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HP HM HPT HC

λ (mm) 14.24 12.74 15.52 11.59
κ (-) 0.83 0.9 0.98 1.08

Table 4.5: Scale (λ) and shape (κ) parameter of Weibull distributions fitting the
left-censored observations of each variable.

scribing HP is characterized by a slightly less heavy tail than that of ob-
servations which, however, all fall within the sampling uncertainty interval.
As for HM and HPT , Figure 4.14(b) and (c) show that the related Weibull
distributions have a little heavier tail than the observations but, also for
these variables, all ordinary events used for the fit are within the related
sampling uncertainty interval with the exception of few HM observations
with values around 30 mm. As regards HC , the highest observations tend
to deviate downward with respect to the bisector and some of them are out-
side the sampling uncertainty interval (Figure 4.14(d)). This means that,
for this variable, the Weibull distribution represents a tail that is heavier
than the observations one. The fraction of observations used for the fit that
is outside the sampling uncertainty interval, on the other hand, is around
3%, namely much less than 10%.

Therefore, consistently with the previous studies cited in Section 4.2.4,
the Weibull distribution is deemed suitable for representing the right tail of
all the investigated variables.

The parameters of each fitted distribution are reported in Table 4.5 and
the resulting CDF, along with the related 90% confidence intervals, are
shown in Figure 4.15. Coherently with the related observations behaviour,
GP and GC are the CDF with the lowest and highest shape parameter,
namely with the heaviest and lightest tail, respectively. All the 90% confi-
dence intervals have a bandwidth that varies between about 11% and 30%
of the related CDF values, considering non-exceedance probabilities in the
range [0.75, 0.9999].

4.5.3 Dependence structure modelling

4.5.3.1 Fitted vine copula

The application of the procedure described in Section 4.4.3 to the pseudo-
observations of the investigated variables results in a four-dimensional D-
vine copula. The structure of the resulting D-vine copula is shown in Figure
4.16 and, according to it, the copula density c is estimated with the following
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Figure 4.15: Fitted Weibull CDF for each investigated variable along with the related
90% confidence intervals (shaded areas). Each CDF is represented starting from the
related 75th percentile, namely the quantile associated to the non-exceedance proba-
bility used as threshold to left censor the observations.

factorisation:

c(u, v, w, z) =cUV (u, v) · cVW (v, w) · cWZ(w, z)·
cUW |V (FU |V (u|v), FW |V (w|v))·
cV Z|W (FW |V (w|v), FW |Z(w|z))·
cUZ|VW (FU |VW (u|vw), FZ|VW (z|vw))

(4.77)

The families of the six (conditional) copulas along with the related parame-
ter(s) and theoretical Kendall’s tau are reported in Table 4.6 and the overall
AIC is equal to −1569.9. Considering the first tree, the dependence struc-

Family Parameter(s) τC
CUV BB8 θ1 = 4.76, θ2 = 0.8 0.52
CVW Gumbel θ = 2.32 0.57
CWZ BB8 θ1 = 4.56, θ2 = 0.87 0.56
CUW |V t θ1 = 0.35, θ2 = 7.48 0.23

CV Z|W t θ1 = 0.32, θ2 = 5.14 0.21

CUZ|VW t θ1 = 0.11, θ2 = 9.17 0.07

Table 4.6: Family, related parameter(s) and theoretical Kendall’s tau τC of the six
(conditional) bivariate copulas present in the obtained D-vine. The related D-vine trees
are shown in Figure 4.16.
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Figure 4.16: Resulting four-dimensional D-vine copula fitting the pseudo-observations
dependence structure.

tures between the variable pairs (U, V ) and (W,Z) are reproduced by a BB8
copula while a Gumbel copula describes the dependence structure between
V and W . Regarding T2 and T3, the dependence structures between all the
present conditional variables pairs are reproduced by t copulas. The related
theoretical Kendall’s tau decrease moving from T1 to T3 ranging between
0.57 and 0.07. As evident, the overall concordance measure in the last tree
is very low but, according to the independence test, it is statistically signif-
icant with p-value= 0.03. As a result, a t copula is considered rather than
an independence copula.

4.5.3.2 Validation of the fitted D-vine copula

As described in Section 4.4.3, the adequacy of the obtained D-vine cop-
ula is assessed considering some copula-related quantities, i.e the Kendall
function, λ-function, Kendall tau and TCF , and evaluating how well the
empirical values of these quantities are reproduced by each (conditional)
bivariate copula and overall D-vine copula.

As regard the pair-copulas, the empirical and theoretical Kendall func-
tions and the corresponding λ-functions for each (conditional) bivariate cop-
ula are shown in Figure 4.17 and 4.18, respectively, along with the related
90% sampling uncertainty intervals. It is worth noting that the theoreti-
cal Kendall function and λ-function of the t copulas, present in T2 and T3,
are estimated by simulation. For a graphical comparison, also the Kendall
function and λ-function of the comonotonicity and independence copula,
computed using Eq. 4.11, 4.12 and 4.15, are represented in all graphs. Co-
herently to the theoretical Kendall’s tau, also from Figure 4.17 and 4.18 it
is possible to notice how the overall dependence between the (conditional)
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variables pairs becomes weaker moving from T1 to T3: both the empirical
and theoretical Kendall function and λ-function gradually become closer
and closer to the independence copula ones until almost reaching it in T3.

The obtained RMSE related to the Kendall function and λ-function for
each (conditional) bivariate copula are reported in Table 4.7.

As evident from Figure 4.17(a) and 4.18(a), the BB8 copula, that mod-
els the dependence between variables U and V , reproduces satisfactorily the
empirical Kendall function and λ-function, mainly for high and low values
of t. For t ∈ [0.1, 0.75], the theoretical functions slightly overestimate or un-
derestimate the related empirical values. However, most empirical points,
with the exception of a some estimates around t = 0.65 and t = 0.15, are
inside the 90% sampling uncertainty intervals and the resulting NRMSE is
equal to 0.096. A satisfactorily reproduction of the empirical Kendall func-
tion and λ-function is also performed by the Gumbel copula for the variables
pair (V,W ) (Figure 4.17(b) and 4.18(b)): for all values of t, the empirical
estimates and the theoretical functions are very close, substantially all the
empirical points are inside the 90% sampling uncertainty intervals and the
NRMSE is 0.08. The last bivariate copula of the first tree reproduces
the dependence structure between the variables W and Z in a very similar
way to the first BB8 copula for the related variables (Figure 4.17(c) and
4.18(c)): the best agreement between empirical estimates and theoretical
functions is for high and low values of t while the worst one is for interme-
diate values. Nevertheless, also in this case, all empirical points, but few
around t = 0.5, fall within the 90% sampling uncertainty intervals and the
resulting NRMSE is equal to 0.091. A slightly underestimate of the em-
pirical estimates, for intermediate values of t, characterizes the theoretical
Kendall function and λ-function of the t copula that reproduces the depen-
dence between the conditional variables FU |V and FW |V (Figure 4.17(d) and
4.18(d)). This copula reproduces satisfactorily the empirical Kendall func-
tion and λ-function related to the highest values of t and only some empirical
estimates with t ∈ (0, 0.1] are outside of the 90% sampling uncertainty in-
tervals. The resulting NRMSE is 0.06. A satisfactory agreement can be
noted also between the theoretical and empirical Kendall function and λ-
functions of the t copula describing the dependence between the conditional
variables FV |W and FZ|W for t ∈ [0.6, 1) (Figure 4.17(e) and 4.18(e)). In-
stead, for t ∈ [0.1, 0.6], the theoretical functions slightly overestimate or
underestimate the empirical values. Nevertheless, all empirical points, but
few with t ∈ (0, 0.1], are within the 90% sampling uncertainty intervals and
the related NRMSE is equal to 0.07. As regard the t copula of T3, the
theoretical and empirical Kendall function and λ-function are always very



