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1. Introduction

This technical report presents the activities performed by the University of Milan and ISAC-
CNR Research Group in the frame of the ECSN/HRT GAR project. Such activities
addressed the construction of 1961-90 High-Resolution monthly Temperature (HRT)
climatologies for Northern ltaly. These climatologies were obtained by means of a
geographical model aiming at capturing the dependence of temperatures on a number of
geographical and morphological features.

The general goal was to estimate monthly temperature climatic normals (clinos) on a
regular grid (1 km? resolution) covering all Northern ltaly and part of Central ltaly. This
estimation was checked by means of a 664 station network in order to keep the mean
absolute error (MAE) and the root mean squared error (RMSE) below the optimal
threshold of 1 °C.

2. Data

The data used for the construction of the monthly HRT climatologies are monthly climatic
normals (1961-90) of 664 stations within a 576,000 km? area encompassed by 6-14 °E
and 42.5-47.5 °N longitude and latitude limits. The spatial distribution of such stations
(fig.1) is sufficiently homogeneous, even though two regions (French Alps, the Marche) are
poorly covered. The average station density is 1 station each 870 km? (1 station each
approximately 600 km? without considering the seas). The stations are evenly located in
plain, hill and mountain areas (fig. 2).



Beyond the station data, the 1 km? GTOPO30 digital elevation model (DEM) was used.
The Italian data were provided by: University of Turin, University of Padova, University of
Pavia, SIMN (the former Italian Hydrographic Service), Autonomous Province of Bozen,
SMI (Italian Meteorological Society), AMI (ltalian Military Aviation), UCEA (Central Office of
Economical Agriculture).
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Fig. 1 : Spatial distribution of the stations used for the construction of the HRT climatology.
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Fig. 2 : Elevation distribution of the stations in our data-set: light blue crosses indicate plain stations, yellow triangles
represent hill stations, scarlet squares are referred to mountain stations.



3.The geographical model (Part I: leading variables)

3.1 Temperature versus Elevation

The first variable considered in the geographical model was elevation. The obvious
physical reason for this is the progressive vertical cooling of the air due to the fact that the
atmosphere is primarily warmed by the heat emitted from the Earth’s surface. Such an
effect is well known from literature, even though in large part of the area under
examination important thermal inversions do occur, especially in winter. Such thermal
inversions significantly reduce the correlation among temperature and elevation, causing
the common variance (R?) to drop from about 0.9 in late spring and summer to

approximately 0.65 in late autumn and winter months.

The first attempt to capture the elevation dependence of temperature consisted in a two-
layer model obtained by applying linear regression to two subsets of stations: the stations
from 0 m to 1500 m and the stations from 1500m to 4000m. Actually, such an attempt,
though reasonable for an area with complex orography, did not work properly as for
several months, a discontinuity of about 2 °C was found. So it was decided to simply
perform a linear regression over the whole database, even though in order to reduce the
error, coast stations (less than 50 km from the Ligurian, Tyrrhenian or Adriatic Sea), lake

stations and urban stations were not considered.

This linear regression was performed on a monthly basis: it allowed to obtain the following
relation:

=aH +b

stations stations

where ais the vertical lapse rate and b the temperature at 0 m.

As expected, the highest (in absolute value) vertical lapse rates were found for summer
months (e.g. July: -0.68°C / 100 m, see fig.4), whereas the lowest ones were found for
winter (e.g. January -0.43°C / 100 m, see fig.3).
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Fig. 3-4 : Temperature vs. elevation for January and July

Once the temperature dependence on elevation was obtained on the basis of the station
data, it was assumed that the same dependence could be extended to the whole area
represented by the 1 km? grid.

Such a procedure can be summarized in the following two steps:

1) Wegot a,b by alinear regression T vs H

stations stations

2.) Using the same coefficients a,b = we calculated T modet = aH __,,, +b for each grid cell of the
considered area.

where Hmodelis the elevation of the grid cell from GTOPO30 digital elevation model (it is the
average elevation of the cell, not the elevation of the grid cell’s centre).

The result of this procedure is an estimation of the normal temperature value of each grid
cell (1 km? resolution).
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Fig. 5 : Temperature map of January obtained with a model considering only the temperature dependence on elevation
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The next step was the comparison between the modelled normal temperatures and the
observed values. Such a comparison was performed by studying the residuals, that are
the differences between the observed temperature and the modelled normal values of the
stations.

Such a procedure can be summarized by the following steps:

3.) Using a,b ,H = we calculated back T, =aH + b for each station

station

=T

station Tvtation mod elle

stations tationmod elled

4.) From T = we calculated the residual R

station Tstationmodelled d for each

station

station.

If the residual (R) is positive the model assigns to the station a temperature value that is
colder than the real measured value, vice versa, if the R value is negative the model
assigns to the station a temperature value that is warmer than the real measured value.
The study of the residuals allows both to check the overall accuracy of the model and to
represent the geographical pattern of the residuals. The study of such residuals is a key
issue in the selection of further variables to be considered in order to improve the model’s
ability to capture the geographical complexity of the territory.

The overall accuracy of the model, including only the temperature dependence on
elevation, was evaluated for each month of the year by means of the following statistical
parameters: mean error (ME), mean absolute error (MAE) and root mean squared error
(RMSE), see fig.6.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
ME 042 026 015 004 -007 -01 004 007 017 022 038 0.46 0.17
MAE 180 143 108 095 092 1.09 124 124 112 123 145 1.84 1.28
RMSE 235 1.88 1.36 1.16 1.11 132 154 154 141 158 189 237 1.63

Fig. 6 : Accuracy of the model including only the dependence of temperature on elevation.

