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Abstract  The spatial and temporal variability of droughts over the period 1951–2017 for a 
portion of Lombardy plain (Northern Italy) was reconstructed starting from a quality-checked 
and homogenized database of long precipitation and temperature station records covering the 
study region. The monthly meteorological series were interpolated over the period 1951–2017 
onto a 30-arc second resolution grid covering the area by means of an anomaly-based procedure 
and the gridded fields were used to extract for each cell the series of two standardized drought 
indices: Standardized Precipitation Index (SPI) and Standardized Precipitation-Evapotranspira-
tion Index (SPEI). SPI and SPEI trend analyses were performed on annual and seasonal scales at 
both regional and grid-point levels. Theil-Sen test on SPI values highlighted a significant drying 
tendency (Mann-Kendall p-value < 0.05) for summer only (-0.14 decade-1), while SPEI series 
exhibited a more negative summer trend (-0.22 decade-1) and significant reductions also in 
spring and annual values (-0.14 and -0.17 decade-1, respectively), suggesting an increase of 
evapotranspiration rates driven by higher temperature. Moreover, the trend analyses at grid cell 
level highlighted a greater negative and significant tendency for the western and southern part of 
the domain. Similar outcomes were obtained by assessing the temporal evolution of drought 
features over the decades in terms of frequency, duration and severity. 
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1   Introduction

Variations in hydrological regime are expected in the future at global scale driven by 
increasing temperature. Extreme events, in term of both intense precipitation and 
droughts, could become more frequent and severe with relevant negative impacts on 
ecosystems and on several human activities, such as agriculture (IPCC, 2014; 2018). 
However, the distribution of climate change and impacts could be highly variable in 
space: in Europe for example wetting tendencies in the North and drier regimes in 
Mediterranean areas were depicted, especially for summer and spring (Spinoni et al., 
2018). The temporal variability in hydrological regime is generally analyzed by means 
of standardized drought indicators, the most common ones are computed from meteo-
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rological records, such as precipitation and water deficits due to evapotranspiration 
(Tsakiris et al., 2007; Vincente-Serrano et al., 2014). In Italy, a general increase in 
drought events was pointed out for Central and Southern regions over recent decades 
by several studies, even though the observed trends are strongly influenced by the ana-
lyzed period and the surface heterogeneity (Buttafuoco et al., 2015; Vergni and Todis-
co, 2011; Piccarreta et al., 2004).  Drought characterization over Northern Italy, espe-
cially for the Po Plain and Pre-Alps, is less systematically discussed in scientific litera-
ture. However, an increasing drought occurrence was observed for the area, especially 
during the most recent decades (Stagge et al., 2017; Brunetti et al., 2009). Improving 
the available information about the variability of water resources for Northern Italian 
plain could support future local water managements and adaptation strategies, espe-
cially for agricultural production, which highly relies on irrigation and, therefore, on 
water availability.  
In this framework, the spatio-temporal trend and variability of droughts were investi-
gated over a portion of Po Plain in Lombardy (9°12’-10°30’E and 45°00’-45°45’N) 
for the period 1951–2017. The monthly series of Standardized Precipitation Index 
(SPI) and of Standardized Precipitation-Evapotranspiration Index (SPEI) were recon-
structed by using a dense database of checked and homogenized precipitation and 
temperature records covering the area. The weather station records were interpolated 
onto a 30-arc second resolution grid in order to assess the spatial variability of drought 
at local scale and to compute SPI and SPEI mean regional series. Trends in SPI and 
SPEI seasonal and annual records as well as in main drought features were evaluated 
at both regional and grid point scales over both the whole 1951–2017 interval and on 
shorter time windows. 

