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Abstract: Climate change is not only a likely prospect for the end of this century, but
it is already occurring. Part of the changes will include global warming and increasing
temperature variability, both at global and regional scales. This increased variability was
investigated in this paper from the point of view of the occurrence of cold spells in the
Alps in the future climate (2071–2100), compared with the present climate (1961–1990).
For this purpose, a regionalisation of the climate change effects was performed within the
Alps. To avoid possible errors in the estimate of the 2m air temperature, the analysis was
performed on the soil surface temperature. To get realistic values for this variable, a land
surface scheme, UTOPIA, has been run on the selected domain, using the output of the
Regional Climate Model (RegCM3) simulations as the driving force. The results show that,
in general, the number of cold breaks is decreasing over the Alps, due to the temperature
increment. However, there are certain zones where the behaviour is more complicated. The
analysis of the model output also allowed a relationship to be found between the number
of cold breaks and their duration. The significance of these results over the whole area was
assessed.
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1. Introduction

There is a general consensus by the scientific community about the importance of the land
surface processes as a key component of the climatic system. The soil is very important because
of its role in regulating the atmospheric energy and water balance, and consequently, affecting its
dynamics, providing both energy and water vapour. Slightly different conditions in some parameters,
such as the soil moisture and temperature, can affect the stability of the boundary layer and, as a
consequence, the whole troposphere. The stability of the atmosphere is a fundamental point in the
description of convective phenomena, which determines the formation of cumulus clouds and eventually
precipitation [1].

The soil, possessing a greater capacity to store both energy and water, has a larger response time
than the atmosphere to the external forcings. Energy flux input for the soil is due to the incoming net
radiation from the above atmospheric layers (or from vegetation, ice or snow). This input, when positive,
increases the soil temperature, transporting energy from the surface to the deeper layers (conductive heat
flux). The soil surface loses part of this positive energy flux by generating turbulent heat fluxes directed
towards the atmosphere: the direct warming constitutes the sensible heat flux, while the latent energy
involved in the liquid water evaporation constitutes the latent heat flux [1].

In the recent years, the changes in the frequency and intensity of climatic extremes, which are likely to
accompany global warming, have been approached by the scientific community [2]. Both on global and
regional basis, there are convincing evidences of such extremes [3]. According to the IPCC emission
scenarios [4], many Global Climate Models (GCMs) are producing climate simulations to approach,
among many other problems, the study of the occurrence of warm and cold spells during the 21st century
[5]. Current computing resources allow the results of global simulations to be downscaled to the regional
scale by using limited area models [6,7], and the studies of climate extreme sequences are carried out
with higher resolution [8,9].

In the present work, attention is focused on the Po Valley and Alpine Area. The goal of this work is
to study the length and the frequency of cold spells in soil temperature of the Alpine Area in relation to
climate change. Thus, the extremes studied in this case are the frequency and the length of cold breaks.
The analysis was carried out by considering the soil temperature, since this variable exhibits less noise
than air temperature in its time series, due to the fact that the soil specific heat capacity is greater than
that of the air.

This kind of studies is important because users of climate information are often concerned about the
high frequency of weather extremes taking place in a particular region [10], especially because there is a
wide consensus among climatologists that climate change could result in an increased variability [11]. In
addition, the Alpine Area is a key region for Europe, since it is the source of many important rivers [12],
and climate change there can affect many people. Climate change in the Alps has produced an increment
of temperature which is almost double with respect to the trends observed at global scale, meaning that
the climate system in this region possesses a large number of feedbacks [13]. The literature about this
kind of studies is extensive, and an example of the studies on that can be found in [14].

The technique adopted in the context of this work is a time series approach where the number of
consecutive days of cold temperature (a definition of this concept is given in section 3) is calculated, and
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the number of such events is analysed so that it is possible to determine a different kind of response
to climate change of different alpine locations, or global responses over the whole area under the
investigation of this study.

The data used to employ the technique above mentioned come from a chain of simulations. A regional
climate model, RegCM3, which used the output of a global climate model, HadAMH, as its input was
driven by the present (1961–1990) and future (2071–2100) climate scenarios, was used as source of
meteorological data at screen level. Subsequently, these were used to drive a land surface scheme, the
UTOPIA, at each grid point of the target area, and the data of daily soil temperatures were extracted
from the output database.