4.5 Results and discussion 141

close (Figure 4.17(f) and 4.18(f)). The 90% sampling uncertainty intervals
contain all empirical points and it is interesting to note that their lower
bounds approximately overlap the Kendall function and λ-function of the
independence copula. The NRMSE of this reproduction is equal to 0.032.

As regards the theoretical and empirical TCF , the results for each (con-
ditional) bivariate copula are shown in Figure 4.19 along with the 90%
sampling uncertainty interval and the independence and comonotonicity
copula TCF . Coherently to the previously described results, also these
plots highlight the weakening of the overall dependence structure between
the (conditional) variables pairs, moving from the first to the last tree.

The obtained RMSE related to the TCF of each (conditional) bivariate
copula are reported in Table 4.7.

As evident from Figure 4.19, an upper tail dependence which does not
converge to 0 when t tends to 1− characterizes the Gumbel copula and the
t copulas. Instead, the BB8 copulas slowly converge to 0 when t tends to
1− and the convergence is slower the closer θ2 is to 1. Moreover, the BB8
copulas and the Gumbel copula are characterized by an asymmetrical TCF
while the t copulas by a symmetrical TCF . In general, the TCF asymmetry
of a BB8 copula and a Gumbel copula is more marked the greater the θ1
and θ are, respectively.

As shown in Figure 4.19(a), the behavior of the pseudo-observations of
the variables U and V close to the upper right corner of II2 is satisfactorily
reproduced by the BB8 copula, given the proximity between the theoretical
and empirical TCF for t ∈ [0.8, 1). The worst fit subsists for t ∈ [0.15, 0.25]
where the empirical estimates are also outside of the 90% sampling uncer-
tainty interval. Instead, all the empirical estimates of the upper tail are
within the 90% sampling uncertainty interval. The NRMSE of this repro-
duction is equal to 0.082. The strong upper tail dependence between V and
W is satisfactory modelled by the Gumbel copula whose theoretical function
captures its average trend (Figure 4.19(b)). Also the empirical lower tail is
well reproduced: only a few empirical estimates for t ∈ [0.05, 0.1] are outside
of the 90% sampling uncertainty interval. The resulting NRMSE is equal
to 0.094. It is worth noting that the spikes that characterize the TCFn are
also present in the limits of the 90% sampling uncertainty interval that has
a very high bandwidth for values of t close to 0+ and 1−. A satisfactorily
reproduction is also performed by the BB8 copula for the tail dependence
between the variables W and Z (Figure 4.19(c)): overall, the TCFn trend
is captured, only few empirical estimates around t = 0.1 and t = 0.6 are not
within the 90% sampling uncertainty interval and NRMSE = 0.076. As re-
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gards T2, the t copula that models the dependence between the conditional
variables FU |V and FW |V provides a theoretical TCF that reproduces bet-
ter the empirical trend of the upper tail rather than the lower one (Figure
4.19(d)). For t ∈ (0, 0.2], the empirical values are overestimated by the the-
oretical ones and some of them are outside of the 90% sampling uncertainty
interval. Conversely, all the empirical points for t ∈ [0.52, 1) are within the
uncertainty interval. The overall NRMSE is equal to 0.156. As regard the
t copula that models the dependence between the conditional variables pairs
FV |W and FZ|W , the theoretical TCF accurately reproduces both the empir-
ical upper and lower tail dependence trends, with only a slight overestimate
of the empirical values for t ∈ [0.05, 0.4] (Figure 4.19(e)). Moreover, all the
empirical points are within the 90% sampling uncertainty interval and the
resulting NRMSE is equal to 0.138. Also the theoretical TCF of the t
copula of T3 satisfactorily reproduces the related TCFn for all values of t,
only few empirical estimates around t = 0.5 are outside of the 90% sampling
uncertainty interval (Figure 4.19(f)) and NRMSE = 0.086. Coherently to
the related results in terms of Kendall function and λ-function, the lower
bound of the sampling uncertainty interval of this copula approximately
overlap the independence copula TCF .

The last copula-related quantity used to validate each pair-copula of the
obtained D-vine is Kendall’s tau. The empirical and theoretical Kendall’s
tau along with the 90% sampling uncertainty interval of each (conditional)
bivariate copula are shown in Figure 4.20 while the obtained NAD are
reported in Table 4.7. As evident form Figure 4.20, for all copulas, the the-
oretical value is very closed to the empirical one that is also always inside the
sampling uncertainty interval. The overall empirical dependence between
the pseudo-observations of the variables U and V is the one reproduced in
a more accurate way, with a NAD = 0.006, while the worst reproduced is
the one among the pseudo-observations of the conditional variables FU |VW

and FZ|VW with a NAD = 0.11.

Therefore, all the copula-related quantities, considered for the validation
of the pair-copulas of the obtained D-vine, highlight a satisfactory repro-
duction of the empirical values by the theoretical ones. As evident from
Table 4.7, the maximum NRMSE is equal to 0.096 and 0.156 for Kendall
function and λ-function and TCF , respectively, while in terms of Kendall’s
tau, the maximum NAD is equal to 0.11. These values can be considered
satisfactory. Moreover, in terms of Kendall function, λ-function and TCF ,
the best results are obtained for high values of t, namely for the copula
probability levels of interest for the following scenarios estimate. The pair-
copulas adequacy is further confirmed by assessing the location of empirical
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NRMSE NAD
Kendall function
λ-function TCF Kendall’s tau

CUV 0.096 0.082 0.006
CVW 0.08 0.094 0.009
CWZ 0.091 0.076 0.012
CUW |V 0.06 0.156 0.041
CV Z|W 0.07 0.138 0.018
CUZ|VW 0.032 0.086 0.11

Table 4.7: Performance measures values used to quantify the adequacy of the (con-
ditional) bivariate copulas of the obtained D-vine. The RMSE related to the Kendall
function and λ- function and TCF and the NAD related to Kendall’s tau are reported
for each (conditional) bivariate copula.
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Figure 4.20: Empirical (black dots) and theoretical (green dots) of each (conditional)
bivariate copula of the obtained D-vine copula along with the related 90% sampling
uncertainty interval.
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estimates of the considered quantities with respect to the related 90% sam-
pling uncertainty interval of the copula. For most pair-copulas, more than
90% of the empirical estimates of all considered quantities fall within the
relevant uncertainty interval. The copulas and quantities for which this
percentage is less than 90% are the following:

• the BB8 copula of the variables pair (U, V ) in terms of Kendall func-
tion and λ-function. For this copula and quantity, the 84% of the
empirical estimates is within the related uncertainty intervals;

• the t copula of the conditional variables pair (FU |V , FW |V ) in terms
of TCF . The TCF sampling uncertainty interval of this copula com-
prises 88% of the empirical estimates.

