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ABSTRACT 

 

Global change affects precipitation and small modifications in rainfall regimes could compromise 

water availability, especially in areas characterized by a strong seasonality and a climate ranging 

from dry sub-humid to semi-arid. Drought, in particular, is a creeping phenomenon defined as an 

important temporary decrease in water availability below the expected value in a certain period 

and a specific area.  

Among the different methodologies for analysing drought periods, one of the most used is the 

evaluation of dry spells. The aim of this study is to investigate spatial and temporal changes in 

dry spells in Tuscany during the period 1955-2017, by using daily precipitation data. Changes in 

the number of dry days, maximum duration and 75th percentile of the duration of the dry spells 

were investigated. Three precipitation thresholds were selected: 1, 5 and 10 mm. The analyses 

were carried out at annual, September-May, September-November and December-May level. 

Theil–Sen non-parametric method was used to estimate the slope; Mann-Kendall test and a 

modification of it, which applies a trend-free pre-whitening (TFPW) method to the series having a 

serial correlation, were applied to look for statistically significant trends.  

The drought indicators showed increasing trends (some significant) especially at December-May 

and to a lesser extent at the annual and September-May level; the most pronounced increases 

were found in the southernmost areas of Tuscany. During September-November period, on the 

other hand, a prevalence of decreasing trends (rarely significant), with less pronounced 

decreases in the south of the region, were observed. 

Mediterranean area is considered a climate change “hot-spot” from the viewpoint of vulnerability. 

An increase in long-lasting dry spells, especially in southern Tuscany, can exacerbate the 

problems linked to water management and demand.  

 

1. INTRODUCTION 

The Mediterranean Basin, which is primarily experiencing the effects of climate change, is one of 

the “hot spots” highlighted by the IPCC Assessment Report (Giorgi, 2006; Hartmann, 2013). In 

the last decades, in fact, the hydrological cycle has intensified and extreme events increased (Di 

Giuseppe et al., 2019). Moreover, regional climate models (RCM) simulations and coupled multi-

model projections highlight a further strengthening (Heinrich and Gobiet, 2012; Mariotti et al., 

2008). 

Extreme events as heat waves and droughts have important consequences on physical, chemical 

and biological systems, and on some socio-economical aspects such as health, agroforestry and 

tourism (Field, 2012). The expected reduction of water resources, in fact, may affect the quantity 

and quality of agricultural productions, the management of agroecosystems, the choice of 

crops/animals to be cultivated/fed and the competition for water demand among agriculture, civil 

and industrial sectors. 



Drought, in particular, is a recurrent and creeping phenomenon, generally defined as a decrease 

in water availability below the expected values in a given period and in a specific area. Since the 

impacts of drought depend on the duration, intensity and extent of the lack of precipitation, 

together with the increase of water demand, it is essential to characterize these events to better 

support decision makers and water users, and to define effective adaptation strategies. 

Some studies at national, sub-national and regional scale in Italy reported a general not significant 

decrease in the annual total precipitation (Brunetti et al., 2006; Ciccarelli et al., 2008; Toreti et al., 

2009; Pavan et al., 2019); however heterogeneous results were found concerning sub-annual 

and seasonal analysis (Salvati et al., 2005; Ciccarelli et al., 2008; Caloiero et al., 2015; Pavan et 

al., 2019), depending on the complex climate and the orography that characterize Italy.  

In this context, more studies at regional scale on the changing patterns of precipitation can 

contribute to better cope with drought events and implement more effective and proactive 

solutions. Areas such as Tuscany, characterized by a climate ranging from dry sub-humid to semi-

arid and consequently by a marked rainfall seasonality, may be particularly affected by an 

increasing reduction in water availability caused by dry events and changes in their intensity and 

frequency. 

Thanks to the availability of many meteorological data from regional and national meteorological 

services, several studies have been done to analyze drought periods using different approaches. 

Unfortunately, due to the complexity of the drought phenomenon, including its progressive onset 

and conclusion (Wilhite and Glantz, 1985), there is not a unique index able to highlight its 

characteristics and potential impacts.  

Some drought indices are developed for a range of time scales (McKee et al., 1993; Heim, 2002), 

others on the cumulative effect of the shortage of precipitation (Byun and Wilhite, 1999), while 

more complex indices also include temperature (Vincente-Serrano et al., 2010) or soil moisture 

(Palmer, 1965) to recognize dry conditions even from an ecological point of view (Salvati et al., 

2005). 

Among the various existing methodologies and indices to analyze drought periods, one of the 

most used is the evaluation of the dry spells (Groisman and Knight, 2008; Lana et al., 2008, Llano 

and Penalba, 2011; Vargas et al., 2011; She and Xia, 2013; Fall et al., 2019), defined as periods 

of consecutive days with precipitation below a certain threshold.  

The choice of the threshold (mm) to define a dry day may be different depending on the local 

climatic characteristics (e.g. influence of circulation patterns on the precipitation regimes) and on 

the type of drought we want to analyse. The most used precipitation thresholds are 0.1, 1, 5, and 

10 mm (Serra et al., 2014; Raymond et al., 2016; Pérez-Sànchez and Senent-Aparicio, 2018). 

Threshold 0.1 is generally considered the resolution of pluviometers (Lana et al., 2008), the 

second (1 mm) considers the definition of dry day and the assumption that a smaller amount of 

precipitation easily evaporates, becoming ineffective for any purposes (Douguedroit, 1987), the 

third (5 mm) takes into account the minimum amount of water needed for crop growth and runoff 



processes (Serra et al., 2014), the last one (10 mm) because smaller and isolated precipitations 

do not necessarily conclude a drought episode (Serra et al., 2014). 

