Orographic Signature on Extreme Precipitation of Short Durations
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ABSTRACT

This paper investigates how atmospheric circulation and orography affect the spatial variability of extreme
precipitation in terms of depth—duration-frequency (DDF) curve parameters. To this aim, the Italian terri-
tory was considered because it is characterized by a complex orography and different precipitation dynamics
and regimes. A database of 1494 time series with more than 20 years of maximum annual precipitation data
was collected for the durations of 1, 3, 6, 12, and 24 h. For each data series, the parameters of DDF curves were
estimated using a statistical simple scale invariance model. Hence, the combined effect of orography and
atmospheric fields on parameter variability was investigated considering the spatial distribution of the pa-
rameters and their relation with elevation. The vertically integrated atmospheric moisture flux J was used as
a measurement of the principal direction of the vapor transport at a given location. The analysis highlights the
variability of DDF parameters and quantiles according to orography and precipitation climatology. This is
confirmed by the evaluation of J modal direction over the study area. The variability of DDF parameters with
mere elevation shows that maxima at high elevations seem to be upper bounded and more variable than those
at lower elevations. Moreover, the mean of maximum annual precipitation of unit duration decreases with
elevation. This last phenomenon is defined as “‘reverse orographic effect”” on extreme precipitation of short

durations.

1. Introduction

Precipitation dynamics are the result of a complex set of
interactions including fluid dynamics, thermodynamics, and
microscale cloud processes (Roe 2005). Precipitation is
usually considered to be either of stratiform or convective
nature, or a mixture of the two. In many cases, convective
and stratiform precipitations co-occur. An example is the
case of convective cells embedded within stratiform
precipitation (Houze 1997). The surface topography acts as
a boundary for the atmospheric circulation. It plays a
fundamental role in determining climate gradients on Earth
(Roe 2005). The typical effect of orography on precipitation
is the well-known orographic
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lift consisting of the local enhancement of precipitation by
means of moist air uplift operated by versants (Bonacina
1945; Sarker 1966; Alpert 1986; Barros and Kuligowski
1998; Smith et al. 2003; Smith and Barstad 2004; Roe
2005; Smith 2006; Rotunno and Houze 2007; Mott et al.
2014). This entails different dynamics between wind- and
lee-ward slopes. Consequently, precipitation
climatology at a site can be strongly influenced by
orography, as observed, for example, by Viale and Nufiez
(2011) in the Andes; Minder et al. (2008) in the Olympic
Mountains, Washington State, United States; Anders et
al. (2006) in the Himalayas; or Gheusi et al. (2002) and
Gheusi and Stein (2003) in northwest Italy.

Extreme precipitation causes damage and high costs
for modern societies (Salvadori et al. 2007). Recent ca-
ses include the June 2013 event in eastern Europe
(Bloschl et al. 2013); the November 2011 flash flood in
Genoa (Italy), with 19 fatalities (Silvestro et al. 2012);
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the August 2002 event in Germany, which caused $15
billion (U.S. dollars) in total costs (Mueller 2003;
Coumou and Rahmstorf 2012); and the November 1994
event in Piedmont (Italy), with 70 fatalities and roughly
$12 billion (U.S. dollars) in economic losses (Buzzi et al.
1998). Thus, the assessment of extreme precipitation
magnitudes is a key issue in hydrology, also because of
their predicted increase in the future as a response to
climate change (Kunkel et al. 1999; Alpert et al. 2002).

The rarity of extreme precipitation is usually inves-
tigated by means of the so-called extreme value theory
(von Mises 1923; Gumbel 1958; Koutsoyiannis 2004a,b;
Salvadori et al. 2007; Kottegoda and Rosso 2008, and
references therein) and is quantified through the con-
cept of “return period” T (Chow et al. 1988, 380-383).
This is defined as the average time between two re-
alizations of an event of given probability of exceedance
(Salvadori et al. 2011). The calculation of the return
period requires the identification of a suitable proba-
bility distribution for the variable of interest. An ex-
haustive literature review on this topic can be found in
Kottegoda and Rosso (2008) and Salvadori et al. (2007).
In this context, Jenkinson (1955, 1969) determined the
asymptotic distribution of extreme values, that is, the
so-called generalized extreme value (GEV) distribu-
tion, with cumulative distribution function equal to

F(x) — e*[l*k/a(x*e)]”k.

This depends on three parameters, namely, k,
¢, and . These are the shape, location, and scale
parameters, re-spectively (Kottegoda and Rosso 2008).
The value of the shape parameter characterizes the type
of asymptotic tail of the distribution (Salvadori et al.
2007; Kottegoda and Rosso 2008). If k£ = 0, GEV reduces
toan EV1 distribution (lower and upper unbounded, that
is, with a domain of existence ranging from —o to +©).
If kK < 0, GEV rep-resents an EV2 (upper unbounded
but lower bounded, that is, ranging from € + a/k to +»);
k > 0 returns an EV3 (lower unbounded but upper
bounded, that is, ranging from —o to € + a/k). We use
EV1, EV2, and EV3 to in-dicate extreme value
distributions of type I, II, and III, respectively
(Kottegoda and Rosso 2008).