It is worth noting that most of the empirical estimates outside of the related
uncertainty intervals correspond to t values lower than 0.75 in both cases,
namely for values of t not of interest for the following scenarios estimate.
Therefore, overall it can be considered acceptable that the (conditional)
pseudo-observations derive from the relative (conditional) bivariate copulas.

As regards the overall D-vine results, a random sample of size 1000
generated from the obtained D-vine copula is shown in Figure 4.21 along
with the pseudo-observations of the investigated variables. For all variables
pairs, it is possible to notice a satisfactory overlapping between the pseudo-
observations and the simulated sample.

Moreover, Figure 4.22 shows the theoretical (estimated by simulation)
and empirical Kendall function and λ-function of the four-dimensional D-
vine along with the related 90% sampling uncertainty intervals and theoret-
ical functions of the independence and comonotonicity copula. As evident,
the D-vine copula reproduces satisfactorily the empirical Kendall function
and λ-function for all values of t. Moreover, all the empirical points are
within the 90% sampling uncertainty intervals and the resulting NRMSE
is equal to 0.012.

As regards the TCF , in Figure 4.23, the bivariate TCF between vari-
ables pairs not directly modelled by the obtained D-vine copula (i.e. (U,W ),
(U,Z) and (V,Z)) are shown with the related 90% sampling uncertainty in-
tervals and theoretical functions of the independence and comonotonicity
copula. For completeness, also the TCF of the other variables pairs are
reported although already shown in Figure 4.19. From Figure 4.23(b), (c)
and (e) it is possible to notice satisfactorily reproduction of the empirical
TCF by the theoretical ones, especially considering that the dependence
between these variables pairs is not directly modelled by the D-vine cop-
ula. The empirical TCF trends are captured for all variables pairs and, for
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Variables pair NAD

UV 0.016
UW 0.033
UZ 0.053
VW 0.021
VZ 0.033
WZ 0.023

Table 4.8: NAD related to Kendall’s tau for all possible variables pairs.

each, more than 90% of the empirical estimates are inside the corresponding
sampling uncertainty interval. The resulting NRMSE related to (U,W ),
(U,Z) and (V,Z) are equal to 0.072, 0.093 and 0.084, respectively: values
satisfactory and consistent with the TCF NRMSE of the directly modeled
variables pairs (Table 4.7).

Satisfactorily results related to the overall D-vine are obtained also in
terms of Kendall’s tau, as shown in Figure 4.24. The theoretical Kendall’s
tau values (obtained by simulation) are very close to the empirical ones,
which are always within the related 90% sampling uncertainty intervals. In
addition, the NAD for each variables pair is reported in Table 4.8. From
this table it is possible to notice that the empirical Kendall’s tau better
reproduced are the ones related to variables pairs directly modelled by the
D-vine copula, namely (U, V ), (V,W ) and (W,Z) (Figure 4.16). Instead,
the worst reproduced dependence is that between the variables U and Z,
namely between the variables pair whose dependence structure is regarded
only in the t copula of the last tree. Overall, however, all the obtained NAD
can be deemed satisfactorily.

As a result, the copula-related quantities used to validate the D-vine cop-
ula show that the obtained four-dimensional copula is adequate for repro-
ducing the dependence structure between the investigated variables, mainly
for high non-exceedance probabilities levels. In addition, considering the
upper tail dependence results, it is possible to notice the flexibility of the
D-vine in reproducing the different characteristics of the dependence struc-
ture between the investigated variables pairs. Both the strong upper tail
dependence between (V,W ) and the weak one between the other variables
pairs are reproduced by the obtained D-vine. Hence, the resulting D-vine
copula can be used to estimate the desired scenarios.
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Figure 4.22: Empirical (black line with dots) and theoretical (green line) (a) Kendall
function and (b) λ-function of the four-dimensional D-vine copula along with the related
90% sampling uncertainty interval. The theoretical functions of the independence
(dashed blue line) and comonotonicity (dashed magenta line) copulas are also reported
in both graphs.
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Figure 4.24: Empirical (black dots) and theoretical (green dots) of each pseudo-
observations pairs along with the related 90% sampling uncertainty interval.

tOR tAND tK
30 years 0.9989 0.9989 0.9698
100 years / / 0.9809
200 years / / 0.9851

Table 4.9: Level t related to each considered definition and value of return period T .

4.5.4 Isohypersurfaces and scenarios

As described in Section 4.4.4, the scenarios considered in this analysis are
the ones related to TOR = TAND = 30 years and TK = 30, 100, 200 years.
The level t related to each definition and value of the return period are
reported in Table 4.9. Considering TOR = TAND = TK = 30 years, the
t levels related to the OR and AND case are exactly the same while tK ,
according to Figure 4.22(a) and by definition, is lower.

For each level t of Table 4.9, the related resulting isohypersurface is
shown as two-dimensional projections on the unit planes of all possible
variables pairs to appreciate its shape. The critical layer of the D-vine
copula of level t = tOR = 0.9989 is shown in Figure 4.25 while the sur-
vival critical layer of the survival function of the D-vine copula of level
1 − t = 1 − tAND = 1 − 0.9989 is depicted in Figure 4.26. Moreover, the
critical layers of the D-vine copula of levels t = tK = 0.9698, 0.9809, 0.9851



4.5 Results and discussion 153

are shown in Figure 4.27.

As evident from Figure 4.25, the identified four-dimensional points that
belong to the desired isohypersurface are characterized by variables values
that are always higher than the considered tOR value, to which they tend
asymptotically. Hence, all variables assume values in the interval (0.9989, 1).
In addition, all the projections of the isohypersurface, but the one related
to the variables pair (V,W ), are characterized by a substantial linear lower
bound. Instead, the projection of the isohypersurface on the unit plane
(V,W ) presents a curved lower bound and thus includes lower values couples
than the other variables pairs. It is worth noting that, for each variable,
the mean distance between two successive isohypersurface points, ordered
in ascending order based on the variable considered, is about 3 · 10−7 which
is considered sufficient for isohypersurface satisfactory identification.