Dry spells analyses are usually conducted on an annual, sub-annual and seasonal basis 

evaluating their number and different lengths by several methods (Vicente-Serrano and Begueria-

Portugues, 2003; She and Xia, 2013; Zolina et al., 2013; Serra et al., 2014; Raymond et al., 2016).  

The analysis of dry spells at sub-annual level is of particular interest for an effective management 

of water resources. In the Mediterranean region, and particularly in areas such as Tuscany, an 

increase in dry spells especially in winter and spring (Raymond et al., 2016), important seasons 

for groundwater recharge, may exacerbate the problems linked to water scarcity and demand 

during the following hot season (Plan Bleu, 2014).  

In Europe several studies showed increasing trends in drought in the Mediterranean region and 

wetting trends in Northern Europe (Briffa et al., 2009; Zolina et al., 2013; Gudmunsson and 

Seneviratne, 2015; Spinoni et al., 2017; Stagge et al., 2017).  

In the Mediterranean Basin it is difficult to define a single or dominant mechanism that can explain 

the variability of long dry periods and further studies are required to verify how these mechanisms 

work in the context of climate change. It is widely accepted that teleconnections help to explain 

the weather circulation variability and therefore also changes in regional dry conditions. The large-

scale climatic pattern that is known to mostly affect precipitation in the Mediterranean area, 

particularly for the winter and early spring period, is the North Atlantic Oscillation (NAO) index, 

that explains over 30% of decadal variance in winter precipitation, while the Summer NAO 

(SNAO) index explains a relevant part of the summer variability (Mariotti and Dell’Aquila, 2012). 

The variability of the NAO could affect the dry spell trend as, since the 1970s, this teleconnection 

index has been well characterized by a trend toward a positive phase. Recent general circulation 

model studies have also linked the trend towards more drought conditions over Mediterranean to 

a progressive warming of the Indian Ocean (Bader and Latif, 2005, Hoerling et al., 2012). 

Moreover, the influence of the Artic warming amplification on mid-latitude summer circulation has 

been stated in a recent review article (Coumou et al., 2018). Coumou et al. (2018) showed as the 

artic summer reduction in sea-ice extent and snow cover led to a weakened equator-to-pole 

thermal gradient, weakening the storm tracks, shifting the jet streams and amplifying the quasi-

stationary waves, with more persistent hot-dry extremes in the mid-latitudes. Finally, an increase 

in circulation types associated to dry events and a decrease in those related to rainy conditions, 

was found for the Iberian Peninsula during winter (Russo et al., 2015).  

As for central-northern Italy (1961-2015 period), Pavan et al. (2019), showed a decrease in the 

maximum length of dry spells during autumn and a reversal pattern during summer. Caloiero et 

al. (2015), for southern Italy (1941-2006 period) reported a prevalence of negative trends in the 

mean and maximum duration of the dry spells, some significant at annual scale and during 

summer.  



Drought indicators have also been studied using models both to assess the ability of simulations 

to reproduce their statistics and to quantify their evolution in climate change scenarios (López-

Franca et al., 2015; Fantini et al., 2016; Zollo et al., 2016; Bonanno and Faggian, 2018; Raymond 

et al., 2019). The model simulations have generally shown more extreme drought events for the 

future in the Mediterranean Basin.  

The aim of this study is to analyse long-term daily rainfall data (period 1955-2017) of 38 rain 

gauges in Tuscany region to assess both the strength and persistence of dry spells at different 

thresholds and their annual and sub-annual trends, in order to identify areas affected by changes 

in drought risk. 

 

2. DATA AND METHODS 

 

2.1. Data 

Daily rainfall data for the period 1955-2017 were collected from 38 weather stations (Table 1, 

Figure 1). A comprehensive analysis of quality control (basic integrity checks, outliers test, 

consistency checks) were performed to ensure data quality (Brunet et al., 2008; Durre et al., 2010; 

Fioravanti et al., 2016). Overall, 0.16% of all daily precipitation observations were flagged as 

erroneous or suspicious; these values were subjected to a follow-up manual investigation, utilising 

records of neighbouring weather stations and diagnostic tools such as available past satellite 

images, radar imagery, rainfall estimates, reanalysis data, lightning archives. Finally, the 

percentage of daily gaps in the dataset ranged from 0.02 to 0.3 % of total data, depending on the 

weather stations. As for the computation of the dry spells the gaps had to be filled, we 

reconstructed missing data using the closest weather stations with similar precipitation pattern, 

even additional to those investigated in this article, based on correlation techniques among 

temporal series (Xia et al., 2001; WMO, 2018).  

Finally, as metadata were known for only a few weather stations, the possible presence of 

inhomogeneities and discontinuities in time series (Peterson et al., 1998) was checked by means 

of the Standard Normal Homogeneity Test (SNHT) by Alexandersson (1986), the Buishand range 

test (Buishand, 1982) and the Pettitt test (Pettitt, 1979). These tests did not show temporal 

discontinuities and therefore all series were considered as useful. As the success of an indirect 

method of homogenization test depends primarily on the availability of as much neighbouring 

reference series as possible, we also used some time series other than those investigated in this 

article. In few cases, we also used, as a further check over the overlapping period, other shorter 

and incomplete time series (with not more than 20-30% missing data).  

