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ABSTRACT
The Alps are particularly vulnerable to heavy precipitation events whose spatial distribution, intensity and frequency are expected to change 

under global warming. Understanding current and future variability of precipitation extremes at regional level is thus crucial to assess im-

pacts and risks and to support management and preparedness. The study examines the spatio-temporal variability of daily precipitation 

extremes in Trentino – South Tyrol region (eastern Italian Alps) based on observations over 1956-2020. Results indicate an overall increasing 

tendency of heavy precipitation intensity and frequency. The occurrence probability, i.e., return periods, of heavy precipitation events in 

present climate is also estimated by a regional frequency analysis. Strengths and weaknesses of the methodology are discussed together with 

implications for risk management practices. 

INTRODUCTION 

In the last decades, the Alpine regions have registered several heavy precipitation events which often triggered different hazardous process-

es, such as landslides, debris flows and flooding (Brönniman et al., 2018). Some of these events were found to overstrain the risk manage-

ment capacity of hit areas and caused cascading impacts and severe consequences in socio-economic systems.  

There is scientific evidence that anthropogenic climate change is also influencing the distribution, intensity and occurrence of precipitation 

extremes (IPCC, 2021). Changes in the upper tails of extreme precipitation distributions can influence the occurrence and severity of related 

impacts. Understanding ongoing and future changes in spatio-temporal distribution of extreme precipitation is therefore essential to increase 

risk preparedness and design proper hazard zone plans (Hosseinzadehtalaei et al., 2020; Schlef et al., 2023).  

However, the analysis of heavy precipitation changes at a regional level is still challenging due to the rarity of events and their heterogene-

ous spatial structure, which requires an adequate data coverage in space and time. Existing studies analysing extreme precipitation trends 

in the Alpine region based on station records (e.g., Zeder and Fischer, 2020; Scherrer et al., 2016) report an overall increase in intensity and 

frequency over the last century even though with some spatial variability. Climate projections indicate an overall increase in frequency and 

intensity of heavy precipitation events in the Alps, especially in winter and in transition seasons (Rajczak and Schär, 2017; Kotlarski et al., 

2023). A few studies focused more in details on the north-eastern Italian Alps where Trentino South Tyrol is located (e.g., Brugnara et al., 

2012), however current and future changes in extreme precipitation distributions are little addressed along with their relevance for local risk 

assessment and management of related hazardous processes. 

In this context and in the framework of the Interreg Alpine Space X-RISK-CC project, a database of about 60 rain gauges located in Trentino 

South Tyrol with the longest precipitation records was collected and used to assess the spatio-temporal variability and trends in intensity 

and frequency over 1965-2020. More specifically, trends in 1-day to 5-day precipitation maxima as well as exceedances of upper percentile 

thresholds are calculated on a seasonal and annual basis. Observed variability is also evaluated in relation to large-scale temperature varia-

bility by scaling precipitation maxima with Northern Hemispheric temperature anomalies (Zeder and Fischer, 2020).  

To assess the statistical distribution of extreme daily precipitation over the study region, the Regional Frequency Analysis (RFA) is applied 

to observation records (Hosking and Wallis, 2005) after pooling them into homogenous sub-regions. A regional growth curve based on the 

best fitting distribution is derived for each sub-region and used to compute precipitation values associated to increasing recurrence intervals 

at each site. The results are tested for the characterization of precipitation records associated to the Vaia storm, one of the most recent events 

which hit the region in October 2018 (Giovannini et al., 2021). The sensitivity of the analysis on the choice of data sample and analysed 

period is specifically investigated since it is a crucial aspect for interpreting return periods and properly informing hazard mapping. This is 

particularly relevant when future changes in extreme precipitation distributions are analysed. 

In the following, details on data and methods are provided and results are discussed, with a special focus on their implications for hazard 

assessment and related risk reduction perspective.  

METHODS 

The precipitation dataset comprises 67 records of daily accumulated rainfall from weather stations spanning the years 1956-2020. The net-

work includes stations from Trentino-South Tyrol and surrounding areas. Selected station series are the ones with less than six years with 

more than 15% of missing data. The analysis is based on derived indices for intensity (measured as annual maxima of precipitation over 1, 

3, and 5 days) and frequency (evaluated as annual number of exceedances of the 97th percentile of daily precipitation, calculated over all 
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days). The indices are examined at both annual and seasonal (Dec/Jan/Feb for winter: DJF; Mar/Apr/May for spring: MAM; Jun/Jul/Aug for 

summer: JJA; Sep/Oct/Nov for autumn: SON) level. 