For design purposes, extreme precipitations are in-
vestigated considering as a random variable of interest the
maximum annual precipitation depth H(D) over a fixed
duration D and calculating its quantile with a fixed level of
probability F or return period 7. The quantile, indicated
as h(D, F), or alternatively h(D, T), is also known as
depth—duration—frequency (DDF) curve (Chow et al.
1988). The parameters of DDF curves are estimated at a
site from time series of annual maxima of precip-itation at
different durations (generally 1, 3, 6, 12, and 24 h). The
curves include a first set of parameters (namely,

a, and n, see section 3a) relating A(D, F) to D and a second
set (¢, a and k) that links 4(D, F) to F.

The orographic effect on precipitation enhancement,
and hence the influence of orography on precipitation
climatology, has been widely documented in the past
(Doswell et al. 1998; Buzzi et al. 1998; Kieffer Weisse
and Bois 2001; Rotunno and Ferretti 2001; Lin et al.
2001; Badas et al. 2006; Ebtehaj and Foufoula-Georgiou
2010). On the contrary, to our knowledge, there are only
two works specifically dealing with the effect of relief on
the spatial variability of DDF parameters, that is,
Allamano et al. (2009) and Blanchet et al. (2009). Allamano
et al. (2009) focus their attention on the variability of a,
and n with elevation. Blanchet et al. (2009) investigate
the spatial variability of €, a, and k over Switzerland.
They consider only snow events.

Here, we investigate the orographic signature (i.e.,
the combined effect of atmospheric circulation and
orogra-phy) on extreme precipitation and, in particular,
on the spatial variability of DDF curve parameters. We
focus on the Italian territory because it presents features
(such as a complex orography and a variety of
precipitation dy-namics and regimes) that can assist in
this evaluation. We estimate the complete set of DDF
parameters for 1494 sites. We analyze the spatial
variability of DDF parameters. In addition, we investigate
possible patterns of these pa-rameters with elevation and an
atmospheric index, namely, the vertically integrated
atmospheric moisture flux J. This index is able to
characterize the synoptic transport of vapor in the
atmosphere. In this way, it has been possible to evaluate the
link between parameter values, moist air cir-culation, and
orography.

In section 2, a mean precipitation climatology for the
study area is given, together with information about the
data used. In section 3, the DDF is introduced, together
with the vector J. In section 4, results are reported
and discussed.

2. Background and data
a. Mean annual precipitation over Italy

Italy covers a latitudinal range between ~47° (47.098°,
South Tyrol) and ~36°N (36.638°, Sicily; or up to ~35.3°
considering Lampedusa) and a longitudinal range
between ~7° (6.674°, Piedmont) and ~18°E (18.542°,
Salento). The main peninsula is surrounded by the
Mediterranean Sea on three sides. It is connected to the
European continent on the northern side by means of
the Alpine chain. This last represents the main oro-
graphic barrier to moist air circulation together with the
Apennines chain, which crosses the entire peninsula
from north to south (Frei and Schir 1998; Costa et al.
2001; Rudari et al. 2005; Brunetti et al. 2009). In Fig. 1a,
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FIG. 1. (a) DTM of the study area (90-m horizontal resolution). The Alps and the Apennines are the west—east and the north-south
mountainous chains in the upper central parts, respectively. (b) Position of the 1494 sites, together with the geographical terms mentioned

in the text. Administrative regions are marked in red.

a digital terrain model (DTM) of the study area is given
(90-m horizontal resolution).

In northern Italy, precipitation events are usually
generated by cyclonic areas centered either in the North
Atlantic Ocean (Rudari et al. 2005) or near the Iberian
Peninsula (Buzzi et al. 1998). Usually, these propagate
up to the Gulf of Lion and the Gulf of Genoa, which are
particularly prone to the formation of localized cyclones
during all seasons (Trigo et al. 1999; Maheras et al. 2001).
Wind circulation in the same area is characterized by
strong vorticity and high speeds at the sea surface
(Zecchetto and De Biasio 2007). These atmospheric
patterns, coupled with orographic enhancement, cause
relatively high amounts of precipitation over Liguria
and northern Tuscany throughout the year (mean
annual precipitation of 1500-2200 mm yr ') and over
the first topographic barriers of the northern Piedmont,
Lom-bardy, Veneto, and Friuli-Venezia Giulia regions
(mean annual precipitation of 1500-2500 mm yr~'). On
the contrary, leeward slopes are characterized by less
amounts of annual mean precipitation (800-1200 mm
yr'; Frei and Schir 1998). These include the northern
versants of Liguria, the Adriatic coast, or the Trentino—
South Tyrol region. For an exhaustive precipitation
climatology over northern Italy, see the maps reported in
Brunetti et al.(2009). These show that maxima in mean
annual pre-cipitation over northern Italy are located over
relevant orographic obstacles to moist air circulation. This
attests to the coupling between precipitation climatology
and orography.