Section 2 describes in detail the models involved in this study and the specific data used in the work;
Section 3 gives a description of the working methodology; and Section 4 lists and discusses the results.

2. Models Involved in the Study

Only the land surface scheme UTOPIA (University of TOrino land Process Interaction with
Atmosphere), described in Section 2.2, was directly used for this study. However, as specified in
Section 3, the input data used by UTOPIA came from a simulation carried out by other researchers
[15–17] using the Regional Climate Model RegCM3, therefore this model is also described in section
2.1. The other relevant dataset used by UTOPIA and RegCM3 is discussed in the section 3.

2.1. RegCM3

The earliest version of the Regional Climate Model (RegCM) was originally proposed by [6] and [7],
in order to use limited area models as a tool for regional climate studies and as a method to increase the
amount of detail in the description of climate available by the results of GCMs. Obviously, regional
climate models need time dependent boundary conditions to carry out their simulations, which are
generally provided by a GCM run.

The third and current version of RegCM, hereafter called RegCM3, is based on the hydrostatic version
of the fifth version of the NCAR and Pennsylvania State University Mesoscale Model (MM5) [18].
RegCM3 is a primitive equation, hydrostatic, compressible σ-vertical coordinate model.

RegCM3 includes several physical packages, each one representing specific phenomena. Rainfall is
treated in order to consider both grid-scale precipitation [19] and subgrid processes, which are crucial as a
source of errors in climate simulations [4]. The implemented subgrid precipitation schemes are described
in [20–24]. The physics of surface processes is described according to the Biosphere-Atmosphere
Transfer Scheme (BATS) manual [25]. Subgrid differences in both topography and land use are taken
into account using a mosaic-type approach [26].

More detail on the model physics and parameterizations can be found in the MM5 documentation [18]
and in the documentation of the current version [27], while [28] and [29] describe the previous RegCM
versions.

The RegCM3 has been run and tested in various contexts, spatial scales, and has analysed a broad
range of scientific problems. Examples of its use can be found for climate change studies [15–17,30],
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air quality [31], water resources [32], extreme events [33], agriculture [34], land cover change [35] and
biosphere-atmosphere interactions [36].

2.2. UTOPIA

The UTOPIA model is the updated version of a former model that, until 2009, was called Land
Surface Process Model (LSPM), developed at the University of Torino by one of the authors since 1989
[37], and subsequently updated and improved several times. UTOPIA is a diagnostic one-dimensional
SVAT (Soil-Vegetation-Atmosphere Transfer) scheme that can be used both as a stand-alone model or
coupled with an atmospheric circulation model, behaving as its lower boundary condition. All specific
details about its use and features are fully described in [38].

The UTOPIA domain can be vertically subdivided into three main zones: the soil, the vegetation and
the atmospheric layer within and above the vegetation canopy layer. Variables are mainly diagnosed in
the soil and the vegetation layers. The canopy itself is represented as a single uniform layer (big leaf
approximation), whose properties are described by vegetation cover and height, leaf area index, albedo,
minimum stomatal resistance, leaf dimension, emissivity and root depth. The soil state is described
by its temperature and moisture content. These variables are calculated by the integration of heat and
water mass conservation equations using a multi-layer scheme. The main parameters are: thermal and
hydraulic conductivities, soil porosity, permanent wilting point, dry heat capacity, surface albedo and
emissivity. The eventual presence of snow, considered as a single layer, is also taken into account.

The UTOPIA routines evaluate the balance between the incoming short-wave solar radiation and both
incoming and outgoing long-wave radiation. Other energy exchanges between the soil and the above
atmosphere which are accounted for include turbulent sensible (SHF) and latent (LHF) heat fluxes, and
the turbulent transport of momentum and water vapor (the latter proportional to LHF). These fluxes are
computed using an electric analogue formulation, in which the fluxes are directly proportional to the
gradients of the related scalars and inversely proportional to an adequate resistance.

