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Abstract: Nowadays, a major issue is land-use change by urban development that alters the catchment
response to meteorological events. Urban basins have less storage capacity and more rapid runoff,
so urban rivers rise more quickly during storms and have higher peak discharge rates than rural
catchments. An exemplary case of this situation is the city of Milan (northern Italy) and its whole
territory that extends towards the north collecting meteoric precipitation through the Seveso, Olona
and Lambro (SOL) rivers. To assess the impact of anthropogenic development on urban catchment
scale hydrology, a reanalysis of 40 years of simulations was carried out with the Curve Number (CN)
map based on current land use and compared to simulations using the CN maps based on past land
use. A coupled hydro-meteorological system was built that combined a physically based rainfall-
runoff hydrological model FEST-WB, developed by the Politecnico di Milano, with the ERA5-Land
hourly dataset for the period 1981 to 2020, that was provided by the ECMWF under the framework
of the Copernicus Climate Change Service Programme. The study (named SOL40) analyses 40 year
trends in the main meteorological (air temperature, precipitation) and hydrological variables (runoff)
over the SOL area and tried to quantify and separate the impact of land use change from that of
climate change.

Keywords: hydro-meteorological trends; ERA5-Land; climatological reanalysis; urban floods;
land cover; hydrological basins

1. Introduction

In recent years, the interest of the scientific community in the knowledge and effects of
climate change has considerably grown. The number of natural disasters and the associated
damage is continuously increasing, in particular in catastrophes related to meteorological
and hydrological events [1,2]. For instance, floods are the most frequent catastrophic events
in nature, capable of causing severe economic, infrastructural, and social damages. By 2020,
it is estimated that 1.47 billion people in the world are exposed to flood risk, with a third in
poverty conditions [3].

Italy, where this study is focused, has historically been hit by flood events that have
had huge consequences both in economic terms and human lives. The vulnerability of
the Italian territory towards these phenomena is well known and documented and is due
to geomorphological and climatic aspects and urban and infrastructural development of
the post-war period, these latter often carried out without real attention to the hazard for
natural events [4].

This fragility becomes serious if we consider that an increase of extreme precipitation
is expected in the future, especially in the Mediterranean area [5], although climate models
indicate a reduction in total annual rainfall, with a decrease in the number of rainy days [6].

Several studies have attempted to analyse possible changes in the extremes of precipi-
tation in the Mediterranean area, but no consistent trends have been obtained, and results
vary significantly depending on the geographical location and analysed period [7,8].
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In contrast, recent studies have confirmed the evident increase in the availability of
humidity in the lower levels of the atmosphere, especially in the south European area; this
increase (in terms of available energy), due to global warming, will result in a climate more
prone to triggering severe storms and heavy rainfall in the affected areas [9]. However, in
terms of inundations, it does not seem that there has been an increase in the average flow
rates in the Italian area in the period 1960–2010, except for areas northwest of Italy and
northwest of Europe [10].

As far as the urbanization issue is concerned, its role in altering the hydrological
response to intense rainfall is well known; urbanized basins respond more quickly and
produce higher flood peaks than rural ones, and therefore urban/construction land will
always enhance the problem of flooding, as investigated by [11]. In addition, constructions
built near banks of riverbeds can reduce the flow transport capacity, increasing the water
level for a given flow rate [12]. Recent research shows that apart from the effects derived
from climate change, the real issue that amplifies the damage caused by floods is the diffuse
anthropization process, which has caused the loss of the natural hydrographic network
that formerly existed in river basins [13] and, therefore, investigating the impact of land
cover change in hydrological modelling is essential for water resources management [14].
Hence, climate change and rapid urbanization will be the two main factors responsible for
augmented flood rates in the coming decades, and many studies have robustly analysed these
aspects, which are considered the most probable causes of this rise in flood hazard [15,16].

Finally, in terms of economic damage, the flood risk can be expressed with the well-
known Varnes equation [17], where the risk (and therefore the potential economic loss)
precisely grows with the increasing number of citizens exposed to flood events, and with a
greater probability of the occurrence of extreme events for those reasons explained above.

Following Nemec [18], “to keep the people away from the water, and not the water
away from the people”, in recent years, has led many local authorities, civil protection
and research centres to build “non-structural” risk reduction systems such as, for example,
real-time alerts to the population, that are supported by innovative, widespread and
well-documented hydro-meteorological forecasting systems in the HEPEX community
(https://hepex.irstea.fr/, accessed on 15 January 2022).