As for southern Italy, precipitation is dominated by
convective systems (Gabriele and Chiaravalloti 2013),

by a southward gradient toward concentrated events
(Cortesi et al. 2012; Coscarelli and Caloiero 2012), and
by cyclones over the Tyrrhenian and Ionian Seas (Trigo
et al. 1999; Maheras et al. 2001), especially during win-
ter. These determine amounts of mean annual pre-
cipitation on the windward coasts of 1000-1300 mm yr "
in northern and eastern Sicily and 1200-1800 mm yr '
over the Calabria Apennines (Diodato 2005; Cannarozzo
et al. 2006; Coscarelli and Caloiero 2012).

Case studies dealing with the statistical characteriza-
tion of extreme precipitation over Italy are numerous,
but they are usually focused on portions of the entire
territory. As examples, refer to Brunetti et al. (2001),
(2002); Crisci et al. (2002); Bonaccorso et al. (2005);
Boni et al. (2006); Di Baldassarre et al. (2006); Norbiato
et al. (2007); or Allamano et al. (2009). To our knowl-
edge, this is the first contribution that systematically
investigates the variability of DDF parameters over the
whole Italian territory.

b. The data

Maximum annual precipitation at different durations
(namely 1, 3, 6, 12, and 24 h) in Italy has been system-
atically collected by the former National Hydrographic
and Mareographic Service (established in 1917). Since
1998, the same data have been collected by the re-
gional environmental protection agencies. Nowadays,
data are available from the 20 regional environmental
protection agencies and partly online (www.isprambiente.
gov.it/it/progetti/progetto-annali), where it is possible
to consult the electronic version of the annual reports.
These provide meteorological observations in the
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Fi1G. 2. (a) Elevation and (b) cardinality distribution of the 1494
sites considered. Data are in relative frequency of the sites. The
vertical dashed lines represent mean elevation of the sites in
(a) and mean length of the available time series in (b).

first part, including annual maxima of precipitation
for different durations (usually in Tables 3 and 4 of
section B).

Here, we collected 2114 time series, with a sample
length N in the interval 1 = N = 74 years. We opted for
considering only time series with a length =20 years.
The final dataset includes 1494 stations. Setting a higher
threshold (e.g., 40 or 50 years) would improve the esti-
mation of parameters but would cause a strong decrease
in the number of stations considered (equal to 952 and
535, respectively).

In Fig. 1b, time series locations are reported over the
Italian territory. In the same figure, geographical places
mentioned in the following are given, for sake of clarity.
In Fig. 2a, a histogram of the elevation distribution of
the sites is reported. The vertical dashed line indicates
the average elevation of sites (equal to 449.5 m MSL).
Many of the sites (~50%) are placed at an elevation
=400 m MSL. On the contrary, the percentage of sites
at high elevations (e.g., >2000 m MSL) is rather low
(~1%). In Fig. 2b, a histogram with the sample cardi-
nality of the sites is shown. The vertical dashed line in-
dicates the average length of the 1494 time series (equal
to 35.8 years). Its standard deviation is equal to 11.54

years. First, second, and third quartiles are equal to 26,
34, and 44 years, respectively.

3. Methods

a. Statistical characterization of extreme
precipitation: DDF

Here, we assume a stationary probabilistic model de-
scribing extreme precipitation of short durations at a
given site. Although a number of works are currently
available that deal with nonstationarity issues on the
assessment of precipitation quantiles (De Michele et al.
1998; Brunetti et al. 2001; Cislaghi et al. 2005; Milly et
al. 2008), the average length of available time series of
ex-treme precipitation (Fig. 2) is not sufficient to
investigate possible long-term variabilities of DDF
parameters. In fact, these kinds of analysis usually
employ multicentury data series (Cislaghi et al. 2005).
Moreover, here we fo-cus on the spatial variability of
parameters and quantiles, with respect to moist air
circulation and orography, rather than on possible
variability in time.

