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Abstract17

We analysed a dataset of 18 homogenised daily precipitation series from the south-18

ern European Alps, covering approximately the last 150 years. Previously available19

data from stations in northern Italy have been extended considerably by recent digi-20

tisation work, and, for the first time, they have been combined with daily data from21

Swiss stations on a centennial scale.22

Precipitation frequency in the southern Alps decreased significantly over the period23

1890–2017. We show that this trend is related to a step-like reduction in cyclonic24
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weather types over central Europe that occurred around 1940. This decrease is an25

example of the large variability that affects precipitation in the region over many26

different time scales. In particular, strong trends on a decadal scale are related to the27

Atlantic Multidecadal Oscillation and the North Atlantic Oscillation, although the28

influence of the latter is present only in the recent decades.29

Trends in heavy precipitation indices do not show a coherent pattern across the30

study area. We find a significant increase in heavy precipitation in Switzerland, while31

a decrease affects the southeastern subset in spring.32

Keywords: Observational data analysis, Centennial, Mountain, Data rescue33

1 Introduction34

Understanding precipitation variability is crucial for many sectors, including agriculture,35

water management, insurance and infrastructure planning. Yet, scientific confidence in36

the temporal variability of precipitation in the past is still generally low (Hartmann et al.,37

2013). Precipitation is highly variable in space and time, and therefore a dense coverage38

of long, highly resolved and high-quality precipitation data series is necessary to fully39

disentangle precipitation variability on its multiple scales. Although we are still far from a40

global dataset that fulfills these requirements, it is already possible to build dense datasets41

that cover more than one century on a regional scale (particularly in Europe).42

Precipitation in the Alps is very important in the European context. Alpine runoff43

water is used in much of Europe for drinking, irrigation, industry and electricity generation.44

The southern slope of the Alps, in particular, has been recognized as the most important45

water source in Europe because of the water needs of the lowland basin (Viviroli et al.,46

2007), which includes the densely populated Po Valley in northern Italy. Moreover, heavy47

precipitation in the southern Alps is often a hazard leading to damage and casualties, with48

large-scale floods occurring nearly every decade (Guzzetti et al., 2005).49

Currently, dense meteorological station networks are located widely throughout the50

Alps and highly resolved datasets for the last few decades are available (e.g., Isotta et al.,51

2014; Crespi et al., 2018; Pavan et al., 2018). For earlier periods, however, daily data52

availability in the southern Alps is still relatively scarce when compared to the large53

amount of measurements that were carried out in that area since the late 19th century.54
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Until 1918, the southern Alps were shared by three countries: Switzerland, Austria-55

Hungary, and Italy. Switzerland and Austria-Hungary, in particular, possessed two of56

the most well-developed national weather networks in the world at the time. In Italy,57

and particularly in the Italian Alps, meteorological observations were often carried out on58

voluntary basis at cloisters and other religious institutes under the umbrella of the Italian59

Meteorological Society (see e.g. Brugnara et al., 2016). After the dissolution of the Austro-60

Hungarian Empire, the newborn Italian national hydrographic office promptly reactivated61

the stations in the territories annexed by Italy and kept them operative throughout the62

20th century. An enormous amount of meteorological data from the late 19th and early63

20th century, however, ended up forgotten in archives in various countries. This includes64

hydrological data (precipitation and snow cover), which were measured at thousands of65

stations across central and eastern Europe when World War I broke out. In this paper,66

we make use of recently digitised daily precipitation data that have allowed us to roughly67

triple the number of long series in the southern Alps reaching back to the 19th century.68

Previous studies found a decrease in total precipitation in the southern Alps during69

the 20th century (Brunetti et al., 2006b; Brugnara et al., 2012) similar to that observed70

on average in the Mediterranean basin (Hoerling et al., 2012; Mariotti et al., 2015), which71

is believed to be at least in part of anthropogenic origin (Hoerling et al., 2012). Stud-72

ies on extremes are still rare and have focused on relatively short periods and/or on73

small study areas (often limited by political borders). For example, Scherrer et al. (2016)74

found significant increases in daily extreme precipitation indices at several stations in the75

southern Alpine sector of Switzerland over 1901–2014, while Uboldi and Lussana (2018)76

found a significant increase in daily and sub-daily extreme precipitation in a small area77

in northeastern Lombardy over the second half of the 20th century. No study exists for78

the southern Alps as a whole. On the continental scale, numerous studies have analysed79

trends in heavy or extreme precipitation (e.g., Van den Besselaar et al., 2013; Fischer and80