The selected rain gauges (Figure 1) are representative for the whole of Tuscany, a region with a 

very complex orography that produces a very heterogeneous distribution of precipitation (Table 

1). There are indeed areas, in the North (Table 1), that are among the wettest in Italy (more than 

2000-2500 mm and about 120 wet days per year), due to the presence of Apuan Alps and 



northern Apennines that intercept Atlantic humid air producing orographic precipitation. On the 

contrary, there are areas, in the South (Figure 1 and Table 1), mainly islands and coasts, which 

are among the driest in Italy (around 550-600 mm and about 60 wet days per year), due to the 

presence of the mountain range of Corsica which limits the effects of weather fronts (Bartolini et 

al., 2014). Moreover, in the upstream areas, close to the main mountains (Apuan Alps, Apennine 

range, Amiata Mount) it rains more than in downstream areas, located at the same altitude and 

latitude. 

 

2.2. Drought indicators 

Among several methodologies existing to analyse drought periods, one of the most applied is the 

evaluation of dry spells (hereafter DSs). A dry spell (hereafter DS) can be defined in different 

ways depending on its duration and on the amount of rainfall used to define a dry day. Here a DS 

was defined as a sequence of at least two consecutive days with a daily precipitation amount 

below a certain threshold. Three precipitation thresholds were investigated: 1, 5 and 10 mm 

(hereafter three increasing thresholds). The 1 mm threshold considers the “dry day” WMO 

recommended definition, used by several authors (Epifani et al., 2004; Groisman and Knight, 

2008; Bougila and Sushama, 2013; Piccarreta et al., 2013). The 5 and 10 mm thresholds were 

utilized in Martin-Vide and Gomez (1999), Serra et al. (2006), Lana et al. (2008), Cindrić et al. 

(2010) and Serra et al. (2014), to eliminate the excessive weight that some isolated days with 

small amount of rain could have in concluding a DS. For each meteorological station, the number 

of dry days, the maximum duration of the DSs (hereafter CDD, an index recommended by the 

Expert Team on Climate Change Detection and Indices, ETCCDI; Zhang et al., 2011) and the 

upper quartile (75thpercentile) of the DSs duration (hereafter DS75th) were calculated over the 

period 1955-2017.  

All the analyses were carried out on an annual and sub-annual basis (September-May, 

September-November, December-May). September-May was chosen as the wet season, being 

its rainfall amount about 85-90% of total annual precipitation and because less rain than expected 

during this period, has a strong impact on water availability and consequently on the environment, 

agriculture and society.  

In turn, two sub-periods (September-November and December-May) of the wet season were also 

analysed. Indeed, some studies (Bartolini et al. 2014, 2018; Pavan et al., 2019; Caporali et al., 

2020) highlighted as September-November period exhibits specific characteristics in terms of 

rainfall temporal distribution and trends, which are different from the rest of wet season. In 

particular this period did not show a decreasing trend in rainfall amount and frequency and an 

increasing tendency in precipitation concentration, contrarily to the rest of the whole wet season; 

consequently, analysing only the whole period could hide some climate signals. 

The dry June-August season was not considered because rainfall in this period is scarce, 

evapotranspiration far exceeds precipitation and water availability depends on the amount of 

rainfall in the wet season.  



 

2.3. Trend analysis 

  

Each series was investigated to look for trend by means of the Theil-Sen non-parametric method 

(Theil 1950; Sen 1968), concerning slope, and Mann-Kendall test (Mann, 1945; Kendall, 1975; 

Sneyers, 1990) to look for statistically significance. A p-value <0.05 was chosen as level of 

significance. However, prior to applying Mann-Kendall test, time series were tested for the 

presence of serial correlation (autocorrelation or serial dependence) which might significantly 

affect the trend results. Mann-Kendall test, in fact, assumes the independence hypothesis among 

the observations, but data collected sequentially in time may not satisfy this assumption. A two-

tailed test at a 5% significance level, based on the normal approximation for the distribution of the 

maximum likelihood estimate (MLE) of lag-one correlation (Wald and Wolfowitz, 1943), was 

therefore used to check for the presence of autocorrelation in time series. The R EnvStats 

package (Millard, 2013) with the function serialCorrelationTest was used.  

Overall, 15% of all time series, were found to have a significant serial correlation; as regards these 

series, the Mann-Kendall test was applied to trend free pre-whitened (TFPW) time series, using 

Yue et al. (2002) approach. The R modifiedmk package (Patakamuri, 2020) with the function 

tfpwmk was used. 

 

2.4. Breakpoints and analysis of composite anomaly maps  

Dry days were analysed for the 1 mm threshold (the dry day recommended definition) at annual 

level and for the two sub-periods (September-November and December-May) of the wet season, 

in order to detect possible abrupt changes over time. The analyses were performed using the 

strucchange package (Zeileis et al., 2002) in R (R Core Team, 2015) by applying the breakpoints 

function (Zeileis et al., 2003).  

Finally, composite anomaly maps of the 500 hPa geopotential height and zonal winds (reference 

period 1981-2010) were created by using the NCEP/NCAR Reanalysis 40-year Project (Kalnay 

et al., 1996; http://psl.noaa.gov/), to verify qualitatively any changes in the atmospheric circulation 

within the time series.  

