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Abstract. Monthly Northern and Central Italy precipitation climatologies, obtained by means of a procedure
aiming at capturing the local dependence of precipitation on elevation, are presented. The procedure consists in
considering each cell of a high-resolution grid and in making use of the closest 15 stations in order to perform
a weighted linear regression of precipitation versus elevation: the weights are determined by the distances of
the stations from the grid point and by the level of similarity between the stations’ cells and the considered
grid cell in terms of elevation, slope steepness, slope orientation and distance from the sea. The study is based
on a dataset of about 3200 1961-1990 monthly precipitation normals. The performance of the procedure is
evaluated by reconstructing the monthly precipitation normals of each station and by comparing them with the
corresponding observed values. Such comparisons are performed by means of five error estimators: the mean
absolute error and the mean error, both evaluated in absolute and relative form, and the root mean squared
error. The mean absolute error is slightly more than 10 mm for the monthly precipitation, which turns out to
be between 10% and 14% of the monthly precipitation.

1 Introduction normals of about 3500 stations (Servizio Idrografico, 1957
and they consist of maps with hand-drawn isohyets (Frosin
High-resolution datasets of monthly precipitation climato- 1961) which cover the whole Italian territory: neither the
logical normals (i.e. high-resolution precipitation climatolo- maps nor the data which were used to construct them a
gies) have proved increasingly important in the recent pastavailable in digital form. It is also worth noticing that even
and they are likely to become even more important in the fu-the areas of Northern and Central Italy encompassed by t
ture: they are requested by a variety of models and decisiol.25-arc-minute-resolution Alpine precipitation climatology
support tools, such as, just to cite a few, those used in agriculpresented by Schwarb (2000) have not been studied satisfg
ture, engineering, hydrology, ecology and natural resourceorily. In fact, the Schwarb climatology is mainly based on
conservation (Daly et al., 2002, 2006). These datasets havihe well known database set up by Frei and &d{1998):
to be set up with the aim of providing a realistic representa-Italy took part in the construction of this database with rathe
tion of the major forcing factors thaffact the spatial patterns  dis-homogenous regional contributions, which resulted in &
of precipitation, in order to give reasonable estimates also fowery poor station density over a significant fraction of the|
areas with poor station coverage such as high elevation sitesonsidered lItalian area (see Fig. 3 in Frei and&8ch998).
in mountain areas (Daly, 2008). Such a problem concerns in particular the Po river basin an
In spite of their importance, in the last decades only little the areas located at the South of the 44th parallel.
effort was put forward in order to obtain precipitation cli-
matologies for the whole of Italy and, up to now, the best We have recently set up a research programme with th
climatologies for the entire national territory are still the aim of developing new 1961-1990 Italian high-resolution
ones constructed in the 1950s by the Italian Hydrographi-precipitation climatologies. The first assumption we adop
cal Service. They were obtained by means of the 1921-195@ that precipitation climatologies are linked to the physio-
graphical features of the Earth’s surface. Such an assum
tion allows the integration of the information contained in