Knutti, 2016), finding a predominance of positive trends since 1950. In the Mediterranean81

basin (which includes the southern Alps), however, signals in extremes are less spatially82

coherent (Ulbrich et al., 2012). For instance, no significant trends are observed in the83

northwestern Apennines (Brunetti et al., 2018), a region with strong climatic similarities84

to the southern Alps (Brunetti et al., 2006b).85
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In the present paper, we analyse changes in both mean and extreme precipitation86

indices in the southern Alps. After a description of the study area (Sect. 2) and the87

dataset (Sect. 3), we explain the data processing and define the indices in Sect. 4. The88

results are in Sect. 5 and are then discussed in Sect. 6. Finally, we draw our conclusions89

in Sect. 7.90

2 Study area91

We define the southern Alps as the mountainous area south of the main Alpine watershed,92

between 8-14◦E longitude. This corresponds to the “NEN” region defined by Brunetti93

et al. (2006a) by means of a Principal Component Analysis of Italian and Swiss monthly94

precipitation series. The main Alpine watershed roughly follows the political border of95

Italy, reaching into south-eastern Switzerland (cantons of Ticino and part of Grisons) and96

southern Austria (East Tyrol and part of Carinthia).97

In an Alpine context, the main characteristic of the climate of the southern Alps is98

the large influence of the Mediterranean Sea. This implies higher temperatures than in99

the northern Alps, and higher orographically-driven precipitation due to the greater water100

content of the air. However, some of the valleys close to the watershed (inner Alpine101

valleys) have a relatively dry climate, especially in winter (Isotta et al., 2014; Crespi et al.,102

2018).103

Precipitation in the southern Alps is concentrated during considerably fewer days104

than in the northern Alps, yet it leads to similar annual totals. Therefore, the average105

precipitation intensity is much higher, reaching values greater than 20 mm day−1 in the106

precipitation “hot spots” of Lake Maggiore and the Julian Alps (Isotta et al., 2014).107

3 Data108

We analyse daily precipitation data from 18 stations located in the cantons of Ticino and109

Grisons in Switzerland, and in the regions of Piedmont, Lombardy, Veneto, and Trentino-110

South Tyrol in Italy. These series were selected because of their length, completeness, and111

good data quality. Table 1 summarises the characteristics of the series.112

We use 523 additional monthly precipitation series (with monthly number of wet days,113
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i.e. number of days with at least 1 mm of precipitation, available for 92% of the total114

station time) as reference for the homogenisation of the 18 target series. Figure 1 shows115

the geographical distribution of the stations and the length of each series.116

3.1 Previously existing data117

There are numerous data providers due to the highly fragmented station network man-118

agement in Italy. Despite this, the measurement standards are fairly consistent across119

stations. Manual observations were carried out in the early morning hours at all stations,120

and in most cases, the definition of the hydrological day did not change after the transition121

to automatic rain gauges. There are, however, inconsistencies in the calendar day to which122

the daily amount is assigned (either to the day of the observation or to the day before),123

which depend not only on the station but also on the year considered, because there are124

often different data providers for different sub-periods of the same series (most stations in125

Italy have belonged to more than one network in the course of their history).126

Data for the central-eastern Alps referring to years later than 1920 were already ho-127

mogenised by Brugnara et al. (2012) using a dense station network. We use the same128

homogenised data in this paper.129

3.2 Newly rescued data130

Until recently, only a few centennial daily precipitation series existed for the southern Alps131

outside Switzerland, none of which were publicly available. Most of the digitised records132

started in 1921 or later, such as those analysed in Brugnara et al. (2012).133

Over the last few years, significant digitisation work has been undertaken at the Uni-134

versity of Bern (with collaborations from the Royal Netherlands Meteorological Institute135

and the Austrian Zentralanstalt für Meteorologie und Geodynamik) through the initiative136

“Before 1921” (http://before1921.wordpress.com). The aim of this project is to re-137

cover the great amount of meteorological data available for the territories of the southern138

Alps that were part of Austria-Hungary until World War I.139

Even though (at the time of writing) the digitisation work is far from complete, in the140

present study we already make use of over 1500 station years of newly digitised daily data141