Following the chain-approach already implemented in real time hydro-meteorological
forecasts [19–21], the goal of this work was to carry out a hydro-climatological reanalysis
over the Seveso, Olona and Lambro (SOL) river basins. The focus was mainly on the Seveso
River, an infamous channel for its frequent flood episodes, about 2–3 per year in the last
decades [22], that hit the northern area of the city of Milan, causing much economic damage
and inconvenience to dwellers, for example as in the 2010 and 2014 events.

The developed coupled system combines the ERA5-Land reanalysis dataset that pro-
vides hourly meteorological data from 1981 to 2020 with a spatial resolution of about 9 km,
available from the European Centre for Medium-Range Weather Forecasts (ECMWF) as
part of the Copernicus Climate Change Service program [23] and the spatially distributed
and physically based hydrological model FEST-WB, developed by the Politecnico di Mi-
lano [24,25]. Hence, forty years (this explains the name SOL40) of simulation data were
available in this reanalysis to reconstruct temperature, precipitation, and runoff data of
the past.

The reliability of using climatological reanalysis for hydrological modelling has already
been studied in recent years using the old version of ERA5 at 31 km of spatial resolution,
with positive results [26,27].

The main benefits of these reanalysis databases are particularly relevant for ungauged
areas or those territories with a poor data quality of meteorological observations [28].
Fortunately, in the study area, the hydro-meteorological monitoring network is managed
by the Environment Protection Agency of Lombardy Region (ARPA Lombardia), which
has collected continuous data since 1998. Nevertheless, this period is considered too
limited for a robust climatic analysis of this territory, and consequently, it was necessary
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to use the above-mentioned ERA5-Land reanalysis dataset to cover at least 30 years of
climatological information.

Furthermore, to evaluate the impact of urbanization over the selected hydrological
watersheds, various Curve Number (CN) maps were used, derived from land use maps
of the Corine Land Cover project (CLC), available from the Copernicus Land Monitoring
Change online platform [29], using a similar approach proposed by Basu et al. [14].

Therefore, the main goal of this work was to analyse and separately quantify the effects
of land use change and climate change, to understand their influence over these watersheds.

The paper is structured as follows: Section 2 describes the area of study with a focus
on the land use change over the Seveso River basin closed at Bovisio-Masciago town.
Section 3 reports the ERA5-Land reanalysis dataset, the FEST-WB hydrological model,
the observed data coming from available weather stations and the statistical indexes to
analyse meteorological data. Section 4 presents the climatic trends for temperature and
precipitation values and the hydrological response over the study area, and afterwards, it
analyses the climate and land use change and the impact of this latter on discharge values
over this catchment.

2. Area of Study

Milano is one of the most populous cities in Italy with 1,316,000 inhabitants living
in 182 km2, and it is also one of the most important economic areas with about 5 million
people in its immediate area. A large region from the Italian Prealps drains to Milano. The
main rivers are the Lambro (catchment area of 500 km2), the Seveso (catchment area of
207 km2), and the Olona (catchment area of 208 km2), plus several minor tributaries for a
total drainage surface area of about 1300 km2.

In the past, the Milano urban area has been subjected to a high flood hazard and, in
fact, starting from the 1970s a series of risk mitigation measures were adopted with the
aim of reducing the excessive discharges flowing through the urban areas. However, the
complex flood protection system of the city did not completely succeed in recent years, and
a new project to build detention basins in the next years has already been planned.

As all these three catchments are affected by structural measures: the Ponte Gurone
dam over the Olona basin, the north-west spillway channel (which is an acronym of the
Italian Canale Scolmatore Nord-Ovest, CSNO) over the Seveso basin, and the regulated
Pusiano lake in the Lambro River basin, in order to carry out this study we selected a
section of the Seveso River upstream of the CSNO and all analyses were performed on this
trunk of river basin closed at the Bovisio-Masciago gauge section (Figure 1).
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Figure 1. The SOL, Seveso, Olona, and Lambro river basins draining to the Milano urban area. 
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1980, 2000, 2006, 2012 and 2018, and the corresponding values of Soil Conservation Ser-

vice-Curve Number (SCS-CN). Land use data was obtained from the Lombardy Region 

database (www.cartografia.regione.lombardia.it, access on 15 January 2022). We chose 

SCS-CN for measuring the basin runoff production, because the higher the CN is, the 

greater the generated runoff volume. Table 1 shows the percentage of urbanized area and 

the average CN in these selected years for the Seveso River at the Bovisio-Masciago gauge 

section. Results show that the overall percentage of urbanization has constantly increased 

from 11.1% in 1954 to 32.0% in 1980 and up to 44.7% in the year 2000. Vice versa, in the 
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Figure 1. The SOL, Seveso, Olona, and Lambro river basins draining to the Milano urban area.

