the event occurred for both variables. Indeed, for historical 

tsunamis, intensities are assigned a posteriori, sometimes many years or even centuries after the event, relying only on 

historical documents and photographic evidence or witnesses accounts. Usually, the only available information is description 370 

of the effects on the human environment, as reported in the sources. Measures of the physical parameters are extremely rare 

for historical tsunamis. It is useful to use a cross-referenced approach, when possible, but it may happen that sources mix 

eye-witness accounts with actual measurements. For recent tsunamis, intensities can be assigned by reviewing a large 
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amount of material, including reports, video materials or photographs, thing that reduces significantly uncertainty. Also 

specific physical measurements are usually collected with specific campaigns, evaluated and discussed by researchers 375 

adopting a scientific approach. Thus, uncertainty decreases for both variables. It should also be taken into account that the 

resolving power of intensity scales, related to the number of degrees in the scale, allows for overlapping intervals between 

two adjacent degrees, this results in balanced intensity ratings. Therefore, it is possible to assume, as first approximation, that 

the ratio � may be roughly constant for both historical and more recent events.  

Table 2: Values of R, the Pearson correlation coefficient and the p-value. 380 

 R p-value Ho 

1908 Messina Strait tsunami 0.75 < 0.001 Rejected 

2002 Stromboli tsunami 0.32 0.22 Not rejected 

2020 Aegean Sea tsunami 0.86 < 0.001 Rejected 

All data (including flagged data) 0.77 < 0.001 Rejected 

All data, without flagged data 0.82 < 0.001 Rejected 

 

Lacking of more specific information, we decided to adopt the simplest formulation, that we set � is set to 1 adopting a 

simple orthogonal regression - SOR (Castellaro et al., 2006). The stability of the results is then tested for other radically 

different values of �, that is �=0.1 and �=10. The regression lines obtained, specifically for each tsunami event separately, 

are reported in Figure 5, which compare SOR with OLS. To provide a reference to the uncertainty on the model, we also 385 

report the lines corresponding to +/- *, where distance is evaluated orthogonally to the regression line. The estimated 

parameters for the regressions are reported in Table 3.  

Notably, the results for the recent 2020 Aegean sea tsunami (Figure 5c) show a small dispersion, demonstrating that the 

model adopted is indeed able to catch the average physical intensity at the target, which well correlates with the macroscopic 

tsunami intensity. The 1908 Messina Strait event (Figure 5a) shows a very good correlation too, simply with observations 390 

that are more dispersed than for the previous case. For this event, there is a point accumulation value for Intensity 4. The 

data labelled as uncertain are generally at the extremes of the distribution. For the 2002 Stromboli event, the intensity 

variability is lower (only four intensity levels), but the regression results are adequate. No significant differences are evident 

between OLS and SOR. 

 395 
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Figure 5: Papadopoulos-Imamura Intensity and wave height regression for a) the 1908 Messina strait tsunami, b) the 2002 

Stromboli tsunami, and c) the 2020 Aegean Sea tsunami. The same plots for the Sieberg-Ambraseys scale are reported in figure 

S10.  

 400 

In Figures 6a, we report the relationship obtained by merging all the three datasets. In particular, we present the results not-

considering the points labelled as uncertain. The equivalent plot considering all observations (including the flagged ones) is 

reported in Figure S11a. The dataset covers a wide range of intensities, from 3 to 10.  We can note that the differences 

between ordinary OLS and orthogonal SOR are not large. Also, there are no clear trends related to a specific event with 

respect to the others. The only exception is that, at least for intensity 7, the 2020 Aegean Sea observations seem slightly 405 

smaller than those of the Messina Strait tsunami. However, this may be related to the fact that this intensity is the largest for 

the Aegean event, and thus a sort of saturation effect may be observed. 

To produce a more quantitative comparison, in Table 3, we report all the numerical values for the regression parameters for 

all the considered cases. Values are are very similar between the two types of regressions. Uncertainty  on the parameters are 
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generally larger for SOR, correctly representing the fact that only SOR considers uncertainty on both variables. The largest 410 

relative errors occur for the Stromboli tsunami, where less observations are available and the intensity range is smaller. 

Assuming the existence of a unique relationship, the regression parameters should not differ significantly within uncertainty. 

To this end, again SOR estimates appear more consistent, as all confidence intervals for both parameters are very close or 

cross to each other. 