(of which about 350 years are part of the analysed series), reaching back to 1872. The data142
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sources include the yearbooks of the Austro-Hungarian meteorological and hydrographic143

offices, as well as the original station registers. The digitised data are available without144

restrictions in public international databases.145

4 Methods146

4.1 Data quality, homogenisation and gap filling147

To verify the quality of the data, we followed a semi-automatic procedure in which we148

compared each of the 18 series with a reconstructed daily series based on multiple linear149

regression taking as input data from neighbouring stations (Simolo et al., 2010). Large150

differences between the original data and the reconstruction were then investigated manu-151

ally. This led to the correction of 43 daily values (mostly involving the addition of a flag for152

cumulated values, i.e. when the total precipitation of multi-day events had been assigned153

to one day), while we set 253 erroneous values to missing. In addition, we discarded all154

data for the stations of Bellinzona and Segl-Maria before 1887 (i.e., 23 years) and 1890155

(26 years), respectively, because of their generally poor quality.156

The most significant correction affected the highest value on record at the station of157

Segl-Maria (108 mm on 3 November 2000): this value was not only incompatible with158

the much smaller amounts measured at nearby locations, but also with the 12-hour totals159

(available at Swiss stations for the last few decades) observed at the same station. We160

replaced the value with the sum of the two 12-hour values (21.6 mm).161

This kind of quality control is not sufficient to guarantee data homogeneity over time,162

because the instruments, observers, and positions of the stations cannot remain the same163

for over one century. Therefore, we homogenised the data series by applying the same164

procedure described in Brugnara et al. (2012). Breakpoints were detected visually using165

the Craddock’s test (Craddock, 1979), both on the monthly precipitation totals and the166

monthly number of wet days. Daily adjustments were obtained from a trigonometric fit167

of monthly adjustments, in turn estimated from highly correlated reference series. Five168

series (Bellinzona, Locarno, Rovereto, Segl-Maria, Trento) were found to be sufficiently169

homogeneous and did not require any adjustment. In the others, we found 1.8 breakpoints170

on average (including those already adjusted by Brugnara et al. (2012)), with a maximum171
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of 8 breakpoints in the series of Sondrio.172

We reconstructed missing data in the homogenised series using the algorithm of Simolo173

et al. (2010). We filled only those missing values found in partially incomplete months.174

This allowed us to fill cumulated values, for which we rescaled the reconstructed values175

so that their sum would match the multi-day observation. A total of 1887 values in our176

dataset were reconstructed, corresponding to less than 0.25% of the analysed observations.177

4.2 Indices and trend analysis178

We studied the annual (December to November) and seasonal indices listed in Table 2,179

selected from those recommended by the World Meteorological Organization (Klein-Tank180

et al., 2009).181

We also studied the relationship between precipitation in the southern Alps and the182

main large-scale atmospheric and oceanic indices in the North Atlantic region; in par-183

ticular, we use updates of the North Atlantic Oscillation (NAO) index by Jones et al.184

(1997) and the Atlantic Multidecadal Oscillation (AMO) index by Enfield et al. (2001).185

In addition, we use the recent reconstruction by Schwander et al. (2017), who estimated186

the frequency of 7 weather types in central Europe since 1763 using long temperature and187

pressure series.188

Trends were evaluated by means of a robust linear regression using a so-called M -189

estimator (Venables and Ripley, 2002), specifically by minimizing the Huber’s loss function190

(Huber and Ronchetti, 2009) instead of the squared residuals as in ordinary least squares,191

in order to reduce the influence of outliers. Trends were considered significant if the192

null-hypothesis of the Mann-Kendall test (Sneyers, 1990) was rejected at the 5% level.193

5 Results194

5.1 Climatological characterization of heavy precipitation events195

Table 3 reports the mean seasonal precipitation for each analysed station, as well as the196

largest RX1day and RX5day values on record. All stations have a precipitation minimum197

in winter, while the annual totals are highly dependent on topography and range from less198

than 700 to more than 1800 mm. The most extreme RX5day is found in autumn at most199
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stations, with some exceptions in summer or late spring. The most extreme RX1day indices200

are more spread over the year but are commonly found in late summer, when local-scale201

deep convection provides an important contribution. Notably, extremely high precipitation202

amounts can be observed even in winter, when the expected climatological amount of the203

whole season can be exceeded in less than 24 hours. One particularly remarkable episode is204

that of 1 February 1986, which caused the largest daily precipitation on record at 3 different205

stations (an analysis of this and other recent winter extreme precipitation episodes can be206

found in Panziera and Hoskins, 2008).207

Figure 2 shows, for each station, how frequently annual maxima are observed in each208

month and season during the period 1890–2017 (chosen to assure a reasonable completeness209