Land Use Change

The territory extending north of Milano has been subjected to a significant expansion
of urban area since 1950, modifying the response of the watershed to precipitation input.
Figure 2 shows the area of the territory covered by urban development in the years 1954,
1980, 2000, 2006, 2012 and 2018, and the corresponding values of Soil Conservation Service-
Curve Number (SCS-CN). Land use data was obtained from the Lombardy Region database
(www.cartografia.regione.lombardia.it, accessed on 15 January 2022). We chose SCS-CN
for measuring the basin runoff production, because the higher the CN is, the greater the
generated runoff volume. Table 1 shows the percentage of urbanized area and the average
CN in these selected years for the Seveso River at the Bovisio-Masciago gauge section.
Results show that the overall percentage of urbanization has constantly increased from
11.1% in 1954 to 32.0% in 1980 and up to 44.7% in the year 2000. Vice versa, in the last two
decades, no significant increments were found, and the urbanized area varied by about 2%
in twenty years only.
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Figure 2. CN values for the years 1954, 1980, 2000, 2006, 2012 and 2018 for the Seveso River catchment
closed at Bovisio-Masciago town; the geographical reference system is Roma 1940 Gauss Boaga Ovest.

Table 1. Percentage of urbanized area over the Seveso River basin closed at the Bovisio-Masciago
gauge section.

Year Percentage of Urbanized Area

1954 11.8%
1980 32.0%
2000 44.7%
2006 45.6%
2012 46.6%
2018 46.8%

3. Materials and Methods

This section described the one-way coupling system between the ERA5-land reanalysis
and the hydrological model FEST-WB used to simulate 40 years of data over the SOL river
basin to understand the impact of climate change and land use. As explained above, we
focused our analyses on the Seveso River basin closed at Bovisio-Masciago town, and thus
upstream of any structural work along the river channel. In this section, the climatological
dataset, the implemented hydrological model, the available observed weather data, and
the skill scores are described in detail.

3.1. The ERA5-Land Reanalysis

ERA5-Land (Figure 3) is a reanalysis dataset providing a consistent view of the evo-
lution of land variables over several decades at an enhanced spatial resolution of 9 km
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(0.08◦). Data have been downloaded from this web site https://cds.climate.copernicus.
eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview (accessed on 15 January 2022) in
GRIB2 format.
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Figure 3. Example of ERA5 land temperature chart (a) and horizontal spatial resolution (b) over the
SOL watersheds.

To feed our hydrological model with data for this case study, we selected the following
atmospheric variables: the 2 m air temperature and dew point, total precipitation, 10 m
u- and v-component of wind and the surface solar radiation downwards. All values were
available at an hourly time scale from 1 January 1981 to 31 December 2020; hence, 40 years
of data was available, an amount useful to understand climate variability, mainly in terms
of temperature and precipitation, and the hydrological response over this area. For a
detailed description of the ERA5-Land hourly dataset, the reader can refer to [30] and
this online documentation: https://confluence.ecmwf.int/display/CKB/ERA5-Land%
3A+data+documentation (accessed on 15 January 2022).

3.2. The FEST-WB Model

In this work, we used the rainfall-runoff physically based distributed FEST-WB model
developed on top of the MOSAICO library [19,31] for simulating the rainfall-runoff trans-
formation. The FEST-WB computes the main processes of the hydrological cycle: evap-
otranspiration, infiltration, surface runoff, flow routing, subsurface flow, and snow melt
and accumulation. The computation domain is discretized with a mesh of regular square
cells (200 m × 200 m in this study) in each of which water fluxes are calculated at hourly
time steps.

The FEST computes soil moisture fluxes by solving the water balance equation at
a given cell (i, j) and time (t). In particular, the temporal evolution of the soil moisture,
θ(i, j, t), is given by Equation (1):

∂θ(i, j, t)
∂t

=
(P(i, j, t)− R(i, j, t)− D(i, j, t)− ET(i, j, t))

Z(i, j)
(1)

where P is the precipitation rate, R and D are the runoff and drainage fluxes, ET is the
evapotranspiration rate, and Z is the soil depth. Runoff rate is calculated according to the
Soil Conservation Service–Curve Number scheme, SCS-CN [32], extended for continuous
simulation. That is, in Equation (2), soil retention capacity, S, at a given location and time is
updated at the beginning of a storm as a linear function of the degree of saturation, ε [20]:

S = S1·(1− ε) + S3 · ε (2)