Such results highlight that, by considering only elevation, the geographic model would still
be very far from the optimal threshold of 1.0°C for MAE and RMSE. In particular, the high
RMSE values suggest that there are several stations with rather high absolute residuals,
because RMSE is enhanced by the biggest errors.



The spatial behaviour of the residuals was studied by plotting the distribution of the
residuals, see e.qg. fig. 7 for January.
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Fig. 7 : Spatial distribution of the residuals of the model including only the temperature dependence on elevation for
January: blue bubbles represent positive residuals, white bubbles are related to negative residuals. The size of a bubble
is proportional to the size of the residual.

Such plots highlight that a model developed only considering temperature versus elevation
is not satisfactory (fig.6): in fact the residuals show a non-negligible latitude effect, a Po
Plain cold winter pool in the lowlands, a remarkable sea effect, a slight longitude effect, a
very small urban heat island effect, an inversion effect in the Alpine and Apennine valleys
and a different sea effect between Ligurian and Tyrrhenian Seas and Adriatic Sea.

3.2 Temperature versus Latitude

The second variable considered in the geographical model was latitude. The obvious
physical reason is the progressive decrease of temperature from the Equator to the Poles
(approximately -0.8/-1.4 °C/ degree at mid-latitudes) due to the different radiative budget at
the Equator and the Poles (Pinna,1977).



The approach was similar to the one assumed while considering temperature versus
elevation, but from this second step on the residuals obtained from the previous step were

used in the linear regressions.
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Fig. 8-9 : Temperature residuals (after taking into account the temperature dependence on elevation) vs. latitude for
January and July

Such a procedure can be summarized by the following two steps:

+d

1.) From R sutions at 1% step = we found ¢, d from regression R susions = c(Lat) , .
stations

+d

2.) Using the same coefficients ¢,d = we calculated R moaer = c(Lat),_,.,
where ¢ represents the temperature decrease for each latitude degree and Latmodel is the
latitude of the grid cell from GTOPO30 digital elevation model (that is latitude of the grid
cell's centre). The latitude dependence of temperature ranges from -0.77 °C / °Lat in
March to -1.35 °C / °Lat in January, whereas the average value over the year is -0.92 °C /
°Lat . Such a decrease gives a difference of approximately 4 °C between Rome and Milan
in winter and, for example, in March a grid cell at 43 °N is, only considering latitude,
approximately 5.4 °C warmer than a grid cell at 47 °N.

The common variance coefficient of the linear regression between temperature and
latitude ranges from 0.28 (May) to 0.56 (October).

The next step was the comparison between the modelled normal temperatures and the
observed values. As discussed for elevation, such comparison was performed by studying
the residuals.



In other words, the estimated temperature of each station according to the model,
including the effects of elevation and latitude, was first obtained and, secondly, the
difference between the observed and modelled values for each station was calculated.

Such a procedure can be summarized by the following steps:

3.) Using ¢,d ,(Lat) = we calculated back R sutionmodelied = c(Lat) +d for each station

stations station

. " . " ' "
4.)From R R station mod elled = we calculated the new residual R siation = R station — R station mod elled

station

for each station

5.) We used T woaer =T +R model for each grid cell of the considered area.

mod el

As for the elevation, also in this case, the overall accuracy of the model was evaluated by
means of the following statistical parameters: ME, MAE and RMSE, see fig. 10.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME 021 0.4 -002 -0.07 -0.12 -0.14 -0.15 -0.08 0.04 0.10 0.16 0.20 0.02
MAE 136 101 077 075 075 085 091 084 076 083 100 135 0.93
RMSE 168 128 099 094 096 1.08 116 1.05 095 1.07 126 167 1.17

Fig. 10 : Accuracy of the model including only the dependence of temperature on elevation and on latitude

Such results highlight that, by considering elevation and latitude, the geographical model
would still be above the optimal threshold of 1.0°C for RMSE, but the MAE is below this
threshold. Both MAE and RMSE are considerably smaller after this second step: MAE is
smaller than 1.0°C and RMSE is 1.17°C, but in 4 months out of 12 it is already smaller
than 1.0°C.

Also in this case, the spatial behaviour of the residuals was studied by plotting the
distribution of the residuals, see e.g. fig. 11 for January.
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Fig. 11 : Spatial distribution of the residuals after considering elevation and latitude for January: blue bubbles represent
positive residuals, white bubbles are related to negative residuals. The size of a bubble is proportional to the value of the
residual.

Such plots highlight that a model developed only considering temperature versus elevation
and latitude is not satisfactory: in fact, e.g., from the residuals map of July (fig. 11) the sea
effect (a cooling effect) is evident and the same can be said for the lake effect.

3.3 Temperature versus Longitude

The third variable considered in the geographical model was longitude. The inclusion of
longitude among the variables that can influence temperature normals is due to the fact
that the area under examination, especially the Po Plain, tends to show an Eastward
increasing continentality.

The data display that the longitude effect is completely negligible in summer months, but it
is not negligible in winter months (fig. 12-13).
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Fig. 12-13 : Temperature residuals after taking into account the temperature dependence on elevation and longitude
versus longitude for January and July.

The approach adopted for longitude was the same used for temperature versus elevation
or versus latitude.
Such a procedure can be summarized by the following two steps:

1.) From R saions at 2 step= we found e, f from regression R suiions =e(Lon) .+ f
Stations

2.) Using the same coefficients e, f = we calculated R moaer = e(Lon) ., + f

where e represents the temperature variation for each longitude degree, Lonmodel is the
longitude of the grid cell from GTOPOS30 digital elevation model (that is longitude of the
grid cell’s centre). For example, it was found a longitude effect of 0.22 °C / °Lon in January
(see fig. 12) and of -0.098 °C / °Lon for July (see fig. 13),

The common variance coefficient varies from 0.0002 (August) to 0.0831 (December), that
is, the variance explained by this linear regression never exceeds 8.3%.

