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Abstract

Many phenomena (such as attenuation and range digign®) can influence the accuracy of
rainfall radar estimates. They introduce errorst tingrease as the distance from the radar
increases, thereby decreasing the reliability afaraestimates for applications that require
quantitative precipitation estimation. The aim & tpresent work is to develop a range
dependent error model called adjustment factot, ¢tha be used as a range error pattern for
allowing to correct the mean error which affectsgdgerm quantitative precipitation estimates. A
range dependent gauge adjustment technique wae@pplcombination with other processing
of radar data in order to correct the range dep#@neleor affecting radar measurements. Issues
like beam blocking, path attenuation, vertical stiwe of precipitation related error, bright band,
and incorrecZ-R relationship are implicitly treated with this typémethod. In order to develop
the adjustment factor, radar error was determinétl vespect to rain gauges measurements
through a comparison between the two devices, baseithe assumption that gauge rain was
real. Therefore, th&/R ratio between the yearly rainfall amount measunedach rain gauge
position during 2008 and the corresponding radanfath amount was calculated against the
distance from radar. Trend of tl&R ratio shows two behaviors: a concave part duehé¢o t
melting layer effect close to the radar locationg @an almost linear increasing trend at greater
distance. Then, a linear best fitting was usedrtd &n adjustment factor, which estimates the
radar error at a given range. The effectivenesth®@fmethodology was verified by comparing
pairs of rainfall time series that were observadutianeously by collocated rain gauges and
radar. Furthermore, the variability of the adjustitniactor was investigated at the scale of event,
both for convective and stratiform events. The mrasult is that there is not an univocal range
error pattern, as it is also a function of the evenaracteristicsOn the other hand, the
adjustment factor tends to stabilize over long qgagiof observation as in the case of a whole

year of measures.



Sommario

Molti fenomeni (come ad esempio l'attenuazione gegnale e la degradazione in range)
possono influenzare I'accuratezza delle stime rddaroggia. Essi introducono degli errori che
aumentano allaumentare della distanza dal radducendone quindi I'affidabilita riguardo ad
applicazioni che richiedono stime quantitative degipitazione. Lo scopo di questo lavoro e
sviluppare un modello dell’errore variabile cordiatanza detto adjustment factor, che consenta
di correggere I'errore che mediamente inficia lenstquantitative di pioggia a lungo termine.
L’adjustment factor € stato applicato in combinaeiacon altre elaborazioni di dati al fine di
correggere I'errore variabile con la distanza clera le stime radar di pioggia. Errori dovuti a
blocco del fascio, attenuazione, struttura vemticdélla precipitazione, presenza dello strato
fondente e relaziong-R non corretta sono implicitamente trattati con dgmesetodologia. Per
mettere a punto l'adjustment factor I'errore detlara € stato valutato rispetto alle misure
pluviometriche mediante un confronto che si badldmatesi che la misura di pioggia fornita dal
pluviometro sia reale. Quindi, il rappor@&/R fra la cumulata annuale di pioggia ottenuta in
ciascun sito pluviometrico per I'anno 2008 e larispondente cumulata radar € stato calcolato in
funzione della distanza. L’andamento trovato mostue diversi comportamenti: un tratto
concavo dovuto all'effetto dello strato fondentdatigamente vicino al sito del radar e un
andamento all'incirca lineare crescente per digamaggiori. Successivamente I'adjustment
factor € stato stimato fittando I'andamento di &), i cui valori sono stati convertiti in dB.
L’efficacia della metodologia e stata verificatanfontando coppie di serie storiche di pioggia
osservate simultaneamente dai pluviometri e darrdd oltre, e stata investigata la variabilita
del modello di errore a scala di evento, considdwasia eventi convettivi che stratiformi. Cio ha
mostrato che non esiste un univoco modello di ernora esso varia in funzione delle particolari
caratteristiche dell’evento. D’altra parte, 'adjuent factor tende a stabilizzarsi su lunghi

periodi di osservazione come nel caso di un indemo di misure.
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Introduction

Chapter 1

Introduction

A weather radar is able to provide, in real timd amer a wide region, high spatial and temporal
resolution rainfall intensity estimates. Therefateplays a significant role in the rainfall field
estimation and consequently in the improvementsydfograph simulation (Lopez et al., 2005),
which is necessary for providing flood forecastangd forewarning (with a safety margin) and
for the design of drainage systems (Clothier argrdéta, 2002).

Weather radar has been established as an invaltgdbléor provision of weather services, as it
facilitates monitoring of precipitation events goedicts their short time evolution. However, it
Is not as well established as a tool for the qtetinte estimation of precipitation (Delrieu et al.,
2009). Thus, for many applications (especially agaplons that require long-term guantitative
precipitation estimates, such as those related yirahlic risk assessment) conventional
measurements from a network of sparse rain gaugestifl preferred. In fact, when comparing
data from rain gauges with the corresponding radamates, errors are found that depend on the
distance of the rain gauges with respect to tharrpdsition. Many sources of error affect radar
rainfall estimates at ground level: these inclu@delar miscalibration, range degradation
(including beam broadening and sampling of preaimh at increasing altitude), path
attenuation, ground clutter, instrument sensitiwigrtical variability of the precipitation system,
vertical air motion, precipitation drift, temporabhmpling error, anomalous propagation and
beam-blocking (Brandes et al., 1999; Villarini akchjewski, 2010). These produce an overall
error, which tends to increase as the distance featar increases. As a consequence, the spatial
structure of a rain field derived from weather radaeasurements, that are collected at low
elevation angles, is affected by the way that tdar samples precipitation and is therefore
dependent both on height and size of the radangpkavolume (which increase as the distance
from radar increases) and on orography (the latfwrences errors due to ground clutter and
beam-blocking).