2   Data and Methods

The study area is located in the middle of Northern Italy and covers about 8500 km2 
encompassing the central part of southern Lombardy and, to a lesser extent, the north-
ern Emilia-Romagna (9°12’-10°30’E and 45°00’-45°45’N, Fig. 1). In particular, the 
domain includes the lower part of Adda river basin and it is largely characterized by a 
flat and homogeneous surface, with pre-Alpine reliefs occurring in the northernmost 
part only. In the area, intensive agriculture, mainly based on maize and pasture, is 
managed by using an extensive irrigation network supplied by water from main rivers.  
42 monthly precipitation series and 13 monthly maximum and minimum temperature 
series were retrieved for the domain, or very close to it, spanning the period 1951–
2017. In addition, in order to better represent the borders, the further available series 
for stations located within a larger box centered on the study area were included, 
reaching more than 100 sites for precipitation and 20 sites for temperature. 
The series were retrieved from the regional services (ARPA Lombardia, ARPA Emilia-
Romagna, ARPA Veneto, ARPA Piemonte), the archives of the former Italian Hydro-
graphic Service and previous projects focusing on historical data collection and ho-
mogenization. Temperature series were checked for quality and homogeneity by 
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means of the Craddock test (Craddock, 1968) and homogenization was applied on 8 
maximum and minimum temperature series, while precipitation records were not 
checked since they were derived from the database already analyzed by Crespi et al. 
(2018a) for assessing the hydrological cycle over the upper Adda basin.  
The 1951–2017 monthly precipitation and mean temperature, as average of maximum 
and minimum values, records were interpolated onto a 30-arc second resolution Digi-
tal Elevation Model (DEM) covering the domain by means of the anomaly method 
(see, e.g., New et al., 2000; Isotta et al., 2014; Scapin et al., 2015). The gridded fields 
are obtained by superimposing a field of long-term means, i.e. 30-year climatologies, 
and the field of anomalies, i.e. the departures from the normals. The 1961–1990 pre-
cipitation and temperature normals were computed for all stations after filling the 
monthly gaps in the 30-year period and for both variables they were interpolated by 
applying a local weighted linear regression versus elevation (Daly et al., 2002; Brunet-
ti et al., 2014; Crespi et al., 2018b). In order to improve the data coverage for clima-
tology interpolation, the temperature database was integrated with the 1961–1990 
monthly normals of 125 sites located within the outer box and retrieved from the data-
base used in Brunetti et al. 2014.  

Fig.  1: Study domain (black box) and station distribution: blue crosses are precipitation sites, red 
triangles are temperature series and the blue triangles report the 1961–1990 monthly temperature 
normals added for climatology interpolation. 
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The station monthly anomalies, i.e. differences for temperature and ratios for precipi-
tation from the normals, were gridded by means of the weighted averaging scheme 
described in Crespi et al. (2018b).  
The 1951–2017 monthly series in absolute values were finally computed by adding 
(multiplying) the gridded temperature (precipitation) anomalies to (times) the gridded 
climatologies. 
1951–2017 SPI and SPEI series were computed both at cell level from the interpolated 
fields and at regional level as areal average of all points in the domain.  
The deficit series used to derive SPEI were computed as the difference between 
monthly precipitation and potential evapotranspiration (PET). PET was calculated by 
Thornthwaite’s equation (Thornthwaite, 1948) based on mean temperature only and, 
therefore, suitable for climatic reconstruction in the past when other meteorological 
observations, such as wind and relative humidity, are very few. 
Trends analyses were assessed by means of Theil-Sen and Mann-Kendall tests, there-
after referred as TS and MK respectively. 

3   Results and discussion

The 1951–2017 regional SPI and SPEI series were computed by averaging the gridded 
precipitation and deficit series of all grid cells and on accumulation periods of 3 and 
12 months (SPI-3, -12, SPEI-3, -12). Trend evaluation was performed at seasonal scale 
by considering SPI-3 and SPEI-3 values in February for winter, May for spring, Au-
gust for summer and November for autumn an on annual scale by extracting SPI-12 
and SPEI-12 values in December. TS test on SPI values highlighted a significant dry-
ing tendency (MK p-value < 0.05) for summer only (-0.14 decade-1), while SPEI series 
exhibited a more negative summer trend (-0.22 decade-1) and significant reductions 
also in spring and annual values (-0.14 and -0.17 decade-1, respectively), suggesting an 
increase of evapotranspiration rates driven by higher temperature since precipitation 
do not show relevant variations. 
The trend assessment performed on SPI and SPEI values computed at grid cell level 
allow to show the spatial variability of the indices. Areas exhibiting significant sea-
sonal trends were found out in summer for SPI and in summer and spring for SPEI 
(Fig. 2a, 2c and 2d). More specifically, trends are negative and significant over the 
whole domain for SPEI while SPI gridded series experience significant negative trends 
over half domain and with lower TS slopes. Both indices report the most drying ten-
dency in the south and the western parts of domain where SPEI trends reach -0.25 
decade-1. As shown in Fig. 2b and 2e, annual SPI and SPEI trends are negative over 
the whole region with significant values in the western and south-western domain, 
respectively, where the decrease turned out to be lower than -0.15 decade-1 for both 
indices. This area is located in the very central part of Po plain where the flat terrain is 
surrounded by the Prealps in the North, the close Apennines in the South and the 
Mediterranean influence is lower so that higher temperature, and therefore higher PET, 
could be enhanced. 
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Fig. 2: distribution of SPI (a and b) and SPEI (c, d, e) significant trends in a) summer and b) year for 
SPI and in c) spring, d) summer and e) year for SPEI. The other seasons are not shown since no sig-
nificant trend was depicted. 

