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Morphological description of the rain structures in the Padana
valley
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Abstract. A large data base of radar images collected in vari-
ous years from January to December in the Padana valley was
analyzed in order to identify the physical and morphological
characteristics of the rain structures. This information are of
great concern both in meteorological and in telecommunica-
tion applications. The analysis of the rainy characteristics of
the cells identified and extracted from the radar maps by im-
posing a rain threshold at 0.5 mm/h showed that an exponen-
tial distribution of rain is able to properly describe the various
quantities like peak, average, rms and standard deviation of
rain rate. As for the description of the rainy pattern, various
indicators were introduced such as the inertial and the con-
tour (encircling) ellipses, the circularity and the elongation
that in different ways have evidenced that the rain cells are
mostly elongated with the larger dimension 1.5 times longer
than the shorter one. The study of the degree of fragmen-
tation of the cells showed an almost steady decrease of the
“daughter” cells with increasing the rain intensity threshold
passing from an average value of nearly 2 at 1 mm/h to 1.2 at
50 mm/h.

1 Introduction

The impact of rain precipitation is of great concern both in
meteorological and in telecommunication applications. In
the first case, the study of the rain structures, their time and
space evolution and their morphological description are fi-
nalized, for instance, to hydrology where the control of the
water level in lakes, flood forecasting of river catchments are
of great interest and to nowcasting of intense rain precipita-
tion evolution for a substantial support to the civil protection
activity. In telecommunication applications a complete de-
scription of the rain structures is needed as basic input for
propagation related models with a sound physical basis, for
the prediction of the impairments suffered from radio waves
at centimetre and millimetre wavelengths in their propaga-
tion through the precipitating atmosphere. In this respect,
radar are unique tools in supplying precipitation maps from
which it is possible to identify and describe the morpholog-
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ical pattern and evolution of the rain cells seen within the
coverage area. In this work, a set of analytical descriptors
has been chosen able to give a complete, but very concise
characterization of the rain structures. Among them there
are: area, peak and average value of rain rate, cell barycen-
tre, cell dynamic, cell ellipticity and orientation, moments of
inertia of the rain structure. The paper introduces all these
parameters giving the rationale for their choice and their sta-
tistical description.

2 The data base

The data base used for this study is constituted by reflec-
tivity maps collected during the period 89–91 by the S-
band Doppler meteorological radar sited at Spino d’Adda
30 km east of Milan (Italy), in the centre of the Padana val-
ley. The main features of the equipment are: 500 kW peak
power, 2 deg beamwidth, 0.5µs pulse duration, 500 Hz of
PRF (Pulse Repetition Frequency) and−102.5 dBm as MDS
(Minimum Detectable Signal). In order to get images with
very high spatial detail and almost clutter free, only the cen-
tral portion of the area seen by the radar was selected thus
limiting the maximum range to 40 km. In particular, this
choice was forced by the presence of the Alps towards north
and of the Apennines towards south with respect to the radar
site. The drawback of this reduced field of view is a limita-
tion in the maximum dimension of the rain cells and it has
to be taken into account in the interpretation of some param-
eters Data coming from three different elevations (3, 5 and
7 deg) where used to build up a pseudo cappi at 1 km height
above the ground. Reflectivity Z was converted into rain rate
R through the use of the Marshall&Palmer Z-R relation that
was proved to work very well on a statistical basis in the
meteorological contest of the Padana valley (Pawlina,1984).
The minimum threshold in rain rate was set to 0.5 mm/h. In
turn, each polar image was converted in a picture on a Carte-
sian grid with pixel dimensions of 500×500 square meters.
The complete database is constituted by 59 rain events span-
ning from January to December for a total of 16 051 radar
pictures containing rain. Each picture took 76 s to be col-
lected summing 339 h of observation.
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Fig. 1a. Scatterplot of the statistical descriptors (Rmed -Rmax ).
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Fig. 1b. Scatterplot of the statistical descriptors (Rrms -Rmax ).