The next step was the comparison between the modelled normal temperatures and the
observed values. As in the previous steps, such a comparison was performed by studying
the residuals.

In other words, the estimated temperature of each station according to the model including
the elevation, the latitude and the longitude effects was calculated first and, secondly, the
difference between the observed and modelled values for each station was calculated.
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Such a procedure can be summarized by the following steps:

3.) Using e, [ ,(Lon) = we calculated back R swsionmodetiea = e(Lon) + f for each station

stations station

4.)FromR station R station mod elled = we calculated the new residual R sution = R station — R station mod elled
for each station

5)Weused T modet =T +R "od el for each grid cell of the considered area.

mod el

Once again, the overall accuracy of the model was evaluated by means of the following
statistical parameters: ME, MAE and RMSE, see fig. 14.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME 019 011 -001 -00 -043 -045 -0.5 -0.09 0.01 012 0.5 0.19 0.01
MAE 133 098 075 074 075 085 090 083 075 0.83 100 1.32 0.92
RMSE 162 122 095 094 096 108 115 105 095 1.07 125 1.62 1.15

Fig. 14 : Accuracy of the model including the dependence of temperature on elevation, latitude and longitude.

The statistical parameters show a small improvement after this third step (for MAE and
RMSE) but the intrinsic bias is still present in all months. The only important

enhancements are noticeable in January and December.

By considering only the three main geographical parameters (elevation, longitude, latitude)
the model satisfies the MAE threshold of 1.0 °C, but not the RMSE one. Anyway, at this
point, the general features of the statistical errors were quite satisfactory, this is the reason
why many spatialization climate models in literature consider just three parameters:
elevation, latitude and longitude. The main problem was the unsatisfactory spatial pattern
obtained: some important geographical effects, such as the sea effect, were not taken into
account. So, it was necessary to evaluate secondary geographical and orographical

effects.
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4. Statistical Analysis (Part Il : secondary effects)

4.1 Facet / slope exposure and summit / valley effects

The residuals obtained after taking into account the three leading geographical effects
discussed in chapter 3 were further subjected to analyses aiming at identifying more
significant relations between temperature and as many geographical and morphological
features as possible. Such analyses were performed by plotting the spatial distribution of
the residuals and by comparing the average residuals of particular subsets of stations.

The first morphological effect that was taken into account was the summit or the valley
location. A summit station was expected to measure warmer temperature (thus, positive
residuals) than a valley station. The reason is that a mountain top location receives more
hours of direct solar radiation than a valley station and it is not subjected to the cooling
effect due to negative radiative balance at the surface, which produces thermal inversions
during the night.

In order to investigate such an effect, a summit station was defined as a station belonging
to a grid cell whose elevation is higher than the eight surrounding cells (among these, only
stations located at elevations higher than 400 m were considered, and stations on the
mountain or hill slopes were rejected), while on the other side, a valley station was defined
as a station belonging to a grid cell whose elevation is lower than the eight surrounding
cells (among these, only stations located in mountain areas were considered as valley
stations, while stations on the Po Plain, for example, were rejected). Stations located on
mountain passes were considered as valley stations for they are climatologically similar to
valley stations for temperature. According to these definitions, approximately 75 summit

stations and 105 valley stations were identified.

The monthly averages of summit and valley station residuals are shown in fig. 14. The
results confirm the different thermometric behaviour of summit and valley locations
especially in winter, when the difference between summit and valley residuals can get to
about 2.5°C.

12



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Valley -0.95 -0.53 -0.16 0.12 0.24 0.31 0.33 0.18 -0.05 -0.39 -0.59 -1.01

Fig. 14 : Average residuals of summit and valley stations

The second morphological effect considered was the geographical slope exposure
(hereinafter “facet”). The stations’ facets were estimated by associating the grid cells facet
values provided by GTOPOS30 digital elevation model to any pertaining station. Such grid
cell facets were simply calculated as the direction of the gradient of the function

Z=2z(x,y)

where z is the elevation and x and y are the coordinates defined according to, respectively,

Eastward and Northward axes. (See fig. 15)
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Fig. 15 : Facet exposure map: degrees are calculated from North (0°) to South (180°) counter-clockwise, that is W
(90°) and E (270°). Of course GTOPO arbitrarily assigns a spurious value to plain grid cells.
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Naturally, positive residuals were expected for South-facing stations and negative
residuals for North-facing stations. The analysis of the residuals, that was performed after
excluding summit and valley stations and stations belonging to cells whose slope is lower
than 0.05, did not produce remarkable results for North-facing stations (i.e. stations whose
gradient direction is between 0° and 90° or 270° and 360°); on the contrary, South-facing
stations showed positive residuals in all months, with values peaking in summer. So, facet
effect was assumed to vary between 1/2 and 311/2, whereas for the other exposure angles
the effect was assumed to be zero.

A more detailed analysis highlighted not only an obvious solar duration effect, but also an
influence of the actual exposure, whose effects can be remarkably different when
considering a purely Southward exposure rather than a South-West or a South-East
exposure.

In order to capture the overall effect of facet exposure, the following model was created:

R

facet

-« sin(% — (facet))

where facet represents the direction of the gradient of z (x,y) and a is a monthly-dependent
coefficient that represents the exposure effect concerning purely South-facing grid cells.

The monthly values of the a coefficient identified on the basis of a facet-based station
residuals analysis and on knowledge-based considerations about the duration of the days

in the different month are shown in fig. 16.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
a 0.4 0.5 0.6 0.7 0.8 0.9 0.8 0.7 0.6 0.5 0.4 0.3

Fig. 16 : Values of a coefficient for facet exposure effect
It is interesting to observe that the a values are approximately twice as big in summer than
in winter: this result depends on the fact that in summer a South-facing station receives

twice the solar radiation than a North-facing one.