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview
https://confluence.ecmwf.int/display/CKB/ERA5-Land%3A+data+documentation
https://confluence.ecmwf.int/display/CKB/ERA5-Land%3A+data+documentation
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where S1 and S3 are the values of S when the soil is dry and wet (i.e., antecedent moisture
conditions (AMC) I and III in the SCS-CN method, respectively). The actual evapotranspi-
ration is computed as a fraction of the potential rate tuned by a beta distribution that, in
turn, depends on soil moisture content [33]. Hillslope propagation is modelled by using a
linear reservoir numerical scheme, while surface and subsurface flow routing is based on
the Muskingum method [34]. For further details upon development and application of the
FEST-WB, the reader can refer to [35–38]. For details about model parameters applied to
the Milano urban area, the reader can refer to [20].

3.3. Observed Weather Data

Available meteorological observed data used in comparisons were: precipitation, tem-
perature, relative humidity, incoming solar radiation, and wind speed, hourly collected by
the monitoring network system managed by the ARPA (Regional Agency for Environmen-
tal Protection) of the Lombardy region since 2003 and by Meteonetwork, an open-source
association of citizen scientists with available weather station data since 2013. Figure 4
depicts the location of weather stations of both networks in the study area.
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Figure 4. Weather stations in the study area: green dots are data from the ARPA (Regional Agency for
Environmental Protection) of the Lombardy region, while red dots are from Meteonetwork association
(www.meteonetwork.it, accessed on 15 January 2022).

The first analysis was to check the goodness of the ERA5-Land dataset over the SOL
area through common statistical skill scores (see Section 3.4 for further details). Hence,
we compared local observations coming from the ARPA and the Meteonetwork weather
stations versus the ERA5-Land data. As reported in Figure 5, temperature data from
ERA5-Land showed a general tendency to underestimate local climatic conditions both for
minimum and maximum values, with this latter much enhanced; in fact, the MAE is equal
to 0.91 ◦C for minimum annual temperature, 0.74 ◦C for mean temperature, and 1.27 ◦C for

www.meteonetwork.it
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the maximum one. Nevertheless, the results depict how the yearly variability is reasonable
well reconstructed with a determination coefficient equal to 0.83 for mean minimum annual
temperature, 0.87 for mean annual temperature and 0.89 for mean maximum annual
temperature. Due to these high scores, it was not necessary to introduce a correction bias;
first, as it was not our aim in this study, and, additionally, we were more interested to
understand trends and variability in these last 40 years rather than absolute climatological
values or seasonal patterns.
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temperature data (Meteonetwork and ARPA weather stations).

The same behaviour was found for the precipitation analysis, shown in Figure 6. Here,
the ERA5-Land tends to overestimate the observed values coming from local measurements
by the ARPA and Meteonetwork weather stations (MAE equal to +193.1 mm), but, as well
as for temperature, high and low values are fairly well reconstructed and the R2 is equal
to 0.91.
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As far as the discharge is concerned, simulated runoff values obtained with the FEST-
WB hydrological model forced with the ERA5-Land reanalysis showed a good agreement
with the simulated flowrates forced with observed data from the ARPA and Meteonet-
work weather stations over the available overlapping period 2003–2020: the coefficient of
determination R2 is equal to 0.67, the Kling–Gupta efficiency (KGE) to 0.81, and the Nash–
Sutcliffe efficiency (NSE) displays a value of 0.66 for the average daily discharge (Figure 7a).
However, the simulated runoff forced with ERA5-Land dataset tends to underestimate the
maximum daily discharge, instead, and the coefficient of determination R2 decreases to
0.58, the KGE to 0.71, and the NSE diminishes to 0.57 (Figure 7b). As mentioned above, we
note that discharge comparisons have been carried out over the Seveso River basin closed
at Bovisio-Masciago section.
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Figure 7. Comparison between simulated runoff by FEST-WB model forced with ERA5-Land (y-axis)
and observed data (x-axis) for the years 2003–2020: average (a) and maximum (b) daily discharge
values at the Bovisio-Masciago gauge section.

3.4. Statistical Analysis

Statistical analyses, commonly applied in the scientific literature [39–41] are used to
assess and test the outcomes in this paper; in particular, the mean absolute error (MAE), the
coefficient of determination (R2), the Standardized Precipitation Index, the Mann–Kendall
(MK) and the Cox–Stuart (CS) tests.

3.4.1. Mean Absolute Error

The mean absolute error (MAE) is a measure of the average deviation between two
sequences of values concerning the same phenomenon (for example, the temperature
predicted by a model and the observation of the instrument). It is therefore an indicator
of how similar the two sequences are in absolute terms, regardless of how much the two
samples can be correlated. Its range varies between 0 and +∞ and it is defined as follows in
Equation (3):

MAE =
1
n

n

∑
i=1
|yi − xi| (3)

where y and x are the two sequences of values and n is the number of the samples.