 

 

3. RESULTS 

 

3.1. Climatology and spatial distribution of drought indicators 

 

3.1.1 Dry days  

Figure 2 shows the climatology (1955-2017) of the percentage of dry days for 1 mm threshold, 

concerning the four analysed periods. The percentage of dry days is clearly the highest in the 

http://psl.noaa.gov/


less rainy areas of Tuscany (central-southern coast and province of Grosseto) and higher on an 

annual level than in the wet season (September-May) and in the other two sub-periods 

(September-November and December-May). Despite the relatively small size of Tuscany region 

(about 23000 km2) the spatial distribution of the percentage of dry days varies widely, ranging 

from about 65 to 80-85% at annual level (Figure 2a) and from about 60 to 75-80% during the wet 

period (Figure 2b). No differences in percentage of dry days emerged between the wet season 

(Figure 2b) and its sub-periods (Figures 2c and 2d), thus indicating the very similar pattern in the 

concentration of dry days throughout the whole wet period. 

Latitude and especially orography play a dominant role in determining differences. Atlantic storm 

track influences more directly northern Tuscany, determining frequent cyclogenesis over the 

Ligurian Sea and thus more frequent precipitation in the North. The Apuan Alps and the 

Apennines, in the north-western part of Tuscany, intercepting the south-westerly humid fluxes, 

contribute to a further increase in precipitation occurrences in the North; on the contrary the 

presence of high mountains in Corsica Island, the less frequent cyclogenesis on northern and 

central Tyrrhenian Sea, together with the absence of well-organized mountain ranges, lead to 

significantly less chance for precipitation in the central-southern areas of Tuscany.  

 

3.1.2 CDD 

Figures 3 to 6 shows the climatology (1955-2017) and the spatial distribution of the CDD at annual 

(Figure 3), September-May (Figure 4), December-May (Figure 5) and September-November 

(Figure 6) level, respectively. To higher precipitation thresholds, clearly corresponded longer 

durations and greater differences among the areas of the region.  

Annually, e.g. with a threshold of 10 mm (Figure 3c), the CDD last at least three months (annual 

maximum absolute values of 180-200 days) in the driest areas of Tuscany, such as southern 

coastal area and islands, but “only” 40-50 days (annual maximum absolute values of 80-100 days) 

in the wettest areas of Tuscany, like Apuan Alps and Apennines.  

A similar spatial pattern was found concerning the whole wet season (Figure 4) and its two sub-

periods (Figures 5 and 6). Considering the 10 mm threshold, the CDD (Figures 4c, 5c, 6c) ranged, 

according to the different areas, from 65 to 30, 60 to 25 and 40 to 20 days, during the whole wet 

season, December-May and September-November periods, respectively. 

 

3.1.3 DS75th  

The DS75th values were found strictly related to the gradient of dry days from the north to the 

south of Tuscany and from the mountainous to the lowland areas (data not shown); as a 

consequence, the areas with the highest DS75th, characterized by a greater rainfall concentration, 

corresponded to islands and central-southern coastal areas (e.g. 17, 25, 28 consecutive dry days 

for the three increasing thresholds at annual level, respectively).   



Conversely, the areas with the lowest DS75th were found in northern Tuscany and particularly in 

the Apuan Alps and Apennines, characterized by a more homogeneous temporal distribution of 

the precipitation (e.g. 12, 14, 15 for the three increasing thresholds at annual level, respectively).  

A similar spatial pattern was found concerning the whole wet season and its two sub-periods, but 

with lower differences between the rainiest and the driest areas of Tuscany. Considering, for 

example, the September-May wet season, at increasing precipitation thresholds, the DS75th 

ranged, from 10 to 8, 14 to 11 and 20 to 14 days, respectively for the driest and the rainiest areas 

of Tuscany.  

 

 

3.2. Trends in drought indicators 

 

3.2.1 Dry days 

The annual number of dry days (Table 2), showed a clear prevalence of positive trends over 

most of Tuscany. Statistically significant positive trends were found in 13, 14 and 9 out of 38 

meteorological stations, for 1, 5 and 10 mm, respectively. Significant increases were found 

in the North (up to +1-2% decade-1 in Apennines) and in the southern areas of the region (up 

to +1% decade-1). Figure 7a shows the trends for the 1 mm threshold.  

Some negative not significant trends were instead found in the Elba Island, in the South and 

East for the 5 and 10 mm thresholds.  

September–May trends (Table 3) were also characterized by a clear prevalence of positive 

signals, statistically significant in 6, 10 and 9 stations, respectively for the three increasing 

thresholds. The most pronounced increases (+1-2% decade-1) were found in the 

southernmost part of Tuscany and locally in northern Apennines. Figure 7b shows the trends 

for 1 mm threshold. Some decreasing not significant trends were instead found in the Elba 

Island and in the central-southern areas of Tuscany for the highest thresholds.  

Although the whole wet season was characterised by a prevalence of increasing trend, it 

consisted of two sub-periods with opposite trends; in fact, December-May highlighted a 

further accentuation of the positive trends (Table 4, Figure 7c), if compared with the annual 

results and for the whole wet season; September-November period did not show signals of 

significant changes, but with a prevalence of negative trends (Table 5) for the lowest 

thresholds (table 5, Figure 7d).  

December-May showed significant positive trends in 18, 15 and 11 stations, for 1, 5 and 10 

mm, respectively, with widespread increases around 1-2% decade-1 in northern and southern 

areas of Tuscany (Figure 7c). Few negative not significant trends were found in the Elba 

Island and in the central-southern areas of Tuscany for the highest thresholds. 