Correspondence tal. Maugeri the meteorological records with the one arising from digital
BY (maurizio.maugeri@unimi.it) elevation models (DEMs): this permits the estimation of the
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precipitation normals for a number of points which can be General Circulation Models (GCM) information to be tai-
of several orders of magnitude larger than the number of thdored to the need of assessing local impacts of future climate
available records. The second assumption we adopt is thathange, via downscaling procedures.
the link between precipitation normals and physiographical
variables has to be studied at a spatial scale which allows
to obtain a good compromise between the need of consider¢ Data
ing a small area and the need of working with a reasonable )
number of stations. The third assumption we adopt is that! "€ 1961-1990 Northern and Central Italy monthly precip-
the leading physiographical variable is elevation: more in de-tation climatologies presented in this paper are based on a
tail, we assume that, after considering a local scale and fixingjataset that was constructed with the main goal to get the
all the other physiographical variables, the relation betwee argest poss_lble number of Italian records covering at least a
precipitation and elevation can be approximated as linear. I£0-year period.
other terms, we use the PRISM (Parameter-elevation Regres- The principal data source was the former Italian Hydro-
sions on Independent Slopes Models) interpolation schemedraphical Service (this national service is no longer oper-
for a more detailed discussion of the PRISM methodo|ogyational and its competences are now attributed to the Ital-
see Daly et al. (1994, 2002, 2006, 2008). The PRISMian administrative regions). Most of the records were pro-
approach has also been applied to the construction of thaided by ISPRA (Institute for Environmental Protection and
Scwarb (2000) 1.25-arc-minute-resolution Alpine precipita- Research, formerly known as APAT, or Agenzia per la Pro-
tion climatology. Schwarb performed also a comparisonteZione dell’Ambiente e per i Servizi Tecnici), even though
of PRISM with other interpolation methods: he found that in some cases the data were provided directly by lofiales
PRISM proved fective especially in regions which are dif- Of the former Hydrographical Service, such as the Tuscan
ficult to model because the influence of topography on pre-0ne based in Pisa. The records provided by ISPRA generally
cipitation was represented in the station data only partially.Startin 1951 and are updated to the 1980s or 1990s, depend-
His results confirm that the PRISM approach proves to beng on the region. Beside the considerably large amount of
particularly suitable for the construction of high-resolution data coming from the former Hydrographical Service, a wide
precipitation climatologies of areas with complex orography fange of other sources was exploited. Among these, the most
such as Italy. relevant ones were the datasets of UCEAiib Centrale di

The first step of our research programme concerned NorthEcologia Agraria), of the Italian Air Force, of some ARPA
ern and Central ltaly. The aim of this paper is to present(Agenzia Regionale per la Protezione del’Ambiente) agen-
the climatologies obtained so far: they are constructed on &i€s and the one collected on Alpine catchments by the for-
grid based on a digital elevation model (DEM) with a 30-arc- Mer Italian Electric National Board (ENEL). Moreover, some
second longitude and latitude resolution. These climatoloegional or sub-regional datasets set up by local authorities
gies represent the first step of a wider project aiming at i) ob-Were considered as well, such as the one of Meteotrentino
taining 1961-1990 precipitation climatologies for the whole for the Trento autonomous province and the one of the Au-
of Italy and ii) allowing the estimation of local secular abso- torita di Bacino del Reno for the area of the Reno river basin,
lute value precipitation records for any point of the national in Emilia-Romagna.
territory. The methodology we adopt in order to estimate It is worth noticing that the availability of Italian digital
the local absolute value precipitation records is conceptuallyecords has rapidly expanded over the last few years, thanks
analogous to the one we present in Brunetti et al. (2009) folto several digitization programmes recently completed or still
the temperature records. It makes use of both high-resolutiofh progress. These projects were often triggered by the sta-
climatologies and of a low resolution network of secular se-ble scenario in terms of data holders that was finally achieved
ries (for a detailed discussion on the availability and quality roughly ten years after the closure of the Hydrographical Ser-
of the Italian secular precipitation records, see Brunetti etvice. The new data availability made it possible to expand the
al. (2006)). 1951-1986 time span of the former Hydrographical Service