Besides SPI and SPEI series trends, specific drought features and their variability over 
subsequent decades were evaluated for each grid cell. In particular, the frequency of 
events (DF), the total severity (TSD) and total duration (TDD) were computed from 
monthly SPI and SPEI series for 1951 – 1960, 1961 – 1970, 1971 – 1980, 1981 – 
1990, 1991 – 2000 and 2001 – 2010.  Drought starts in the month experiencing index 
values below -1 and ends when it returns positive for at least two consecutive months 
(McKee et al., 1993). Drought duration corresponds to the number of months between 
the start and the end (not included) of each episode, while severity is the absolute val-
ue of the integral area under the index curve. DF, TSD and TDD are the sum of num-
ber, intensity and duration of drought events occurred over the considered period, re-
spectively (Spinoni et al., 2014).  
For each grid cell, the spatio-temporal variability of the series of 6 decadal values for 
each drought feature was evaluated by applying a linear trend analysis and signifi-
cance was computed by Student t-test with confidence level of 95%. For both indices, 
trends are positive for south-western and south-eastern areas and lower, or even slight-
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ly negative for SPI indicators, in the central part of the domain. In particular, DF in-
creases in the south-western part, while TDS and TDD show positive tendencies, es-
pecially for indicators extracted from SPEI, also in the south-eastern portion. Trends 
for SPI-3 indicators are not significant, except for very limited areas, while signifi-
cance for all the indicators derived from SPEI is more evident and concerns the west-
ern and eastern areas, where TDD increases at a rate of more than 10 months per 
decade (Fig. 4 and Fig. 5).  
Since trend analyses are based on 6 points only, the outcomes are to be considered as 
first indications of current tendencies and hot-spot area locations. Further ongoing 
analyses are addressed to improve the spatio-temporal characterization of drought over 
the domain and to identify the main local features influencing the positive trends ob-
served.  

Fig.  4: Distribution of significant trends in decadal drought indicators (drought frequency DF, total 

drought severity TDS and total drought duration TDD) extracted from the monthly SPI series.  
Fig.  5: distribution of significant trends in decadal drought indicators (drought frequency DF, total 
drought severity TDS and total drought duration TDD) extracted from the monthly SPEI series. 
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5   Conclusions

The spatio-temporal variability of the hydrological regime over a 67-year period in a 
portion of Po Plain (Northern Italy) was investigated by considering the meteorologi-
cal drought indices SPI and SPEI. For this aim, the 1951–2017 gridded datasets of 
mean monthly temperature and total precipitation were computed at 30-arc second 
resolution by means of an anomaly-based interpolation approach. PET was defined 
from Thornthwaite equation and gridded deficit was also computed by subtracting 
PET field from total monthly precipitation values. SPI and SPEI were extracted over 
cumulated periods of 3 and 12 months at both cell level and regional scale, consider-
ing the average deficit and precipitation series of grid points, and seasonal and annual 
trends were evaluated. Significant drying tendencies were found out in summer for 
SPI (-0.14 decade-1) and in spring, summer and year for SPEI (-0.14, -0.22 and -0.17 
decade-1, respectively). The more relevant SPEI signal suggests a greater role of evap-
otranspiration driven by higher temperatures. The trend analysis at grid cell indicated 
that the area mostly experiencing drying tendencies are located in the south-western 
part, especially for annual indices.  
Drought indicators in terms of frequency, total severity and total duration were com-
puted over subsequent 10-year intervals spanning the whole study period and trend 
analysis was performed. Except for very limited areas, no significance is depicted for 
SPI-based indicators. More relevant tendencies are highlighted for indicators comput-
ed from SPEI and hot spots are located in the south-western and south-eastern parts of 
the study domain.   
The results allowed to assess the spatial variability of drought at local level over the 
area and to highlight possible changes in future water availability. Further analyses are 
ongoing to better investigate the observed tendencies in drought indices and to identify 
the main drivers for the different zones; an extension of the study area is also foreseen 
in order to get a more comprehensive description of the hydrological cycle variability 
over Po Plain. 
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