 



3.2.2 CDD 

The CDD trend on an annual level (Table 2) showed a prevalence of increases (statistically 

significant in few stations in central-northern areas) and only one significant decrease for the 

highest threshold. Upward trends up to +5/+7% decade-1 were locally found in the North for 

5 (Figure 8a) and 10 mm thresholds, with an increase of about 20 days in the last 63 years, 

while a significant negative trend down to -5% decade-1 was observed in Elba island for the 

highest threshold, corresponding to a decrease of 35 days in the investigated period.   

During the whole wet season (Table 3) a prevalence of downward trends was found for 1 

mm threshold, but none significant, while a different pattern emerged considering the higher 

thresholds (Figure 8b for 5 mm), with a greater frequency of upward trends (only one 

significant for 5 mm threshold).  

As previously observed, prevalent negative trends in September-November (Table 5 and 

figure 8d for 5 mm threshold) contrasted with those positives in December-May (Table 4, 

figure 8c for 5 mm). Few significant trends, increasing in the period December-May and 

decreasing in the period September-November were found in the north of Tuscany. During 

the September-November period, in the South, the steepness of the downward trends was 

found less pronounced than in other areas of the region. 

 

3.2.3 DS75th 

At an annual level (Table 2, figure 9a) and during September-May (Table 3, figure 9b), for all 

the increasing thresholds, in most of Tuscany increasing trends (some significant in the 

central-southern areas) in DS75th were observed; at higher thresholds, however, fewer rising 

trends were detected. In the South, the steepness of these upward trends was found more 

pronounced than in other areas of the region. 

For the two sub-periods December-May (Table 4, figure 9c) and September-November 

(Table 5, figure 9d) an opposite pattern was observed. In December-May a strong prevalence 

of increasing trends (some significant) were found, while decreasing trends (few significant) 

prevailed markedly during September-November period. In the period December-May, in the 

central-southern areas of Tuscany, the largest increases were observed, while the southern 

areas highlighted the lowest decreases in the period September-November.  

 

3.3. Breakpoints and analysis of composite anomaly maps 

The analysis of the annual and December-May dry days series (1 mm threshold) highlighted the 

presence of a statistically significant breakpoint in 1980, while September-November in 1989. 

Starting from these breakpoints, the whole investigated period (1955-2017) was divided into 

different sub-periods (1955-1980/1981-2017 and 1955-1989/1990-2017), in order to highlight 

qualitatively any variations in the atmospheric circulation before and after these breakpoints.  



The annual and December-May composite anomaly maps (Figures 10 and 11, respectively) 

showed important variations over Europe. The 500 hPa geopotential height increased noticeably 

over Europe during the 1981-2017 sub-period (Figures 10b and 11b), compared to the 1955-1980 

(Figures 10a and 11a). The 500 hPa zonal winds highlighted a weakening in the recent sub-period 

(Figures 10d, 11d), compared to the previous one (Figures 10c, 11c) over the Mediterranean area 

and a strengthening over Central and Northern Europe.  

During September-November (Figure 12), only slightly higher values in the 500 hPa geopotential 

height in the 1990-2017 sub-period (Figure 12b) were observed, compared to the 1955-1989 

(Figure 12a), over the central western Mediterranean area; a greater and widespread increase 

was instead found in almost all of Europe. The 500 hPa zonal winds highlighted instead a different 

pattern, compared to the annual and December-May analyses; a strengthening after the 1989 

breakpoint (Figure 12d), compared to the 1955-1989 sub-period (Figure 12c), was found over the 

Mediterranean area, but a weakening over Central and Northern Europe (Figure 12d).  

 

4. DISCUSSION AND CONCLUSIONS 

 

Using the daily rainfall data of 38 meteorological stations in Tuscany for the period 1955-2017, 

this paper aims to define the spatial characteristics and the temporal changes in some drought 

indicators at annual level, during the September-May wet season and its two sub-periods 

(September-November and December-May), by using three increasing precipitation thresholds 

(1, 5 and 10 mm); in addition, possible changes in atmospheric circulation, linked to the results, 

were also investigated. We analysed the September-November and December-May sub-periods 

as some studies (Bartolini et al. 2014, 2018; Pavan et al., 2019; Caporali et al., 2020) highlighted 

as September-November period over the Mediterranean did not show a decreasing trend in 

rainfall amount and frequency and an increasing tendency in precipitation concentration, 

contrarily to the rest of wet period (winter and spring seasons). The major findings can be 

summarized as follows:  

 

1) The spatial climatological distribution of drought indicators (dry days, CDD, DS75th), 

despite the relatively small size of Tuscany region, varied widely and, at both annual and 

sub-annual level, reflected the dry days gradient from the north to the south of the region, 

highlighting higher values in the driest areas (islands and South) and the lowest in the 

northern wettest areas (Apuan Alps and Apennines). The islands and the South resulted 

the areas with the highest dry spell hazard at annual, September-May and December-

May level (e.g. for 10 mm threshold, about 90, 55 and 50 days as regards CDD index, 

respectively). In the period September-November the geographical variability of the dry 

spells was found less pronounced.  

 



2) At annual level the results showed a clear prevalence of positive trends in all drought 

indicators (in some cases statistically significant). Some negative trends were found in 

Elba island and sparsely in central-southern areas for 5 and 10 mm precipitation 

thresholds.  

 

3) In September-May positive trends were also prevalent, but at a lesser extent compared 

to the annual analysis and few statistically significant. More frequent upward trends 

emerged in southern Tuscany. Some negative not significant trends were found in Elba 

island and locally in central-northern areas. Concerning the CDD index, negative values 

prevailed for 1 mm threshold.  