UTOPIA is a diagnostic model, thus some observations in the atmospheric layer are needed as
boundary conditions. These include air temperature, humidity, pressure, wind speed, cloud cover,
long-wave and short-wave incoming radiation, and precipitation rate. Usually, if UTOPIA is run in
stand-alone way, these observations are measured values, with eventual reconstructions of the missing
data using adequate interpolation techniques. In this work, UTOPIA input is directly taken from
RegCM3 output. Among the several results evaluated by UTOPIA, in this study particular attention
is given to soil temperature.

The LSPM, for which the UTOPIA model constitutes the updated successor, has been tested several
times using experimental data measured in field campaigns, or coupled with atmospheric circulation
models. Among the several examples present in literature, we summarize the most important ones.
[39] compared LSPM and BATS in the Po Valley; [40] studied its dependence on initialization; [41]
used LSPM to study surface energy and the hydrological budget on the synoptic scale; [42,43] used
the LSPM to analyze two extreme flood events in Piedmont (Italy); in [44] LSPM has been used to
study the 2003 heat wave in Piedmont; the LSPM has been applied to other non European climates,
related to very dry sites [45,46] or to the onset of the Asian monsoon [47]. The most recent application
is the coupling of the UTOPIA model with the Weather Research and Forecast (WRF) model and the
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application of WRF-UTOPIA to a flash flood caused by a landfalled typhoon and to the exceptionally
wet period 2008-9 in North-Western Italy [48].

3. Work Description

Three 30-year periods have been considered. The first one, representative of the present climate
(years 1961–1990), is useful as a comparison term of the performance of the model in the description
of future climate scenarios; hereafter it will be referred to as present climate, or PC. The other two ones
represent the last years of the 21st century (2071–2100), according to IPCC A2 and B2 scenarios [4].
We remember here that the scenario A2 assumes regional resiliency and adaptation, while the B2 one
assumes still adaptation but local resilience; the concentration of carbon dioxide is higher for A2 than for
B2 scenario. These two future climate scenarios will hereafter be referred to as A2 and B2, respectively,
and generically as future climate (FC).

The input data used in this work is the output of the RegCM3, belonging to PC, A2 and B2 scenarios
[15–17]. This output data was chosen for this study because they are one of the existing dataset with the
highest resolution currently available (about 20 km).

The simulations performed with RegCM3 were based on the output of the simulations performed with
the HadAMH (the global climate model of the Hadley Centre) using a grid large 1.25◦ in latitude and
1.875◦ in longitude and the SST (sea surface temperatures) from the HadCM3 run [15,16].

The domain chosen for this study is a rectangular mesoscale area whose longitudes range from 6◦

E to 15◦ E and whose latitudes range from 43◦ N to 47◦ N. This domain includes most of the Alpine
region and the Po river basin. Within this domain, resulting in 720 grid points over land, the following
RegCM3 output were extracted: air temperature, humidity, pressure and wind at the RegCM3 surface
level, precipitation, short- and long-wave radiation.

The analysis of the cold spells being the aim of this paper, and having decided to use soil temperatures
instead of air temperatures as the source data on which to evaluate the cold spells, in order to be able to
analyse the soil temperatures in the Alpine Area, it was necessary to calculate them using the UTOPIA
model. For this reason, the UTOPIA model was run for 30 years for each one of the 720 grid points
and each of the three scenarios (PC, A2 and B2). Here it is important to underline that, in order to
exclude any possible source of anomaly caused by the use of different input data, or grid irregularity, or
missing observation interpolation, in the analysis, PC simulations were also carried out using the same
methodology and model used for future climate simulations, instead of using observations.

To ensure numerical stability of UTOPIA model, all RegCM3 outputs (apart from precipitation),
available every 3 hours, have been interpolated every hour using a cubic spline [49], while precipitation
has simply been redistributed assuming a constant rate. The soil was configured to include 10 layers.
The thickness of each layer starts from 5 cm in the top layer, then progressively double until the lowest
layer, approximately 25 m deep, which should be interpreted as a boundary relaxation zone. The soil
characteristics were taken from the ECOCLIMAP database [50]. The vegetation is assumed to be short
grass everywhere in the domain, and no soil freezing scheme has been used. Both these features are still
in an experimental stage, even if recent results in [51] provide valid methods to overcome at least the
second approximation. Initial values of soil moisture and temperature have been set according to [38].
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Once the soil temperature in each soil layer was calculated by the UTOPIA model, the data was
post-processed in the following way. A cold spell was defined as a period in which daily mean
temperature is lower than 0◦C. This definition could be used to analyse the soil temperature of each
soil layer considered in the UTOPIA model configuration, but the study has been carried out focusing
on the top soil layer only. It is of paramount importance to reaffirm here once again that the main reason
for which soil temperature rather than 2 m temperature, or temperature at any other atmospheric level,
was chosen to investigate the cold breaks is that the former exhibits less noise in its time series because
the soil heat capacity is greater than that of the air.