of all series, i.e. < 15% missing data, see Table 1). From the distribution of the indices210

over the year we can identify three clusters of stations (see also Fig. 1 and Table 3). The211

first cluster (represented by shades of blue in the figures), mainly consisting of stations212

in the eastern part of the study area (but also including Domodossola in the west), has213

a clear maximum in late autumn (October-November) and a small summer contribution;214

moreover, the contribution from winter is relatively high, even higher than summer for215

some stations. The second cluster (red), which includes the Swiss stations, also peaks216

in autumn but shows a much larger role of summer (the maximum is between August217

and September). Finally, the station of Brixen (green) is the only instance of a peak in218

mid-summer for both indices. This is the driest station of our dataset, with the most219

prominent summer maximum in the precipitation climatology (Table 3), well representing220

the climate of an inner Alpine valley.221

5.2 Linear trends222

Annual TP decreased at almost all stations over the period 1890–2017 (Fig. 3a), but the223

trends are significant only in the south-east (Trentino). Seasonally, winter and spring224

have a clear prevalence of negative trends in the east (Fig. 4a). A more extended decrease225

emerges by analysing the annual WD (Fig. 3b), significant at 5 stations, of which 2 are226

in Switzerland. A prevalence of negative trends in WD is observed in every season but227

winter (Fig. 4b), with spring and autumn showing the highest spatial coherence. On the228

other hand, there is no coherent regional signal for SDII, neither annually (Fig. 3c) nor229
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seasonally (Fig. 4c). The western stations have mostly positive trends (4 of these show230

a significant trend in spring), whereas the eastern stations have mostly negative annual231

trends.232

The trends for R10mm (Fig. 3d) and R20mm (Fig. 3e) are mostly consistent with those233

of WD. The main difference is the stronger decrease for R20mm in spring (Fig. 4e), which234

exceeds 50% century−1 at most stations in the south-east (4 significant trends). Moreover,235

the two northernmost stations have positive trends (one significant for R20mm).236

An increase in CDD is observed at most stations in spring and autumn (Fig. 4f).237

However, the trends are significant at only 1 station in spring and at none in autumn. A238

prevalence of negative trends is observed in summer (significant at 1 station). No clear239

pattern emerges on the annual scale (Fig. 3f).240

RX1day shows an increase at most stations, especially in the west, with significant241

trends at 2 stations (Fig. 3g). The increase affects all stations in autumn (significant at242

1 station), whereas a decrease is prevalent in spring (Fig. 4g). Results are similar for243

RX5day (Fig. 3h): significant negative trends occur in spring at 3 south-eastern stations.244

Figure 4h also shows a clear prevalence of positive trends in summer. Again, the largest245

trends are in the south-east, where they are significant at 2 stations.246

5.3 Decadal variability247

Figure 5 shows the regional time series of TP and WD for each season, calculated by248

averaging the anomaly series of all stations. The most striking feature is the sudden249

drop in the annual WD around 1940: in the first half of the study period, precipitation250

occurred about 10% more often than during the last 70 years. The precipitation amount251

shows a similar behaviour, although the signal is less clear because of greater interannual252

variability. The most affected season is spring.253

The decadal variability is linked to the frequency of certain weather types, in particular254

those bringing a cyclonic flow with a southern component towards the Alps. In Fig. 5 the255

frequency of the CAP7 cyclonic weather types, namely, WSW (west-southwest), or N256

(north) or WC (westerly flow over Southern Europe) from Schwander et al. (2017) is257

superposed on the precipitation series, showing large correlations with the regional mean258

(R2 > 0.3 for TP and R2 > 0.4 for WD) in all seasons except summer. About 30% of the259

9



total WD in our dataset occur with the type WC, but this percentage is higher if summer260

is not considered (Fig. 6). According to (Schwander et al., 2017), the frequency of the261

type WC dropped by about 20% after 1940. A similar behaviour, although with a smaller262

reduction, was observed for the types WSW and N. Note that many of the names of the263

CAP7 weather types refer to the mean flow over Switzerland; in particular, the type N is264

related to a low-pressure minimum over northern Italy, which can bring a south-easterly265

flow to the southern Alps.266

In winter, precipitation in the southern Alps is known to be inversely correlated with267

the NAO index (e.g., López-Moreno et al., 2011). Our results confirm this relationship268

only for the later part of the study period (Fig. 7); in particular, the long dry spell between269

the 1980s and 1990s is related, in part, to a persistent positive phase of the NAO. Before270

the climate “shift” in 1940, however, we generally find no significant correlation between271

the NAO index and precipitation in the southern Alps. Interestingly, TP at the station of272