As noted above, the accuracy of radar estimatedés traditionally assessed by performing a
comparison with rain gauges measurements at grétaudors producing discrepancies between
radar and rain gauge data can produce the folloetrays (Zawadzki, 1984): (1) random errors,
such as the error associated with the transformétiom reflectivity to rain rate due to the

variability of drop size distribution (DSD); (2) stematic errors (Villarini et al., 2008b) due to
1



Introduction

radar miscalibration; (3) range-dependent errarsh s sampling uncertainties associated with
the beam broadening and the increase in heightrawitge of the sample volume (Berenguer and
Zawadzki, 2008; Berenguer and Zawadzki, 2009), witause temporal and spatial sampling
differences of the two devices (Villarini et alQGBa).

Radar reflectivity factor4) and rainfall intensity R) both depend on the hydrometeor water
phase distribution within the sampled volume. Keaffiet al. (2000) applied individually at each
radar pixel in real time an optimal relation betweke reflectivity factor and the precipitation
intensity, by using water-phase adjusted radar.daiaally they compared the values of
accumulated precipitation obtained from both raange and radar data.

Giangrande and Ryzhkov (2003; 2005) and Wang arah@hasekar (2010) demonstrated (at S
and X-band respectively) a statistical improvemantrainfall radar estimates by utilizing
polarimetric algorithms based on the specific défgial phaseKpp-R instead of theZ-R
conventional algorithm. In fact, the specific diffatial phase is immune to radar miscalibration,
path attenuation, and partial beam-blocking andess sensitive to drops size distribution
variability, but measurement error is quite higbexsally for light precipitation (Vulpiani et al.,
2012). To provide precipitation estimates at lomgges Giangrande and Ryzhkov (2008)
investigated also the quality of polarimetric raihfestimation at far distances from an S-band
polarimetric weather radar. Recently, to overcomeors due to range degradation and
attenuation, a low-power, short-range, dense ragavork has been used. In particular, the
dense network approach allows to the radars thapdee a network to sample at low altitude,
with higher spatial resolution and increased sefitsit Moreover, the different radar measures
available can be combined to estimate the sigtehaétion (Junyent and Chandrasekar, 2009).
The ratio between rain gauge readings and the sgmreling radar estimates has been often
employed to correct the main field bias due to wagaties inZ-R relationship and system non-
optimal calibration (Seo et al., 2000; Borga anddib, 2000; Gjertsen et al., 2004; Krajewski et
al., 2011). Through this technique, the mean ewbich affects radar rainfall accumulations
with respect to the corresponding rain gauge measemts, is removed by multiplying radar
rainfall accumulations by the ratio of the sum afige rainfall accumulations to that of radar
rainfall accumulations. Then, from this ratio thaltiplicative constant in th&-R relationship is
estimated (Seo et al., 2000). However, its useeasonable only at short ranges, where the
effects of range degradation are negligible, & ratio is relatively low and constant, or if a

dense rain gauge network is available in the rddarain.
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Often rain fields are composed of a convective ertl a stratiform one. In fact, during
convective events, the oldest part of precipitatemds to become stratiform. In this case, there
are cores of convection embedded in larger stratiforecipitation regions (Houze, 1997; Vignal
et al., 2000; Zhang et al., 2008; Zhang and Qi020@n the other hand, coefficients of &R
relation depend on the DSD and, therefore, they watime and space, as well 2R relation
varies geographically depending on the type of ipi&tion (Koistinen and Puhakka, 1986;
Saltikoff et al., 2000; Villarini and Krajewski, 20). Thus, the error introduced %R
relationship is a random error which varies in gpakherefore, in this work, it has not been
represented through an invariant with space mudaplre biasM, namely main field bias. But
we are estimateM only to correct systematic error due to radar alibcation. Moreover, rain
gauge data utilized for this issue are collectely ah short ranges, as detailed in Chapter 5. A
further consequence is that comparison betweengaige and radar rains at the same location
depends on the selectéer relationship (Koistinen and Puhakka, 1986)GIR ratio varies too
rapidly with distance main field bias adjustmenttimoel must be coupled with a procedure for
removing range-dependent bias due to non-unifonrices profile of reflectivity (VPR). VPR is
the ratio between reflectivity at a given altitualed reflectivity at the lowest elevation. Sources
of non-uniform VPR are well known in the literatui®eo et al. 2000; Krajewski et al., 2011),
which offers a number of procedures for real-tidgistment of range-dependent biases (Seo et
al. 2000; Borga and Tonelli, 2000; Vignal et aDP®; Vignal et Krajewski, 2001; Gjertsen et al.,
2004; Zhang et al., 2008; Zhang and Qi, 2010; Kvsie et al., 2011).

The aim of the present work is to develop a rangpeddent error (RDE) model called
adjustment factorAF) that can be used as a range error pattern, wdllolvs to correct the
mean error affecting long-term quantitative preeifpon estimates (QPE). Processing of data is
performed by two separate analyzes. A range depem@deige adjustment technique is applied
in combination with other processings of radar dafachelson et al., 2000; Gjertsen et al.,
2004) for both analyses. Issues like beam bloclkatignhuation, VPR related error, bright band,
and incorrectZ-R relationship are implicitly treated with this typé method (Gjertsen et al.,
2004). In a first analysis th&F represents the effects of range degradations (lieaadening
and sampling precipitation at increasing altitusiich include beam overshooting and sampling
of ice particles above the freezing level), as aslbf other sources of uncertainties such as path
attenuation, radar sampling precipitation withie tmelting layer, and the VPR structure. The

methodology is coupled with a radar calibrationf@@ned with rain gauge data.
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A subsequent analysis is performed to highlightdfiect of signal attenuation. Therefore, the
gauge adjustment technique is coupled with two ggsing of radar data, namely a procedure to
remove the path attenuation, and, subsequentlyadar rcalibration with rain gauge, both
performed before thAF computation, which, therefore, does not take atdoount the effect of
path attenuation. In both analyzes, radar calimnabased on rain gauges data is performed
before theAF estimate. In the latter analysis, correction dhpstenuation is carried out before
radar calibration.