For the combined datasets, the dominant event for the regression is the 1908 Messina Strait event, which is connected to 415 

more observations. Notably, the regression lines with and without flags are almost identical, but the associated error is 

reduced when uncertain labeled observations are excluded. Based on this analysis, we consider the orthogonal regression on 

the total dataset deprived of flagged data as the best choice, thus the Simple Orthogonal Regression (SOR) takes the form: 

 

2345�6 = −0.85 '±0.07- �  0.21 '± 0.01-<=>         (7) 420 

with * = 0.25.  

The distribution of the residuals (evaluated orthogonally to the linear trend) is reported in Figure 7, showing that this 

relationship is nicely centred on the data, with residuals that are well distributed around 0. Considering the residuals as a 

function of the intensity, no specific trends are observed, showing that the linear regression looks adequate to fit 

observations. Notably, the statistical regression proves to be stable also with respect to the choice of the parameter � (Fig. 425 

S10).   

The same analysis was repeated adopting the intensity scale (S-A) proposed by Sieberg (1927) as modified by Ambresys 

(1962). The results are reported in Figures 7b, S11,  S12, S13, and Tables S2. The obtained relationship takes the form: 

 

2345�6 = −0.83 '±0.07- �  0.31 '± 0.01-<�@        (8) 430 

with * = 0.24.  

In this case, the scale has only 6 degrees, and the observation points cover the interval from degree 2 to degree 6. In the case 

of Stromboli. only one intensity value is different from degree 5, making the results for that single event inconsistent. 

However, collectively the results are consistent also adopting the SA intensity scale, as the reference regression considered 

(SOR for the total dataset without flags) is nicely centred on the observations with residuals are well distributed around 0. 435 
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Figure 6: a) Regression between Papadopoulos-Imamura intensity and wave height using the entire dataset, excluding flagged 440 

observation (high uncertainty). b) Same of a), for the Sieberg-Ambraseys intensity. The same plots including flagged events are 

reported in Figure S12. 
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 445 

 

Figure 7 - Analysis of the orthogonal residuals for the Papadopoulos-Imamura intensity: a) distribution of the orthogonal residual. 

b) Distribution of the orthogonal residual as a function of the intensity. 

 

  450 
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Table 3: Summary of parameters (α and β) estimated from ordinary least squares regression (OLS) and orthogonal regression 

(SOR) models for the Papadopoulos and Imamura scale, with associated uncertainties, for intercept, slope, and for the entire 

model (σ). The estimation of this uncertainty is found consistent with the one proposed by Fuller (1987). 

Dataset Method Parameter α Parameter β σ 

1908 Messina 

Strait Tsunami 

OLS -0.72±0.08 0.20±0.01 0.31 

SOR -0.76±0.10 0.21±0.01 0.31 

2002 Stromboli 

Tsunami 

OLS 0.23±0.37 0.06±0.05 0.17 

SOR 0.22±0.84 0.07±0.11 0.17 

2020 Aegean 

Sea Tsunami 

OLS -0.61±0.07 0.15±0.01 0.13 

SOR -0.62±0.07 0.15±0.01 0.13 

All observations 

(including flagged 

observations) 

OLS -0.76±0.07 0.20±0.01 0.29 

SOR -0.79±0.07 0.21±0.01 0.29 

High-quality 

observations (excluding 

flagged observations) 

OLS -0.82±0.06 0.21±0.01 0.25 

SOR -0.85±0.07 0.21±0.01 0.25 

 

  455 
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4. Application to the Italian Tsunami Effect Database 

Thanks to the historical catalogues, it is possible to significantly extend our knowledge about how many tsunamis occurred 

and where and how strong they impacted, and to help improving the knowledge of tsunamigenic source areas, hazard 

studies, and risk management.Using the empirical relationship developed in Section 3, as reported in Eqs. 7 and 8, it is 

possible to estimate the wave height H for all existing observations of tsunamis whenever the available information (from 460 

measures to simple descriptions) is sufficient to establish a macroscopic intensity. On the one hand, this allows for checking 

the consistency of the relationship, whenever it is applied to observations points where a direct measure of the wave height 

already exist. On the other hand, the relationship may be applied also where only general descriptions exist, providing a 

significantly extended picture about the tsunami history in the different regions. what was are available. These two topics are 

the goals of the next two subsections 4.1 and 4.2, respectively. 465 

 