3 Data analysis

3.1 Rain parameters

Rain cells, defined as an ensemble of connected pixels hav-
ing an associated rain rate greater than a given threshold
(Capsoni et al., 1987), (Goldhirsh and Musiani,1992), were
extracted from each radar map with a proper SW code and
classified according to a set of parameters that are linked to
both the morphological and the geometrical characteristics
of the rain structure. Rain structures crossing the contour of
the observation area were disregarded; being in fact only par-
tially “visible”, their parameters would be incorrectly evalu-
ated. The few pixels contaminated by clutter left by the pre-
processing procedure were replaced by the value of rain rate
obtained by linear interpolation of the adjacent ones. Fig-
ures 1a to d give a comprehensive picture of the morphology
of the rain cells constituting the data base. The main param-
eters such as peak (Rmax), average (Rmed ), and rms (Rrms)
value, and the standard deviationσR of the rain rate distri-
bution inside each rain structure are reported in scatterplot
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Fig. 1c. Scatterplot of the statistical descriptors (σR-Rmax ).
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Fig. 1d. Scatterplot of the statistical descriptors (Rmed -Rrms ).

format. For each figure, the curves representing the relation
between the variables on the axes for a synthetic rain cell
with elliptical cross section, having a general analytical ex-
pression of the form:

R(x, y) = Rmax exp−

(
x2

a2
+

y2

b2

) 1
k

(1)

are plotted for different values ofk. In Eq. (1)R(x, y) is the
value of rain rate at positionx, y of a synthetic rain cell with
the peak in (0,0), anda, b are the distances from the peak
along the x,y axes respectively, at a rain rate value equal to
Rmax/e. A cell with Gaussian rain profile corresponds to
the choice ofk = 1, while k = 2 refers to an exponential
shaped rain cell. Higher values ofk represent super expo-
nential cells. As one can appreciate most of the points lie
between the Gaussian and the exponential shape. For exam-
ple, with reference to Fig. 1a for a givenRmed the Gaussian
profile underestimates the peak rain rate, while the opposite
is true for the exponential profile. However if we take into ac-
count that the measured peak represented on the scatterplot
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is the value of rain rate averaged over the area of the Carte-
sian pixel, while the analytical curve is referred to the peak
value of Eq. (1), it seems very reasonable to deduce that the
exponential profile is the most apt to describe the rain cell
population. This result confirms what already found on a
different data base and different threshold parameters in the
same geographical area (Capsoni et al., 1987). Obviously,
the synthetic shape of the cells looses some features of the
real rain structures, but from the other side it allows a very
easy analytical manipulation as it is required in the case of
modelling.

3.2 Geometrical parameters

The commonly elongated form of the rain structure can be
easily synthesized by defining an equivalent ellipse. The var-
ious shapes of the rain structures can be described by varying
the ratio between the major and the minor axis of the ellipse
i.e. the ellipticity. Different ellipses can be defined for a
given rain cell; among them the inertial ellipse (Capsoni et
al., 1987), (Feral, 2000) and the contour (encircling) ellipse
have been considered here. The inertial ellipse is defined
through the inertial radiiρi that descend from the cumulative
rain Q and from the moments of inertiaJi of the structure,
a parameter well known in mechanics for the description of
mass geometry:

ρi =

√
Ji

Q
Ji =

∑
Rkd

2
k Q =

∑
k

Rk [mm3/h] (2)