Once the morphological (such as summit, valley and facet features) effects were defined,
the approach adopted was similar to that described in chapter 3. Once more, it was
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assumed to extend the station results to the grid cells; in particular, the procedure followed
these steps:

a) for summit and valley grid cells, an effect equivalent to the average of the residuals of
the corresponding cells with stations was assumed (obtained after the evaluation of the
three leading geographical variables effects were removed);

b) for grid cells with facet between m/2 and 3m/2, an effect given by

%4
R mod el = R

facet

=-a sin(% — (facet)) was assumed.

If the summit/valley and the facet effects are defined respectively by R and RY, it can be

written:

LM " v |4
T mod el = T +R mod el + R mod el

mod el

LM " v %
R station = R station R station mod elled — R station mod elled

where T~ moder FEPresents the estimation of the temperature by the geographical model

including only the leading variables, T™ od el represents the estimation of the
g y

temperature by the geographical model including the leading variables and the

morphological effects (summit/valley and facet exposure effects) and R™ uion are the
new residuals for every station after this step. A plot of this effect for January is shown in
fig. 17.
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Fig. 17 : Map of facet exposure and summit/valley effects for January.
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Even though the effects of the morphological variables were not as large as the leading
effects and even though they only concerned a subset of the grid cells, a significant
improvement in the model’s skill resulted after the inclusion of these effects. The overall

accuracy of the model, after this step, is shown in fig. 18.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME 0.08 003 -007 -0.16 -0.19 -0.22 -0.26 -0.18 -0.06 0.05 0.06 0.08 -0.07
MAE 110 088 072 074 075 085 090 083 073 077 088 1.08 0.85
RMSE 140 112 092 094 096 108 115 105 093 099 112 1.38 1.09

Fig. 18 : Accuracy of the model including the dependence of temperature on the three leading geographical variables
and on the morphological variables.

It is worth noticing that, at this point, the MAE is already below the threshold of 1 °C in
every month, with the only exceptions of January and December; also the RMSE is below

the threshold of 1 °C in five out of twelve months.

4.2 The sea effect (Part I: Ligurian, Tyrrhenian and North-Adriatic Seas)

The fifth step concerned the evaluation of the sea effect: a cooling sea effect in summer
and a warming effect in winter were expected in the first kilometres inland from the coast.
Moreover, a different behaviour of the different Italian coasts was expected according to
knowledge of local climate patterns.

In order to evaluate the Sea effect in the area under examination, four separate zones
were considered: Ligurian Sea (French Riviera, Liguria), Tyrrhenian Sea (Tuscany and
northern Latium), North-Eastern Adriatic Sea (Friuli and lIstria), South-Western Adriatic
Sea (Veneto, Romagna and Marche). Such a separation is well justified by the
geographical characteristics of the territory studied. Ligurian and Tyrrhenian Seas are both
on the Western side of the ltalian Peninsula, while the Adriatic Sea is on the Eastern side.

Furthermore, the Adriatic Sea must be split into two sub-regions because the two areas
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have a different coast exposure and the southern area is much more exposed to cold
Eastward winds, especially in winter. Thus, in this step, Ligurian, Tyrrhenian and North-
Eastearn Adriatic effects were studied, whereas South-Western Adriatic is discussed in
chapter 4.5.

A sub-set of coast stations (only stations not farther than 60 kilometres from the coast)
was selected in order to perform monthly linear regressions between the station residuals,
obtained after taking into account the temperature dependence on the leading
geographical variables and on the morphological variables, and the distance from the
coast for every station of this sub-set. According to these definitions, 35 stations for
Ligurian Sea area, 45 stations for Tyrrhenian Sea area and 30 stations for North-Eastern

Adriatic Sea area were identified.

= Liguria-CoteAzur o ® Liguia-CoteAzur

Fig. 19-20 : Temperature residuals (after taking into account the temperature dependence on leading geographical and
on morphological variables) vs. distance from the Mediterranean coast for January and July.

3.0

-4.0

Fig. 21-22 : Temperature residuals (after taking into account the temperature dependence on leading geographical and
on morphological variables) vs. distance from the Tyrrhenian coast for January and July.
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Fig. 23-24 Temperature residuals (after taking into account the temperature dependence on leading geographical and on
morphological variables) vs. distance from the Adriatic coast for January and July.

Such a procedure can be summarized by the following two steps (it was used for each
month, for each different Sea Area):

1) From R w stations at 4" step = we found g, h from  regression

RLM stations = g(DlStCOClSt) +h

stations

2.) Using the same coefficients g,h = we calculated R™" moaer = g(DistCoast ) ., +h

where R™ yuions are the residuals after the evaluation of the leading geographical effects

and of the morphological effects, (DistCoast),, ... is the distance from the coast of the

stations, (DistCoast), 4, is the weighted distance from the coast of the grid cell. This

weighted distance from the coast was based on a simple algorithm that sums up the linear
distance from the nearest sea coast and the height differences (orographical obstacles)
between the grid cell and the nearest sea coast (see fig. 25).

It was found a Sea effect for the Ligurian Sea of 3.1°C in January on the Ligurian coast
(see fig. 19) and of -2.0°C for July (see fig. 20); it was found a Sea effect for the
Thyrrenian Sea of 2.2°C in January on the Tuscan coast (see fig. 21) and of -1.6°C for July
(see fig. 22); it was found a Sea effect for the North Adriatic Sea of 2.3°C in January on the
Friulian Coast and Istria (see fig. 23) and of -0.7°C for July (see fig. 24).