4.1 Sanity check of the regression 

A first sanity check of the proposed regression can be performed restricting the analysis to those OPs where both the 

macroscopic intensity and the wave height values are available (ITED’s field ited_wave_h). Considering all the data in ITED 

with these characteristics, we have 7 observations, 4 of which belong to the 1908 Messina Strait tsunami. To these ITED 470 

data, we can add other 3 points available for the 2020 Aegean Sea event, leading to a total of 10 direct observations of wave 

height. To further extend the test, we can include also the observations of sea rise available in ITED (ITED’s field 

ited_sea_rise). These observations are less specific than the ones discussed above, but more frequent for past tsunamis, being 

easier to record from non-instrumental observations. In ITED, we have 21 observations (10 from the 1908 Messina Strait 

tsunami), starting from 1646 AD and covering multiple types of source. In this way, we reach a total of 31 observations for 475 

the sanity check, with 17 observations already used in input for the development of the intensity wave-height relationship, 

and 14 completely independent. All the specific data are reported in Table 4. 

The results are reported in Figure 8, showing the overall consistency between the observations and the proposed relationship. 

Interestingly, one of the largest deviation from the proposed regression corresponds to the Gioia Tauro observation 

associated with the 1783 tsunami, for which a wave height of 20 m is reported for a Papadopoulos-Imamura intensity of 7. 480 

Given that the event occurred more than two centuries ago, the historical record may be affected by significant uncertainties. 

Another hypothesis is that the observation was erroneously attributed to the tsunami generated by the main earthquake, 

whereas it may instead refer to the devastating landslide-induced tsunami that occurred the following day, which produced 

much stronger local effects and is associated intensities as high as grade 9 and 10 of the Papadopoulos-Imamura intensity 

(Graziani et al., 2006). Following this hypothetical attribution and considering an intensity 10, also this observation becomes 485 

very well correlated with the empirical relationship derived (Figure 8). 

  

https://doi.org/10.5194/egusphere-2026-5023
Preprint. Discussion started: 2 October 2026
c© Author(s) 2026. CC BY 4.0 License.



23 
 

Table 4: Summary of the data used for the sanity check. More details in Section 4.1. 

Type Observation point PI intensity Observatio

n, m 

Source event Observation 

source 

Wave height Gioia Tauro 7 / VII 20 1783 Calabrian Earthquake ITED: FID 50,  field ited_wave_h 

Wave height Catona 8 / VIII 4 1908 Messina Strait ITED: FID 172,  field ited_wave_h 

Wave height Cannitello 5 / V 1 1908 Messina Strait ITED: FID 175,  field ited_wave_h

  

Wave height Messina 8 / VIII 6 1908 Messina Strait ITED: FID 209,  field ited_wave_h 

Wave height Torre del Faro 5 / V 2 1908 Messina Strait ITED: FID 261,  field ited_wave_h 

Wave height Alassio 4 / IV 3 1968 Liguria-Cote d'Azur ITED: FID 288,  field ited_wave_h 

Wave height Porto di Levante 5 / V 2 1988 Vulcano earthquake ITED: FID 289,  field ited_wave_h 

Wave height Demircili 5 / V 1 2020 Aegean Sea earthquake Dogan et al. (2021) 

Wave height Siğacik_36 7 / VII 2.3 2020 Samos earthquake Dogan et al. (2021) 

Wave height Akarca_2 7 / VII 2.5 2020 Samos earthquake Dogan et al. (2021) 

Sea rise Livorno 4 / IV 2.5 1646 Livorno Earthquake ITED: FID 24,  field ited_sea_rise 

Sea rise Augusta 9 / IX 15 1693 Val di Noto Earthquake ITED: FID 29,  field ited_sea_rise 

Sea rise Siracusa 5 / V 2.5 1693 Val di Noto Earthquake ITED: FID 35,  field ited_sea_rise 

Sea rise Messina 4 / IV 2 1783 Messina Strait  ITED: FID 62,  field ited_sea_rise 

Sea rise Gaeta 4 / IV 2.5 1805 Molise Earthquake ITED: FID 85,  field ited_sea_rise 

Sea rise Sorrento 4 / IV 2.5 1805 Molise Earthquake ITED: FID 86,  field ited_sea_rise 

Sea rise La Spezia 4 / IV 1 1809 Liguria ITED: FID 87,  field ited_sea_rise 

Sea rise Sant'Angelo 7 / VII 30 1836 Calabrian Earthquake ITED: FID 106,  field ited_sea_rise 