As regards the survival critical layer of level 1 − tAND, the variable
values of the detected four-dimensional points that belong to the desired
isohypersurface are always lower than the considered tAND value, which
they asymptotically tend. As a result, all variables have values in the range
(0, 0.9989). Coherently with the previously described case, the shapes of the
two-dimensional projections of the isohypersurface are very similar for all
pairs of variables except for the variables pair (V,W ) which slightly extends
more in the upper right corner and thus includes higher couples of values
than the other variables pairs. However, it is important to underline that the
number of the four-dimensional points used to define this isohypersurface
is considered not sufficient to adequately represent it. Indeed, for each
variable, the mean distance between two successive isohypersurface points,
ordered in ascending order based on the variable considered, is about 3·10−4.
The number of points used to define this isohypersurface is low due to the
very high computational times needed to solve Eq. (4.71): about 40 days
for 5000 points, using 60 cores of 3 CPU Intel® Xeon® Gold 6252N (Base
Frequency: 2.30 GHz; Max Turbo frequency 3.60 GHZ). Moreover, it is
worth noting that this isohypersurface includes points with low variables
values, i.e. low non-exceedance probabilities. However, as evident from
Figure 4.13, the marginal distributions, involved in the MLDR selection, are
not able to correctly represent the behaviour of the observations for such low
probabilities values. Hence, both the computational times and method of
estimating marginal distributions make the definition of the AND scenario
problematic and, for this reason, this scenario is not further investigated in
this analysis.

The last identified isohypersurfaces are the ones related to the Kendall
case. Coherently with the isohypersurface related to the OR case, the
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four-dimensional points that define each isohypersurface are characterized
by variables values that are always higher than the related tK value, to
which they tend asymptotically. As regards the isohypersurfaces projec-
tions shapes, the variables pairs (U, V ) and (U,Z) are characterized by
projections with substantial linear lower bounds while it is possible to no-
tice curved lower bounds for the projections related to the other variables
pairs. According to the previously described cases, the lower bounds of
the isohypersurfaces projections on the plane (V,W ) exhibit the highest
curvatures and thus includes lower values couples than the other variables
pairs. Similarly to the OR case, the number of points used to define each
isohypersurfaces related to the Kendall case is deemed sufficient for their
satisfactory identification. Indeed, for each variable, the mean distances
between two successive isohypersurfaces points, ordered in ascending order
based on the variable considered, related to tK = 0.9698, 0.9809, 0.9851 are
about 6 · 10−6, 4 · 10−6 and 3 · 10−6, respectively.

In order to assess the effects of the dependence structure between vari-
ables on the return period estimate and variable values, for each point
belonging to the satisfactorily defined isohypersurfaces, the corresponding
return periods assuming an independence and perfect positive dependence
condition between variables are considered. As regards the points belonging
to the critical layer of level tOR, the related values of the independence and
comonotonicity copula and consequent TOR are computed for each point
and the result is shown in Figure 4.28. As evident from Figure 4.28(a),
the assumption of a perfect dependence condition between variables leads
to TOR that are always greater than the one related to the D-vine value
(orange dashed line) while the opposite occurs considering an independence
condition. Furthermore, TOR calculated using the independence copula val-
ues are on average closer to the D-vine TOR than the ones computed using
the comonotonicity copula: the mean TOR assuming an independence and
perfect positive dependence condition are equal to about 26 and 54 years,
respectively. This highlights that, at level tOR = 0.9989, the dependence
structure between variables modelled by the D-vine copula is close to the
independent one. Moreover, according to Figure 4.25, the box plots of the
values of the variables on the critical layer of level tOR (Figure 4.28(b)) show
that V and W are the variables that on average assume the lowest values
along the isohypersurface. This is due to the dependence between V and
W that, for such high value of tOR, is the most (and assumable as the only)
significant one (Figure 4.23). As a result, the dependence between V and
W is the one that has the greatest influence on obtaining D-vine copula
values higher (albeit slightly) than the independence copula ones.
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Figure 4.28: (a) Box plots of TOR of the points belonging to the isohypersurface
of level tOR = 0.9989 assuming a perfect dependence and an independence condition
between variables. The orange dashed line represents TOR = 30 years namely the
return period of the points according to the D-vine copula value. (b) Box plots of the
values assume by variables on the isohypersurface of level tOR.

As for the Kendall case, for all points of each considered isohypersur-
faces, the corresponding independence and comonotonicity copula values are
computed and the return period TK are estimated introducing the related
theoretical Kendall functions (Figure 4.22(a)). The results for the consid-
ered tK are shown in Figure 4.29, 4.30 and 4.31. As evident, for all levels
tK , TK computed assuming the independence condition between variables
are much greater than the D-vine related ones. Indeed, for all critical lay-
ers, while the independence copula values at the isohypersurface’s points
are always lower than the corresponding D-vine copula value, the associ-
ated values of the independence Kendall function are always significantly
greater than the related D-vine Kendall function one. Instead, assuming
perfect positive dependence between variables results in TK that are lower
than those associated with the D-vine. Indeed, for all critical layers, the
probability that the comonotonicity copula is larger than the same cop-
ula values at the isohypersurface’s points is always lower than the related
D-vine Kendall function value. In terms of values of the variables on the
critical layers, in line with the OR case, V and W are the variables with the
lowest average values for all isohypersurfaces (Figure 4.29(b), 4.30(b) and
4.31(b)). This results from the fact that the dependence between V and W
is the strongest one also at the considered levels tK of the D-vine copula
(Figure 4.23). However, it is worth noting that also the dependencies be-
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Figure 4.29: (a) Box plots of TK of the points belonging to the isohypersurface of level
tK = 0.9698 assuming a perfect dependence and an independence condition between
variables. The orange dashed line represents TK = 30 years namely the return period
of the points according to the D-vine copula value. (b) Box plots of the values assume
by variables on the isohypersurface of level tK = 0.9698.

tween the other possible variables pairs are not negligible at the considered
levels tK and contribute to obtaining a dependence structure that differs
significantly from the independent one.

Finally, for each considered definition and value of T , the scenario is
defined by selecting the MLDR and transforming back the selected copula
points to the real scale. For all scenarios, the non-exceedance probabilities,
marginal distributions quantiles and 90% confidence interval related to both
MLDR selection and marginal CDF quantile estimate are reported in Table
4.10. Moreover, Figure 4.32 shows all the scenarios’ points alongside the
observations, to compare their positions in the two-dimensional planes, as
well as an observations-size sample simulated from the obtained multivariate
model, to visually further confirm the goodness of fit of the D-vine copula
at the real scale.