In order to develop thAF, a comparison between radar and rain gauges Ifdiefds is done,
based on the assumption that gauge rain is re&. Mypothesis is formulated because a rain
gauge can directly measure the rain, whereas ahefeahdar derives rain rate from back-
scattered power measurements. As a consequenee,eradr is determined with respect to rain
gauges measurements. Then, the overall samplirag eqcbr is estimated through the evaluation
of the G/R ratio between radar estimates and correspondingyeaige measurements against the
distance from radar. Afterwards, a regression Imeaised to find theAF. Since the spatial
differences between radar and rain gauges samliadar samples in a volume aloft while rain
gauge data are collected in a point when the rapglreach the ground) affect the comparison
between the two devices, a whole year of measursmgmsed to estimate tl&R ratios. In
fact, G/R ratio becomes more stable for longer accumulatiimes, because the influence of
uncertainty caused by mismatches in time and spadermed by the two devices is reduced
(Gabella and Amitai, 2000; Gabella et al., 2001erGen et al., 2004; Ozturk and Yilmazer,
2007). Errors arising from orography are not coasd.

In this way, yearly precipitation amounts (mm) obéa for each rain gauge location, are
corrected. To verify the effectiveness of methodglothe correspondence between pairs of
rainfall processes observed simultaneously by radar by each rain gauge at the rain gauge
position is investigated through the analysis ehtr with distance from radar of Fractional
Standard Error (FSE) index, slope of the scattetsplegression lines betweénandR and the
G/Rratio between rain gauges and radar rainfall atsoun

For this study, rainfall intensity maps, derivedrr reflectivity measurements collected with the
Polar 55C weather radar in 2008 and 2009, arezedili The radar calibration is performed by
using only year 2008 radar and rain gauge dataaisell as thAF estimate.

To verify the effectiveness of the methodologié® synthetic index, the slope of the scatter
plots’ regression lines and tl&R ratio behaviours are analysed in dependence odiskence,
for both the 2008 data sets and for 2009 data befsarticular, for the second methodology,
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only rain gauges approximately aligned along ausdre chosen, and events are selected so that
the path from radar to the rain gauges is alwagatém in a very intense rainy area. In this way,
an optimal rain gauge network configuration for é@gizing the effects of the signal attenuation
IS carried out.

Finally, the AF variability depending on the event type is invgsted at the scale of event.
Initially, the rainfall events collected by Polas® during the 2008 — 2009 period, are split into
convective and stratiform cases, through a Radav&wive ParameteRCP which takes into
account the distribution of the VPR that charaztsieach type of event (Steiner et al., 1995;
Bechini et al., 2012). All the events are chosesuoh a way that the rain field covers the whole
radar scanning area so that each rain gauge aleaidaéible to record rainfall. As a consequence,
despite several convective events are recognindidyfing the method above mentioned) during
the summer season, we did not considered them $edhay are formed by few isolated rain
cells. However, the methodology above explaineoha|to classify as convective others events
that occur during cold season. Investigating thegents, we found that they are frequently
formed by young cores of convective precipitationbedded into very wide stratiform rain
areas, as it is largely confirmed in the literatu@®nversely, a stratiform rain field is almost
homogeneous (Yuter and Houze, 1995; Houze, 1993nhaliet al., 2000; Zhang et al., 2008;
Zhang and Qi, 2010).

1.1 — Thesis outline

Chapter 2 deals with origin of precipitation andvides able to measuring it. Moreover, the
distinction between convective and stratiform esgeimg introduced. In Chapter 3 radar
meteorology principles are explained. Chapter 4aiseview of the different sources of

uncertainties affecting radar-based estimates iofalh In Chapter 5, features of Polar 55C
weather radar are described, as well as the usedequre for estimating rainfall from

reflectivity maps. Chapter 6 presents the methagietofor RDE estimation by defining tiAd-.

In Chapter 7 the adjustment procedures are veyifind theAF variability is investigated at the

scale of event. Finally, Chapter 8 summarizes #salts and presents guidelines for further

developments.



Chapter 2 Ongand measurement of precipitation

Chapter 2

Origin and measurement of precipitation

2.1 — The atmosphere

The atmosphere is the envelope of gas that envéhepsarth's surface. It consists of a mixture
of many gases including nitrogen (78%), oxygen (R186gon (1%), water vapor (0 — 7 %),
ozone (0.02 — 0.01 %), and carbon dioxide (0.011-940).

The density of the atmosphere decreases with ddtityp to about absolute vacuum of space. But
the characteristics of that envelope of gas depenthe altitude. As a consequence, taking into
account the temperature, the chemical compositioa, air motion and the air density, the
atmosphere can be divided into five main layersopbsphere, Stratosphere, Mesosphere,
Thermosphere and Exosphere.

In the Troposphere are concentrated about the f3tdeowvhole gaseous mass. The Troposphere
also contains almost all the water vapor. It isl#yer where the most weather effects occur, due
to the movement of air masses, caused by the isalation.

The Troposphere is mainly warmed by the earth, wisavarmed in turn by the sun. It follows
that in it the temperature decreases with altitwdty a mean vertical gradient of 6.5°/1 km. The
temperature becomes constant when it reaches a&i®dC in the Tropopause, that is the zone
that separates the Troposphere from the StratosphBe Tropopause altitude depends on the
latitude, and, therefore, on the amount of hedigdalissipated received from the sun, which is
greater at the equator and lesser at the polesdilanthe poles the Tropopause is situated at an
altitude of about 5-6 km, whereas close to the tgutacan reach an altitude of 10-12 km.

The Stratosphere is situated above the Tropop&uigkin it the temperature rises with altitude,
due to the dissociation of ozone (into moleculad @tomic oxygen), which interacts with
ultraviolet radiation. Since gases become lessalaren both their temperature increases and
their pressure decreases, in the upper part ddtitatosphere there are the lighter gases, whereas
heavier ones are located in the lower (equilibrzondition very stable). Therefore, the vertical
air motions are almost nonexistent. It extends aan altitude of about 50 km, where the
temperature is close to that of the earth surfabeve the Stratosphere there is the Stratopause,

which is the zone that separates the Stratospharethe Mesosphere.



Chapter 2 Ongand measurement of precipitation

The Mesosphere extends from about 50 km to abokn8@h altitude. It is very rarefied and it
contains the lighter gaseous elements. In the Mdwoe the temperature decreases as the
altitude increases up to about 80 km, where ithee@ minimum value, which ranges from -70
to -90 °C.