The analysis of observed trends over 1956-2020 in intensity and frequency of heavy precipitation is conducted at station level, by employ-

ing Theil-Sen (TS) trend estimator on both annual and seasonal indices. Mann-Kendall (MK) test is applied to assess the significance of the 

identified trends. 

In order to investigate the detectability and level of dependency of local precipitation extreme signal on the thermodynamic state of the at-

mosphere, the scaling between precipitation intensity and Northern Hemisphere (NH) mean temperature anomalies is analysed. It based on 

the assumption that an increase in the moisture content in the atmosphere with warming, which is approximately 7% per degree based on 

the Clausius-Clapeyron (CC) relation, can lead to a similar increasing rate of precipitation intensities (Fowler et al., 2021; Neelin et al., 2022). 

However, local and large-scale dynamics of the atmosphere can lead to relevant deviation from the theoretical scaling (Zeder and Fischer, 

2020; Lenderink et al., 2015). A Generalized Extreme Value (GEV) distribution is fitted to each station 1956-2020 time series of annual and 

seasonal precipitation maxima, allowing the location parameter of the distribution to vary linearly with the annual and seasonal temperature 

anomaly of the Northern Hemisphere. Temperature anomalies relative to the 1961-1990 period are derived from the HadCRUT5 dataset 

(Morice et al., 2021). The variation of the location parameter is expected to be in the range of the CC scaling. To assess the significance of 

the relationship between heavy precipitation intensity and temperature increase, we conducted a likelihood test at a 0.05 significance level 

(Zeder and Fischer, 2020), questioning the statistical dependence of the location parameter on the temperature covariate. 

The RFA is employed for the assessment of the statistical distribution of extreme precipitation across Trentino – South Tyrol, as a basis for 

deriving information about recurrence of extreme events supporting a range of decision-making processes in risk management. RFA is a 

well-known scheme which is expected to reduce result uncertainty by using the data from multiple sites belonging to the same statistically 

homogeneous region (Hosking and Wallis, 1993). The main homogeneous sub-regions for Trentino – South Tyrol are identified through a 

cluster analysis on station features considering a set of indicators describing both precipitation regime and geographic features. A Principal 

Component Analysis is applied prior to k-means to reduce the number of variables entering the clustering. The statistical homogeneity of 

identified sub-regions is finally assessed based on L-moments (Hosking and Wallis, 2005). 

The best fitting distribution of precipitation data for each identified sub-region is then selected from four tested distributions (Generalized 

Lognormal, GLO; Generalized Extreme Value, GEV; Generalized Normal, GNO; Pearson type III, PE3) by considering a goodness-of-fit met-

ric based on the comparison of L-moments of fitted distribution and averaged sample L-moments within the sub-region. Fitted distributions 

are used to derive return levels of daily precipitation associated to different return periods (RPs) and the RFA approach is applied to discuss 

RP estimates and variability of specific past events, such as 3-day precipitation intensity during the Vaia storm in 2018 (27-29 October 2018).  

RESULTS AND DISCUSSION 
The annual indices for intensity of heavy precipitation exhibit distinctive spatial patterns in both magnitude and seasonality (Figure 1, left). 

Trentino (southern province of the region) and the central part of South Tyrol stand out with the highest values of annual maximum precip-

itation. Trentino registers more heavy precipitation events during autumn, probably due to a higher exposure to moist air masses from the 

Mediterranean Sea, while in South Tyrol precipitation maxima are more frequent in summer, when convective processes are enhanced by 

the complex orography. A distinct north-to-south pattern is also exhibited by the frequency of daily precipitation above the 97th percentile, 

being the highest in South Tyrol for the summer season (figure not shown).  