Let D be the size of the temporal window (in the next
1 = D =24h) and H(D) be the maximum annual value
of the precipitation depth for the duration D. According
to Salvadori and De Michele (2001) and Salvadori et al.
(2007), here we assume H as statistical simple scale in-
variant with D. Therefore, VA = 1, the cumulative dis-
tribution function F of the variable H(AD) is equal to the
distribution of H(D) multiplied by a power law function
of A, that is, A™:

FI[H(AD)] = F]A"H(D)]. 1)

Here, 0 < n < 1 is a constant scaling exponent. In-
verting Eq. (1), it is possible to write a similar equation
in terms of quantiles with a level of probability F as
h(AD, F) = A"h(D, F). In addition, it is possible to derive
from Eq. (1) another equation in terms of statistical
moments E[ -] of order r with respect to the origin
E[H'(AD)] = N""E[H'(D)]. In particular, for r = 1, that
is, the mean, E[H(AD)] = A"E[H(D)], or equivalently,
E[H(D)] = D"E[H(1)]. For details about the scale in-
variance of annual maxima of precipitation with dura-
tion, refer to Kottegoda and Rosso (2008, Eq. 7.3.3).

The ratio between the quantile #(AD, F) and the first-
order statistical moment E[H(AD)], that is, the mean, is
denominated normalized quantile wy (or win terms of
return period 7). It is the quantile of the variable W.
This is invariant with the duration: wg = h(AD, F)/
E[H(\AD)] = h(D, F)E[H(D)] = k(D = 1, F)/E[H(1)].
Consequently, the Fth quantile of H(D) can be written as

h(D,F) = E[H(D)lw, =a,D"w,, )



where a; = E[H(1)]. If the GEV distribution is used to
describe H(D), then the normalized quantile has the
following expression: wy = € + a/k{1 — [~In(F)]*}. The
parameter € € R is the position, « > Ois the scale,and k € R
is the shape parameter (Kottegoda and Rosso 2008).
Since W is not dependent on D, the estimation of the
parameters (¢, @, and k) in wgcan be done by making the
pooling of the data series for the five durations (1, 3, 6,
12, and 24 h), once normalized respective to the relative
mean. Thus, considering a minimum time length of 20
years, the correspondent data sample has a minimum
cardinality of 100 data.

Equation (2) represents the DDF curve, with level of
probability F, under the hypothesis of statistical simple
scale invariance (Kottegoda and Rosso 2008, Eq. 7.3.5).
It is characterized by five parameters: ay, n, €, o, and k.
Parameter a; is the mean value of annual maximum
precipitation depth for unit duration. The greater ay is,
the greater the quantile 4(D, F) is for a given duration
and a given F. As for the scaling exponent n, the higher
the value of this parameter is, the higher A(AD, F) is, at
same level of F and for the same duration. Thus, # rules
the variability of A(AD, F) with respect to h(D, F). The
scale parameter « > 0, the position parameter ¢, and
the shape parameter k rule the value of wxfor a given F.
In particular, the position parameter determines the
location of the center of the distribution, although it is
not equal either to the mean or to the median
(Blanchet et al. 2009). The scale parameter describes
the spread of the distribution (Blanchet et al. 2009). As
already mentioned, the value of k has physical
implications on the type of random variable
(unbounded, upper or lower bounded).

The DDF parameters at a site are estimated from
observed time series of maximum annual precipitation at
five different durations (1, 3, 6, 12, and 24 h) by us-ing 1)
the least squares method to estimate the mean value of
annual maximum precipitation depth for unit duration a,
and the scaling exponent from a linear re-
gression of In{ E[H(D)]} against In(D) and 2) the method
of L moments to evaluate ¢, «,andk.Refer to
Kottegoda and Rosso (2008) for details. A Kolmogorov—
Smirnov goodness-of-fit test has been performed on each
data series to verify the hypothesis of GEV distribution
for the data. The hypothesis of simple scale invariance
has been verified at each site by estimating n for
different order moments, that is, n(r) with r = 1, 2, 3, 4,
and by checking that its variability is negligible
(Salvadori and De Michele 2001). To this aim, the
coefficient
Any—4 = |[n(1) — n(4)])/n(1)| is calculated for each time
series. Hereinafter, the variability of n(r) will be con-
sidered as negligible if 10% = An;_4 = 20% (Salvadori
and De Michele 2001).

b. Physical characterization of extreme precipitation:
The vertically integrated atmospheric moisture flux

We consider here the vertically integrated atmo-
spheric moisture flux J. The index describes the synoptic
transport of vapor in the atmosphere. This is an impor-
tant parameter for the feeding of extreme events
(Rudari et al. 2005). Here, J has been calculated using
the following definition:

1 (P
=0, 0= [ aVap. )
g Jp

s

where J,, and J,, are the zonal (i.e., in the west—east di-
rection) and meridional (i.e., in the north-south di-
rection) components of J, respectively; V is the wind
velocities vector; g is the atmospheric specific humidity;
g is the gravitational acceleration; and p, and p, are the
pressures at the surface and top of the atmosphere (p, =
50 hPa), respectively.