4. Results and Discussion

4.1. Categorisation of the Trends in Cold Breaks Frequency versus Their Length

Among the simulation points mentioned in Section 3, for those characterised by an orographic
elevation higher than 1500 m above the sea level, plots like those reported in Figures 1, 2, 3 and 4
were produced. These figures represent the frequencies of cold breaks of a given length versus their
length. The frequencies were normalised by dividing the actual number of events of a given length by
the number of events of one day duration in PC (the reason for this choice will be given in Section 4.2).
The dots represent the actual number of recorded events, while the error bars represent the standard
deviation of the recorded events according to Poissonian statistics. The error bars are small compared to
the figure size, since they are about 2% relative to the data.

Figure 1. Frequency of cold spells versus their duration: the case expected by hypothesizing
increasing average temperature.
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Figure 2. Frequency of cold spells versus their duration: the case in which the number of
events increases in a future scenario.

Figure 3. Frequency of cold spells versus their duration: the case in which A2 and B2 curves
cross each other.
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Figure 4. Frequency of cold spells versus their duration: the case of no difference in the
climate scenarios

Simulated results for various points in the area of study reveal several plausible trends for the
frequency versus duration graphics. Under the A2 and B2 scenarios, the frequencies of cold spells
can decrease (Figure 1), increase in a future scenario (Figure 2 under A2 scenario), show differential
increases for various durations under A2 and B2 scenarios (Figure 3), or indicate no noticeable change
from the PC (Figure 4). A complete schematisation of all possible behaviours can be found in Table 1.

Table 1. Categorization of the set of qualitatively different behaviours of the frequency of
cold breaks versus their length.

Category Example trend figure Description
Red 1 Number of cold breaks decreasing in FC
Blue 2 Number of cold breaks increasing in FC
Green 3 Number of short breaks greater in A2 than B2, number of

long breaks greater in B2 than A2
Violet 4 No difference between PC and FC
Yellow (not shown) No difference between PC and A2
Grey (not shown) No difference between PC and B2

If one considers the most obvious behaviour, i.e., that, as a consequence of the global warming, the
increase in the average temperature will induce a decrease of the number of cold spells, it is expected
that all, or at least the majority of the simulation points will fall into the red category in table 1. A more
detailed analysis of the data shows that the actual situation is not as trivial as one could expect. Figure
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5 shows, by using the colors as representative of the categories defined in table 1, the distribution of the
categories for the frequency-length trend lines.

Figure 5. Geographical distribution of simulation points characterised by trend lines as
described in Table 1 (that same table can also be referenced as a legend for the colors used
in this figure).

In particular, although about 70% of the simulation points belong to the red category, the remaining
30% do not. Moreover, an interesting spatialisation of this information is evident. There are two clusters
of blue dots in Savoie (France) and in the Tauern (Austria). The presence of these clusters means that
in those regions, no matter whatever scenario could become more realistic between A2 and B2, climate
change will cause an increase of cold breaks in the future, for all of the possible lengths. One additional
cluster in the Lepontine Alps belongs to the green category: according to its description in Table 1
and observing Figure 3, this means that a difference in the climate scenario will imply very large and
not-simply-understandable differences in the cold breaks occurrence. For this category, in fact, the A2
scenario has a greater number of short cold breaks with respect to B2, while for long cold breaks, B2 has
a greater number with respect to A2.

The evidence coming from these figures can be explained in other words. In 70% of the simulation
points global warming will result in a shift of the temperature distribution towards higher temperatures,
without altering too much the shape of the distribution. In the remaining 30% of the simulation points,
not only will the mean temperature increase for both scenarios, but also the temperature distributions will
be altered in such a way that the extremes may show even higher frequencies, even within the coldest
part of the distribution tail.
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Table 2. Number of simulation points in the Alps above and below 2000 m ASL for each
category as defined in Table 1 (the total number of Alpine points is 145).