Moreover, it was found that the Ligurian Sea and the Tyrrhenian Sea influence climate
inland to 40 km from the coast, the North-Eastern Adriatic Sea to 60 km.
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Fig. 25 : Weighted distance from the coast for the area under examination
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Fig. 26 : Warming sea effect (except South-Western Adriatic) for January.
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The next step was the comparison between the modelled normal temperatures and the
observed values. As in the previous steps, such a comparison was performed by studying
the residuals.

In other words, the estimated temperature of each station according to the model including
the elevation, the latitude, the longitude, the summit/valley, the facet exposure and the sea
effects was calculated first and, secondly, the difference between the observed and
modelled values for each station was calculated.

Such a procedure can be summarized by the following steps:

3.) Using &.h (DistCoast)station = we calculated back R™" srionmodeiiea = g(DistCoas?) .. +h
for each station

LMS )
R station mod elled = we calculated the new residual

LM
4.)From R™ stations ;
LMS LM LMS ,
R station = R station — R stationmodelled for each station

5) We used T ™ moaet = T™ modet TR M5 ed el for each grid cell of the considered area.

The overall accuracy of the model shows a remarkable improvement in the statistical

parameters (fig. 27).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME -0.16 -0.11 -0.09 -0.08 -0.07 -0.06 -0.10 -0.08 -0.05 -0.07 -0.13 -0.15 -0.10
MAE 093 080 072 073 072 078 082 081 073 071 077 093 0.79
RMSE 120 102 092 091 090 098 1.05 1.01 092 091 096 1.18 1.00

Fig. 27 : Accuracy of the model including the dependence of temperature on the three leading geographical variables,
on the morphological variables and on the sea effect.

An intrinsic bias is still present, butbut e Sea effect. variables
and

the MAE is
now below the threshold of 1°C in every month, even in January and in December; the
average RMSE is just equal to the threshold of 1°C and it is below the threshold in seven

out of twelve months.
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4.3 The Lake effect

The sixth step concerned the evaluation of the Lake effect: a slight cooling Lake effect in
summer and a slight warming effect in winter were expected in the first kilometres inland
from the lake coasts: the lake effect is very similar to the Sea effect, but it is a smaller
effect and it decreases inland to a very small distance from the lake coast (not more than
5-10 km compared to 30-70 km for Sea effect).

In the geographical area under examination, 4 sub-Alpine (Maggiore, Lugano, Como,
Garda) and 5 North-Alpine lakes (Zurich, Bodensee, Leman, Neuchatel,
Vierwaldstattersee) were studied: each lake was studied separately.

As for the sea effect, a sub-set of “lake” stations (only stations not farther than 10
kilometres from the lake) was selected in order to perform monthly linear regressions
between the station residuals, obtained after taking into account the temperature
dependence on the leading geographical variables, on the morphological variables and on
the sea effect, and the distance from the lake for every station of this sub-set. According to
these definitions, only 25 lake stations were identified.

The same approach used for sea effect de-trending was adopted.

Such a procedure can be summarized by the following two steps (it was used for each
month, for each lake):

1.) From R™ suions at5" step = we found i, j from regression R™ swaiions =i(DistLake) . .+ j

2.) Using the same coefficients i, j = we calculated R YK od et = i(DistLake ) +

mod el

where R™ .ions are the residuals after the evaluation of the leading geographical effects,

of the morphological effects and of the Sea effect, (DistLake) is the distance from the

stations

lake of the stations, (Distlake) .., is the weighted distance from the lake of the grid cell

calculated from the GTOPOS3O0 (it takes into account the linear distance from the nearest
lake, the elevation of the grid cell and the orographical obstacles between the grid cell and
the nearest lake).
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It was found that for Bodensee, Vierwaldstattersee and Neuchatel Lakes the lake effect is
negligible and that the 4 lakes South of the Alpine ridge have very similar coefficients: so,
the i, j coefficients were re-calculated and averaged for them.

For example, it was found on the Garda Lake coast, in January, a warming effect of
approximately 1 °C , that is smaller than the Ligurian warming winter effect on French
Riviera (approximately 2.6 °C / 3.2 °C) just on the coast.

The average residuals calculated for the lakes, related to the first kilometre from the lake
coast, are shown in fig. 28.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
Sub-Alpine
Lakes 1.07 077 0.57 0.28 -0.13 0.07 0.18 0.31 046 0.69 072 1.11 0.51
Leman
Lake 0.73 0.13 -0.59 -0.94 -1.02 -1.16 -1.12 -1.01 -0.75 -0.25 0.28 0.85 -0.40

Fig. 28 : Values of residuals at 1 km from the lake coasts.

The sub-Alpine Lakes (Maggiore, Como, Garda, Lugano), show a warming effect in winter
that is stronger than the Leman Lake one, on the contrary the Leman Lake show a
stronger cooling effect in summer; moreover the average yearly lake effect is a cooling

effect for the Leman Lake and it is a warming effect for the 4 sub-Alpine lakes.
Once again, the next step was the comparison between the modelled normal temperatures
and the observed values. As in the previous steps, such a comparison was performed by

studying the residuals.

Such a procedure can be summarized by the following steps:

e LK e :
3.) Using 1, ,(DistLake)station = we calculated back R™" sirionmodeiiea = 1(DistCoast), ..+ ] for
each station
s LK
4.)From R™" stations , R™" station mod elled = we calculated the new residual

LK LMS LK ,
R station = R station _R stationmodelled for each station

LMS
T

LK LK
5)Weused T ™" modet = mod ot TR ™" mod et for each grid cell of the considered area.
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The overall accuracy of the model shows a small improvement in the statistical parameters
of the model (fig.29).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME 019 -0.12 -0.08 -0.07 -0.05 -0.04 -008 -0.07 -0.05 -0.07 -0.15 -0.18 -0.10
MAE 091 079 071 072 070 076 081 080 071 071 076 0.91 0.78
RMSE 118 1.02 091 090 089 097 1.04 1.00 091 090 095 1.17 0.99

Fig. 29 : Accuracy of the model including the dependence of temperature on the three leading geographical variables,
on the morphological variables , on the Sea effect and on the lake effect.