Sea rise Livorno 4 / IV 0.9 1846 Tuscany earthquake ITED: FID 107,  field ited_sea_rise 

Sea rise Milazzo 4 / IV 0.8 1905 Calabrian earthquake ITED: FID 137,  field ited_sea_rise 

Sea rise Cozzo Spadaro  4 / IV 1.5 1908 Messina Strait ITED: FID 185,  field ited_sea_rise 

Sea rise Crotone 6 / VI 2 1908 Messina Strait ITED: FID 186, field ited_sea_rise 

Sea rise Porto Empedocle 4 / IV 0.5 1908 Messina Strait ITED: FID 227,  field ited_sea_rise 

Sea rise Pozzallo 4 / IV 1 1908 Messina Strait ITED: FID 230,  field ited_sea_rise 

Sea rise Siracusa 4 / IV 2 1908 Messina Strait ITED: FID 251,  field ited_sea_rise 

Sea rise Siracusa S. Lucia 4 / IV 2 1908 Messina Strait ITED: FID 252,  field ited_sea_rise 

Sea rise Termini Imerese 3 / III 0.8 1908 Messina Strait ITED: FID 258,  field ited_sea_rise 

Sea rise Tropea 4 / IV 2.5 1908 Messina Strait ITED: FID 263,  field ited_sea_rise 
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Sea rise Monteleone 

(Porto Santa 

Venere) 

4 / IV 1.5 1908 Messina Strait ITED: FID 264,  field ited_sea_rise 

Sea rise Stromboli-Piscità 5 / V 10 1916 Stromboli ITED: FID 270,  field ited_sea_rise 

Sea rise Stromboli-San 

Vincenzo 

8 / VIII 2.5 1930 Stromboli ITED: FID 280,  field ited_sea_rise 

 

 490 

Figure 8: Sanity check of the empirical relationship, comparing a) measured wave height with the empirical relationship ad b) 

estimated VS measured wave height. The 1783 observation at Giogia Tauro is reported both in its original position (black dot and 

red cross), and in its potentially corrected position (red dot). See text for more details. 

 

 495 

4.2 Tsunami-history of the Italian coasts 

Extending the analysis to all the OPs of ITED allows to make a first estimation of all tsunami wave height observed in the 

Italy, allowing to complement the tsunami-history of the entire Italian coast. In Figure 9, we report all historical tsunami 

impact observation points on the Italian coast, considering location and intensity provided by the dataset ITED (Maramai et 

al., 2019b). Here, the existing record is complemented with the estimated wave height on the coast. The numerical values of 500 
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such estimates along with their uncertainty, are provided as a supplementary file, by adding 6 columns to the original ITED 

dataset, that is the wave height estimation from both intensities and the 1 * confidence interval. The uncertainty is evaluated 

using the estimated standard error of regression *, that is assuming that the uncertainty on the regression model is negligible 

with respect to the statistical variability of variables. 

The distribution of the points is not homogeneous in time and space, in fact most of them are concentrated along the coasts 505 

of Sicily and Calabria, also because many are referred to the 1908 Messina Strait event. Multiple estimates for the same OPs 

are infrequent, since it is rare that multiple tsunami observations at the same location have been sufficiently documented to 

be catalogued. A useful analogy can be drawn again with the seismological analogue, that is with the Italian Macroseismic 

Database (DBMI15), where macroseismic intensity data are used to reconstruct the seismic history of thousands of 

individual localities (Locati et al., 2022). Similarly, ITED provides the historical record of tsunami effects along the Italian 510 

coast.  

Using the empirical relationship developed in Section 3, we can complement this information by adding a homogeneous 

estimate of shoreline wave height to each observation point, thus enriching the tsunami record with a quantitative physical 

parameter. Given that the tsunami history cannot be reconstructed at individual observation points, here we stack the 

information in the traditional Sea areas surrounding Italy, as indicated in Figure 9: Ligurian, Tyrrhenian, Ionian and Adriatic 515 

Sea.  Individual seas have been used for this aggregation as they can be considered, in many cases, approximately isolated to 

each other, a part for tsunamis occurring at the boundary between them. In any case, any other representation is possible.  