3.4.2. Coefficient of Determination

R2 =
[∑n

i=1(xi − x)(yi − y)]2

∑n
i=1(xi − x)2 ∑n

i=1(yi − y)2 (4)

where y is the simulated and x is the observed value. It ranges from 0 to 1 with a perfect
score equal to 1. Even if it is sensitive to outliers, visually, the correlation (Equation (4))
measures how close the points of a scatter plot are to a straight line, and it addresses the
question how well the simulated values reproduce the variability of the observations.
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3.4.3. Nash-Sutcliffe Efficiency (NSE)

The Nash-Sutcliffe efficiency [42] is a widely used statistical index for evaluating the
goodness-of-fit of hydrological models, and it is defined in Equation (5) as follows:

NSE = 1− ∑n
i=1(ysim − yobs)

2

∑n
i=1(yobs − yobs)

2 (5)

where ysim are the simulated values using ERA5-Land as input into the FEST-WB hydrolog-
ical model, yobs are the simulated data using observations as input in the FEST-WB, yobs is
the mean of yobs, and n is the numerosity of the two vectors.

3.4.4. Kling–Gupta Efficiency (KGE)

The Kling–Gupta efficiency is another goodness-of-fit measure for hydrological models
developed by [43], and afterwards revised by [44]. The KGE is based on an improved
combination of the three diagnostically meaningful components of the mean squared error
(i.e., correlation, bias, and variability), and it is recently gaining literature dominance in the
context of hydrological model calibration [45,46]. The KGE index ranges from −∞ to 1: the
closer to 1, the more accurate the simulated values are. KGE can be computed as reported
in Equation (6):

KGE = 1−
√
(r− 1)2 + (α− 1)2 + (β− 1)2 (6)

where r is the Pearson correlation coefficient, α = σs
σo

where σs is the standard deviation of
the simulated values and σo is the standard deviation of the observed values, while β = µs

µo
where µs is the mean of the simulated values and µo is the mean of the observed values.

3.4.5. Standardized Precipitation Index (SPI)

The Standardized Precipitation index (SPI), developed by McKee et al. [47] and Ed-
wards and McKee [48], analyses the relative departures of precipitation from normality. The
SPI is a widely used index to characterize meteorological drought on a range of timescales.
It quantifies observed precipitation as a standardized departure from a selected probability
distribution function that models the raw precipitation data which are typically fitted to a
gamma or a Pearson Type III distribution, and then transformed to a normal distribution.
The SPI values can be interpreted as the number of standard deviations by which the
observed anomaly deviates from the long-term mean [49].

Normally, the drought part of the SPI range is arbitrarily split into moderately dry
(−1.0 > SPI > −1.49), severely dry (−1.5 > SPI > −1.99) and extremely dry conditions
(SPI < −2.0). A drought event starts when the SPI value reaches −1.0 and ends when they
become positive again [48].

In this study, the main calculations of the SPI index were performed using the R-
package “SPEI” developed by Beguería and Vicente-Serrano [50], using a gamma-type
distribution to model monthly precipitation time series, and the SPI index was calcu-
lated on a basis of 12 months, which is one of the typical time scales for precipitation
deficit analysis.

3.4.6. Cox–Stuart Test

The Cox–Stuart test is a nonparametric statistical test widely used for trend analysis
proposed by Cox and Stuart [51]. In this work, it was used to identify the presence of trends
in data with low numbers of values (<30) as it is very robust [52].

Let x1, x2, . . . , xn be a series of independent observations. To perform the trend
analysis, the following samples of differences were calculated: y1 = x1+c − x1, y2 = x2+c − x2,
. . . , yn = xn − xn−c, where c = n/2 if n is even, c = (n + 1)/2 if n is odd. Hence, we obtained
a vector of differences y1, y2, . . . , ym.

The tested hypotheses were:
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Hypothesis 0 (H0). There is no presence of monotonic trend in the data.

Hypothesis 1 (H1). A monotonic trend is present in the data.

And the test statistic was computed as follows in Equation (7):

T =
m

∑
i=1

sgn(yi) (7)

where sgn(x) =


−1 i f x < 0

0 i f x = 0
1 i f x > 0

with x denoting the generic input argument of the func-

tion sgn.
Based on the significance level, α, of the test we can accept or reject the null hypothesis

H0 knowing that the statistical test, T, follows a binomial distributions of parameters m
and p = 0.5 [53].