The Thermosphere is situated between the Mesospineréhe Exosphere, and it extends up to
500 km altitude. This region essentially consistshgdrogen and ions produced by low
wavelength radiations. It is characterized by aiooilwus increase in temperature with height (up
to hundreds of degrees) due to the absorptionteyab the radiations.

The Exosphere is the outermost layer of the atmergphVithin it gaseous particles are dispersed
in space because they exceed the escape velo@i¥ Kin/s). Generally the lighter elements
(hydrogen and helium) leave most frequently theoshere. The atmosphere ends when its
density being equal to that of interstellar sp&@0-2500 km above the earth’s surface).

2.2 - The energy balance

Most of the energy necessary to the natural phenartieat occur on the earth’s surface or in the
atmosphere is provided by solar radiation. Thersetergy reaching the earth is distributed
between atmospheric and oceanic circulation, amoh tih is radiated back to outer space.
Therefore, the earth is in a situation of energgihae, because the amount of energy absorbed is
equivalent to the amount of energy radiated in rosface. The intensity of solar radiation
depends on the thickness of the atmosphere tralbessthe rays, the earth-sun distance, and the
orientation of the earth's surface. It is reducdeknvthe rays pass through the atmosphere both
by absorption and by diffusion. This reduction gases as the thickness of the atmosphere
traversed by the rays increases and as its trarspardecreases. Moreover, the absorption
depends also on the wavelength. The ultraviolettiaeh is almost completely absorbed by the
ozone. Instead, the infrared is absorbed by wapon Nevertheless, a high fraction of solar
radiation (especially in the visible spectrum) teethe earth's surface. As a consequence, the
ground is heated, and in turn emits radiant en@ndyse spectrum lies almost entirely in the
infrared). Water vapor and carbon dioxide contenthie atmosphere absorb infrared radiation.
So, only a little part of the energy radiated by tharth is lost in space. Therefore, the
atmosphere absorbs radiant energy from both theusdhe earth, and it warms emitting energy
partly to the earth and partly to the space. Asrsequence, the earth's surface warms more than
it would in the absence of atmosphere, becausectives heat from both the sun and the
atmosphere. Hence, the earth's surface must retah@erature higher than that which would

7



Chapter 2 Ongand measurement of precipitation

have in absence of atmosphere in order that it taias thermal equilibrium. This causes the
greenhouse effect that enables life on earth'aserf

Energy exchanges also take place between are&e efatth at different temperatures. There is
in fact a flow of energy from the areas which rgeeanore radiant energy to those who receive
less. Due to the solar radiation, the tropics rexehroughout the year an amount of energy
greater than the temperate zones, which in tureivecmore energy than polar regions.
Therefore, tropical regions reach highest tempegafuand in consequence, they emit towards
space an amount of energy gredtean that emitted by the other regions, but letisan the
received energy. Consequently, there is an endayy from tropical to polar regions. The
energy flow from equator to polar regions is intged in the winter months, when the thermal
imbalance is greater. For this reason meteorolbglsanomena are generally more intense in

winter.

2.3 - Atmospheric currents

The water and the atmosphere are present on tfecswf the earth in the form of thin layers.
They are able to redistribute on the surface ofetith the energy that it receives from the sun.
The water forms the oceans that cover more thanthwds of the planet's surface. The
atmosphere is a thin layer of gas, which remaireheto the ground because of the earth's
gravitational field. Therefore, the transport oah&om equatorial to polar zones is due to both
atmospheric and marine currents. The atmospherrertis carry about 85% of the total heat in
the form of sensible heat and latent heat of thevater vapor. Sea currents carry the remaining
15% of the total heat.

Atmospheric circulation can be divided into geneiedulation (which presides over the balance
of the pole-equator thermal gradient) and secondiacylation (at local scale).

For each hemisphere, the general circulation in tan be divided into three large macrocells:
the Hadley cell (which extends from the equatouplto the tropical region), the Ferrel cell
(which is present in the middle latitudes), and pb&ar cell(which extends from the pole to the
respective polar circle). Each of these cells attes with the neighboring through the exchange
of air masses at different temperature and humidity

Atmospheric currents consist of vertical air mosiofor convection currents) and horizontal
atmospheric currents (or advection currents). Assuee difference between two points that are
located at the same height causes a horizontalsgtmeoic current. Vertical air motions depend

on the atmospheric instability that depends ontdrmeperature distribution in the atmosphere

8
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(that is on the heat exchanges). The air that issesbject to decreasing pressures, for which it
expands and cools. At the contrary, the air modogyn compresses and heats.

An air mass is stable if it assumes a lower temperahan that of the surrounding air when it
moves upwards (and therefore it assumes a greatesitg). Hence, it tends to return to the
starting position. Instead, an air mass is unstiébileassumes a greater temperature than that of
the surrounding air when it moves upwards (andefloee a lesser density). So, it tends to move
away from its original position and it move furthepwards. It is necessary that the air is
saturated with water vapor so that the condensatoours and the clouds can be grow. So, in
case of atmospheric instability, the rising aisithject to lower pressures thus it expands and
cools. Moreover, when the temperature decreasemdensation occurs with the transfer of

latent heat of evaporation to the atmosphere.

2.4 - The precipitations

In Meteorology the term precipitation means thegfar of water (in liquid or solid) from the
atmosphere to the ground (rainfall, snowfall, haiis, dew, frost etc.).

The water vapor condenses under any of the conditd saturation, that is through cooling of
moist air, or through moistening of an air massf both phenomena occur (Chow et al., 1988).
The water vapor condenses when the relative huynidiaches the unit value. Indeed the
condensation can begin before saturation as longhaswater vapor is in contact with
submicroscopic solid particles (whose dimensiomgeafrom 16 um to 10 pm) aloft. So, very
small drops form, whose diameter ranges from 120t

The increase of the relative humidity of the airyndapend on two causes:

» the increasing of absolute humidity of the air, ethicauses fogs due to evaporation
above the sea surface or, generally, above bodiesater warmer than the air, whose
temperature is not sufficient to maintain in thenfoof water vapor the water which
evaporates;

» the decreasing of the air temperature due to théacowith cold surfaces, or due to the
mixing with cooler air, or alternatively for raigirand expansion of the air.