 

4) In the December-May sub-period, for all the drought indicators, the results showed the 

strongest prevalence of increasing tendencies and more statistically significant trends, 

compared to the annual and September-May results. Very few negative, but not 

significant trends, were found in Elba island and sparsely in central-northern areas.  

 

5) September-November sub-period showed an opposite pattern with a prevalence of 

negative trends (very few statistically significant). In the South of Tuscany, these negative 

tendencies were found less pronounced than in central-northern areas. Clearly the 

behaviour of this sub-period influences the lower spread and the fewer positive trends 

found throughout the whole September-May wet period. 

 

6) Considering the dry days, for the highest thresholds (5 and 10 mm) we observed fewer 

positive trends and less pronounced increases on an annual and December May level 

 

These results indicated almost everywhere a trend towards drier conditions during December-

May and at annual level. Concerning September-May, no evident changes emerged in northern 

Tuscany, in spite of an increase in dry days, while in the southern areas a trend towards drier 

conditions prevailed. September-November, the rainiest period of the year, showed instead a 

trend towards less dry conditions, especially in central-northern areas. The Elba island showed a 

peculiar behaviour with a trend towards a decrease in the analysed drought indicators for the 

higher thresholds in all the investigated periods. 

Concerning dry days at annual and December-May level, an interesting outcome emerges; as the 

precipitation thresholds increase the upward trends are less widespread and pronounced; this 

may be due to a rise in average precipitation per wet days. This aspect does not emerge with 

regard to the September-May and September-November periods.  

Our results agree with other studies that have shown a tendency towards an increase in drought 

indicators in southern Europe and in the Mediterranean Basin (Cindric et al., 2010; Zolina et al., 

2013; Ziv et al., 2014; Gajić-Čapka et al., 2015; Gudmunsson and Seneviratne, 2015; Galdies et 

al., 2016; Merino et al., 2016; Raymond et al., 2016; Spinoni et al., 2017; Stagge et al., 2017; 



Mathbout et al., 2018), and are also consistent with some evidences for Italy  (Acquaotta and 

Fratianni 2013; Piccarreta et al., 2013; Brugnara and Maugeri 2019; Pavan et al., 2019; Gentilucci 

et al., 2020). The results obtained for September-November confirm the need of analyse this 

period separately from the whole wet period.  

However, our results partly disagree with other Italian regional studies (Bodini et al., 2012; 

Caloiero et al., 2015), thus demonstrating the greater heterogeneity of the dry spells regime in 

southern Europe (Serra et al., 2014), the lower spatial coherence of extremes, and the importance 

of carrying out similar researches at regional level. Our results also are consistent with GCM and 

RCM (General Circulation Models and Regional Circulation Models) ensemble simulations and 

projections that highlight a further increase in frequency, length and magnitude of dry events for 

the southern Mediterranean region (Heinrich and Gobiet, 2012; López-Franca et al., 2015; Fantini 

et al., 2016; Zollo et al., 2016; Bonanno and Faggian, 2018; Raymond et al., 2019; Spano et al., 

2020), even tough, Moon et al. 2018 highlighted an overestimation of mean drought persistence 

by these models in the Mediterranean Basin.  

The southern areas of Tuscany, precisely those areas where a greater increase in drought 

indicators was found, are the most important agricultural areas in the region and more often are 

affected by prolonged drought (three months or more of absence of significant precipitation). In 

these areas, as well as in the whole Mediterranean, where annual precipitation is already scarce, 

variable and characterized by a more marked seasonality (Bartolini et al., 2018), a further increase 

in the duration of long dry periods, especially during the second part of the wet season (before 

the dry summer), can have huge impacts on soil moisture, stream flow, ground water level, 

reservoir storage, leading to important monetary and water resource management implications. 

Longer periods without precipitation during the winter and spring seasons could lead to 

restrictions on irrigation in the hottest months, an increased potential for forest fires, and put 

important Mediterranean rain-fed crops at risk. Moreover, heat waves may become more likely 

with the depletion of soil moisture (Zampieri et al., 2009, Stefanon et al., 2014, Russo et al., 2019). 

In northern Tuscany, the least vulnerable area of the region, positive trends in prolonged dry 

spells, especially during December-May period, suggest a lower water availability during summer 

(in the soil, but also stored in natural and man-made basins) with an enhancement of the risk of 

intense short-term droughts. Moreover, Bartolini et al., 2014, 2018, concerning northern Tuscany, 

also showed a tendency towards a decrease in rainfall amount during winter and early spring, 

together with an increase in interannual variability and precipitation concentration. This suggests 

that even these areas could be more frequently subject to dry conditions than in the past.  

The possible causes or dominant mechanisms that can explain the variability of dry periods are 

multiple and require important in-depth analyses that go beyond the aim of this study. They can 

be mainly ascribed to changes in circulation, as suggested from the analysis of NAO index trend 

(Bader and Latif, 2005) and other similar indices. Other mechanisms could be linked to the 

warming of the oceans and the Arctic Amplification (Coumou et al., 2018), as well as to many 

feedback processes.  



In our study we observed a point of discontinuity in dry days in 1980 at annual and December-

May level; the 500 hPa geopotential height composite anomaly maps showed an important 

increase over Mediterranean area from 1981 onwards, together with a weakening of 500 hPa 

zonal winds, suggesting a longer persistence of high-pressure blocking patterns (Raymond et al., 

2018; Tramblay and Hertig, 2018; Wazneh et al., 2021). Blocking events in the North Atlantic are 

generally associated with persistent high-pressure systems that deflect the normal eastward-

travelling extratropical cyclones toward a more pronounced north or south direction, thus 

modifying substantially the zonal atmospheric flow and causing significant climate anomalies 

(IPCC, 2013; Pfahl et al., 2015; Wazneh et al., 2021).  