3.4.7. Mann–Kendall Test

The Mann–Kendall statistical test has been widely applied in trend detection of the
hydro-meteorological time series [54–56]. In this work, it was used to assess whether
a statistically significant trend was present in samples with more than 30 elements. Its
implementation was performed with the use of the R-package “trend” [57].

Letting x1, x2, . . . , xn be a sequence of measurements over time [58] proposed to
test the null hypothesis, H0, where the data come from a population where the random
variables are independent and identically distributed. The alternative hypothesis, H1, was
that the data follow a monotonic trend over time. Under H0, the Mann–Kendall test statistic
is reported in Equation (8):

S =
n−1

∑
k=1

n

∑
j=k+1

sgn
(
xj − xk

)
(8)

where n is the size of the sample, sgn is the sign of function, and xj and xk are the values of
sequence j, k.

Kendall in 1975 [59] showed that S is asymptotically distributed as a normal random
variable of parameters µ = 0 and variance σ2 shown in Equation (9) equals to:

σ2 =
n(n− 1)(2n + 5)−∑m

i=1(ti(i− 1)(2i− 5))
18

(9)

where m is the number of tied groups in the dataset and ti is the number of data points in
the i-th tied group.

When using this formula (Equation (9)), a positive value of S indicates that there is an
upward trend in which the observations increase in time. On the other hand, a negative
value of S means a decreasing trend.

If S is significantly different from zero, based upon the available information, H0 can
be rejected at a chosen significance level and the presence of a monotonic trend, H1, can be
accepted [60].

4. Results and Discussion

In this section, we present the climatological and hydrological characterization of
the study area over the last 40 years using the ERA5-Land dataset. As described above,
we focused our analyses on the Seveso River basin closed at the Bovisio-Masciago gauge
section. This was chosen because upstream there were no hydraulic structural works and,
consequently, an undisturbed behaviour of the basin could be observed.

Afterwards, we investigated if there exists a statistically significant impact of climate
change in terms of temperature, but above all precipitation and discharge values, and tried
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to disentangle these from land use variations, which have had a relevant impact over this
area in the last four decades.

4.1. The Climate Change Forcing

As far as temperatures are concerned, the global warming [61] is unequivocally shown
in the last 40 years over the Seveso River basin (Figure 8) with an increase of temperature of
up to 1.84 ◦C: mean annual values ranged from about 11 ◦C at the beginning of the eighties
to 13 ◦C in the last years of the second decade of the new millennium. In particular, an
average increasing trend was calculated equal to 0.46 ◦C per decade over the whole dataset,
while in the last 10 years it has been even more, reaching a rate of 0.71 ◦C/decade.
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Figure 8. Reconstruction of mean annual temperature (1981–2020) by the ERA5-Land reanalysis over
the section of the Seveso River basin closed at Bovisio-Masciago.

In contrast, from a precipitation point of view, looking at the Standardized Precipitation
Index (Figure 9) which analyses relative departures of precipitation from normality, we can
highlight alternate periods of dry and wet conditions, but neither prevails during the last
40 years.

However, because rainfall is the main atmospheric variable that affects runoff values
over these small elongated river catchments with fast response times (about 3 h), we carried
out a deeper investigation on the precipitation data. We tried to answer this question: is
climate change statistically significant from a precipitation point of view?

Figure 10 shows four analyses of precipitation data over the last 40 years reconstructed
with the ERA5-Land dataset over the Seveso River basin closed at the Bovisio-Masciago
gauge section: the total annual precipitation (a), the annual number of days with daily
precipitation greater than 1 mm, defined as a wet day according to WMO [62] (b), the
annual maximum precipitation data in 24 consecutive hours (c) and the annual hourly
maximum precipitation (d).
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Figure 10. Precipitation analysis with ERA5-Land dataset (1981–2020): total annual precipitation (a),
annual numbers of wet days with daily precipitation greater than 1 mm (b), 24-h annual maximum
precipitation (c) and annual hourly maximum precipitation (d).

All these above-mentioned pictures depict the same conclusion: the highest scores
were present in the last decade (2011–2020) and were always above the average for the
40 years. Hence, one can ask whether we are experiencing a change in the precipitation
pattern, and if so how statistically significant is this trend. In order to answer this question,
we calculated the p-value of each plot shown in Figure 10 through the MK test, which
assesses whether a trend is statistically relevant in the 40-year dataset. Results of these tests
accept the null hypothesis H0, and no statically significant trends were found in all the four
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series, as the computed p-values (Table 2) were 0.537, 0.172, 0.552 and 0.568 respectively for
Figure 10a–d: all of them below the significant threshold considering α = 5%.