Bivio is positively correlated with the NAO, even though WD are negatively correlated.273

In the later part of the study period, we can also see differences in the magnitude of274

the correlation between the stations in the inner valleys and those closer to the Prealps275

that are consistent with a change of sign of the correlation across the Alpine watershed276

(López-Moreno et al., 2011).277

TP in spring shows a pronounced multidecadal variability that anti-correlates with the278

AMO index. Spring precipitation between the 1920s-1930s and 1970s-1980s (i.e., close to279

the last two minima of the AMO) were on average 20 to 50% higher than during the last280

few decades. Due to the relatively long period of the AMO, much longer data series than281

those analysed here would be required to evaluate the temporal stability of the correlation.282

Figure 5 also shows the 10 most extreme regional multi-day events over the last 140283

years (blue triangles), calculated by averaging the RX5day values observed at all available284

stations (normalized by the respective annual climatological totals). Six of these events285

were observed between 1882–1888 and 1920–1928, and 3 of the 5 largest 5-day events all286

happened in the 1920s (1920, 1926, 1928). We also find that 8 of the 25 largest 5-day287

events in the last 140 years occurred in pairs separated by less than two years (1888–1889,288

1926, 1928, 2000). In 1928 and 2000, two distinct extreme events were separated by only289

a few days. By season, the largest regional events occurred 29 January–2 February 1986,290
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13–17 May 1926, 9–13 July 1890, and 13–17 September 1882 (dates may differ slightly at291

some stations).292

We find a similar clustering of extreme dry periods (red triangles): for instance, the293

2 highest regional values of CDD (where the regional value is the median of the station294

values) occurred within just 4 years in the winters of 1988/1989 and 1992/1993. High295

regional values of CDD in spring follow the multidecadal variability of TP and WD: the296

empirical probability of a dry spell longer than 30 days to occur at half of the stations is297

nearly doubled during the positive phase of the AMO with respect to the negative phase298

(21% - 12%). In summer, the last 50 years have been remarkably deficient in extreme dry299

periods, with the 5 longest on record all occurring before 1950. This is further explored in300

Fig. 8, which shows the evolution in time of summer CDD. Even though long dry spells301

occur regularly at isolated stations, dry spells longer than 15 days that affect at least half302

of the stations have become much less frequent in the last few decades.303

6 Discussion304

Precipitation in the southern Alps show a drying trend similar to that observed on average305

in the northern Mediterranean basin (e.g., Mariotti et al., 2015). The trend is mainly306

caused by a step-wise climate shift around 1940, which can be explained by a similar307

behaviour in the frequency of cyclonic weather types over central Europe. This suggests308

that the precipitation decrease in the southern Alps can, in large part, be ascribed to309

natural variability, although the attribution of trends is out of the scope of the present310

paper.311

The decrease in precipitation especially affects the eastern part of the study area312

and the spring season. According to climate projections, however, summer will be more313

significantly affected by climate change over the next decades in the Mediterranean region314

(e.g., Mariotti et al., 2015). In the southern Alps, a reduction of summer TP up to 50% is315

expected by the end of the century (depending on the scenario and the model used) (Gobiet316

et al., 2014; Fischer et al., 2015; Rajczak and Schär, 2017), although the trends might be317

lower at higher elevations (Giorgi et al., 2016). Whether this reduction materialises in the318

observations also depends on natural variability (Maraun, 2013; Mariotti et al., 2015). Our319
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results indicate that widespread extreme dry spells were unusually rare during summer over320

the last 50 years when compared to the previous 80 years, even though local dry spells321

were not infrequent, which might be an indication of increased atmospheric instability.322

However, this does not imply that droughts have become less common or less severe, since323

dry conditions also depend on temperature (e.g., Vicente-Serrano et al., 2014). Given324

the high correlation between the frequency of cyclonic weather types and precipitation in325

the southern Alps during the last 120-130 years, we can consider the reconstruction of326

Schwander et al. (2017) to be a good proxy for extending precipitation variability back327

to the 18th century. Interestingly, the frequency of cyclonic weather types has never328

been as low as in the recent decades, suggesting that the second half of the 20th century329

has probably been the driest period in the southern Alps in the last 250 years, at least330

during spring and autumn (when the correlation is higher). This conclusion has important331

implications, for instance, for the study of glacier mass balance.332

The AMO may have exacerbated the trends during spring over the last few decades.333