In the latter case if only the air that is in imreg¢d contact with cold surfaces cools it would

have dew or frost. Instead, if the entire layemwfcools, fog is generated when cooling takes

place near the ground, or alternatively stratifoclouds are mainly generated when the

phenomenon occurs aloft.

When the air cooling is caused by the expansioe {dithe lifting) clouds form. The clouds are
9



Chapter 2 Ongand measurement of precipitation

collections of microscopic particles of water inethiquid or solid state suspended in the
atmosphere and transported by air motions (updraftse droplets are due to the water vapor
condensation. The water vapor is generated by therwevaporation on the earth’s surface
(contained in bodies of water, such as the seas/akes, the rivers, etc.), due to the solar
radiation, which causes an increasing of the eaghiface temperature.
Two kinds of rainfall events mainly exist:

e convective events;

« stratiform events.

2.4.1 - Stratiform events

Stratiform precipitations occur generally whenethare is a saturated upward air motion, which
induces vapor deposition onto the ice particlesctvigrow in the upper levels. But the updraft
must be weak enough to allow ice particles to falt while they grow. The definition of
stratiform precipitation is based on the vertical raotion velocity. Stratiform conditions are
present when (Yuter and Houze, 1994; Steiner £1995):

W <<Vicd 2.1)

wherew is the vertical air velocity, andic is the terminal fall speed of ice crystals andwsno
particles (~ 1-3 m Y. If this condition is not verified the precipian is considered as
convective. Under this condition, ice particleshe upper levels of the clouds must fall, because
the vertical air motions are too weak to keep alb&m. When the particles drift down from
upper levels, they melt and fall to the earth’d§ae as raindrops, although, under certain cold
conditions, they can reach the surface exclusigslgnow. In particular, stratiform precipitations
occur in midlatitude cyclones, where ice partiadesw predominantly by vapor deposition in a
stable nimbostratus cloud layer, due to the widssgbiifting in the regions of large-scale warm
advection, which is concentrated in the vicinityfraints.

Stratiform precipitation is fairly homogeneous irethorizontal, giving it a layered structure in
vertical cross sections of radar reflectivity (€&®apter 3). In particular, it often (depending on
the vertical profile of temperature) exhibits a mwanced layer of high reflectivity called the
“bright band,” which identifies the layer where tiee particles are melting while they fall
toward the ground (Battan 1970; Houze 1993; Stashat., 1995; Houze, 1997).

Figure 2.1 shows a rainfall field of a stratiformeat which occurred on 7 March 2008, and
collected by the Polar 55C weather radar. It catob®te the bright band disguised as a ring of

10
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high rainfall rate placed at a certain distanceaatiund the radar location, depending on the

elevation angle.
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Figure 2.1 — PPI collected by Polar 55C weather raad during the stratiform event of 7 March 2008 at 35° elevation.

However, radar echoes are stratiform also in regmfnolder convection, where the vertical air
motions are generally weaker, and the precipitagiarticles drift downward, while their mass
increases by vapor diffusion. Thus, stratiform poiations occur in older, less active
convection regions that are adjacent to regiongooihger convective showers. These regions
typically have radar echoes formed by convectiva edongside stratiform precipitation, the
latter covering great areas (up to 100 km or mangh weak horizontal gradients (weak and
almost uniform reflectivity areas) and/or a brigignd. Therefore, into the same convection-
generated cumulonimbus cloud system there are &to#tiform and convective precipitation
areas (Yuter and Houze, 1994; Houze, 1997). Exanpfeevents occurring as cores of
convective precipitations embedded into a widespstaatiform precipitation area are discussed

in Chapter 7.

2.4.2 — Convective events

Convective precipitations processes differ shafpbyn stratiform processes. The vertical air
motion ranges from 1 to 10 m' ©r more (Steiner et al., 1995; Houze, 1997) anedsiired to

neutralize an unstable vertical distribution of st@tatic energy. In young, vigorous convective
regions of the cumulonimbus, the particles fall mubeavy showers, which correspond to radar

echoes consisting of localized patches of intemaskarr reflectivity, named cells. In a vertical

11
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cross section, a cell is a tall, and thin colummigh reflectivity. Since the greater rainfall rate

convective events are characterized by duratios than the duration of stratiform events.
Moreover, convective processes are localized tinice=d areas. So, the bulk of the precipitation
mass falls out within a few kilometers from the rgfticenters (Houze, 1997; Moisello, 1999).
Figure 2.2 shows a rainfall field of convective etgewhich occurred on 31 July 2008, and

collected by the Polar 55C weather radar.
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Figure 2.2 - Typical warm rain cells detected by th&olar 55C weather radar the 31 July 2008 at 1.59evation.

By observing Fig. 2.2, it can be noted that theveative region appears in the radar echo as a

field of localized rain rate maxima.

2.4.3 —Rain cell

The solar heating, the moisture in the air andptesence of relatively cold air in the upper
layers of the Troposphere contribute to the devekqt of a storm cell.

The solar radiation causes the soil heating. Thezetthe layer of air in contact with the soil

warms. Since warm air is lighter than cold air, lloe and humid air moves upwards generating
an updraft. While the hot and humid air moves uplwait expands and cools adiabatically
(adiabatic expansion) by about 1°C/100 m, reacttiegsaturation point. So, the water vapor is
transformed into a myriad of minute water droptét float in the air, forming the clouds. If the

temperature is particularly low, microscopic icgstals are formed.

The condensing water vapor transfers latent hethietgurrounding air. Therefore, the cooling of

the air decreases as the altitude increases. Qomisity) the acceleration of the updraft (which

12
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holds in suspension the microscopic droplets arddé crystals of the cloud) decreases as the
altitude increases.