As evident, the OR scenario’s quantiles are the highest and exceed the
values of the observations. The related non-exceedance probabilities assume
very close values and, for this reason, the two-dimensional projections of the
scenario’s points are almost located over the related equal quantiles lines
for each pair of variables. In addition, the 90% confidence interval related
to the marginal CDF quantiles estimate has a relative width with respect
to the related quantile that ranges between 23% and 31%. As for the 90%
confidence interval of the MLDR selection, mainly the identification of the
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Figure 4.30: (a) Box plots of TK of the points belonging to the isohypersurface of level
tK = 0.9809 assuming a perfect dependence and an independence condition between
variables. The orange dashed line represents TK = 100 years namely the return period
of the points according to the D-vine copula value. (b) Box plots of the values assume
by variables on the isohypersurface of level tK = 0.9809.
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Figure 4.31: (a) Box plots of TK of the points belonging to the isohypersurface of level
tK = 0.9851 assuming a perfect dependence and an independence condition between
variables. The orange dashed line represents TK = 200 years namely the return period
of the points according to the D-vine copula value. (b) Box plots of the values assume
by variables on the isohypersurface of level tK = 0.9851.
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OR scenario Kendall scenario
30 years 30 years 100 years 200 years

U 0.999697 0.987876 0.992344 0.994550
HP (mm) 178 85 96 104

90% CI MLDR u (mm) 177 - 179 84 - 85 95 - 99 104 - 106
90% CI G−1

P (u) (mm) 150 - 205 75 - 96 84 - 108 91 - 118

V 0.999666 0.990288 0.993867 0.995556
HM (mm) 128 70 77 83

90% CI MLDR v (mm) 127 - 128 69 - 71 77- 79 81 - 83
90% CI G−1

M (v) (mm) 110 - 143 62 - 75 69 - 84 73 - 91

W 0.999695 0.991170 0.994424 0.995636
HPT (mm) 131 76 83 87

90% CI MLDR w (mm) 130 - 131 75 - 76 83 - 83 87 - 89
90% CI G−1

PT (w) (mm) 113 - 145 69 - 81 75 - 90 78 - 94

Z 0.999596 0.987610 0.993469 0.994434
HC (mm) 77 45 52 53

90% CI MLDR z (mm) 77 - 77 44 - 45 50 - 52 52 - 53
90% CI G−1

C (z) (mm) 70 - 87 42 - 49 48 - 56 49 - 58

Table 4.10: Most-likely design realizations for each considered definition and value
of T : TOR = 30 years, TK = 30, 100, 200 years. For each scenario, the following
quantities are reported: (i) the non-exceedance probabilities provided by the D-vine
copula (i.e. values of the variables U , V , W and Z, respectively), (ii) the related
quantiles of the marginal distributions (i.e. values of the variables HP , HM , HPT and
HC), (iii) the 90% confidence interval (CI) related to the MLDR selection and (iv) the
90% confidence interval of the marginal distributions quantiles estimate at the related
non-exceedance probabilities.
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isohypersurfaces of level tOR with a sufficiently large number of points makes
it very narrow for all variables.

As regards the Kendall scenarios, the related quantiles fall within the
range of variability of the observations and the related non-exceedance prob-
abilities assume similar values. Hence, for each combination of variables, all
the two-dimensional projections of the Kendall scenarios’ points are close
to the related equal quantiles lines. Moreover, thanks to the lower values
of the probabilities, the 90% confidence intervals related to the marginal
CDF quantiles estimate have lower relative width with respect to the re-
lated quantile than the OR scenario’s ones and they vary between 14% and
24% for TK = 30 years, 16% and 25% for TK = 100 years and 16% and 26%
for TK = 200 years. In addition, according to the OR scenario, the 90%
confidence intervals of the MLDR selection are very narrow for all variables
and scenarios.

4.5.5 Possible use of the obtained scenarios with a hazard map-
ping purpose

The obtained scenarios, and in particular the Kendall ones, are promising
to be used to assess the effects of the related precipitation forcing on the
study area with a hazard mapping purpose by:

• evaluating the possible triggering of a debris flow in the Rotiano catch-
ment and its magnitude related to the 24h cumulative rainfall in P;

• estimating the flood wave in the Noce river at the confluence due to
the 24h cumulative rainfall in M, PT and C;

• simulating these compound phenomena at the confluence.

As regards the precipitation forcing related to a given scenario, the synthetic
hyetograms at each considered rain gauge can be defined, for instance, with
an hourly interval assuming a constant rainfall intensity in M, P and C
since no analyses are performed in this study regarding the distribution of
the rainfall in the related 24h time windows. Instead, given the assump-
tions introduced for the definition of the synchronous event, the synthetic
hyetogram in P should be characterized by the maximum hourly rainfall
intensity at the end of the rainfall event. In addition, the timing of the in-
vestigated hazardous phenomena assumed to define the synchronous event,
has to be considered by introducing a time shift of 3 hours between the
hyetogram in P and those in M, PT and C.

Moreover, the simulation findings can also be used to assess if the pre-
cipitation forcing determines the timing of co-occurrence of the investigated
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phenomena at the confluence, hypothesized for the definition of synchronous
events, and if this co-occurrence is the most dangerous at the confluence.

Finally, it is worth noting that the scenarios are selected, among pos-
sible, based on a purely statistical approach that identifies the most likely
ones. However, given a scenario, not necessarily the most likely combination
is also the one that determines the most severe impacts at the confluence.
For this reason, it can be useful to consider different combinations of hydro-
logical forcing with selected return period, applying for instance the method
proposed in Volpi and Fiori (2012), thus identifying the one with the most
dangerous effects.

4.6 Final remarks

In this work, a multivariate model is developed to obtain rainfall scenarios
with a multi-hazard assessment purpose of a confluence between a creek
susceptible to debris flows and a flood-prone river. The analysis is based
on rainfall data of four selected rain gauges: one for the catchment prone
to debris flows and three for the basin potentially subject to floods. A
sampling strategy is developed to identify synchronous events and compute
the related observations consisting of 24h cumulative rainfall in each rain
gauge, taking into account the timing between the investigated phenomena.
The SMEV formulation is then applied for the univariate analysis of extreme
values. Hence, the dependence structure between observations is quantified
and modelled with a four-dimensional vine copula. Finally, rainfall scenarios
related to different definitions and values of multivariate return period are
estimated based on the thus built multivariate model.

As regards the synchronous events set, the mutual distances between the
considered rain gauges, in particular between P and the other rain gauges,
and their locations seem to affect both the observations values and depen-
dence structure, mainly in terms of overall correlation. However, it would
be necessary to analyze more rain gauges to obtain robust results regarding
these aspects.

In terms of the multivariate model, the univariate analysis demonstrates
that the two-parameter Weibull distribution is adequate for replicating the
right-tail of each investigated variable’s observations, corroborating what
has already been proven by earlier studies. Moreover, the obtained D-vine
copula reproduces satisfactorily the different characteristics of the depen-
dence structure between the variables’ observations, characterized by a high
overall correlation between all variables pairs and both weak and strong
upper tail dependence depending on the considered variables pair. This
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confirms the ability of the pair-copula construction method in building a
flexible multivariate copula.

As regards the scenarios computation, due to the high dimension of the
copula and the marginal distributions fitting method, the analysis of the iso-
hypersurface related to the AND case highlights some issues in its estimate
and use. Coherently with the dependence structure, the OR isohypersur-
face’s points and the related scenario differ in a substantially negligible way
from those provided by the independence copula at the considered copula
level. Instead, considering the Kendall case, the values of the probability
distribution of the obtained D-vine copula at the isohypersurface’s points
are significantly different from the independence copula probability values
at the same points. As a result, the scenarios related to the Kendall case
are characterized by a much greater return period assuming a condition of
independence. This means that, for the analyzed return periods, taking
into account the dependence structure between variables provides 24h cu-
mulative rainfall in each rain gauge that are higher than those obtainable
by adopting a condition of independence.