Such pattern is also observed in the analysis of trends. An overall increasing tendency in the intensity of heavy precipitation is obtained 

(Figure 1, right) with nearly two thirds of stations depicting a positive TS slope over 1956-2020. Comparable changes are also obtained for 

the frequency of extreme precipitation (Table 1). However, the number of statistically significant trends is limited (less than 20%) and con-

fined spatially in South Tyrol with increases in 1-day annual maxima as high as 10% per decade. Seasonal trend analysis indicates a more 

pronounced rise in both the frequency and intensity of heavy precipitation in JJA and SON (Table 1), with significant increasing tendency 

observed in both seasons especially in the northern part of South Tyrol (figure not shown). It is worth noting that all significant trends are 

positive (with the exception of seasonal trends in DJF and MAM, when in general the least intense and least frequent heavy precipitation 

events are recorded).  

Table 1: Annual and seasonal observed trends in heavy precipitation intensity (Rx1day) and frequency (annual number of exceedances of the 97th percentile) over 1956-2020 based on the 

67 stations in Trentino – South Tyrol. The reported range entends from minimum to maximum station values. Observed trends in the frequency of heavy precipitation in DJF are negligible.  

Intensity (Rx1d) Frequency (exceedances 97th percen�le)

Mean 

[%/decade]
Range [%/decade] % significant trends

Mean 

[%/decade]
Range [%/decade] % significant trends

year 1.6 [-2.8; 11.1] 16.7 2.6 [-3.0; 14.5] 21.2

DJF 0.9 [-6.8; 7.8] 3.0 0.0 - -

MAM 0.2 [-4.9; 5.0] 3.0 -0.1 [-6.1; 0.0] 1.5

JJA 1.3 [-2.9; 8.2] 16.7 2.2 [0.0; 26.0] 16.7

SON 1.7 [-5.2; 14.3] 10.6 1.6 [0.0; 25.0] 10.6
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Figure 1: Spatial and temporal variability of 1-day annual precipitation maxima:. The sub-figure on the left shows the spatial distribution of intensity and seasonality of Rx1day: point size 

depicts the average intensity, while pie chart indicates the seasonal occurrence percentages. The sub-figure on the right shows the spatial distribution of the magnitude and significance 

of trends (1956-2020): point size indicates absolute trend magnitude, colour distinguishes positive (red) and negative (blue) trends, while significant trends are indicated by full circles. 

When looking at the results of scaling between 1-day precipitation maxima and temperature anomalies, the sign and magnitude of the 

scaling are highly variable across the region, with the greatest and statistically significant positive scaling factors observed for sites in the 

northern part of South Tyrol (figure not shown). The absence of a coherent signal across the region is also expected due to the superimpo-

sition of non-thermodynamic factors and local-specific phenomena.  The regional average scaling also varies for 1-day annual  and seasonal 

maxima with positive values for SON, JJA and yearly maxima (respectively 7.7, 4.9 and 3.8 % °C-1). Only in SON, when also the greatest 

increases in 1-day maxima are observed, the scaling is comparable with the theoretical CC one of 7 % °C-1.  Autumn and summer are also 

the seasons with the highest number of station series exhibiting significant increasing trends in precipitation intensity and frequency (Table 

1). Similar findings for trends and scaling, including a relatively large variability across locations, are reported in other regional studies in 

the Alpine regions (e.g., Zeder and Fischer, 2020; Scherrer et al., 2016). However, further analyses are needed to improve the assessment of 

local effects and to integrate sub-daily precipitation maxima.   

Variability and trend analysis is complemented by the study of statistical distributions of heavy precipitation in Trentino-South Tyrol in order 

to generate informative results for the assessment and management of current and future risk in the region. The clustering of station sites 

identifies five homogeneous sub-regions (Figure 2, right), whose maxima precipitation records from 1956 to 2020 enter in the RFA return-

ing corresponding regional growth curves, reporting quantiles representative for all sites in the sub-regions. The best fitting distributions 

are GEV and PE3. In all regions, the uncertainty range of estimated curves increase with increasing recurrence intervals, especially for RPs 

longer than 50 years. By applying at-site scale factors, i.e., the mean value of precipitation maxima, return levels associated to specific RPs 

are derived for each station and spatial distributions confirm the mean climatic features of the region with the higher precipitation intensity 

occurring in the southern part of Trentino. The estimated RPs for the 3-day precipitation during storm Vaia exceed 100 years in most of the 

region, with the highest RPs in the southern and eastern parts of the region, while lower values are registered in the north-western portion. 