During September-November, in which we observed a breakpoint in 1989, a different pattern 

occurred, with a strengthening in 500 hPa zonal winds and only a slight increase in 500 hPa 

geopotential height over the Mediterranean area. This could partly explain the prevalence of 

negative trends in dry indicators found in Tuscany during this period (September to November).  

This qualitative analysis provides useful guidance for the interpretation of the results: however 

further investigations are needed, i.e. using the circulation type classification approach.  

The present study is based only on the duration of the absence of precipitation and does no 

directly include the impact of increased temperature and evapotranspiration as driver for droughts 

(Orlowsky and Seneviratne 2012; Teuling et al., 2013; Vicente-Serrano et al., 2014; Berg et al., 

2016; Rivoire et al. 2019). So, how this analysis of dry spells compares with other drought indices 

is another open question that needs to be addressed in further studies. Moreover, the spatial 

domain could be made wider also in order to investigate the possible causes of the peculiar 

behaviour of dry spells in different areas of Italy.  
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Table 1. Weather stations (bold characters indicate the capitals of provinces) with acronyms, 

altitude (m a.s.l.), mean annual precipitation (mm) and number of wet days (1 mm 

threshold).  

 

Station name Acronym Altitude 

1981-2010 

mean annual 

precipitation  

(wet days) 

Abetone Abe 1340 2325 (121) 

Acquerino Acq 940 1890 (117) 

Anqua Anq 470 862 (78) 

Arezzo Ar 249 815 (86) 

Bibbona Bib 160 710 (73) 

Borgo San Lorenzo Bsl 190 965 (92) 

 Caldana Cal 175 790 (71) 

Camaldoli Cam 1110 1535 (124) 

Campagrina Ca 805 2780 (123) 

Capanne di Manciano Cdm 430 905 (69) 

Castel del Piano Cdp 592 825 (82) 

Castelnuovo di Garfagnana Cdg 285 1475 (100) 

Cortona Cor 390 760 (85) 

Equi Terme Eqt 250 1325 (93) 

Firenze Fi 39 835 (86) 

Firenzuola Fir 453 1215 (99) 

Greve in Chianti Gic 240 810 (83) 

Grosseto Gr 5 650 (69) 

Livorno Li 7 805 (73) 

Lucca Lu 20 1175 (92) 

Massa-Carrara Ms 36 1150 (91) 

Massa Marittima Msm 360 940 (81) 

Monte San Savino Mss 275 780 (79) 

Montepulciano Mon 450 720 (80) 

Orbetello Orb 1 605 (61) 

Pari Par 350 865 (73) 

Pisa Pi 3 860 (80) 

Pistoia Pt 78 1185 (95) 

Pontremoli Pon 245 1415 (94) 

Portoferraio Por 20 610 (62) 

Prato  Po 63 900 (86) 

San Miniato Sam 122 830 (83) 

Scansano Sca 490 925 (76) 

Serra Pistoiese Ser 790 1499 (107) 

Siena Si 349 800 (84) 

Vallombrosa Val 990 1315 (109) 

Viareggio Via 2 920 (82) 

Volterra Vol 465 850 (85) 

 

 

 

 

 

 



 

 

Table 2. Drought indicators trends (1955-2017) at the annual level. 

Drought indicators 
 

Threshold N N* 
a ± ME  

%/decade 
count/decade 

    positive negative 

Dry days  

1 mm 37 vs 1 13 vs 0 
1.0 ± 0.8 
2.6 ± 2.1 

- 

5 mm 35 vs 3 14 vs 0 
0.7 ± 0.5 
2.2 ± 1.7 

- 

10 mm 31 vs 7 9 vs 0 
0.6 ± 0.4 
1.8 ± 1.3 

- 

CDD 
(days) 

1 mm 33 vs 5 2 vs 0 
5.8 ± 5.7 
1.7 ± 1.6 

- 

5 mm 29 vs 9 3 vs 0 
5.2 ± 4.6 
1.7 ± 1.5 

- 

10 mm 27 vs 11 3 vs 1 
7.2 ± 5.8 
3.1 ± 2.5 

-2.1 ± 1.5 
-0.7 ± 0.5 

DS75th  
(days)  

1 mm 37 vs 1  8 vs 0 
4.0 ± 3.8 
0.3 ± 0.3 

- 

5 mm 33 vs 5 4 vs 0 
5.9 ± 4.9 
0.8 ± 0.7 

- 

10 mm 27 vs 11 1 vs 1 
5.7 ± 5.3 
1.3 ± 1.1 

-3.2 ± 4.6 
-0.7 ± 1.0 

 

N = number of stations with positive vs negative trends; N* = number of stations with positive vs negative statistically 

significant trends;  

a = mean slopes of N*, expressed in %/decade and in count/decade; ME = margin of error (95% confidence interval) of 

a.  

 

 

Table 3. Drought indicators trends (1955-2017) during September-May wet season. 