For convective events, the acceleration of the afpdiue to the condensation of the water vapor
causes a warm-humid current of air from the surdoum that enters the cell from below. This
current is said inflow, and it becomes the updrEtfie rising of the hot and humid air lead to the
formation of a cumulonimbus (typical thundercloidged towering with vertical development).
Due to the updraft the cloud can reach a maximuituéé of about 7-9 km depending on the
thickness of Troposphere, which in turn dependshenatitude. The humid air in lifts transfers
all its latent heat, reaching thermal equilibriunthathe surrounding air. In this way it becomes
heavier than warmest air masses coming from beldhat causes currents that move
downwards, which are said downdratft.

The minute water droplets forming the clouds hawbameter not exceeding 0.1 mm, whereas
the raindrops can reach a diameter of 6 mm or ifs&e Sect. 3.4.4). To begin the precipitation,
the droplets forming the clouds have to increasé thass reaching the raindrops dimensions. In
convective regions of the cumulonimbus, preciptatparticles increase their mass mainly by
collection of cloud water. The larger drops andéerparticles sweep out the cloud water in their
fall paths, and the particles fall out in heavywhrs. This process is known as coalescence or
riming for growing water drops or in the case oflextion by ice particles, respectively.
Whereas, if the vertical air motions are weakeinagratiform precipitations, the ice particles in
the upper level of the clouds cannot be suspenkbdidby the air motions. Hence, the growth of
the precipitating particles occurs when they aréinta At higher levels the ice particles
increases their mass by vapor diffusion. At lowkitugles aggregation or riming can occur
(Steiner et al., 1995; Houze, 1997).

Until to the updraft is able to keep aloft the e, they tend to increase their dimensions and
weight. When the weight of the particles exceedsadrodynamic resistance due to airflow, the
raindrop fall from the cloud originating the raifihe precipitating particles originate the cold
downdrafts, which tend to eliminate updrafts. Witkis happens the cloud dissolves starting
from the top, and the temperature of the cloudsdndassume the same value of the surrounding
air.

The rain cell is divided into three regions: théaw region (close to the ground, where warm
moist air is drawn through the cell), the uplifgien (in the central part, where moisture
condenses while the air rise up, resulting in trexipitation), the out flow region (in the upper

part, where the outflow of the cold and dry airws}. Outside the cell the air descends over a
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wide area, draws moisture and enters into theagglin from below. Figure 2.3 shows the storm

cell pattern.

outflow
& region
E-T : uplift

region

downdraft
\ G

i ii@c.r]w’t‘m:iai l

Figure 2.3 — Storm cell pattern with a cumulonimbuswhich is the typical storm cloud.

The extension of a rain cell ranges from 10 to &, kwhile their duration can be up to 30
minutes. The storm cells tend to cluster togetbi@ce new cells tend to form in the immediate
vicinity of preexisting cells (Amorocho and Wu, 197 The cold air which descends from the
active rain cell causes the development of a newrstell. Each new cell grows in front of the
oldest cell and it develops when the latter isiaagng the rain. The cells are localized along the
wind direction, and they develop along a line afrttlerstorms.

Within a storm cell the rain rate assume the getat@lues in small areas. But it decreases as the
distance from the point of highest rain intensitgreases.

The initial lifting of the moist air may be causbd the presence of a front, by the presence of
reliefs or by convective motions. Therefore, frors@rms, orographically enhanced storms and
typical warm rain cells can occur.

An air mass is said cold (warm) if it has a tempem lower (higher) relative to that of the
adjacent air mass. When two air masses havingreliffeorigin (i.e. with different temperature
and humidity) are in contact a weather front occlifere are three types of fronts: warm front,
cold front, and occluded front. Each front folloti® previous by rotating around the centers of
low pressure. There is a warm front when a masslafively warm and moist air reaches a mass
of more cold and dry air, that is heavier and mstable. Warmer air tends to overcome the
colder. Clouds ahead of the warm front are mogthtiform, and rainfall gradually increases as

the front approaches. If the warm air mass is ltstahunderstorms may be embedded among
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the stratiform clouds. There is a cold front whemass of relatively cold air reaches a mass of
more warm air. The cooler air is wedged below themaest, which is raised triggering the
convective motion that will lead to the formatiom tundercloud. Due to the turbulence,
cumulonimbus form at low altitude, and close tofilmat. So, heavy but short duration rains are
generated. Typically, a warm front is followed bgad front. Since the cold front moves faster
than the warm front, the two fronts tend to joiw&nd the center of cyclonic area, originating an
occluded front. In this case, initially the persigt and low intensity rain of the warm front
occurs, which can saturate the stratums. Then,yheam occurs due to the cold front, which
results in a large surface runoff due to imbibitajrthe ground.

The typical warm rain convective cells are causga Istrong solar heating of a limited portion
of territory during daylight hours. These stormfeetf restricted areas and have a short duration
and their origin is typical of the most common suenistorms.

The orographically enhanced precipitations are geeéd by a forced lifting of a mass of warm
and moist air pushed by the prevailing winds climsthe mountains. They are located along the

mountain ranges, where they cause severe turbugrtstrong precipitations.

2.5 - Traditional devices for measurement of precipation

Rain gauges are traditional devices for measuremkttie rainfall amount. A rain gauge is
used to collect rainfall and to measure its volumgorted at a height in mm and a surface
area of 1 m2. The rain gauges collect necessaalgmfalling on a surface of very small size.
Thus, the traditional precipitation measurements @wint measurements. The position of the
device must be carefully chosen to avoid thathengresence of wind or in the presence of trees
or buildings, the rain gauge measurements candbertdid, so that the precipitation intercepted by
the rain gauge can be different from the effeqtixexipitation.