However, growth curves and resulting RPs of the event highly vary with the period entering the analysis. When RFA is conducted on two 

subsequent 30-year periods (1956-1985 and 1991-2020), separately, estimated RPs for the 3-day precipitation event of the Vaia storm remark-

ably reduce in recent 30-year period throughout the region up to -95%. The only exception occurs in the north-western region where RPs 

do not change or increase (Figure 2). 
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Figure 2: Sensitivity of return periods to the baseline: colours represent the magnitude of changes in return periods associated to 3-day precipitation during Vaia storm (October 2018) when 

RFA is applied to an earlier period (1956-1985) with respect to the more recent one (1991-2020). Point size reflects the accumulated precipitation at each site. The inset illustrates the 

clustering of stations into the five homogeneous sub-regions identified for the RFA.  

Significant changes in RPs are also evident when comparing results based on samples including or not the 3-day event of Vaia storm (results 

not shown).  

The high sensitivity of the analysis to both the chosen time period and individual events within the sample can substantially alter the result-

ing occurrence probability of heavy precipitation. This sensitivity gains significance when adopting the return period concept in hazard and 

risk analysis in the context of climate change. The potential presence of trends in precipitation intensities underscores the need to reconsider 

the stationary-based frameworks in decision-making applications (Sarhadi et al., 2016). Stationary-based risk methods assuming extreme cli-

mate conditions will not vary over time and relying on fixed past baseline periods, pose challenges in accurately assessing evolving climate 

conditions and their influence on extreme event occurrence and subsequent impacts.  

CONCLUSIONS 

Understanding and quantifying current and future changes in the intensity and frequency of extreme precipitation is critical for the design of 

climate change adaptation strategies and the definition of risk management plans. This study provides insights into the spatial variability and 

observed changes of daily precipitation extremes in the Italian region of Trentino – South Tyrol in the south-eastern Alps. The contribution 

also aims to discuss the strengths and limitations of the proposed methodological framework for deriving informative results on extreme 

events at a regional level supporting subsequent decision-making processes. 

Station observations highlighted a distinct spatial distribution of intensity and seasonality of precipitation extremes across the region. An 

overall increasing tendency in both intensity and frequency of daily precipitation extremes was reported for both annual and seasonal values 

over 1956-2020, particularly in South Tyrol, even though the portion of statistically significant increments remained limited. The relationship 

between observed heavy precipitation variability and the large-scale thermodynamic state of the atmosphere, quantified through a scaling 

factor with Northern Hemispheric temperature anomalies, is heterogenous across the region. Nevertheless, the regional scaling average is 

positive and compatible with the theoretical CC relation especially for autumn and summer extremes, suggesting that effects of large-scale 

changes are also detectable on local precipitation patterns and require more in-depth analyses. 

The Regional Frequency Analysis (RFA) applied on pooled station observations and projections of daily precipitation maxima within five 

identified homogenous sub-regions, offered insights into the spatial variability of current heavy precipitation statistical distributions across 

Trentino – South Tyrol. Results suggest possible changes in the probability distribution of extremes with an overall shortening of recurrence 

intervals of precipitation extremes even though with a certain spatial variability. However, the sensitivity of extreme value analysis to the 

considered period and to single high-intensity events might affect the stability and robustness of results. These aspects have to be considered 

when results based on the return period concept are intended to inform hazard and risk analyses and management.  
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In the context of global warming, the assessment of future changes in the occurrence probability of extreme precipitation events becomes 

crucial, especially in the perspective of a potential intensification of heavy precipitation in the future decades throughout the region. The 

application of RFA to precipitation projections would provide an outlook on the assessment of future regional changes in extreme precipita-

tion in a warmer climate. Investigating the future changes in heavy precipitation distribution would inform risk management planning about 

upcoming patterns, and facilitate the identification of potential areas for improvement and revision in planning strategies.  

While presented analyses are based on daily data only, the extension to sub-daily precipitation is crucial to provide a more comprehensive 

understanding of current and future changes in extremes with important implications for regional applications, e.g., changes in Intensity-Du-

ration-Frequency curves. Moreover, a seasonal specific analysis of extreme occurrence can improve the characterization of different types of 

heavy precipitation events driven by different mechanisms and atmospheric patterns, which can be beneficial for improving the accuracy of 

predictions and risk prevention in current and future climate. Furthermore, the advancements in convection-permitting models and future 

availability of corresponding simulations would allow to improve and broaden the analysis, by providing a more accurate depiction of pre-

cipitation events at local and regional scales. 
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