4.4 The Po Plain cold air pool effect

By observing the winter residual distributions after the evaluation of the elevation, the
latitude, the longitude, the Sea and the lake effects, it was noticed that in 5 months (from
November to March) the stations located in the Po Plain have negative residuals,
especially high from December to February. This is due to the inversion phenomena which
frequently occur in the Po Plain lowlands and to the cold air masses stagnating in the Po
Plain; furthermore, this effect is coupled with the longitude effect caused by continentality.
This phenomenon was not studied just considering the stations located in the Po Plain, but
the area under this influence was enlarged towards South until Lat 42.5°E on the Eastern
side of the Apennines, thus encompassing the area between the Adriatic coast and the
Apennines beacuse the cold air masses effect is present not only in the Po Plain but even
on the Adriatic coast in Romagna and Marche.

It was decided to model this effect considering also the elevation as a parameter, because,
from the residuals obtained after the evaluation of the leading geographical variables, the
morphological variables, the sea and the lake effects, a relation between such negative
residuals and elevation was found: the residuals tended to decrease as the elevation

increased.
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From the analysis of the residuals, it was inferred that the inversion phenomena are not
present in the Western part of Central Italy (that is the Tyrrhenian Sea coast, in fact
Tuscany and Latium are generally warmer than Romagna and Marche in winter months).
In order to define the area influenced by the ‘Po Plain’ effect, only stations located at an
elevation not higher than 600 m were considered: this threshold was chosen to include the
hill area in the South-Western of Piedmont where the inversion phenomena are present.
Another condition was added to model this effect: grid cells must have a slope value
smaller than 0.15: thus hill sides and Pre-Alps were excluded because air masses can
only station on locally flat areas.

According to these conditions 105 stations were selected for the analysis.

Fig. 30-31 : Temperature residuals (after taking into account the temperature dependence on leading geographical on
morphological variables, on Sea and lake effects) vs. elevation in the Po Plain area for January and July.

Such a procedure can be summarized by the following two steps (it was used for every

month):

1.) From R™ suations at6" step = we found I, m from regression R"" siaiions =1(€lev) o, +M

2.) Using the same coefficients |, m = we calculated R moaer = [(elev),, ., +m

where R suions are the residuals after the evaluation of the leading geographical effects, of

the morphological effects and of the Sea end the lake effects, (elev),, ... is the elevation
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of the stations, (elev)_.,., is elevation the of the grid cell from GTOPOS30 digital elevation

mode
model (it is the average elevation of the cell, not the elevation of the grid cell’s centre).

It was found that this effect is noteworthy in five months: from November to March (e.g.
-1.4 °C at 5 m in January), whereas in late spring, in summer and in early autumn months
this effect is negligible (see fig. 30-31).

Another interesting result is that in the proximity of the coast, in winter, the warming sea
effect prevails against the cold air masses effect up to 5 kilometres from the coast in

Veneto and in Romagna.

As the same, it was evaluated the comparison between the modelled normal temperatures

and the observed values by studying the residuals.
Such a procedure can be summarized by the following steps:

. PP .
3.) Using I, m, (elev)station = we calculated back R swtionmodeiiea = I(elev), .. ~+m for each station

LK PP .,
4.)From R ™ sations , R™" station mod elled = we calculated the new residual
PP LK PP )
R station = R™" station— R’ stationmodetiea for each station

PP LK PP , o
5)Weused T modet =T 4, TR model for each grid cell of the area under examination.

After the evaluation of the so-called Po Plain effect, statistical parameters of the model

show an improvement (see fig. 32).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME 0.00 001 -0.02 -0.07 -005 -0.04 -008 -0.07 -0.05 -0.07 -0.03 -0.01 -0.04
MAE 084 075 069 072 070 076 081 080 071 071 072 0.85 0.76
RMSE 108 096 089 090 089 097 1.04 1.00 091 090 091 1.08 0.96

Fig. 32 : Accuracy of the model including the dependence of temperature on the three leading geographical variables,
on the morphological variables , on the Sea effect, on the lake effect and on the Po Plain effect.
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The most important refinement is the removal of the intrinsic bias for winter months, in fact
ME is null, e.g., for January. The average MAE and RMSE are both below the 1 °C
threshold.
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Fig.33 Po Plain cold air masses effect for January

Some further considerations: small geographical corrections (the effect was dampened as
Latitude decreases, below 44 °N) were introduced to create a model that reproduce in the
most accurate way the station data (see fig. 33).

The model was created considering a one-layer atmosphere: in general, this could lead to
a wrong evaluation of temperatures in the first 500 meters. In this case, the Po Plain
inversion effect corrects this intrinsic problem.

In order to compare the results obtained after the inclusion of the Po Plain effect in the
one-layer model with the results that it would be obtained if it had been used a two-layer

atmosphere (elevation split threshold at 1500 m), such a two-layer model was applied.
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It was found that the model described in this report (i.e. the one-layer atmosphere model
plus the Po Plain effect in five months) is more similar to station data than the two-layer
model: in fact, the overall accuracy of the statistical parameters show is better for the one-
layer atmosphere model, the average MAE is lower (0.75 versus 0.9), and also the RMSE
is lower (0.95 versus 1.15).