One of the most interesting applications of the availability records. The 1951-1986 period was also the one considered
of high-resolution climatologies lies in their role in complet- in the Frei and Scir (1998) database for the Italian data.
ing the information which can be extracted from a sparse sec- The dataset was completed with some Slovenian series,
ular precipitation network (i.e. the spatio-temporal behaviourkindly provided by the Environmental Agency of the Repub-
of the precipitation multiplicative anomalies) and in permit- lic of Slovenia (ARSO), and with the 1961-1990 monthly
ting the estimation of local secular absolute value records foprecipitation normals of a number of Austrian and Swiss sta-
any point of the national territory. The ability of estimating tions available, respectively, at ZAMG (Zentral Anstalt f
such records turns out to be particularly useful in the frameMeteorologie und Geodynamik) and Meteoswiss.
of climate change impact-related projects. The estimated lo- All records were subjected to a quality check proce-
cal records not only permit the best assessment of local pasture which consisted in checking all sites for their posi-
precipitation variability and change, but they also allow the tion (the consistency among position and elevation was the
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main constraint) and in correcting the coordinates, when3 Methods
possible, or deleting the series any time the correct posi-
tion could not be identified with a reasonable confidence.The spatial distribution of Italian precipitation is strongly
This checking procedure was performed by: i) comparinglinked to the complex orography of the Italian territory. Italy
the elevation of each site with the elevation of the clos-includes both the Alps and the Apennines and presents the
est grid point of a 30-arc-second-resolution digital eleva-highest peaks in Europe, west of the Caucasus: the exigt-
tion model (USGS GTOPO30ttpy//edc.usgs.ggproductg ing precipitation climatologies generally show an increase of
elevatiorigtopo3@gtopo30.htn), ii) studying all the largest precipitation with elevation, even though such a relation is
discrepancies by means of metadata/andupporting map-  extremely site-dependent (Frosini, 1961).
ping tools like Google-Earth. Moreover the monthly normal  In this context we set up a procedure aiming at the estima
values of all stations were compared with the ones of thetion of a “local” precipitation-elevation relationship for each
neighbouring sites, in order to check the data interconsisof the Italian grid cells of the USGS GTOPO30 digital eleva-
tency. A further check concerned the stations which weretion model (DEM). For a more detailed discussion on mod:-
available from more than one source: in this case only theels, as the PRISMs — Parameter-elevation Regressions on In-
most reliable version was included in the final version of dependent Slopes Models — which aim at parametrizing the
the dataset. It was usually selected the one with the smalledependence of a meteorological variable on elevation, see the
amount of missing values. PRISM Group websitéhttpy/www.prism.oregonstate.efu
This detailed check of the data, though extremely time-in particular, for precipitation, see Daly et al. (1994, 2002,
consuming, turned out to be very important and a number2006).
of errors were corrected as a result. In particular it was ab- Actually instead of using directly the USGS GTOPO30
solutely necessary to enhance the reliability of the informa-DEM we preferred to smooth it by means of the following
tion concerning the station elevations, as non-correct elevare|ation:
tion values may induce significant errors in the estimation of

the precipitation-elevation dependence, which is the chief re- Zk] 3 iy )
lation on which our climatologies are constructed. Actually, 22 j2i Lrmax@iiin)
the precipitation versus elevation regressions on which ouf(x.¥) = k K
climatologies are constructed are not performed on the basis i_Z_kj_Z_k m

of the station elevations themselves, but on the basis of the
elevations of the corresponding DEM cells. It is therefore\whereh(x,y) is the elevation we attribute to the grid cell
clear how a correct identification of the station location is of (x y), h'(x, y) is the corresponding elevation according to thej
key importance for the correct identification of the elevation ysGs GTOP0O30 DEM arkj which in our case is setto 2, is
to be used in the regression model. Among possible furthethe range of the smoothing, expressed in number of contigy
errors, itis necessary to mention the ones related to the DEMyys grid cells from the central one. In this smoothing proce
itself: for elevation, GTOPO30 has a root mean squared ergyre the central grid cell has the maximum weight, while the
ror (RMSE) of about 18 m (USGS, 1996). This 18-m error \yeights decrease with increasing distance. The smoothir|g
is fairly small, especially if compared to the errors due to thewas introduced in order to avoid an unnecessarily high spa
uncertainty in stations’ locations which, for some areas, canja| resolution, while considering a spatial resolution closer
be remarkably bigger, even after the quality checks. to the actual scale at which the interactions of atmospheri
Once the dataset was set up and checked, the 1961-199Gculation with orography occur.

mor_1th|y prec_ipitation normals were calculated f_or all the  The procedure we adopt for the estimation of the precipi
available stations. Whenever the 1961-1990 period was Nofgtion of any grid cell &, y) of this smoothed version of the

completely available, we considered the closest station withysgs GTOPO30 DEM (SMGTOPO30) is organized in threg
out missing data in 1961-1990 and with an overlapping Pe-steps:

riod of at least 10 years with the incomplete series, in or-

der to re-scale the normals of the incomplete series to the 1. Slope steepness, slope orientation, and distance from

1961-1990 period. The re-scaling procedure was based, as the sea are calculated for each grid point of the SmG

in Brunetti et al. (2006), on the assumption that the ratios TOPO30.

among precipitation amounts in neighbouring stations are

constant in time. It was not always possible to re-scale to the 2. Each station is associated to the closest grid point of th

1961-1990 normals and some stations were rejected. The SmGTOPO30.

final dataset used for the Northern and Central Italy precipi-

tation climatologies consists of about 3200 stations. 3. A local precipitation-elevation regression is performed
for each grid point of the SmGTOPO30 and the es-
timated precipitation is assigned to the corresponding
grid cell.