Table 2. Summary of MK test results on precipitation series.

Variable Is the Trend Present? (α = 5%) p-Value (MK-Test)

Total annual precipitation No 0.537
Annual number of wet days (p > 1 mm) No 0.172

24-h maximum annual precipitation No 0.552
hourly maximum annual precipitation No 0.568

4.2. The Impact of Land Use Change

After the analysis of temperature and precipitation, we investigated the impact of land
use change at the hydrological basin scale.

It is well-known how a change of land use due to urban development has the conse-
quence of increasing the curve number that, in turn, can affect basin runoff production. To
assess the impact of urban development on floods, six simulations, one for each available
CN map, were launched forcing the hydrological FEST-WB model to the same dataset by
ERA5-Land. Calculating the relationship between discharge and its return period at fixed
CN conditions, we were able to quantify the impact of land use change over this watershed.

Figure 11 clarifies the influence of urbanization in terms of a diminishing return period
over this catchment. Particularly significant were the past years where urbanization had
shown a relevant growth in this area, already described in the above Table 1. For instance,
if we take into consideration the discharge threshold of 90 m3/s, which correspond to
the second warning, we can appreciate how the return period has halved over the years
and the probability of yearly exceedance has doubled (Table 3). On average, we notice a
reduction of the return time period of 6.9 years from 1954 to 1980, 7.2 years from 1980 to
2000 and about 1 year only in the last two decades (Figure 11).
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Table 3. Return period and probability of yearly exceedance the second warning threshold of 90 m3/s
at given CN conditions.

Year of CN Return Period [Years] Probability of Yearly Exceedance [%]

CN 1954 18.56 5.4
CN 1980 14.90 6.7
CN 2000 11.00 9.1
CN 2006 10.77 9.3
CN 2012 10.54 9.5
CN 2018 10.49 9.5

To investigate the response in terms of runoff, the same exercise of six simulations for
the six CN variations was repeated computing the average number per decade that flows
exceeding the first warning threshold over the Seveso River basin at the Bovisio-Masciago
gauge section.

The plot in Figure 12 can be read in two ways: first, we can keep unchanged the CN,
and look at the differences in number of exceedances over the four decades, and second,
we can choose a decade and appreciate how variation of exceedances of the first warning
threshold (equal to 35 m3/s) at Bovisio-Masciago were changing the CN conditions for
each simulation of the hydrological FEST-WB model forced with ERA5-Land dataset.
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Figure 12. Average decade number of annual exceedance events the 35 m3/s discharge threshold at
different CN conditions over the section of the Seveso River basin closed at Bovisio-Masciago.

As far as concerning the runoff, and in particular, keeping unchanged the CN condition
through the 40 years, the first point confirms the same outcome examined in Section 4.1
about precipitation analysis, and no trends were found even for the average number of
times flows exceeding the first warning threshold; on the other hand, a slight increase of
exceedances was shown when we considered the time-variant CN increments in discharge
simulations, as in Figure 11, where a diminishing of return period was depicted at different
CN conditions.

4.3. The Hydrological Response Trend Analysis

In the previous paragraphs, we separately analysed the climate change impact looking
at precipitation trends, land cover change, and their individual interactions over the
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hydrological response. In this section, we consider the combined effects of precipitation
and CN variation on the runoff simulated at the Bovisio-Masciago gauge section of the
Seveso River basin.

Figure 13 highlights the annual maximum discharge simulated with the hydrological
FEST-WB model forced with ERA5-Land data under mutant CN conditions of the year 1980,
2000, 2006, 2012 and 2018. Even changing the CN conditions through the entire 40-year
simulation period, no statistically significant signal was found. The p-value obtained with
MK test is equal to 0.81, hence the hypothesis of an absence of trend is confirmed.
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Figure 13. Annual maximum discharge at time-variant CN conditions: simulations by the FEST-WB
model enforced with the ERA5-Land data at the Bovisio-Masciago gauge section.

This key finding, which initially appears contrary to what is mentioned in the introduction,
states that no significant discharge trend was observed, notwithstanding the CN increment
through the years which turns out to be compensated by the precipitation variability.

As this reanalysis was carried out with a hydro-climatological simulation coupling the
ERA5-Land with the FEST-WB model, we deeply investigated this issue using the measured
data coming from the ARPA Lombardia network available in the last two decades, which
has confirmed the trend observed above in Figure 13.

In fact, we can examine how many times the measured hydrometric level exceeded
the first warning threshold for two gauge sections very close to Bovisio-Masciago town:
one in Paderno Dugnano town, just 5 km south, but still upstream of the hydraulic node of
the CSNO, and the other in Cantù city which is about 15 km north (Figure 14).