4.5 The Sea Effect (Part ll: South-Western Adriatic Sea)

The seventh and last step concerned the evaluation of the South-Western Adriatic Sea
effect: as for the other seas in the area studied, a cooling Sea effect in summer and a
warming effect in winter are expected in the first kilometres inland from the coast.

The conditions for the station selection were the same adopted in chapter 4.2, thus we
selected 20 stations for this analyses.

The residuals (for the selected stations) obtained after the evaluation of the temperature
dependence on the three geographical and the morphological variables, of the Sea, the
lake and the so-called Po Plain effect were studied in order to analyze their dependence
on the distance from the South-Western Adriatic Coast with a linear regression performed
for every month (see fig. 34 for January and fig. 35 for July).

1.0

05

0.0

-05

-1.0

-15

20

25

-3.0

Fig. 34-35 : Temperature residuals (after taking into account the temperature dependence on leading geographical on
morphological variables, on Sea, on lake and on the Po Plain effects) vs. distance from the South-Western for January
and July

The procedure is formally the same explained in chapter 4.2, and it can be summarized by
the following two steps (it was used for every month):
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1.) From R"" swations at 7" step = we found o, p from regression R™ swsions = 0(DistCoast) .. .+ p

2.) Using the same coefficients o, p & we calculated R’ moaer = 0(DistCoast )_,., + P

where R uions are the residuals after the evaluation of the leading geographical effects,

of the morphological effects and of the other effects already evaluated, (DistCoast) , ... is

the distance from the coast of the stations, (DistCoast),. ., is the weighted distance from

mode
the coast of the grid cell. This weighted distance is the one used in chapter 4.2 (see fig.
25).

It was found a Sea effect for the South-Western Adriatic Sea of 1.0 °C in January on the
Marche coast (see fig. 34) and of -0.6 °C for July (see fig. 35), moreover the South-
Western Adriatic Sea influences climate inland up to 40 kilometres (see fig. 36)

48°

LAT [deqg]
&

EN

43°

42°

10°
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Fig.36 South-Western Adriatic Sea warming winter effect for January

Temperatures measured in Marche are hotter than in Veneto, because of a less intense
Po Plain cooling effect in winter and because of the Latitude effect. The main difference

between North-East Adriatic influence and the South-West one is the smaller cooling
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summer effect: this probably depends on the Alps that are an orographical barrier against
cold weather fronts for the Northern part of the Adriatic Sea.

Once again, the next step was the comparison between the modelled normal temperatures
and the observed values. As in the previous steps, such a comparison was performed by
studying the residuals.

Such a procedure can be summarized by the following steps:

3.) Using o, p, (DistCoast)station & we calculated back R™ siasionmodeiea = 0(DistCoast) .. + p for
each station

PP AS )
4. )From R siations , R™ station mod elied = we calculated the new residual
SS PP AS .
R station = R station — R stationmodelled fOr each station

5)Weused T 5 model =T rr +R* mod e/ for each grid cell of the considered area.

mod el

RSSstation and  T%moder are, respectively, the final residuals for every station and the final
temperature values for every grid cell.

Such quantities were used to calculate the final statistical parameters of the climatological
model, thus the overall final accuracy of the model is shown in (fig. 37).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average

ME -0.04 -0.02 -0.03 -0.06 -0.05 -0.04 -0.08 -0.07 -0.06 -0.09 -0.05 -0.04 -0.05
MAE 083 074 069 071 070 076 081 079 071 070 071 0.83 0.75
RMSE 106 096 089 090 089 096 1.03 1.00 091 090 090 1.07 0.95

Fig. 37 : Final accuracy of the model including the dependence of temperature on every geographical, morphological
and physical effect considered.

A small negative bias in winter months is present, but the geographical MLR model
satisfies the error thresholds (MAE and RMSE are smaller than 1 °C); these parameters

evaluation substitutes a jack-knife cross validation.
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5. Future improvements

5.1 The Urban Heat Island Effect

It is well known that big cities (more than 50,000 inhabitants and population density at
least 300 inhab/km?®) can cause an urban heat island especially in winter, during calm
nights with clear sky (Oke, 1973; Oke, 1982).

In this study 25 urban stations in the ltalian area were considered and linear regressions
between temperature residuals versus population (number of inhabitants), versus the
logarithm of population (as some papers suggest), versus density of population, versus the
logarithm of density were performed. The results did not show a clear urban heat island
(UHI) effect.

Maybe this is due to an incorrect classification of the stations: in the HISTALP database
there are stations labelled as “urban” that are located a few kilometres away from the cities
or, in some cases, the stations are located in airports which are not in the urban area
(Milan Malpensa station is an example of that misleading label).

Another reason that may cause this difficulty in clearly detecting the UHI effect may be due
to the fact that this phenomenon has a very local scale which is linked to features like the
materials used for buildings, the canyon-free factor, the sky-view factor and so on.
Therefore, the characteristic spatial scale of the UHI is the micro-scale. Such a scale is
unfortunately very hard to be captured with the HRT HISTALP database which has, on one
hand, a low spatial density of stations and, on the other hand, a not sufficiently precision
(less than 50 m) in the latitude and longitude geographical coordinates of the stations, thus
causing problems to determine the right position of all stations.

Anyway, in spite of all these problems, it was decided to include in the HRT climatologies a
first and very preliminary evaluation of the UHI effect. Such an estimate was based on
regressions of the temperature residuals obtained after considering all the effects already

described in this report, versus population. The regressions were not only performed for

30



the ltalian area, but for the entire GAR, selecting three groups of stations (stations with a
population between 50,000 and 500,000 inhabitants, between 500,000 and 1,000,000,
more than 1,000,000). The preliminary results show that the UHI effect varies with density
of population: it ranges, for towns between 500,000 and 1,000,000 inhabitants, from 0.4 °C
to 0.9 °C in winter and from 1.3 °C to 2.2 °C in summer.