In Figure 9, we report the resulting tsunami-history. It can be seen that the historical distribution of tsunamis in the various 

Italian seas is approximately homogeneous from 1600 to the present day, whereas before that only a few events are present 

in the Tyrrhenian and Ionian Seas. The largest estimated wave heights are smaller than 5 m for all observations for the 520 

Ligurian and Adriatic Seas, while for the Tyrrhenian and Ionian Seas, values larger than 10 m are also observed, with the 

largest wave heights reaching almost 20 m. These time histories were produced using the Papadopoulos-Imamura intensity 

and, consequently, the relationship of Eq. 7. 
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 525 

Figure 9: Map displaying the application of empirical relationship of Eq. 7 to the entire ITED dataset, converting all the 

Papadopoulos-Imamura intensity to wave height values. In the subplots, we report the tsunami history in the different domains. 

Map produced in Matlab, with data Esri, HERE, Garmin, GeoTechnologies, Inc., USGS|Powered by Esri. 

5. Final Remarks 

In this study, we derive and test the first empirical relationship between tsunami physical parameters and macroscopic 530 

tsunami intensity. To this end, we first built up a reference dataset composed by three events: the 1908 Messina Strait 

tsunami generated by an earthquake and a simultaneous seismic-induced landslide, the 2002 Stromboli tsunami generated by 

a volcanic landslide, and the 2020 Aegean Sea tsunami generated by an earthquake.  

As first step, the starting dataset was homogenized both in terms of macroscopic intensity and physical tsunami measures.  A 

macroscopic tsunami intensity has been estimated from field survey reports whenever an explicit estimation of intensity was 535 

not already available. When a physical measure of the tsunami was available, we applied a simple model to homogenize the 
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record. We selected the wave height at the coastline as a reference parameter since it is independent of local onshore 

topographic effects and applicable for larger stretches of coastline than any inland parameters. Starting from official 

databases or post-event reports, each tsunami observation was analysed individually, assigning a slope value (where 

possible) and an average water flow resistance value to characterise the roughness of the inundated area, quantified through 540 

the roughness aperture. These two parameters were then used to derive the missing physical tsunami measures (e.g. run-up 

and wave height, if inundation length was available). The selected approach was tested where multiple observations of 

different types were available, and it proved to be effective. 

To derive a robust and invertible relationship between macroscopic intensity and wave height, we adopted an orthogonal 

regression model.Orthogonal regression technique allows accounting for uncertainties on both variables, which is 545 

fundamental, considering that both wave height and tsunami intensity are affected by large uncertainties. This choice follows 

the analogue issue in the seismological field, and proved to be efficient also for tsunami data. For simplicity, we selected a 

ratio between the two variances equal to 1, and we tested the stability of the obtained regression line for alternative choices. 

The analysis of residuals shows no significant trends, with an overall distribution centred and distributed around 0, meaning 

that a linear regression is sufficient to satisfactorily model all the input data. The parameters of the regression are stable also 550 

considering individual events, standing for the generalization of the found regression beyond the input case studies. 

The relationship obtained allows for explicitly estimate wave height at coastline whenever information on the impact is 

sufficient to assign a macroscopic tsunami intensity. The estimates proved to be consistent with measured wave heights for 

the (few) cases in which observations were available.  

The application of the relationship to the entire Italian catalogue at all the observation points made possible to obtain a 555 

specific assessment of the 'tsunami history' of individual seas, which represents an important reference for understanding 

tsunami risk in the different areas. Since estimates are provided in terms of wave height, they may provide an important 

check point for both tsunami models of individual events, and tsunami hazard analyses. Indeed, all models, both local and 

regional, allow for an explicit estimation of this parameter. Therefore, this dataset provides the unique opportunity for 

quantitatively testing hazard models, as well as reference values for evaluating civil protection plans. Notably, the dataset 560 

can be also seen as a reference for each individual event, providing also in this case an important reference for source and 

impact studies regarding each individual event.  

This study has several limitations. Compared to earthquake databases, tsunami catalogues have a reduced number of records. 

For Italy, most of the observations refer to events that occurred more than a century ago and are therefore associated with 

measurement/witness errors in the physical data and ambiguities in the current assignment of intensities, leading to large 565 

uncertainties. Furthermore, only a few events in the Italian database contain multiple observation points. However, this 

limitation is also a motivation for the study, as it may contribute to significantly extending the record for both individual 

events and specific target areas.  