Since the characteristics of a recipient influetfteee amount of water that it has collected, the
characteristics of the rain gauges are standardized

There are various types of rain gauge accordinpectype of measurement to be carried out.
The ordinary rain gauge measures the height ofgatation in a fixed time interval equal to one
day (Calenda and Margaritora, 1993). The measuremmamarried out every day at 7 am by an
operator who empties the rain gauge. In this wayob&in the daily rainfall amount (mm).
However there is not information about the distiitnu of the precipitation in such a period of

time.
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Recording rain gauges allow the continuous recgrdih the precipitation. In this way it is
possible to know the distribution and the duratodrany precipitation over a fixed period of
time. It is thus possible to calculate the meam rate, which is considered instantaneous
when the time interval of measurement is very shdntecording rain gauge is equipped with
a sensor that detects at each instant the rain @tnaowal a recording apparatus. The support on
which data is recorded can be paper or, more fratplemagnetic. There are two types of
pluviographs: the tilting siphon rain gauge andtthping bucket rain gauge.

Due to particular environmental conditions, ifstnot possible to perform measurements in the
short period, totalizer rain gauges are used, whighable to collect and detain precipitation
relating to a very long period of time (rangingnfr@everal months up to a year).

As above-mentioned, the observations done by adeiragn gauge are representative of a
restricted area at around of the instrument. Scevtaluate the rainfall amount over an
extended surface, it is necessary to install mamgtruments (Moisello, 1999). The
position of the instruments must be carefully cmogereduce their number and to make the
measurement as much as possible independent fremsuhrounding environment. The
number of the rain gauges depends on the precgitdistribution according also to the type
of study to be carried out. Obviously, the numbérthe devices affects the accuracy of the
estimate of rain. The accuracy about the knowleafgie precipitation distribution depends on
the rain gauge network density, and also on theumsfiormity of the rain gauge networlas
there are various types of rain gauges as abovéioned. Particularly, the density of the rain
gauge network must be greater in areas where yswedlvy rainfall occurs. In fact, very intense
and of short duration rains affecting an area namohller the greater is the intensity of rain, and

are the main cause of floods in small size basis$n mountain areas.

2.6 - The weather radar

Despite all the efforts made to improve the perfamoe of a rain gauge network, an intrinsic
limit of these devices remains: the punctual datamost of the points of a catchment basin
precipitation is not measured through a rain gadgea consequence, to obtain pluviometric
data in these points, interpolation methods havédoapplied, starting from measurements
referred to points very distant among themselvesteldver, a lot of atmospheric phenomena,
can be represented at the convective scale (0R¥)0or at the mesoscale (20-2000 km), and
are too little wide to be studied through synopticfaces or observations in the high atmosphere.

But they are too much wide to be observed locallguze, 1993). Therefore, at these scales, it
1b
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is necessary to use the weather radar, which aandg; in real time and over a wide area (at
the mesoscale), measurements of the rainfall réte high temporal and spatial resolution (at
the convective scale). Its main advantage is thespality to acquire tridimensional data; in
fact, it is possible to monitor a volume until td2km from radar and up to a height of 10 km
above the ground within few minutes.

The word radar is an acronym for radio detectioth i@mging. The weather radar is an electronic
device which is able to radiate one electromagnptilse everyTg seconds (Battan, 1970;
Peebles, 1998). The reciprocal of the pulse intefias the pulse repetition frequency (PRF),

fR:%_R (2.2)

This sequence of pulses is named the radar beaimf antransmitted through a region of the

defined as follows:

free space defined by a beam solid angleThis sequence of pulses interacts with a certain
number of objects, which reflects the radio wavies.radar meteorology the word object
indicates anything in the atmosphere, which badkssatoward a receiver a detectable quantity
of radio energy (Russo, 2004). In the case of vezathdar these objects are the hydrometeors
(raindrops, snowflakes, hail or graupel). The tegeatter the energy in all directions. But a
target reflects some of the wave’s energy also bawkrd the radar receiver, which develops the
received signal obtaining information about theioépted targets.

The radar is born for belligerent aim during Wovitar I, but then was utilized also in others
fields, for instance in meteorological field. Due the weather radar, it can be possible to
observe in real time the structure of the precijitafield, with high both spatial and temporal
resolutions. The radar allows also detecting phesmam very localized, such as the storm cells.
Moreover, the storm cells can be monitored idemtifythe regions that could be interested by

precipitation in nearby future.

2.7 — Weather radars’ features

The more typical types of weather radar is ceryainé monostatic, that is a surface-based radar
that have a single antenna located on land, wkiciséd both during transmission and receiving.
The monostatic pulsed radar is most widely usedthla case, the radar is formed by: a
transmitter, which produces the radio energy, aterava, which irradiates the energy and
intercepts the back-scattered power; a receivelichvipick up, amplifies and convert the

received signal; a radar display, which is a dewitiized for visual presentation of
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target information to an operator, and a mass mgnwrthe storage of data. When the
transmitter is fired, a duplexer routes the highv@opulse to the antenna. It also protects the
receiver from the transmitted power. In particuldwe antenna is a reciprocal device, which,
during transmission, functions as a transduceryeximg the electrical waveform from the
transmitter to an electromagnetic wave for transimis On reception, the antenna performs the
inverse function. It converts the arriving electagnetic wave into an electrical waveform
(Battan, 1970; Peebles, 1998; Bringi and Chandeas@k01).

The Pulse Repetition Frequency ranges from 150@ (B®000 MHz or more. Each pulse move
away from radar location at a speed, which depéydbe refractive index, of the mediunin
which the pulse propagates. The medium is the aihewe, and the propagatieelocity is close

to the speed of light in vacuuethat is about 3-£an/s (see Chapter 3).

The weather radars’ wavelengths belong to the lodritcequencies of the microwaves (3, 5 or
10 cm, corresponding to the X, C, and S-band résde which are the most common

wavelengths).

Frequence (Ghz) Wavelength (cm) Band
12 - 40 0,75-25 K
8-12 2,5-3,75 X

4-8 3,75-7,3 C
2-4 75-15 S
1,5 20 L

Table 2.1 - Wavelengths and corresponding frequenddor weather radars.

Furthermore, the smaller the sizes of the partictes shorter the wavelength necessary to detect
them (see Sect. 3.1). Therefore, the wavelengthglawsen based on the objects to detect. For
example, an S-band radar can usually detect thdnaps, but not the droplets that compose the
clouds. Whereas, a K-band radar can detect mangshwithout precipitations (Battan, 1970).