The inclusion of the UHI effect does not the improve statistical parameters of the model
described in this report. The ME and the RMSE does not change, and the MAE improves
only 0.01 °C.

In order to better consider the urban heat island effect in an oncoming future, it would be
helpful a better localization and choice of “urban” station will be necessary and it will
probably be useful taking into account not only the land cover value associated to the grid
cell where a temperature station is located, but also the land cover values of the
surroundings grid cells (8 cells at least) and, in the end, analyses based on couples of
urban versus rural stations located no more than 25 km from one another can probably
give a more detailed study of the UHI effect.

5.2 The Land Cover / Land Use Characterization

In recent literature no papers trying to include land cover in construction of hig resolution
temperature climatologies were found. In order to evaluate a land cover effect, a high
resolution and updated land cover data set, a great number of stations and a very efficient
code to perform the analyses are requested. There are two different land cover grids
useful for the GAR area.
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PELCOM classification scheme
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Fig. 38 : PELCOM Land Cover Data for Europe (1 km? resolution) and classification scheme.
This first one is PELCOM Land Cover pan-European database (fig. 38), it is data updated
to 2001 and this is not the best solution for 1961-90 climatologies. The data are projected

using Albers Conical Equal Area projections, the resolution is 1 km? for each grid cell.
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Fig. 39 : USGS Land Cover Data for Europe and Asia (1km resolution)

The second one is USGS Land Cover Eurasia database (fig. 39), it is updated to 1993.
The data are projected using Interrupted Goode Homolosine projections or Lambert
Azimuthal Equal Area projections, and its spatial resolution is 1 km? for each grid cell.

A great number of stations is needed to evaluate the land cover effect, because a
significant number of station data should be associated to each kind of land cover. Each
station is located in a grid cell with its land cover value (which corresponds to a different
land type, for example deciduous forest, grassland, shrub land and so on), then data
stations will be joined into small groups (one group for every land cover type).

The classification scheme of PELCOM land cover database has 14 land cover categories:
at least, for each category, 20 stations are needed (but 50 would be preferable). The
model described in this report is based on 664 stations, thus the HISTALP database has
enough stations to perform a land cover study for the Northern part of Italy. On the other
side, the USGS land cover scheme has more than 20 land cover different categories: in
this case it will be necessary to perform the data analysis using a greater area (the whole
GAR with their 1750 stations) because a greater number of temperature stations is
needed.

It can be supposed that a land cover effect evaluation will significantly improve the model,
even though the benefits of the use of land cover data can be estimated only in future

works.
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6. Results: HRT monthly maps for 1961-90

6.1 The Fortran code

A Fortran program with a simple structure was encoded (with a subroutine for each effect)
and it was used to pass from residual data and temperature modelled values for each
station to gridded temperature climatologies. Twelve short (from 450 to 650 code lines, it
depends on the number of effects considered, for example in winter months there is no Po
Plain effect) programs were written (one for each month) and one for the average
temperature climatology. The thirteen programs final run did not take more than 30
minutes: fast Fortran codes were created to produce our final model with gridded data (the
so called climatologies). Thus station data were converted into continuous gridded data.
Then it was used GMT (Generic Mapping Tools, a free software available online thanks to
Honolulu University, department of Geophysics) to create the temperature maps.

6.2 Final statistical parameters and discussion
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The final ME is -0.05 °C, an intrinsic negligible negative bias; the final MAE is 0.75 °C; the
final RMSE is 0.95 °C. Such values were found just evaluating the final temperature
residuals (measured values minus final modelled values), whereas a jack-knife cross
validation was not performed.

No station was rejected, if only 5% of the data (the stations with the highest, negative or
positive final residuals), had been rejected, the model would have had better statistical
parameters (ME -0.03 °C, MAE 0.67 °C, RMSE 0.77 °C) but it would have been less

realistic.

If the final averaged residuals of our model are plotted in monthly maps, there are only two
areas where the average station residuals are larger than 1.0 °C: the South West of
Piedmont (Langhe and Monferrato) in winter and the Adige (Etsch) Valley in winter and
summer. The South-Western Piedmont is hotter than reality, because the Po Plain effect
was modelled with a linear regression between temperature and elevation: this area is
located at approximately 500 m, thus the effect in the model is not well captured even
though that area has a rather continentality. In the Adige Valley there are 5-7 stations with
very highly negative residuals (about -2.5 °C) in winter and very highly positive ones (more
than 2.0°C) in summer: this is probably due to the remarkable inversion effects in Adige
Valley and in secondary valleys in that area. Also this effect is probably caused by the high
continentality effect that is not properly captured by the model. A third area with
significantly negative residuals was found, the Bernese Oberland: this are is all the year
round hotter in the model than in reality: this is a very cold area (approximately 0.8°C
every month), probably because this is an area particularly exposed to the Atlantic cold

weather fronts.
Finally, the statistical parameters only for the ltalian stations were evaluated: the result is a
little bit worse because the model was planned for a bigger area: ME is 0.11°C and it

means that the intrinsic negative bias for our model is caused by some cold areas over the
Alps, MAE is 0.79°C and RMSE is 1.01°C.

6.3 HRT monthly 1961-60 maps
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Fig. 40 : January temperature map.
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Fig. 41 : February temperature map.
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Fig. 42 : March temperature map.
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Fig. 43 : April temperature map.
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Fig. 44 : May temperature map.
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Fig. 45 : June temperature map.
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Fig. 47 : August temperature map.
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Fig. 48 : September temperature map.
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Fig.49: October temperature map
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