As a first attempt, we used here the modal direction
of J (J) evaluated starting from a sample of data of
extreme events. Data comes from the 40-yr European
Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40; Uppala et al. 2004).
In particular, ERA-40 contains observations of
atmospheric thermo-dynamic fields in the period from
September 1957 to August 2002. Even if this period
does not cover the last decade, it is coherent with the
average period covered by available data series. In
addition, it presents a remarkable length. This is useful
to individuate the relevant proper-ties of the
atmospheric circulation over the study area.

ERA-40 observations were reanalyzed using a 6-hourly
three-dimensional variational version (3DVAR) of the
ECMWEF data assimilation system. ERA-40 is available at
the primary hours of 0000, 0600, 1200, and 1800 UTC. The
assimilating model uses a coarser T159 spectral truncation
(horizontal resolution of approximately 125 km) with a
fully operational 60-level vertical resolution (Uppala et
al. 2005). The horizontal resolution of the reanalyzed
atmospheric fields, used in this study, is 0.5° in latitude
and longitude. The horizontal resolution should be in-
creased when considering air circulation at the local
scale, but this is out of the scope of the use of the J vector
in this contribution. Data are vertically distributed on 23
pres-sure levels from 1000 (surface level) to 1 hPa. For
each extreme event, the reanalyzed fields of specific
humidity and wind from ERA-40 were employed to
characterize the meteorological situations over an area
extending from 30° to 66°N and from 12°W to 43°E. The
four time instances of 0000, 0600, 1200, and 1800 UTC
have been considered.

The mode J is defined as the most frequent direction of
J in the meteorological system. It is assumed here as
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representative of the directions of the synoptic transport
of vapor over the area of study during extreme events.

4. Results and discussion

Results are organized in four subsections as follows:
in section 4a, the tests of the simple scale invariance of
precipitation with the duration and goodness-of-fit tests
of GEV distribution are reported. Then, in section 4b,
we comment on the spatial variability of ay, n, «, €, and k
and their link with precipitation climatology and relief.
In sections 4c and 4d, we focus on the spatial variability
of quantiles and on the effect of elevation on the vari-
ability of the entire set of parameters, respectively.

a. Scale invariance and GEV goodness-of-fit tests

Figure 3 reports the cumulative frequency of Any_4.
This difference is =10% at roughly 70% of the sites and
=20% at roughly 90% of the sites. Thus, following
Salvadori and De Michele (2001), we can consider the
simple scale invariance of H with the duration as
verified as a first approximation.

On each data series, we applied the Kolmogorov—
Smirnov test to check the adequacy of the GEV distri-
bution to represent the variability of W (normalized
variable). This test did not reject the null hypothesis of
GEYV distribution for any data series, with a level of
significance equal to 0.05.

b. The orographic signature on extreme precipitation
1) PARAMETERS a; AND n

Figure 4a gives a spatial interpolation of the estimates of
the mean value of annual maximum precipitation

depth for unit duration (a;). It has been obtained with
an inverse distance weighted (IDW) algorithm.
Similarly, in Fig. 4b, a spatial interpolation of the scaling
exponent is reported. In Figs. 4a and 4b, the contour line
for the elevations z = 100 and 1000 m MSL are given.
Point values of a; and n span between 10 and 81.5 mm
h™' and between 0.04 and 0.62, respectively. In this
work, IDW has been chosen as the interpolation
technique mainly because it is simple and
straightforward to interpret. In addition, it has been
widely applied in the literature (Lu and Wong 2008).
Recent works, such as Thibaud et al.(2013), show that
more complex approaches can im-prove the spatial
analysis of extreme precipitations. Nonetheless, the
main aim here is to assess the general patterns of spatial
variability of parameters and quan-tiles over the study
area. To this aim, IDW is considered as a first step
(Dirks et al. 1998).

The maxima of a; are located in Liguria, in Friuli—
Venezia Giulia, and at the southeastern coasts of Sicily
and Calabria. Other areas presenting high values of a; are
the Tyrrhenian coast, Salento, and the northwestern Alps.
On the contrary, minima are located on the inner Alpine
chain, in Sardinia, and along the Adriatic coast. These areas
of maxima (minima) correspond to areas of maximum
(minimum) mean precipitation, as described in section 2a.

The scaling exponent shows spatial patterns that are
positively dependent on the orography. This is sup-
ported by low values of n within the entire Po valley and
at the central and southern Italian coasts and by gradual
increasing of n approaching mountains (both in the Alps
and Apennines). In general terms, the scaling exponent
is high in areas where z = 1000 m MSL. As already said,
n affects the variability of the quantiles of maximum
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FIG. 4. IDW interpolation of (a) a; and (b) n point estimates over the Italian territory.

precipitation of a given duration AD, with respect to
those relative to D. Therefore, this result suggests that
extreme precipitation variability with the duration in-
creases, when increasing the site elevation.