To statistically define if the presence or not of a significant trend exists, we calculated
it through the Cox–Stuart test. As mentioned above in Section 3, as the available data series
has here less than 30 values, we preferred to not use the MK test as before. However, both
the obtained p-values are 0.344 and 0.508 for Paderno Dugnano and Cantù, respectively,
which are below the α = 5% threshold; this again confirms the absence of a trend with the
null hypothesis H0 accepted.

Therefore, we can state that over the last twenty-years, the Seveso River (upstream of
the CSNO) shows no significant trends in the occurrence of severe hydrological episodes.
However, the last decade does show an increase in precipitation values, but not enough to
generate an intensification of flood occurrence, considering also that CN conditions have
remained quite stable since year 2000, as shown in Table 2.
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The results lead to the conclusion that there are no relevant trends from a statistical
point of view to declare a change in precipitation pattern, and a modification in flow rates.

5. Conclusions

The present paper deals with a hydro-climatological reanalysis over three urban
hydrological catchments Seveso, Olona and Lambro (SOL) rivers located northern than
Milan City in the Lombardy Region (northern Italy).

To implement the entire chain, a climatological dataset, ERA5-Land, provided by
ECMWF has coupled with a physically distributed rainfall-runoff hydrological model
FEST-WB, developed by the Politecnico di Milano. Temperature, precipitation, and dis-
charge simulations were analysed over 40 years, between 1981 and 2020 for the SOL river
basins with a particular focus on a trunk of the Seveso River catchment closed at Bovisio-
Masciago, which is situated upstream the CSNO spillway and remains undisturbed by
hydraulic interferences.

The goal of this study was to, firstly, reconstruct the variability of main meteorological
and hydrological variables over the four decades, try to identify the presence or not of
statistically significant trends, and, consequently, quantify the impact of land use change
over the hydrological response. This latter had a relevant influence over this area starting
from the fifties up to year 2000 with the percentage of urbanized area rising to about 33%. In
contrast, since the beginning of the new millennium, this constant growth in urbanization
has essentially stopped and the CN value remains almost stable at about 46% over the last
twenty years.

As far as climate change is concerned, temperatures have unequivocally risen all
over the territory, about 2 ◦C in 40 years. Nevertheless, precipitation did not follow the
same growing trend, even if the last decade (2011–2020) has shown the highest values
in comparison with the other ones, but no statistically significant trends were detected
using the Mann–Kendal analysis. Thus, combining both effects of climate and land use
change, no statistically relevant trends were observed in terms of annual maximum runoff
in the section of the Seveso River basin closed at Bovisio-Masciago, both using the 40 years
ERA5-Land dataset and the 20-years measurements by local gauge network as input.

Therefore, although peoples’ perception is that there has been an increase in the
numbers of flood events exceeding the warning threshold, the data do not support such
a trend in this analysis: in fact, precipitation and runoff exceedance did not show any
statistical trend. This last outcome is even in line with the European Environmental Agency
(2019) for this region of Italy as described in the Introduction, but it would be interesting to
be exploited in other countries, as the proposed methodology, which separates the effect
of climate and land use change in the hydrological response, can be adopted in other
study-areas.

Finally, we remind readers that the same considerations about precipitation trends
and CN variations can be applied to Milan city that is just 20 km south of Bovisio-Masciago,
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and, hence, flood issues could essentially be searched for in hydraulic problems of the last
decades. On that note, a future development, specific for the city of Milan, could be to
better investigate the cause-effect relationship about local floods affecting the metropolitan
area, whose frequency seems to have intensified in the last two decades.
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Abbreviations

AMC Antecedent Moisture Condition

ARPA
Agenzia Regionale per la Protezione Ambientale
(Regional Agency for Environmental Protection)

CLC Corine Land Cover
CN Curve Number
CS Cox Stuart
CSNO Canale Scolmatore di Nord-Ovest (North-West Spillway Channel)
DEM Digital Elevation Model
ECMWF European Centre for Medium-Range Weather Forecasts

FEST-WB
Flash flood Event-based Spatially-distributed rainfall-runoff
Transformation-Water Balance

IPCC Intergovernmental Panel on Climate Change
KGE Kling-Gupta Efficiency
LS Least Squares
MAE Mean Absolute Error
MK Mann Kendall
MNW Meteonetwork
NSE Nash-Sutcliffe Efficiency
SCS Soil Conservation Service
SOL Seveso Olona Lambro
SPI Standardized Precipitation Index
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