Also the used range of intensity is reduced. Making reference to the Papadopoulos-Imamura intensities, the range of 

available data covers the interval between grade 3 to grade 10. The largest intensities (grades 11 and 12) are not present in 570 
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the Italian catalogue and nor were associated with the 2020 Aegean Sea event. Therefore intensity value 10 represents the 

theoretical upper limit of applicability of the proposed relationship. The larger intensities are associated with very high wave 

height values, but there is no criterion to establish whether they are reasonable or not. This limitation is analogous to that of 

twelve-degree macroseismic scales, e.g. EMS-98, in which degree 12 represents the maximum conceivable level of effects, 

which cannot necessarily be observed in an earthquake. Thus the "working range" of all these scales tends usually to be from 575 

intensity 3 to intensity 10 (Grunthal, 1998). 

The relationship was derived for two macroscopic tsunami intensity scales, the Papadopoulos-Imamura and the Sieberg-

Ambraseys ones. The Papadopoulos-Imamura scale has more grades (12 instaed of 10), and this allowed for a more 

consistent application also in cases with a more limited range of variability, as the 2002 Stromboli tsunami. Therefore, we 

consider the relationship obtained with the Papadopoulos-Imamura intesity the one with more robust results, to be 580 

considered for reference. However, both estimates have been produced, in order to allow for future scrutiny.  

Finally, we note that coastal erosion and other natural and artificial coastal dynamics impacted the possibility to efficiently 

define topographic profiles, especially for historical events. For example, the 1908 event in the Messina Strait, especially the 

Calabria coast, experienced this in several locations, sometimes requiring the reconstruction of the configuration of the coast 

at the time of the event. Modern topographic profiles were derived from Google Earth Pro. Google Earth was a very 585 

powerful tool because it quickly provides sufficiently accurate DTM (Digital Terrain Model) data of many geographical 

areas together with constantly updated satellite photographs. This combination was decisive for the choice of the GIS system 

over other available sources of information like GEBCO. However, some areas have discrepancies between the terrain model 

and the image, making it difficult or impossible to interpret the elevations for slope calculation. This problem occurred 

especially along the coasts of Greece and Turkey for the analysis of the 2020 Aegean Sea tsunami. Overall, all these issues 590 

generated difficulties in reconstructing the average coastal slope at the time of the tsunami event, and this estimation can be 

certainly improved in the future with more specific local studies. Similarly, a better definition of the roughness aperture will 

be also possible in the future. Here, we used typical values at discrete levels based on the averaged land cover of the area. In 

the future, a more careful analysis may lead to a more extensive tabulation of its values depending on land use and cover at 

the time of the event. To allow future scrutiny and give ground for improvements, all the transects used and the estimated 595 

roughness at all observation points are provided as supplementary files.  
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Appendix A – Selected events 

Section A.1 The 1908 Messina and Reggio Calabria tsunami 

The earthquake that struck the Strait of Messina on December 28, 1908, remains a prominent seismic event in Italian history, 

registering a moment magnitude of $M_w = 7.1$ in regional earthquake catalogs (Mariotti, 2015; Guidoboni et al., 2018, 840 

2019; Rovida et al., 2022). The combined devastation of structural collapses and the incoming sea waves caused 

approximately 80,000 deaths, with the tsunami alone estimated to have claimed between several hundred and 2,000 lives 

(Boschi et al., 1995; Mariotti, 2015; NCEI/WDS, 2022). Post-event field investigations carried out by contemporary 

researchers generated an extensive observational record (Mercalli, 1909; Omori, 1909; Platania, 1909a, 1909b; Baratta, 

1910). Along eastern Sicily, vertical run-up measurements generally ranged from 6 to 9.5 m, peaking at 11.7 m near 845 

Sant'Alessio, while coastal impacts diminished sharply north of Messina and attenuated gradually south past Catania 

(Platania, 1909a, 1909b; Baratta, 1910). Along the Calabrian shore, run-up levels reached 6–11 m, with a maximum 

elevation of 13 m documented near Pellaro, though inundation remained minor along northern Tyrrhenian Calabrian shores 

and decreased steadily southward along the Ionian coast, except for questionable measurements at Cirò Marina and Roccella 

Ionica (Platania, 1909a, 1909b; Baratta, 1910; Guidoboni & Mariotti, 2008).Reconstructing the precise mechanism of the 850 

1908 tsunami has prompted sustained scientific debate. Early reconnaissance noted discrepancies between localized wave 

trajectory markers and primary seismic dislocation models (Omori, 1909). Modern hydrodynamic modeling indicates that 

tectonic fault dislocation alone fails to fully reproduce the extreme run-up heights documented along both sides of the strait 

(Tinti & Armigliato, 2003). Consequently, numerous studies suggest a hybrid mechanism involving a seismically triggered 

submarine mass movement (Piatanesi et al., 2008; Billi et al., 2008; Favalli et al., 2009; Schambach et al., 2020; 855 

NCEI/WDS, 2022), a hypothesis supported by variable eyewitness reports regarding initial sea-level drawdown and wave 

arrival times.Data for this event were extracted from the Italian Tsunami Effects Database (ITED; Maramai et al., 2019b). 