From Fig. 4a, the mean value of annual maximum
precipitation depth for unit duration is mainly driven by
the coupled effect of precipitation climatology and
orography. In fact, maxima of this parameter are located
in areas of precipitation enhancement by means of re-
lief. From Fig. 4b, the scaling exponent seems to be
driven by orography alone. This conclusion is confirmed
by the results in Figs. 5-8, where some topographic
sections at constant latitude (longitude) are reported,
together with values of a; and n estimated at sites falling
within a latitude (longitude) band centered in the sec-
tion +0.05°N (E).

Figures 5 and 6 show that, generally, the mean value of
annual maximum precipitation depth for unit duration is
maximal when considering the first windward slope fac-
ing the sea. On the contrary, it drops abruptly when
crossing it. Also, the parameter increases in proximity of
inner windward barriers, but point values are usually
lower the farther the barrier is from the moist air source.
As a consequence, points at similar elevation, but sub-
jected to different dynamics as for moist air circulation,
show very different values of mean annual maximum
precipitation depth for unit duration (greater in wind-
ward cases than in the leeward ones). Figures 7 and
8,on the contrary, show that the variability of the
scaling ex-ponent reproduces the orographic variability
very well.

2) PARAMETERS a, €, AND K

In Figs. 9a—c, IDW interpolations of the local esti-
mations of the scale, position, and shape parameters,

respectively, are reported over the whole Italian terri-
tory. In the figures, we report also the isolines for z = 100
and 1000 m MSL.

Parameters « (i.e., scale) and € (i.e., position) show
a reduced variability over the entire peninsula. In fact,
~70% of values of « are held between 0.2 and 0.3 over
a whole observed range that spans between 0.19 and
0.66. As for €, ~95% of values are held between 0.7 and
0.9. Interpolations show that « has a slight southward
increasing trend, with peaks in Sardinia. Parameter ¢
presents a slight southward decreasing trend. There-
fore, broadly speaking, the position (i.e., the center)
and scale (i.e., the spread) of the distribution of ex-
treme precipitation of short durations over the entire
study area have a very reduced variability. As for the
shape parameter, on the contrary, Fig. 9c shows that it
is highly variable over the territory. It presents both
positive and negative values (—0.72 = k = 0.43 over the
study area).

¢. Quantiles distribution

In Figs. 10a—e, spatial IDW interpolations of quantiles
h(D, F) are reported for 1, 3, 6, 12, and 24 h, respectively,
and for F = 0.98 (i.e., T = 50 years) over the whole
Italian territory. The contour lines for z = 100 and
1000 m MSL are also reported.

Extreme events of unit duration (Fig. 10a) are located
over most of the Italian coasts and particularly on the
southern ones in Friuli-Venezia Giulia; on the western
ones in central Italy; and the eastern ones in Sicily, Cala-
bria, and Sardinia (with maximum values greater than
200 mm). Nonetheless, additional areas with high values
of h(D, F = 0.98) are present over most of the Po valley,
over the Venice lagoon, and over the internal Apennines,
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in proximity of high mountains. Figure 10a spatial features
recall Fig. 4a.

Passing from D = 1 to 24 h, the high values of
quantiles pertain to more narrow areas. These include
the north-western Alps, western Italian coasts, eastern
Sardinia, the Friuli-Venezia Giulia region, southern
Calabria, and eastern Sicily. The reduction in size and
number of areas of high values of quantiles is probably a
consequence of the different dynamics of maximum
precipitation at 1-h duration (typically convective) and at
24 h (typically strat-iform). Even if average dimensions of
single convective cells are usually much smaller than the
usual dimensions of stratiform clouds (Eagleson 2003;
Levin and Cotton 2009), this result suggests that areas of
local maxima of extreme events of unit duration are more
widespread over, for ex-ample, large plains, such as the Po
valley. In fact, these areas are extensively prone to the
development of con-vection currents because of vertical
instability. On the contrary, maxima of extreme events of
daily duration are specifically localized in areas where
moist air circulation combines with relief. Figures 10b—d
show a gradual tran-sition between 1-h and 1-day patterns.

Quantiles of A(D, F = 0.98) span between ~17
and ~220mm for D = 1h, ~28 and ~310mm for D =
3h, ~36 and ~453 mm for D = 6h, ~38 and ~678
mm for D = 12h, and ~40 and ~1010mm for D = 24
h. These results show that the occurrence of extreme events
of short duration is a very variable process over the entire
area.