Category Below 2000 m ASL Above 2000 m ASL
Red 68 34
Blue 9 10
Green 6 5
Violet 1 2
Yellow 0 4
Grey 3 3

Moreover, a distinct classification between points over and under 2000 m a.s.l., reported in Table 2,
was conducted. Despite the fact that the total number of points below 2000 m a.s.l. (middle column in
the table) is roughly half (58 cases versus 87) of those above 2000 m a.s.l. (right column), the only row
of the table which halves (from 68 cases to 34) passing from the central to the right column is the one
corresponding to the red color category. In conclusion, the response to the climate change will be more
differentiated at higher altitudes, with consistent alterations of the temperature distributions in the FC,
while, at lower altitudes, the global warming will mostly result in a shift in the temperature distribution
towards warmer temperatures.

4.2. Global Statistics of the Occurrence of Cold Breaks

Besides the blue and green clusters illustrated in Figure 5, it is interesting to study the effects of
climate change over the whole area on the occurrence and the length of cold breaks. To accomplish
this task, it is necessary to compare somehow the plots of the frequency of cold breaks versus their
length. In Section 4.1 it has been stated that frequency data were normalised in order that the frequency
of 1-day-long events in PC was equal to 1. In this part of this study, the choice of this normalisation
allows easier comparison of simulation points possessing different absolute frequencies of cold breaks,
while the categorisation described in Section 4.1 is valid independently from the absolute frequencies.
To characterise globally the occurrence of cold breaks, it is necessary to study how the number of cold
breaks decays with increasing its length.

To reduce the information contained in each plot of Section 4.1 into more manageable values, it was
decided to fit, for each scenario and simulation point, the dots of the plots sampled in Figures 1–4 with a
two parameters curve. Even if, for the moment, the physical meaning of these fits does not appear clear,
however this method offers a tool to condense the information in these two parameters.

The best model to fit the data was found to be the following exponential law:

N = αeβ
√
L (1)

where N is the normalized frequency of the cold breaks and L is their length, expressed in days. α and
β are the free parameters of the fit, and can be related to a physical meaning. The higher α is, the higher
the number of cold breaks is, so the lower is the average temperature. β, which is negative by definition,
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represents the decay of the number of events at the increasing of their length. Hence, the higher is |β|
(in absolute value), the more rapid the decay is, and this can be related to more frequent temperature
variations around 0◦C.

The choice of the fitting model of Equation (1) has been made in order that the physical meaning of
the free parameters was the one above explained. However, as it will be shown, Equation (1) is also
a good model for fitting the data, and is statistically most adherent to the data distribution than other
models, which were tested too, like the exponential tested in [52].

The panels of Figure 6 show the distribution of the calculated values of the χ2 variables for the fits
of each simulation point. Each of these plots show very low values of the χ2 variables. Choosing a
significance level a = 5%, the lower and upper critical values of the χ2 test, with 18 degrees of freedom,
are χ2

inf = 8.23 and χ2
sup = 31.53. As it can be seen from the Figures 6, almost all fits show χ2 < χ2

sup,
meaning that Equation (1) actually fits the data quite well. For most of the simulation points, it is also true
that χ2 < χ2

inf. This means that the Poissonian determination of the error bars gives standard deviations
that are too large for the data, but it does not invalidate the fitting model itself, and hence the physical
meaning of the fitting model parameters α and β, which are the main result for this stage of the analysis.

Figure 6. Distributions of the values of χ2 variables calculated in the evaluation of the
goodness of fit tests.

(a) PC

(b) A2 (c) B2

Once having obtained the couple of values α and β for each simulation point and each climate
scenario, it is possible to use them to gain some more general conclusions on the occurrence of cold
breaks.

The histograms of Figures 7 and 8 show the distributions of the obtained values for the fit parameters,
respectively α and β. From Figure 7 it is possible to see that the distributions of FC differ in both spread
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and peak height. Recalling the meaning of the parameter α, it means that average temperature will vary
differently in different places. The mode of the distribution for A2 scenario is shifted towards slightly
lower values than for the peak of B2. This means that, on average, A2 scenario will be warmer and will
show less cold breaks than B2. Also, the height of the A2 peak is lower, and its spread is larger than B2
situation. This means that the spatial effects of climate change will show greater variations in A2 with
respect to B2.