In fact, we find a decrease in spring TP of the order of 20% when analysing the last 40334

years. A similar decrease had already occurred between ca. 1930–1970 (previous positive335

phase of the AMO), followed by a rapid increase, suggesting that a future increase in336

spring precipitation is likely. There is no guarantee, however, that the link will hold in the337

future, nor that the AMO will continue to behave like it did in the recent past (see e.g.,338

Murphy et al., 2017).339

An influence of the AMO on precipitation has been observed in different parts of the340

world (e.g., Enfield et al., 2001; Zhang and Delworth, 2006; Sutton and Dong, 2012).341

Sutton and Dong (2012) found a relationship with precipitation in northern Italy that342

is consistent with our analysis. The influence of the AMO on precipitation is related to343

changes in the frequency of weather types (Zampieri et al., 2017), but a robust physical344

interpretation is still missing.345

The climate shift in 1940 coincides with a change in influence of the NAO. The negative346

correlation between the NAO index and WD in the southern Alps, which is statistically347

significant from the 1950s onward at most stations, is not observed in the early 20th348

century. This is particularly relevant because many studies about NAO impacts are based349

on datasets beginning in 1950 or later (e.g., López-Moreno et al., 2011); moreover, stability350
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of the NAO influence is sometime assumed for the interpretation of climate reconstructions351

(e.g., Scholz et al., 2012). The NAO influence on precipitation was found to be highly352

variable in the northern Alps as well (Brunetti et al., 2006b).353

Our analysis of heavy precipitation events extend the results of Scherrer et al. (2016)354

out of the Swiss borders and show that the behaviour of annual precipitation maxima in355

the southern Alps is more complex than in Switzerland (where an increase is observed356

everywhere). In particular, there is no detectable increase of annual indices of heavy pre-357

cipitation events in the south-eastern Alps, similarly to what is found for other regions in358

northern Italy (e.g., Brunetti et al., 2018). The prevalent climatological occurrence of ex-359

treme events (late summer / early autumn in the west, late autumn in the east) is arguably360

one of the factors driving these differences. In fact, precipitation extremes occurring in361

summer or early autumn have a much higher contribution from local convective processes,362

suggesting that the magnitude of convective precipitation extremes is increasing. This is363

also supported by the significant increases in heavy precipitation indices observed at some364

of the stations in the south-eastern Alps in summer (Fig. 4).365

7 Conclusions366

We compiled a new dataset of daily precipitation for the southern Alps covering the last367

150 years, which complements the previously available Swiss series through the recent368

digitisation of a large amount of data from Italy.369

Precipitation amount and frequency significantly decreased at some of the stations over370

the period 1890–2017, particularly those in the south-eastern part of the study area. This371

trend is caused by a step-like shift around 1940, when the mean annual precipitation and372

the number of wet days suddenly dropped by nearly 10%. We could ascribe this change373

to a reduction in the frequency of cyclonic weather types in central Europe.374

The evolution of precipitation over time is also affected by large variability on the375

decadal scale, which makes the use of long data series particularly important. We could376

confirm the previously described relationship with the NAO index in winter and the AMO377

index in spring, both inversely correlated with precipitation in the southern Alps. For378

the former index, however, we found that the correlation is not stationary and disappears379
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before 1950.380

We also studied the changes in several daily precipitation indices. The behaviour of381

some of these indices changes significantly with longitude, in particular for heavy precipi-382

tation events. We detected a coherent increasing pattern of annual precipitation maxima383

in the western part of the study area, where these maxima are usually observed in late384

summer when the contribution of local convection is larger. In the eastern part, on the385

other hand, we did not find significant trends except for a general decrease of heavy precip-386

itation events in spring and local increases in summer. Extremely long dry spells became387

less frequent in summer during the last 50 years, with 9 of the 10 longest spells on record388

occurring before 1962. In spring, dry spells are modulated by the AMO.389

Our findings indicate that the synoptic conditions conducive to extreme precipitation390

events in the southern Alps tend to occur with anomalous high frequency during certain391

time periods that can last up to a few years, and with anomalous low frequency during392

others. In other words, the occurrence of an extreme precipitation event increases the393

probability of another similar event within a relatively short time. This applies both to394

extremely wet and dry spells.395

Our results show that long daily time series (possibly longer than 100 years) are neces-396

sary to sufficiently represent precipitation variability in the Alps. More research is needed397

to understand the processes driving the low-frequency natural variability that is of com-398

parable magnitude with the expected future anthropogenic changes for some indices.399
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variability and changes in the greater Alpine region over the 1800–2003 period, Journal424

of Geophysical Research, 111, doi:10.1029/2005JD006674, 2006b.425

Brunetti, M., Bertolini, A., Soldati, M., and Maugeri, M.: High-resolution analysis of 1-426

day extreme precipitation in a wet area centered over eastern Liguria, Italy, Theoretical427

and Applied Climatology, pp. 1–13, doi:10.1007/s00704-018-2380-1, 2018.428

Craddock, J.: Methods of comparing annual rainfall records for climatic purposes,429