(9]

D
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The precipitation-elevation regression is performed con-less than 15 stations are found, it increases such distance by
sidering the 15 closest stations to the grid point and performsteps of 5 km until the required minimum number of stations
ing a weighted linear regression of precipitation versus eledis reached up to a maximum distance of 50 km. If 15 sta-
vation. So, the precipitation at the grid cell locatioqy() is tions are not found within 50 km the grid cell precipitation is
estimated by substituting the grid cell elevathy, y) in the not evaluated: this has never been the case for Northern and

equation: Central Italy.
To improve the stability of the precipitation estimation, the
P.y) = a(x.y) + b(x.y) - h(x.y) regression parameters corresponding to each grid paiyit (

wherea andb are the cofficients of the weighted linear re- are evaluqted alsho byhechUQmQ ohne of :.he_ con&dfered ita'
gression of precipitation versus elevation. tions at a time. Then the station whose elimination from the
regression causes the greatest variatido(iy) is excluded

In order to avoid the overestimation of the precipitationf h on if h iation (in absolut lue) i
normals at very high elevations, where almost no station rom the regression if such a variation (in absolute value) is

is located,h(x,y) is allowed to range only up to 2500 m, greater than 0.1 mfm.
whereas it is set to 2500 m for all the grid cells with higher

elevati.on. The behaviour of r_ligh—elevation precipitation iN 4 Results and conclusions
Italy will be furtherly analysed in the future, mainly thanks to

the collection and digitization of data from nivo-pluviometric The jJanuary and July Northern and Central Italy precipita-
totalizers, available on the Hydrographical Service year-ion climatologies are shown in Fig. 1a and b whereas Fig. 2
books. . . o  shows the annual precipitation climatology.

In a procedure like this, the definition of the regression The performance of the model was evaluated by recon-
weights plays a key role. In our procedure, the weight of sirycting the monthly 19611990 precipitation normals of
thei-th station involved in the linear regression yielding t0 g4ch station and by comparing the results with the observed
the estmation of the precipitation at the grid cally) isthe  yajyes. This was done by using a jackknife-like procedure,

product of the following weighting factors: that involves the removal of each station before its recon-
struction is carried out. This avoids “self-influence” of the

W= Wirad(x’ Y- Wih(x’ 2 'W‘St(x’ y) 'W‘facm(x’ Y)Wk y) station data that are being estimated.

All the weighting factors (position (rad), height)( slope To quantify the accuracy of the model five error-estimators

steepnesss{), slope orientation (facet), distance from the seawere used: the mean absolute error (MAE) and the mean
(sea)) range from 0 to 1 and are based on Gaussian functiorgiror (BIAS), both evaluated as absolute and relative errors

of the form: (MAER and BIASR respectively), and the root mean squared
P error (RMSE).
WP (x,y) = e—('ﬁc:r) The results are shown in Table 1 for all months. The table
PA(x,y) =

shows that the procedure ifected by a mean monthly pre-

where par is the specific geographical parameter which is becipitation absolute error of slightly more than 10 mm, which
ing consideredcP® is a codficient which regulates the de- turns out to be between 10% and 14% of the monthly pre-
crease of the weighting factor and®(x, y) is the diference  cipitation. It is also interesting to notice that the BIAS is
between the values of the considered parameter at the gridery close to zero, indicating that no systematic overesti-
cells corresponding to statidrand grid point &, y) (for rad mation or underestimation of precipitation is observed. The
andh such diferences are rescaled in order to set to 1 thebest performance of the model concerns the summer months,
weighting factor of the closest station to the grid point, wherewhich turn also out to be the ones that have the strongest
the term “close” has to be intended, respectively, in terms ofprecipitation-elevation relations.
distance and elevation). Figure 3 shows the scatter-plots of the reconstructed versus