Drought indicators 
 

Threshold N N* 
a ± ME 

%/decade  
count/decade 

    positive negative 

Dry days  

1 mm 36 vs 2 6 vs 0 
1.3 ± 1.0 
2.3 ± 1.9 

- 

5 mm 35 vs 3 10 vs 0 
0.9 ± 0.6 
1.9 ± 1.4 

- 

10 mm 33 vs 5 9 vs 0 
0.6 ± 0.5 
1.5 ± 1.1 

- 

CDD 
(days) 

1 mm 11 vs 27 0 vs 0 - - 

5 mm 27 vs 11 1 vs 0 
5.6 ± 5.5 
1.4 ± 1.4 

- 

10 mm 28 vs 10 0 vs 0 - - 

DS75th  
(days) 

1 mm 33 vs 5  3 vs 0 
3.9 ± 3.9 
0.3 ± 0.3 

- 

5 mm 28 vs 10 2 vs 0 
4.7 ± 4.2 
0.6 ± 0.5 

- 

10 mm 27 vs 11 1 vs 0 
5.3 ± 3.1 
1.1 ± 0.6 

- 

 

N = number of stations with positive vs negative trends; N* = number of stations with positive vs negative statistically 

significant trends;  

a = mean slopes of N*, expressed in %/decade and in count/decade; ME = margin of error (95% confidence interval) of 

a.  

 



Table 4. Drought indicators trends (1955-2017) during December-May. 

Drought indicators 
 

Threshold N N* 
a ± ME 

%/decade  
count/decade 

    positive negative 

Dry days  

1 mm 37 vs 1 18 vs 0 
1.6 ± 1.3 
2.0 ± 1.6 

- 

5 mm 37 vs 1 15 vs 0 
1.1 ± 0.8 
1.6 ± 1.2 

- 

10 mm 34 vs 4 11 vs 0 
0.8 ± 0.6 
1.3 ± 1.0 

- 

CDD 
(days) 

1 mm 30 vs 8 0 vs 0 - - 

5 mm 32 vs 6 1 vs 0 
7.4 ± 7.4 
1.6 ± 1.6 

- 

10 mm 28 vs 10 3 vs 0 
5.8 ± 5.9 
1.6 ± 1.6 

- 

DS75th  
(days) 

1 mm 38 vs 0  6 vs 0 
5.9 ± 5.4 
0.4 ± 0.4 

- 

5 mm   37 vs 1 5 vs 0 
6,6 ± 5.6 
0.7 ± 0.6 

- 

10 mm 35 vs 3 13 vs 0 
7.6 ± 5.8 
1.1 ± 0.9 

- 

 

N = number of stations with positive vs negative trends; N* = number of stations with positive vs negative statistically 

significant trends;  

a = mean slopes of N*, expressed in %/decade and in count/decade; ME = margin of error (95% confidence interval) of 

a.  

 

Table 5. Drought indicators trends (1955-2017) during September-November. 

Drought indicators 
 

Threshold N N* 
a ± ME 

%/decade  
count/decade 

    positive negative 

Dry days  

1 mm 6 vs 32 0 vs 0 - - 

5 mm 16 vs 22 0 vs 0 - - 

10 mm 21 vs 17 0 vs 0 - - 

CDD 
(days) 

1 mm 0 vs 38 0 vs 9 - 
-4.8 ± 4.3 
-0.9 ± 0.8 

5 mm 3 vs 35 0 vs 1 - 
-6.8 ± 3.1 
-1.5 ± 0.9 

10 mm 5 vs 33 0 vs 1 - 
-4.5 ± 5.0 
-1.3 ± 1.5 

DS75th  
(days)  

1 mm 3 vs 35  0 vs 4 - 
-4.3 ± 4.1 
-0.4 ± 0.4 

5 mm 5 vs 33 0 vs 0 - - 

10 mm 3 vs 35 0 vs 1 - 
-4.8 ± 5.2 
-1.1 ± 1.2 

 

N = number of stations with positive vs negative trends; N* = number of stations with positive vs negative statistically 

significant trends;  

a = mean slopes of N*, expressed in %/decade and in count/decade; ME = margin of error (95% confidence interval) of 

a.  

 

 

 

 



Caption of Figures 

 

Figure 1. Study area and location of the rain gauges.  

 

Figure 2. Climatology (1955-2017) of the percentage of dry days (1 mm threshold) at: a) annual, 

b) September-May, c) December-May, d) September-November level.  

 

Figure 3. Climatology (1955-2017) of the CDD at annual level for: a) 1 mm, b) 5 mm, c) 10 mm 

thresholds. 

 

Figure 4. The same as in figure 3, but for September-May.  

 

Figure 5. The same as in figure 3, but for December-May.   

 

Figure 6.  The same as in figure 3, but for September-November.  

 

Figure 7.  Trends (days/decade in %) in dry days for 1 mm threshold at: a) annual, b) September-

May, c) December-May, d) September-November level. The triangle tips facing upwards or 

downwards express positive or negative trends, respectively.  

 

Figure 8.  The same as in figure 7, but for maximum durations of the DSs concerning the 5 mm 

threshold. 

 

Figure 9.  The same as in figure 7, but for DS75th concerning the 1 mm threshold. 

 

Figure 10.  500 hPa geopotential height (a, b) and zonal wind (c, d) composite anomaly maps 

(reference period 1981–2010) for January-December, obtained by using NCEP/NCAR 

Reanalysis; a) and c) refer to the 1955-1980 sub-period, b) and d) to the 1981-2017 one.  

 

Figure 11.  The same as in figure 10, but for December-May.  

 

Figure 12.  The same as in figure 10, but for September-November and for 1955-1989 and 1990-

2017 subperiods.  
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