Weather, 34, 332–346, doi:10.1002/j.1477-8696.1979.tb03465.x, 1979.430

Crespi, A., Brunetti, M., Lentini, G., and Maugeri, M.: 1961–1990 high-resolution monthly431

precipitation climatologies for Italy, International Journal of Climatology, 38, 878–895,432

doi:10.1002/joc.5217, 2018.433

Enfield, D. B., Mestas-Nunez, A. M., Trimble, P. J., et al.: The Atlantic multidecadal434

oscillation and its relation to rainfall and river flows in the continental U. S., Geophysical435

Research Letters, 28, 2077–2080, doi:10.1029/2000GL012745, 2001.436

Fischer, A., Keller, D., Liniger, M., Rajczak, J., Schär, C., and Appenzeller, C.: Pro-437

jected changes in precipitation intensity and frequency in Switzerland: a multi-model438

16



perspective, International Journal of Climatology, 35, 3204–3219, doi:10.1002/joc.4162,439

2015.440

Fischer, E. M. and Knutti, R.: Observed heavy precipitation increase confirms theory and441

early models, Nature Climate Change, 6, 986, doi:10.1038/nclimate3110, 2016.442

Giorgi, F., Torma, C., Coppola, E., Ban, N., Schär, C., and Somot, S.: Enhanced summer443

convective rainfall at Alpine high elevations in response to climate warming, Nature444

Geoscience, 9, 584, doi:10.1038/ngeo2761, 2016.445

Gobiet, A., Kotlarski, S., Beniston, M., Heinrich, G., Rajczak, J., and Stoffel, M.: 21st446

century climate change in the European Alps–a review, Science of the Total Environ-447

ment, 493, 1138–1151, doi:10.1016/j.scitotenv.2013.07.050, 2014.448

Guzzetti, F., Stark, C. P., and Salvati, P.: Evaluation of flood and landslide risk to the pop-449

ulation of Italy, Environmental Management, 36, 15–36, doi:10.1007/s00267-003-0257-1,450

2005.451

Hartmann, D., Klein Tank, A., Rusticucci, M., Alexander, L., Brönnimann, S., Charabi,452
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Table 1: Stations that have been homogenised and used in the analysis (Lon = longitude
in degrees East; Lat = latitude in degrees North; Elev = elevation in metres). The “+”
sign separates the station names before and after a major station relocation (distance > 1
km or elevation difference > 100 m); coordinates refer to the current station location.

Name Abbr. Lon Lat Elev Period % missing

Bellinzona BLZ 9.000 46.180 224 1887–2017 1.3
Bivio BIV 9.667 46.467 1856 1892–2017 0.0
Brixen BRX 11.644 46.731 584 1878–2017 3.0
Cavalese CAV 11.452 46.285 958 1882–2017 0.4
Cortina COR 12.127 46.537 1271 1895–2017 6.0
Domodossola DOM 8.288 46.113 284 1871–2017 1.7
Gries + Bozen BZG 11.313 46.498 254 1884–2017 11.7
Locarno + Monti LOM 8.783 46.167 367 1882–2017 0.7
Lugano LUG 8.967 46.000 273 1864–2017 0.0
Marienberg MAR 10.520 46.706 1335 1890–2017 3.8
Pergine PER 11.240 46.053 458 1887–2017 9.3
Riva + Torbole RIT 10.877 45.870 90 1872–2017 3.0
Rovereto ROV 11.044 45.896 203 1882–2017 3.4
Segl-Maria SIA 9.767 46.433 1804 1890–2017 0.8
Soglio SOG 9.533 46.350 1086 1884–2017 0.1
Sondrio SND 9.852 46.167 298 1894–2017 7.5
Tione TIO 10.731 46.041 533 1895–2017 9.2
Trento + Laste TNL 11.136 46.072 312 1893–2017 4.1

Table 2: Annual and seasonal precipitation indices analysed in this study.