In our procedure theP® values have been selected in or- observed 1961-1990 precipitation normals for January, July
der to reduce the weighting factors to 0.5 for: 25 km of ra- and the year. This figure confirms the good performance of
dial distance, 250 fkm of difference in slope steepnesxf the procedure, which is also highlighted by the fact that the
difference in slope orientation and 10 km afdience of dis- model explains between 89% (in February and March) and
tance from the sea. For the elevatidd has been set equal 96% (in July) of the variances of the stations precipitation
to(h(x, y)+100 m¥/In(0.5) in order to have a stronger de- normals (see Table 1).
crease close to the foothills and a weaker decrease at higher The ability in estimating local secular anomaly records for
elevations. any point of Northern and Central Italy (Brunetti et al., 2006)

A minimum of 15 stations is required in order to evalu- and the availability of high resolution climatologies enable us
ate the precipitation-elevation regression for each grid cellto estimate secular absolute value precipitation records for
The procedure includes an algorithm which searches for staany point of this area. Such estimated local secular records
tions within a distance of 10 km from the grid point and, if can simply be obtained by a method conceptually analogous
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Figure 2. Yearly 1961-1990 Northern and Central Italy precipi-
tation climatologies. The figure also shows the stations included in
the dataset of the 1961-1990 precipitation normals. Maps have be¢n
produced thanks to Honolulu University Generic Mapping Tools
(GMT).

Table 1. Accuracy of the climatologies quantified by means of:
mean absolute error (MAE), mean error (BIAS), mean absolute rel
ative error (MAER), mean relative error (BIASR) and root mean
squared error (RMSE). The table also shows the fraction of th
monthly variance R?) of the stations precipitation normals ex-

plained by the model.

7

MAE BIAS MAER BIASR RMSE R
(mm)  (mm)  [%] %] (mm)

1 11.1 0.2 14.3 3.9 16.8 0.91
Figure 1. (@) January andb) July 1961-1990 Northern and Cen- 2 10.2 0.1 13.9 3.6 15.0 0.89
tral Italy precipitation climatologies. The figure also shows the sta- 3 11.2 0.0 12.9 3.1 16.4 0.89
tions included in the dataset of the 1961-1990 precipitation nor- 4 12.6 0.0 12.5 29 18.4 0.91
mals. Maps have been produced thanks to Honolulu University 5 120 -0.2 10.6 20 18.0 0.92
Generic Mapping Tools (GMT). 6 108 -02 104 2.0 159 0.95

7 9.6 -0.2 11.9 2.4 14.5 0.96

8 109 -0.2 10.6 1.9 15.7 0.94
to the one we present in Brunetti et al. (2009): for precipi- 9 102 01 105 21 151 o091
tation, it consists in multiplying the local estimated monthly 10 122 03 10.9 2.4 176 093
secular multiplicative anomaly records for the corresponding 11 13.6 0.1 11.6 2.6 201 0.92

12 11.0 0.1 13.2 3.2 16.6 0.91

1961-1990 monthly precipitation normals. AG 113 00 11.9 27 167 092

The methodology for estimating local secular abso-
lute value precipitation records has already proved use-
ful for Northern and Central Italy in the frame of sev-
eral climate change impact-related projects, such as the
CARIPANDA (Lombardy Regional Project coordinated by only permit the best assessment of local past precipitatio
Parco dell’Adamello httpy/www.parcoadamello/iprogetti variability and change, but they also allow the GCM infor-
default.htn) and the Kyoto Lombardia Projects (Lombardy mation to be tailored for the need of assessing local impact
Regional Project coordinated by Fondazione Lombardia peof future climate change.

’Ambiente, httpy//www.flanet.orgricercakyoto.asp. The

estimated records were also used in order to downscale to
the local level future records produced by the General Circu-
lation Models (GCMs); thus, the estimated local records not

)

n
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