In Eq. (2)dk is the distance of the pixel from the chosen axis
i. The contour ellipse is obtained by identifying first the rect-
angle containing the rain structure: its centre will be also the
centre of the ellipse whose axes are directed as the princi-
pal axes of inertia and are long enough to reach the rectangle
sides. The inertial ellipse gives information on how the water
masses are distributed within the rain structure by taking into
account both their relative position and amount; the contour
ellipse gives information about the physical area interested
by rain, on its extension and orientation. A sketch of the two
ellipses for rain cells of different pattern is presented in Fig. 2
where the differences between the two representations can be
appreciated. With reference to the contour ellipse, we have
analyzed the relation between its area and the rainy area. Fig-
ure 3 shows the distribution function of this quantity where
the average value is 1.42. It is evident that most of the rain
cells tend to have a non symmetrical shape, but rather elon-
gated as it is confirmed by the very small standard deviation
(0.32). The orientation of the ellipses has been found to be al-
most uniform (Konrad, 1978) with a slight prevalence for the
directions between 10 and 40 deg with respect to north and
independent from the other rain parameters. An alternative
way to account for the geometrical form of the rain structure
is to consider its circularity (Cir) and its elongation (Elg)
defined as:

Cir =
2πA

P 2
Elg =

JM − Jm

JM + Jm

(3)
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Fig. 2. Inertial and contour ellipses.
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Fig. 3. Distribution of the ratio between the areas of the contour
ellipse and the rainy area.

whereA andP are the area and the perimeter respectively
of the cell,JM andJm are the max and min value of the rain
cell moment of inertia. The probability density function of
these two quantities computed for different rain thresholds
are reported in Figs. 4 and 5, respectively. The curves show a
very similar behaviour almost independent on the rain thresh-
old; the peak of the density tends to increase slightly as the
threshold increases. A comparison of the two distributions
shows that the peak density occurs for low circularity values
and high elongation values This results has to be expected
because the two parameters describe the characteristic of the
structure in two opposite ways: the circularity decreases as
the elongation of the structure increases.

3.3 Spatial distribution

When modelling the precipitation field by means of multi-
ple rain cells, it is important to know how to rearrange the
synthetic cells in space in order to reconstruct a sort of syn-
thetic radar map. To this aim it is of interest to know the
distance among the cells in terms of distance between their
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Fig. 4. Probability density of the circularity: each symbol refers to
a different threshold in rain rate.

Fig. 5. Probability density of the elongation: each symbol refers to
a different threshold in rain rate.

geometrical centres. The analysis has considered 7475 maps
out of the total 16 051 containing at least two rain cells,
34 500 cells for a total amount of 71 587 couples. In fact
the average number of rain structures per image is 2.21. The
results can be summarized as follows: the average distance
is about 29 km with a standard deviation of 16.19 km.

3.4 Mother cells and daughter cells

The last parameter presented in this paper is the relation be-
tween what we called mother cells and daughter cells. The
definition of these two quantities is obvious: the rain struc-
ture at the lowest rain intensity level is the mother of daugh-
ters that are obtained from it by increasing the rain threshold.
The mother threshold is 0.5 mm/h. The average number of
daughters represents the degree of fragmentation of the rain
structure. Two different quantities have been computed ac-
cording to the quantity taken as the reference to evaluate the
average: number of mothers with daughters or number of
cells at the preceding threshold. The results are presented in
Fig. 6. As it can expected, the average number of daughters
decreases as the threshold increases because cells become
smaller and the probability of fragmentation is lower.
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Fig. 6. Average numbers of daughters at the different rain rate
threshold. The line with dots is obtained after normalization with
the total number of cells with daughters, the line with diamonds is
obtained after normalization with the total number of cells.

4 Conclusions

A large data base of radar images collected in various years
from January to December in the Padana valley has been an-
alyzed in order to identify the physical and morphological
characteristics of the rain structures. The analysis of the rainy
characteristics of the cells recognized on the radar maps has
shown that an exponential distribution of rain is able to prop-
erly describe the various quantities like peak, average, rms
and standard deviation of rain rate. As for the description
of the rainy pattern, various indicators have been introduced
such as the inertial and the contour (encircling) ellipses, the
circularity and the elongation that in different ways have evi-
denced that the rain cells are mostly elongated with the larger
dimension 1.5 times longer than the shorter one. The study
of the degree of fragmentation of the cells has shown an al-
most steady decrease of the “daughter” cells with increasing
the rain intensity threshold passing from an average value of
nearly 2 at 1 mm/h to 1.2 at 50 mm/h.
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