Index Unit Description

TP mm Total precipitation amount
WD days Number of wet days (≥ 1 mm)
SDII mm day−1 Simple daily intensity (TP /WD)
R10mm days Number of days with precipitation ≥ 10 mm
R20mm days Number of days with precipitation ≥ 20 mm
CDD days Maximum number of consecutive dry days (< 1 mm)
RX1day mm Maximum daily precipitation
RX5day mm Maximum 5-day precipitation
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Table 3: Seasonal mean TP over the period 1981–2010 and largest RX1day and RX5day
values on record (after homogenisation) for the analysed stations (values are in mm).
The first column indicates the cluster to which the stations are assigned according to the
distribution of RX1day and RX5day by season of occurrence (b = blue, r = red, g = green;
see Fig. 2).

Normals 1981–2010 RX1day RX5day
Cl Abbr DJF MAM JJA SON Year Value Month Value Month

r BLZ 183 413 518 454 1568 217 08/1942 372 11/2002
r BIV 192 290 385 337 1203 124 11/2002 308 11/2002
g BRX 58 143 297 169 666 103 06/1924 138 06/1924
r CAV 87 187 271 227 772 118 02/1986 220 09/1882
b COR 136 229 355 319 1039 136 11/1987 227 11/1966
b DOM 189 426 296 445 1355 248 08/1987 447 10/2000
r BZG 73 160 256 203 692 112 02/1986 167 09/1888
r LOM 209 492 572 574 1848 318 09/1991 483 09/1991
r LUG 192 429 473 451 1545 241 08/1911 356 08/1911
r MAR 99 131 248 193 671 89 08/1954 158 05/1983
b PER 125 226 274 312 936 150 09/1960 302 09/1960
b RIT 152 229 263 304 947 103 08/1933 202 11/1951
b ROV 157 223 267 291 938 136 03/1898 279 09/1882
r SIA 139 222 348 282 991 99 05/1981 251 11/2002
r SOG 164 363 467 426 1420 137 09/1991 346 11/2002
b SND 122 208 245 268 844 186 09/1988 235 09/1988
b TIO 197 290 290 364 1141 138 11/2003 276 11/2002
b TNL 135 224 260 303 923 121 02/1986 233 11/1951
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Figure 1: Map of the stations used in this work. Coloured points indicate the analysed
series (the colours indicate the station clusters according to the distribution of RX1day
and RX5day by season of occurrence, see Fig. 2), gray points indicate the additional
reference series. The diameter of the points is proportional to the length of the series.
The background colour scale represents elevation above mean sea level.
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Figure 2: Distribution of RX1day (a, c) and RX5day (b, d) by month (a, b) and season
(c, d) of occurrence. For RX5day the central day is considered. The colours identify the
three main station clusters, the shade of the lines depends on the longitude of the stations
(the darker the colour, the lower the longitude).
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Figure 3: Annual linear trends over the period 1890–2017 for: (a) TP, (b) WD, (c) SDII, (d)
R10mm, (e) R20mm, (f) CDD, (g) RX1day, (h) RX5day. Filled circles indicate significant
trends.
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Figure 4: Seasonal linear trends over the period 1890–2017 for: (a) TP, (b) WD, (c) SDII,
(d) R10mm, (e) R20mm, (f) CDD, (g) RX1day, (h) RX5day. Colours are as in Fig. 2,
filled points indicate significant trends.
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Figure 5: Annual and seasonal regional mean time series for TP (left) and WD (right), in
the form of anomalies with respect to the period 1901–2000. The black lines show the low
frequency variability (11-year Gaussian filter with σ = 3 years), the orange lines represent
the number of days characterised by either the WSW, N, or WC weather type as defined by
Schwander et al. (2017). The blue triangles indicate the 10 years in the period 1878–2017
with the highest regional RX5day; the red triangles similarly indicate the 10 years with the
highest regional CDD. In the spring season panels, red and blue backgrounds indicate the
periods with positive and negative phase of the AMO, respectively. The vertical dashed
line marks the year 1940.
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referred to Schwander et al. (2017).
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Figure 7: 51-year running Spearman correlation coefficient between winter precipitation
and the winter NAO index. The dashed line represents the average 5% significance level
of 18 one-tailed permutation tests (one for each series). Colours are as in Fig. 2.
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Figure 8: Median of CDD when considering summer months only (JJA). The gray shading
encompasses the values of all stations, the red vertical lines indicate values > 15 days.
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