DDF PARAMETERS AND ATMOSPHERIC
CIRCULATION

In Fig. 11, an IDW interpolation of point values of J is

reported. This shows that J is influenced by orographic
barriers. In fact, the Apennines cause different di-

rections of flux when considering western and eastern
slopes. On the Tyrrhenian side, which is located facing
the Atlantic perturbations, the direction of the flux from
southwest to northeast is quite homogeneous. On the
Adriatic side, the prevalent direction of the flux is from
northwest to southeast.

The directions of ~JasshowninFig. 11, are compatible
with the atmospheric patterns associated with extreme
events on the Italian peninsula and in the Mediterranean
area (Rudari et al. 2005; Littmann 2000; Aebischer and
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Schir 1998). Moreover, they are related to a well-known
source of Mediterranean cyclogenesis (Trigo et al. 1999,

2002; Maheras et al. 2001). Specifically, the J pattern is
compatible with cyclogenic activity in the Gulf of Genoa.

The J field shows a good agreement with areas of
maxima and minima reported in Fig. 10 and with the
variability of a; (mean value of annual maximum pre-
cipitation depth for unit duration; Fig. 4). In particular,
Fig. 11 points out that the western coasts of the Italian
peninsula are mainly windward slopes, while eastern
coasts are mainly leeward slopes. Therefore, western coasts
present values of a; and of quantiles (at any given duration)
that are greater than the ones attributed to eastern coasts.
The same can be said when referring to southern and
eastern coasts of Calabria and Sicily, respectively, and the
southern coasts of Friuli-Venezia Giulia.

d. The reverse orographic effect and the upper
boundary of extreme precipitation of short
durations

Here, we discuss the variability of DDF parameters
with elevation. To this aim, we divided the elevation

range in intervals of 50-m width between 0 and 1000 m
MSL and 100-m width between 1000 and 3000 m MSL.
We calculated for each elevation range the median
value x of ay, n, «, ¢, and k. We then investigated the
variability of these with the median elevation of each
interval. To this aim, we evaluate regressions between
median values of each parameter and elevation. For
each parameter, a 95% confidence interval is provided.
If zero is not in-cluded in the confidence interval of the
parameter, the contribution of that parameter in the
regression will be considered as significant (Kottegoda
and Rosso 2008, section 6.2.4.2.). The use of x allowed
us to investigate the behavior of the variables,
minimizing the effects of noise. Results are reported in
Fig. 12.

Median values of a;, namely @; (mm h™'), decrease
with elevation z (m). The regression line reads a1(z) =
—0.0062z + 29.17, with the coefficient of determination
R? = 0.85. Confidence intervals for the two parameters
are (—0.0071, —0.0053) and (27.94, 30.39), respectively.
Therefore, as median values, the higher the site is, the
lower the observed mean of annual maximum pre-
cipitation of unit duration is. This result is in contrast
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with general knowledge about the orographic effect,
which broadly states that “precipitation increases with
elevation” (Kieffer Weisse and Bois 2001). Nonetheless,
the great amount of data used in this analysis supports
the evidence that this result should not be site specific.
We call this “reverse orographic effect” on extreme
precipitation of short durations. This is in agreement
with the analysis by Allamano et al. (2009) within the
Italian Alpine region.

Parameter 71 (scaling exponent) is observed to in-
crease with elevation. Moreover, it tends to show a
value of ~0.5 at high elevations, with a regression
reading 71(z) = 0.54 — ¢l70000 86(z+1452)] apq R? = ().89.
Confidence intervals for the three parameters are
(0.4842, 0.6006), (0.000 44, 0.0013), and (864.3, 2039),
respectively. This result is in agreement with Figs. 7 and
8, where we noticed that n reproduces orography. It im-
plies that, again as median values, the higher the site is,
the higher 7 is. It follows that, at higher elevations, ex-
treme events at different durations seem to be more

variable, with respect to those at unit duration, than at
lower elevations. This result is in agreement with the
analysis by Allamano et al. (2009) within the Italian Alpine
region.

As for GEV parameters, o and ¢ (scale and position,
respectively) show a slightly decreasing and slightly
increasing trend, respectively, with equations &(z) =
—1.29 X 1073(z) + 0.28 and é(z) = 1.98 X 107(z) +
0.82 and R* = 0.42 and 0.49. Confidence intervals for
the two parameters involved in the @(z) regression are
(—7.546 X 1073, —1.843 X 107°) and (0.2797, 0.2939),
respectively. Confidence intervals for the two param-
eters involved in the é(z) regression are (1.267 X 107>,
2.695 X 107°) and (0.8152, 0.8338), respectively. Thus,
parameter variability is low, as already noted in Fig. 9.
The observed decreasing trend of « is in disagreement
with the previous analysis by Blanchet et al. (2009). On
the contrary, results are in agreement when dealing
with the increasing trend of e. Nonetheless, it is worth
noting that the analysis by Blanchet et al. (2009)
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is restricted to snow events, and this hampers an ex-
haustive comparison between the two analyses.