Figure 7. Distributions of the values of the α parameter of Equation (1). All the histograms
have been produced to represent the same number of samples, but the one of panel 8(a) has
been cut to make easier a comparison with the other panels, using the same vertical scale; it
shows a very high peak on α ∼ 1 (up to 120) due to the choice of data normalization (see
Section 4.1).

(a) PC

(b) A2 (c) B2

Considering Figure 8, relative to the fit parameter β, it is possible to notice that the peak of the
distributions is more or less in the same position for PC and B2, while it is shifted to lower values in
scenario A2. This means that, on average, the temperature variability is greater for the A2 scenario
than in the others. Another difference that is evident is the spread of the three distributions. In PC, the
majority of the data is located between the peak value and 0, while this is not true for FC. A2 scenario
shows a greater spread of β towards the small values; PC and B2 have just some outliers, while A2 still
has a distribution of data with no gaps, with higher values in the left tail.

In order to assess the statistical significance of these distributions and of their differences, the runs
test (described in [53]) was performed. This test gives the probability that two samples of data belong
to the same underlying probability density distribution. In particular, the distributions of the α and β
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Figure 8. Distributions of the values of the β parameter of Equation (1).

(a) PC

(b) A2 (c) B2

parameters for every climate scenario were compared ‘pair by pair’, and the results of these tests are
shown in Table 3.

Table 3. Resume of results for the runs tests comparing the distributions of the fit α and β
parameters

Pair of scenarios Distribution Probability
α parameter

PC - A2 Different > 99%

PC - B2 Different > 99%

A2 - B2 Different > 99%

β parameter
PC - A2 Different > 99%

PC - B2 Same 20%

A2 - B2 Different 90%

Basically, almost all dataset exhibit high probability (at least 90% or even higher than 99%) to belong
to different probability density distribution. Translated in physical words, this means that the occurrence
of cold breaks is statistically significantly different for the different scenarios. This difference is much
more evident in the analysis of the α parameter, which is related to the number of short length breaks
and hence average temperature. The difference between the two future climate scenarios is less evident,
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but still statistically significant considering the β parameter (concerned with temperature time variability
one), at least when comparing the A2 scenario with the other two, where, in both cases, A2 is the most
variable. The difference in the β parameter histograms of PC and B2 is not statistically significant, since
these two data sets have 20% probability of belonging to the same probability distribution. Hence, the
temporal temperature variability is not deemed to be statistically different in PC and B2.

5. Conclusions

The investigation presented in this paper aims to further the understanding of the occurrence of cold
spells on the Alps in the future climate. Two 30-year periods (2071-2100) belonging to two scenarios A2
and B2 were compared with a 30-year period belonging to the present climate (1961-1990). The result
of this analysis showed that some behaviours appear not to be trivial. In fact, at a first approximation,
it could be foreseen that the increment of temperature associated with global warming could force the
number of cold breaks to decrease, at least on average, during the FC. On the contrary, this study reveals
that, in the Alpine area, there are some zones (which on average constitutes 30% of the total area) in
which this is not predicted to occur, even if, in general, the results of [2] are confirmed.

Evidently, the temperature distribution in those zones will not just simply shift towards warmer
temperature, thus reducing the number of cold spells alone, but will also modify its shape, leading to
an increase in the probability of cold spells in some occasions.

Another important result was obtained by carrying out global tests on the occurrence of cold breaks.
These show that variability in the occurrence of cold breaks is strongly affected by climate change. This
confirms, a posteriori, that in the Alpine area the temperature variability is also expected to increase. In
addition to this already important result, a model relating the number of cold breaks to their duration has
been found. This model has been used as a tool to describe the variation in the occurrence of cold breaks
related to climate change, and was seen to be a very good model. A better interpretation of this model
could be a starting point for future work.

The new results obtained in this context, as well as the advances in the climate modelling, will
hopefully help to tune the knowledge of the scientific community with regard to changes in the
occurrence of extreme events.
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