While all 119 Observation Points (OPs) for this event in ITED include macroscopic intensity values, physical wave 

parameters are available for a subset: 43 OPs report run-up only, 15 report inundation distance only, 35 contain both run-up 

and inundation, and 4 provide explicit wave heights. Points lacking physical data or containing only initial sea withdrawal 860 

observations were omitted.To evaluate local slope profiles accurately, generic municipal center coordinates provided in 

ITED were refined by re-examining primary historical field reports (Mercalli, 1909; Baratta, 1910; Tarabusi et al., 2020) 

alongside local planning maps and archived photographic records. Out of 208 constructed spatial transects, 23 were assigned 

uncertainty flags due to persistent geographical ambiguities or historical inconsistencies, enabling sensitivity testing with and 

without these flagged records 865 
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Section A.2 The 2002 Stromboli tsunami 

The earthquake that struck the Strait of Messina on December 28, 1908, remains a prominent seismic event in Italian history, 

registering a moment magnitude of Mw = 7.1 in regional earthquake catalogs (Mariotti, 2015; Guidoboni et al., 2018, 2019; 

Rovida et al., 2022). The combined devastation of structural collapses and the incoming sea waves caused approximately 

80,000 deaths, with the tsunami alone estimated to have claimed between several hundred and 2,000 lives (Boschi et al., 870 

1995; Mariotti, 2015; NCEI/WDS, 2022).Post-event field investigations carried out by contemporary researchers generated 

an extensive observational record (Mercalli, 1909; Omori, 1909; Platania, 1909a, 1909b; Baratta, 1910). Along eastern 

Sicily, vertical run-up measurements generally ranged from 6 to 9.5 m, peaking at 11.7 m near Sant'Alessio, while coastal 

impacts diminished sharply north of Messina and attenuated gradually south past Catania (Platania, 1909a, 1909b; Baratta, 

1910). Along the Calabrian shore, run-up levels reached 6–11 m, with a maximum elevation of 13 m documented near 875 

Pellaro, though inundation remained minor along northern Tyrrhenian Calabrian shores and decreased steadily southward 

along the Ionian coast, except for questionable measurements at Cirò Marina and Roccella Ionica (Platania, 1909a, 1909b; 

Baratta, 1910; Guidoboni & Mariotti, 2008).Reconstructing the precise mechanism of the 1908 tsunami has prompted 

sustained scientific debate. Early reconnaissance noted discrepancies between localized wave trajectory markers and primary 

seismic dislocation models (Omori, 1909). Modern hydrodynamic modeling indicates that tectonic fault dislocation alone 880 

fails to fully reproduce the extreme run-up heights documented along both sides of the strait (Tinti & Armigliato, 2003). 

Consequently, numerous studies suggest a hybrid mechanism involving a seismically triggered submarine mass movement 

(Piatanesi et al., 2008; Billi et al., 2008; Favalli et al., 2009; Schambach et al., 2020; NCEI/WDS, 2022), a hypothesis 

supported by variable eyewitness reports regarding initial sea-level drawdown and wave arrival times.Data for this event 

were extracted from the Italian Tsunami Effects Database (ITED; Maramai et al., 2019b). While all 119 Observation Points 885 

(OPs) for this event in ITED include macroscopic intensity values, physical wave parameters are available for a subset: 43 

OPs report run-up only, 15 report inundation distance only, 35 contain both run-up and inundation, and 4 provide explicit 

wave heights. Points lacking physical data or containing only initial sea withdrawal observations were omitted.To evaluate 

local slope profiles accurately, generic municipal center coordinates provided in ITED were refined by re-examining primary 

historical field reports (Mercalli, 1909; Baratta, 1910; Tarabusi et al., 2020) alongside local planning maps and archived 890 

photographic records. Out of 208 constructed spatial transects, 23 were assigned uncertainty flags due to persistent 

geographical ambiguities or historical inconsistencies, enabling sensitivity testing with and without these flagged records 