The employ of the SMEV formulation for the analysis of extreme values
allows the construction of a multivariate model based on all available obser-
vations of the process under investigation, regardless of their values. Hence,
the method proposed in this work is different from the classical literature
approaches applied to assess compound extreme events, which usually rely
on annual maxima or peak over threshold method to identify the process re-
alizations to be used in the analysis (e.g. Brunner et al., 2016, Camus et al.,
2021, Ghizzoni et al., 2010, Mujumdar et al., 2018, Sadegh et al., 2018).
As a result, the SMEV approach made it possible to exploit all information
provided by the realizations of the investigated process, in terms of both
univariate marginal and dependence structure between variables analysis.
Further studies are needed to assess the differences between the multivari-
ate model obtained using the SMEV approach and the ones deriving from
the classical literature approaches. In terms of dependence structure, this
comparison results in evaluating how much the use of all the observations
determines a multivariate copula different from the one resulting from con-
sidering only observations, for instance, above arbitrary thresholds at the
same time in each rain gauge. It is worth noting that, in a multivariate
framework, the annual maxima approach cannot be directly applied unless
the annual maxima occur simultaneously in all the rain gauges considered.
Otherwise, a multivariate analysis of annual maxima just informs on the
joint probability of occurrence in the same year without taking into account
their timing within that year (Blanchet et al., 2018, Brunner et al., 2019).
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The comparison between the SMEV-based and classical EVT-based depen-
dence structure models has to be performed by computing the levels of each
investigated copula that determine the same arbitrary return period and
estimating the related isohypersurfaces and scenarios.

In conclusion, this work has set the stage to construct actual multi-
hazard maps based on rainfall scenarios estimated taking into account the
correlation between the investigated phenomena’ main drivers, namely the
rainfall at reference rain gauges. Using these scenarios it is possible to as-
sess the effects, at the considered confluence, resulting from the investigated
compound phenomena with a given multivariate return period, introducing
proper hydrology and hydraulic modelling. The simulation results can also
be used to optimize the multivariate model, in terms of synchronous events
definition and scenario selection. Moreover, the methodological scheme de-
veloped in this study can also be applied to other types of compound events
characterized by drivers that can result in simultaneous hazardous phenom-
ena.



Part III

Public awareness within the
LIFE FRANCA project





Chapter 5

The LIFE FRANCA European
project

5.1 General framework and project overview

Public awareness and preparedness, as well as the development of a com-
plete understanding of hydrogeological phenomena mitigation, are crucial
components of hydrogeological risk mitigation (UNISDR, 2004). In both
peacetime and emergency situations, a well-informed and prepared popu-
lation can take preventative measures to decrease their vulnerability and
exposure to hazards.

Because of the shift in risk mitigation paradigm from hazard elimination
to vulnerability and exposure reduction, the population’s active engagement
in risk management is becoming increasingly important. In this framework,
residents of flood-prone areas are considered responsible actors in risk man-
agement (Maidl and Buchecker, 2015), and they share responsibility for the
consequences of a flood event with public authorities (Papagiannaki et al.,
2019b), according to an integrated flood risk management promoted, among
other things, by the European Flood Directive (2007/60/CE) (e.g. Marti-
nengo et al., 2021a).

The LIFE FRANCA (Flood Risk ANticipation and Communication in
the Alps) European project fitted into this context, with the goals of: (i)
promoting a flood risk prevention culture, (ii) introducing an anticipatory
method in the flood risks management, (iii) developing a proper communi-
cation strategy, (iv) preparing the public to deal with floods by involving
residents, experts, and decision-makers in a participatory approach. The
project’s reference area was the Alps, namely the Autonomous Province of
Trento (Italy), with citizens, students, teachers, technicians, administrators,
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and journalists as stakeholders. The project partners were:

• the University of Trento, Department of Sociology and Social Research
and Department of Civil, Environmental and Mechanical Engineering;

• the University of Padova, Department of Land, Environment, Agri-
culture and Forestry;

• the Autonomous Province of Trento, Service for Torrent Control;

• the Eastern Alps District Authority;

• MUSE - Science Museum, Trento;

• Trilogis Srl.

Throughout the project, the partners collaborated on numerous fronts
and communication methods, involving all stakeholders to establish a flood
risk culture and better categories functioning in the field of flood risk. The
project has been characterized by eight (interconnected) actions:

• Reorganisation and data analysis: review of the literature and exist-
ing approaches for visual communication of flood risk; gathering and
analysis of available data on the Autonomous Province of Trento flood
hazard. The information gathered was used to develop the flood risk
portal as well as strategic scenarios for the project study areas;

• Analysis of flood risk perception: investigation of flood risk knowl-
edge and perception of citizens and stakeholders involved in flood risk
management and communication, using web surveys, paper question-
naires, and interviews;

• Construction of strategic scenarios and focus groups: elaboration, in
collaboration with stakeholders and municipalities, of future strategic
scenarios and their implications for their territory. Focus groups with
residents are being organized to involve them in social anticipating
exercises and to examine future scenarios;

• Building of a flood risk portal: development of an online flood risk
portal that will serve as a resource for anyone (specialists, public,
decision-makers) seeking up-to-date information on the hydrogeologi-
cal situation in the Autonomous Province of Trento. Different people
can also participate in the surveillance of the territory by using this
technology;
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• Communication: definition of the communication and promotion plan
of the project and presentation of LIFE FRANCA to citizens and the
media through various means of communication;

• Education and dissemination: planning and implementation of edu-
cational and informational initiatives directed at both students and
citizens in order to promote the culture of hydrogeological risk pre-
vention;

• Training and education: organization of courses and seminars to in-
crease understanding of the hydrogeological risk in the Alps and en-
hance abilities in coping with, evaluating, and communicating flood
risk to communities;

• Networking: organization of conferences, consultations, and working
groups in order to disseminate the LIFE FRANCA project’s results,
but more importantly, to exchange information and form collabora-
tions with other stakeholders who deal with natural risk management
and communication in various capacities.

More information can be found at the LIFE FRANCA website1, in the
project layman’s report2 and final report3 .