As for k, its median value tends to increase with
elevation. In this case, the regression line reads k(z) =
4.93 X 1075(z) — 0.03 with R* = 0.38. Confidence in-
tervals for the two parameters are (2.72 X 107>, 7.14 X
107°) and  (—0.059 36, —0.007 995), respectively.
Moreover, median values of k are negative at low ele-
vations but tend to increase and to turn positive at
higher elevations. The relation shows that k passes from
being negative to positive at ~800 m MSL. According to
Jenkinson (1955, 1969), negative values of k denote an
upper unbounded and lower bounded probability distri-
bution, while positive k, on the contrary, characterizes a
distribution lower unbounded, but upper bounded. It
follows that, at higher elevations, the extreme pre-
cipitation seems to be upper limited. This result is in
agreement with the analysis by Blanchet et al. (2009)
within the Swiss Alps for snow events.

This analysis outlines the main features of extreme
events of short durations at high elevations:

o the mean maximum annual precipitation of unit
duration decreases with elevation (reverse orographic
effect);

o the quantiles of maximum annual precipitation at
durations greater than 1h are more variable, with
respect to the ones at unit duration, at higher eleva-
tions than at the lower ones; and

e extreme events at high elevations are distrib-
uted according to an upper bounded probability
distribution.

Figure 12 shows that the proposed regressions are good
predictors of data at lower elevations and poor
predictors at high elevations. This is probably because
of the reduced amount of stations at high elevations.
Nonetheless, all regressions are significant. We have
tested the results shown in Fig. 12, changing (increasing)
the threshold on
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sample length (=40 years). This analysis (not showed for
brevity) confirmed the results.

Further investigations should address possible effects
of rain gauge deficiencies on these estimations. In fact,
some features of precipitation events (especially strong
winds and snow events) can hamper the correct evalu-
ation of the total amount of precipitation depth (Larson
and Peck 1974; Stisen et al. 2012; Avanzi et al. 2014b).
Nonetheless, snow events usually have longer durations
than rain events (Avanzi et al. 2014a). In addition, catch
deficiency lowers when considering rain events instead of
snow events (Mizukami and Smith 2012). Conse-quently,
extreme precipitation of short durations should be
marginally affected by this effect. This holds, for
example, when considering the mean value of annual
maximum precipitation depth for unit duration a,, or
the evaluation of the elevation of transition between
negative and positive k. In addition, catch deficiency
decreases with decreasing wind velocities. To our
knowledge, no evidence of trends of catch deficiency
with mere elevation is available. As a consequence, re-
verse orographic effect on extreme precipitation should
be a characteristic sign of the formation of precipitation
events at high elevations.

At this stage, extreme precipitation features at high
elevations have been investigated without differentiat-
ing among the various meteorological and/or climato-
logical regimes. In this framework, we find a relevant and
general feature of extreme precipitation, without making
any assumption about the type of event (e.g., stratiform
or convective). Nonetheless, separated anal-yses could
help, for example, to investigate whether the reverse
orographic effect is more typical of a specific regime than
others or not. As an example, Zhang et al.(2014) also
report decreasing trends of many pre-cipitation indices
(e.g., consecutive dry days or annual count of days when
daily precipitation =20 or 25 mm) with elevation in a
monsoon area in China.

5. Conclusions

Here, we dealt with the effects of atmospheric circu-
lation and orography on extreme precipitation of short
durations. We considered 1494 data series of maximum
annual precipitation at different durations (1, 3, 6, 12,
and 24 h). We estimated the complete set of parameters
of DDF curves at each location with the hypothesis of
simple scale invariance. We verified both the scale in-
variance and the goodness of fit of GEV distribution
against data. As a result, DDF parameter variability
shows either a coupled climatological-orographic base
(ay) or a pure orographic one (n). On the contrary, « and
e returned a scarce variability over the Italian territory,
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while k is shown to be highly variable. When considering
quantiles for different D and T, some areas of maximum
(minimum) concentration are evident. These are
strongly correlated to areas of maximum (minimum)
mean annual precipitation and with windward (leeward)
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areas. The impact of atmospheric humidity has been
measured through the vertically integrated atmospheric
moisture flux. In addition, by analyzing the variability of
DDF parameters with elevation, it has been found that
median values of a; decrease with elevation (reverse
orographic effect). Median values of the scaling expo-
nent increase with elevation and tend to show a value of
0.5 at high elevations. Moreover, median values of the
shape parameter k increase with elevation, passing from
negative to positive at ~800 m MSL. As a consequence,
extreme events at high elevations over the study area
turn out to be upper bounded and more variable at high
elevations than at the low ones. They present means of
maximum annual precipitation of unit duration that are
decreasing with elevation (reverse orographic effect).
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