Section A.3 The 2020 Aegean Sea tsunami  

On October 30, 2020, an Mw = 7.0 earthquake struck north of Samos Island, generating a tsunami that affected the 

surrounding Greek islands and the western coast of Turkey (Dogan et al., 2021; Kalligeris et al., 2021; Triantafyllou et al., 895 

2021). The Turkish coast suffered significant damage, particularly around Akarca where run-up heights reached 3.8 m, 

resulting in one fatality and several injuries (Dogan et al., 2021; Triantafyllou et al., 2021). Impact along Greek shorelines 
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was comparatively moderate, restricted to low-lying areas below 2 m elevation without causing casualties, assisted in part by 

automated early warning broadcasts issued approximately 10 minutes post-earthquake (Kalligeris et al., 2021; Triantafyllou 

et al., 2021).  Because existing catalogs lacked formal intensity ratings for this event, local intensities were systematically 900 

assigned to survey sites using post-event reconnaissance literature (Dogan et al., 2021; Kalligeris et al., 2021; Triantafyllou 

et al., 2021), following the dual-scale classification scheme adopted by EMTC and ITED (Sieberg–Ambraseys and 

Papadopoulos–Imamura scales; Ambraseys, 1962; Papadopoulos & Imamura, 2001; Maramai et al., 2019a, 2019b). 

Although reduced GIS elevation quality required discarding several OPs (particularly on Samos where 0 m sea-level 

references mismatched coastline imagery), 48 transects met the precision criteria required for analysis. 905 

On October 30, 2020, an Mw = 7.0 earthquake struck north of Samos Island, generating a tsunami that affected the 

surrounding Greek islands and the western coast of Turkey (Dogan et al., 2021; Kalligeris et al., 2021; Triantafyllou et al., 

2021).  The Turkish coast suffered significant damage, particularly around Akarca where run-up heights reached 3.8 m, 

resulting in one fatality and several injuries (Dogan et al., 2021; Triantafyllou et al., 2021). Impact along Greek shorelines 

was comparatively moderate, restricted to low-lying areas below 2 m elevation without causing casualties, assisted in part by 910 

automated early warning broadcasts issued approximately 10 minutes post-earthquake (Kalligeris et al., 2021; Triantafyllou 

et al., 2021).  Because existing catalogs lacked formal intensity ratings for this event, local intensities were systematically 

assigned to survey sites using post-event reconnaissance literature (Dogan et al., 2021; Kalligeris et al., 2021; Triantafyllou 

et al., 2021), following the dual-scale classification scheme adopted by EMTC and ITED (Sieberg–Ambraseys and 

Papadopoulos–Imamura scales; Ambraseys, 1962; Papadopoulos & Imamura, 2001; Maramai et al., 2019a, 2019b). 915 

Although reduced GIS elevation quality required discarding several OPs (particularly on Samos where 0 m sea-level 

references mismatched coastline imagery), 48 transects met the precision criteria required for analysis. 

 

Appendix B - Regression analysis  

The differentiation of the log-likelihood function provides (e.g. Fuller 1987): 920 

 A = BCCDEBFFGHI BCCDEBFFJ�GKEBFC�
,BFC      (B1) 

�L = � − "  A       (B2) 

!MN = EOPGQR'SPDTN-
EG QR�       (B3) 

 

where " and � are the mean of the observations; UVV and UWW are the sample variance of x and y, and UVW is the sample 925 

covariance between x, y and they are the elements of the sample covariance matrix, that is 

UVV = 5
XD5 ∑ I"# − "J,X#Z5  UWW = 5

XD5 ∑ I� − �J,X#Z5  UVW = 5
XD5 ∑ '"# − "-'�# − �-X#Z5     (B4) 

The variance of the model obtained maximising the log-likelihood function has the form (Jensen, 2007): 

https://doi.org/10.5194/egusphere-2026-5023
Preprint. Discussion started: 2 October 2026
c© Author(s) 2026. CC BY 4.0 License.



40 
 

*L = E ∑ 'OPDV[\-�]P^_ G∑ ISPD TN D QR V[\J�]P^_
,E'XD,-      (B5) 

where (` − 2) is used for unbiased estimate since there are (` + 2) parameters to consider, hence the degrees of freedom are 930 

2` − (` + 2) = ` − 2. 

The variance of the model can be also calculated following the formulation discussed in Fuller (1987): 

*a\ = ∑ 	SPD S D QR IOPDOJ��]P^_
'XD,-        (B6) 
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