5.2 LIFE FRANCA and public awareness
The public awareness-raising was pursued throughout the entire project em-
ploying several strategies and addressing different stakeholders. The process
of creating strategic scenarios, involving technicians, citizens and decision-
makers, is an example of a strategy employed in the project. The strategic
scenarios approach (Schwartz and Baer, 1991, Van der Heijden, 2005, e.g.)
uses a matrix with two axes of uncertainty that, when combined, results
in four possible scenarios. The uncertainty refers to factors that, within
the LIFE FRANCA framework, are related to the change in the local com-
munity’s approach to managing flood risks. Thanks to the selection of the
most relevant and uncertain factors, the four scenarios set are expected to
encompass the widest range of possibilities and offer insights into the most

1www.lifefranca.eu
2Available at:

www.lifefranca.eu/wp-content/uploads/2020/01/1219-Laymans_LifeFranca_

EN-Web.pdf
3Available at:

www.lifefranca.eu/wp-content/uploads/2020/06/FRANCA-final-report-WEB.pdf

www.lifefranca.eu
www.lifefranca.eu/wp-content/uploads/2020/01/1219-Laymans_LifeFranca_EN-Web.pdf
www.lifefranca.eu/wp-content/uploads/2020/01/1219-Laymans_LifeFranca_EN-Web.pdf
www.lifefranca.eu/wp-content/uploads/2020/06/FRANCA-final-report-WEB.pdf
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important uncertainties and discontinuities concerning the current situa-
tion. The strategic scenarios have been built for three case studies by three
working groups in the Autonomous Province of Trento (Italy). The case
studies have been selected to represent the range of socio-economic features
and hydrogeological hazards present in the municipalities in the Alps. The
most mentioned factors by the three groups were: changing population,
communication, civic attitudes towards the common good, climate and spa-
tial planning and land use. Once a couple of variables to be considered along
the axes and their extremes have been identified, each scenario consists of
a narrative and qualitative account of a particular arrangement of conceiv-
able states for the chosen variables. The scenarios and associated narratives
helped each group have thoughtful discussions. The groups have determined
the most likely outcomes, the critical concerns that must be addressed going
forward, as well as potential changes that, if consciously welcomed, could
present opportunities. Moreover, the same scenario-building method en-
courages participants to have a deeper awareness of uncertainties and the
procedures involved in risk management and communication.

Another example of an awareness strategy was the creation of a flood
risk portal4. The aim is to make the portal become the primary method of
communicating flood risks in the Province of Trento and serve as a hub for
those who want to access and exchange knowledge about managing flood
risk. The portal’s primary innovation is two-way communication aimed at
citizens, technicians, and decision-makers. The creation of scenarios for un-
derstanding the evolution of the territory is made easier for technicians and
decision-makers with access to verified information while citizens can learn
more about flooding and disaster preparedness. The possibility of making
the community aware and resilient to actively participate in flood risk pre-
vention efforts is based on the latter factor. In addition, the portal has a
WebGIS in which maps related to flood risk can intuitively visualized and
citizens can actively contribute to the defence of the territory by report-
ing any damage to the defence works or through the testimony of flood
events. This direct involvement in the management of the territory aims to
increase the awareness of the population and promote active participation
in prevention activities.

Finally, several education and communication activities based on differ-
ent informational initiatives and tools have been carried out. These activi-
ties included conferences, seminars, educational visits, educational travelling
exhibitions, and courses, all conceived based on the target audience. All ed-
ucation and communication activities have been aimed at promoting the

4https://bacinimontani.provincia.tn.it

https://bacinimontani.provincia.tn.it
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knowledge and prevention of flood risk to make the community more aware.

5.3 Training and education action
5.3.1 Method
Among other project actions, I have collaborated on the “Training and ed-
ucation” action. This action has been coordinated by the University of
Trento - DICAM/CUDAM unit (Department of Civil, Environmental and
Mechanical Engineering – University Centre for Advanced Studies on Hydro-
geological Risk in Mountain Areas) which aimed to provide basic training on
several hydrogeological hazard aspects (i.e. phenomenological, managerial,
communicative, social and legal) as well as to analyze some risk commu-
nication features. To achieve these objectives, the main activities of this
action have been the organization, management and deliverance of training
sessions addressed to three groups of stakeholders: professional technicians,
journalists, and policymakers.

In general, all of the courses have been designed to present a multi-
disciplinary perspective on hydrogeological risk, with speakers from various
professional sectors (technicians, journalist, mayor, judge, jurist, risk com-
municator, sociologist). In particular, the main analysed topics have been:

• the hydrogeological phenomena;

• the hydrogeological risk mitigation in peacetime (e.g. hazard mapping
and planning);

• the emergency situations management (emergency planning and may-
ors’ experiences);

• the social perception of flood risk;

• the legal aspects connected to the hydrogeological risk mitigation and
management (a judge point of view and the environmental laws);

• the communication of the natural hazards and the LIFE FRANCA
portal;

• the strategic scenarios, developed in an other project action.

Moreover, the courses have been characterized by a field trip to some
protection structures and areas affected by hydrogeological phenomena, or-
ganized in collaboration with the Autonomous Province of Trento - Service
for Torrent Control.

Some images of the courses are shown in Figure 5.1.
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Figure 5.1: Some photos of the courses and field trips held within the LIFE FRANCA
project

5.3.2 Main results

The courses have provided comprehensive and specific training on hydro-
geological risk analysing it from technical, managerial, emergency, legal,
communicative and social points of view. The presence of speakers repre-
senting a variety of standpoints has allowed us to analyse the topic from
various points of view. These multi-disciplinary views have resulted in pro-
ficient interactions between stakeholders and speakers that have focused
mainly on peacetime and emergency phase issues. The emergency experi-
ences reported by mayors have highlighted the difficulties related to flood
risk management, especially for small municipalities. Usually, policymakers
are unaware of their responsibilities related to emergency management (in
Italy, the mayor is the Civil Protection authority in his/her municipality),
and they are not prepared to deal with extreme events. These issues have
emerged and have been discussed in all courses.

The field trips have been fundamental to contextualise the provided
technical information, describing the causes and the effects of the occurred
hydrogeological events and analysing the protection structures present on
the territory.

In terms of participants, the courses have involved primarily munici-
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pal administrators and technical professionals. Journalists have shown low
interest to the courses and we have not been able to involve them.

5.4 Final considerations on the project
The major purpose of LIFE FRANCA project was to communicate and
anticipate various hazards that are identified as having the greatest impact
and being the most likely in the next ten years on a global scale in the
Global Risk Report 2019 drawing by the World Economic Forum (WEF,
2019), namely extreme weather events and natural disasters.

The project has raised flood risk awareness in the Alpine regions, which
are particularly vulnerable to extreme weather events, by implementing a
customized communication and involvement approach tailored to the re-
quirements and responsibilities of the various stakeholders in the research
areas. In addition, LIFE FRANCA has launched a comprehensive initia-
tive to prepare the public to live with natural disasters, particularly floods,
through a participatory approach including residents, experts, and decision-
makers, to foster a widespread feeling of public and private co-responsibility.
Lastly, the project allowed dialogue for a common goal between different
stakeholder groups and this resulted in proficient interactions and sharing
of different points of view.





Final considerations

The challenge posed by Giuseppe Zamberletti, the founder of the Civil Pro-
tection, has been the thread of my doctoral research: “The challenge of
the Civil Protection is only one: it must dream, hope and work so that, in
perspective, the organization of the rescue is less and less important, in the
sense that we are called to develop more and more the prevention policy
and the prediction capability”.

In light of this challenge, my research has tried to improve some non-
structural mitigation strategies. In this work, an innovative physical-based
method to calibrate debris-flow rainfall thresholds has been introduced, and
the threshold obtained by applying it to a study area proved to be robust
and reliable. This result sets the stage for the employ of the BDA approach
to estimate stony debris-flow rainfall thresholds usable in operational EWS.
Moreover, a multivariate rainfall analysis allowed for the estimate of rainfall
scenarios while taking into account the correlation between the investigated
phenomena’ main driver at several reference locations. The generated sce-
narios, which are linked to different multivariate return periods, can be uti-
lized to assess the effects of the investigated compound phenomena on the
study area and, as a result, to construct actual multi-hazard maps. Lastly,
the courses held within the LIFE FRANCA project gave participants a mul-
tidisciplinary perspective on hydrogeological risk thus trying to raise their
awareness. The dialogue established among the various stakeholder groups
has resulted in fruitful exchanges and sharing of different points of view.

Overall, the analyzes and activities carried out during my doctorate,
also within research projects, enabled me to achieve the set objectives and
to make a contribution, albeit small, to the topics covered. The hope is
that the analyses completed and the results obtained have set the stage for
actual advances in hydrogeological risk management.
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R. Pappadà. Copula-based measures of tail dependence with applications.
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R. Yu, R. Yang, C. Zhang, M. Špoljar, N. Kuczyńska-Kippen, and G. Sang.
A vine copula-based modeling for identification of multivariate water pol-
lution risk in an interconnected river system network. Water, 12:2741, 9
2020. ISSN 2073-4441. doi: 10.3390/w12102741.

www.unisdr.org/files/657_lwr1.pdf
www3.weforum.org/docs/WEF_Global_Risks_Report_2019.pdf
www3.weforum.org/docs/WEF_Global_Risks_Report_2019.pdf


202 Bibliography

S. J. Zhang, C. X. Xu, F. Q. Wei, K. H. Hu, H. Xu, L. Q. Zhao, and
G. P. Zhang. A physics-based model to derive rainfall intensity-duration
threshold for debris flow. Geomorphology, 351, 2 2020. ISSN 0169555X.

Y. Zhao, X. Meng, T. Qi, G. Chen, Y. Li, D. Yue, and F. Qing. Modeling
the Spatial Distribution of Debris Flows and Analysis of the Controlling
Factors: A Machine Learning Approach. Remote Sensing, 13(23):4813,
2021.

W. Zhou and C. Tang. Rainfall thresholds for debris flow initiation in the
wenchuan earthquake-stricken area, southwestern china. Landslides, 11
(5):877–887, 2014.

S. Zhu, Z. Xu, X. Luo, C. Wang, and J. Wu. Assessing coincidence proba-
bility for extreme precipitation events in the jinsha river basin. Theoret-
ical and Applied Climatology, 139:825–835, 1 2020. ISSN 14344483. doi:
10.1007/S00704-019-03009-1/FIGURES/6.

J. Zhuang, P. Cui, G. Wang, X. Chen, J. Iqbal, and X. Guo. Rainfall
thresholds for the occurrence of debris flows in the Jiangjia Gully, Yunnan
Province, China. Engineering geology, 195:335–346, 2015.

E. Zorzetto, G. Botter, and M. Marani. On the emergence of rainfall ex-
tremes from ordinary events. Geophysical Research Letters, 43(15):8076–
8082, 2016.



Acknowledgements

First and foremost, I would like to thank Prof. Giorgio Rosatti for believing
in me and giving me the opportunity of working on a topic that I’m pas-
sionate about. I also want to thank him for his advice and feedback and for
allowing me to participate in several research projects. The collaboration
with him made me grow personally and technically.

I would like to thank Prof. Riccardo Rigon e Prof. Luigi Fraccarollo for
the advice they gave me and for the esteem they showed me.

I want to thank Prof. Marco Borga and Prof. Aldo Fiori who were the
reviewers of this thesis. I am grateful to them for their observations and
appreciation for my research work.

I would like to thank Francesco Marra and Prof. Giuseppe Formetta for
their availability and advice that were significant to improve Chapter 4 of
this thesis.

I thank Ripartizione Opere Idrauliche and Ufficio Idrografico, Provincia
Autonoma di Bolzano (Italy), and Ufficio Previsioni e Pianificazione and
Servizio Bacini Montani, Provincia Autonoma di Trento (Italy), for provid-
ing radar and debris-flow data.

I want to thank all the colleagues who have followed one another in the
407 bis office and who have supported me on this path. A special thanks to
Daniel, a constant presence in the office (except early in the morning), for
his valuable advice and ongoing support. A particular thanks to Stefania,
my companion on this path. With her, I shared difficulties and satisfactions,
anxiety (a lot!) and happiness, all accompanied by the shaking of her chair.

I would like to give special thanks to my old and new friends from
Brescia, Trento and Parma for supporting me in the various phases of my
PhD.

A huge thanks to my family for constant and unlimited support during
these years.

A loving thanks to Paolo for always motivating me and helping me to
continue the path even in the most difficult moments.

Finally, I want to thank my bestiolina to whom this work is dedicated.





 

Marta Martinengo is an Environmental Engineer. She earned a Bachelor's degree in Environmental 
Engineering in 2014 frrom the University of Brescia and a Master's degree in Environental 
Engineering in 2017 from the University of Trento with a specialization in land defence and civil 
protection. In 2017 Marta Martinengo started her PhD research at the Department of Civil, 
Environmental and Mechanical Engineering of the University of Trento. Her research concerned 
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Hydrogeological hazards are quite diffuse rainfall-induced phenomena that affect 
mountain regions and can severely impact these territories, producing damages and 
sometimes casualties. For this reason, hydrogeological risk reduction is crucial. 
Mitigation strategies aim to reduce hydrogeological risk to an acceptable level and can 
be classified into structural and non-structural measures. This work focuses on 
enhancing some non-structural risk mitigation measures for mountain areas: debris-flow 
rainfall thresholds, as a part of an Early Warning System (EWS), multivariate rainfall 
scenarios with multi-hazard mapping purpose and public awareness. Regarding debris-
flow rainfall thresholds, an innovative calibration method, a suitable uncertainty analysis 
and a proper validation process are developed. The Backward Dynamical Approach 
(BDA), a physical-based calibration method, is introduced and a threshold is obtained for 
a study area. The BDA robustness is then tested by assessing the uncertainty in the 
threshold estimate. Finally, the calibrated threshold's reliability and its possible forecast 
use are assessed using a proper validation process. The findings set the stage for using 
the BDA approach to calibrate debris-flow rainfall thresholds usable in operational EWS. 
Regarding hazard mapping, a multivariate statistical model is developed to construct 
multivariate rainfall scenarios with a multi-hazards mapping purpose. A confluence 
between a debris-flow-prone creek and a flood-prone river is considered. The 
multivariate statistical model is built by combining the Simplified Metastatistical Extreme 
Value approach and a copula approach. The obtained rainfall scenarios are promising to 
be used to build multi-hazard maps. Finally, the public awareness within the LIFE 
FRANCA (Flood Risk ANticipation and Communication in the Alps) European project is 
briefly considered. The project action considered in this work focuses on training and 
communication activities aimed at providing a multidisciplinary view of hydrogeological 
risk through the holding of courses and seminars. 
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