An important feature of weather radar is the maxmulistance, which is defined as the product
between the half time interval between two conseeyiulses multiplied by the speed velocity
c. At this distance the objects can be detected dntlley radiate a sufficient power to be
detected (Battan, 1970).

Only the targets should interact with the pulsas tBe pulses weaken when they propagate in

the atmosphere, having a phenomenon which is Baidignal attenuation. The longer the path of
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the signal through the precipitation, the greaber attenuation. Furthermore, the higher is the
rainfall rate, the greater is the attenuation. Jigeal attenuation causes a rainfall underestimatio
by the radar, especially very far from its locatarin cases of heavy rainfall (Sect. 4.2.8).

Due to the signal attenuation and to the geometfect (Sect. 3.2), the part of the incident power,
which is reflected by the hydrometeors toward teeeiver, is very little. For this reason, an
important feature of a radar receiver is the ldagtctable signal over the noise level, which és th
so-called minimum detectable signal (Sect. 5.4)clwimust be as low as possible. The minimum
detectable signal ranges fromi*f@o 10" W for most of receivers, whereas the transmittedes

is about 100 kW (Battan, 1970).

Others features are the antenna aperture, andntiearea elevation angle. The narrower the
beam, the lesser the antenna aperture. Therdfieraatrower the beam, the better the resolution of
the measures. However, narrow beams have the dis&d)e to scan only a small part of the target
in a certain time interval. As a consequence, ttteb shape of the radar beam depends on the
purpose of the measure, and it is a function ofstiepe, the dimension of the antenna, as well as
the wavelength (Battan, 1970).

Therefore, radar detects the presence of a targehdasuring the power back-scattered. The
target position is retrieved in terms of azim(@tbinciding with the direction of the radar beam)

and range, which is defined as follows:

r=C1) (2.3)

wherer is the time between the transmission of the signdlthe reception of the corresponding
echo, anat is the speed of light. Important parameters ofréfoeived echo are:
» the received power, which depends on the reflégtigee Chapter 3);
* the frequency variation due to the Doppler effdedbm which the radial velocity
of the target is obtained,
* the signal polarization, from which the shape and
the spatial orientation of the target can be reet
Conventional radar, named also non-coherent, measoinly the range and the reflectivity
factor ¢). A Doppler radar is able to measure also theatadelocity (/;), which is the
component of the target’s velocity along the ratbeam.V, is calculated based on the
difference between the frequency of the transmitjgdse and the frequency of the
corresponding echo. Polarimetric radars provide aiformation about the signal polarization,

and operate with wavelengths ranging from 1 tor@Qusually 3.5 or 10 cm).
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The lesser the wavelengih the greater the sensitiveness with regard tdawer reflectivity
values. Therefore, the lesser the wavelength, tbater the interact between the radar beam and
the hydrometeors, and the lesser the antenna ceame¢ded to concentrate power in a narrow
beam. However, the lesser the wavelength, the eggréae signal attenuation. Vice versa, if
greater wavelengths are utilized (in order to redihe attenuation), to have a good resolution, it
need to utilize most wide devices. The 10 cm wawgle (S-band) represents the shorter
wavelength for which the attenuation is almost iggigle. But to concentrate a power with=

10 cm, a very wide parabolic antenna occurs (al@ostdiameter). So, the radar is voluminous
and expensive (see also Sect. 3.3). Therefore,nd-ba C-band radars are often employed, with
wavelengths about to 3 cm and 5 cm respectivelyar®t, C-band or X-band radars can detect
precipitations at distances of 200-300 km from thear location, but good reliability of the
measures can be obtained until to a distance of1500km from the radar. Radars with
wavelengths ranging from 1 to 8 mm also exist, Whace useful to detect the droplets which
compose the clouds. However, these bands canndtilized to study the intense precipitations,

because they are too much subject to attenuation.

2.8 - Radiant energy from a radar antenna

A radar antenna is a fir®ylindrical electric wire, which length is equal to the hakwelength of
the electromagnetic waves transmitted by the ral@ide the antenna, current, voltage and
electric charge density oscillate at the frequeinaf/the generated electromagnetic waves. As a
consequence, the electric fiel)(intensity and the magnetic fielt) intensity oscillate with the
same frequency (see also Sect. 3.4.1).

The magnetic streamlines are circumferences tleainli orthogonal planes with respect the
antenna, and that are concentric to it, wherea®leric streamlines lie on the antenna plane,
and are symmetric with respect it. As a consequethee electric and the magnetic fields are
always orthogonal among themselves. The energgebvbetween electric and magnetic fields.
In particular, when the electric flux reaches theximum value, all the energy is in the magnetic
field. But, when the potential difference is maxmmall the energy is in the electric field.
Moreover, part of the energy is irradiated, anckgligible quantity is dispersed in the antenna in
the form of thermal energy. The energy irradiatadrd) each cycle is lesser than the energy in
the induction field, which intensity decreases Klyi@as the distance from the antenna increases.
The radiation fields are the radiated parts ofdleetric and magnetic fields. The radiation fields

propagate over long distances in all directionsaedund the antenna, and the intensities of the
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electric and magnetic fields is in inverse relatiorthe square of the distance from the antenna.

The wavelength of the transmitted pulses is:

A= % (2.4)

wheref is the frequency of both intensity and directidntlee antenna fields. The electric and
magnetic fields remain orthogonal among themsel¥&ég magnetic streamlines remain both
circular and concentric to the antenna. Moreovey tie on planes that are perpendictitathe
antenna, whereas the electric streamlines lie erattenna plane. In each point of the space, the
amplitude ofE and H are sinusoidal quantities. Moreovét, and H are orthogonal among
themselves, and both are orthogonal to the directigoropagation, along a ray.

Each field periodically originates the other onal ¢hey propagate together (Battan, 1970).
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Chapter 3

Radar meteorology principles

3.1 — Radar range equation

Weather radar allows detecting a rainfall eventeal time, providing a quantitative estimation
of rainfall that derives from certain variablesttitacan measure. A fundamental component of
weather radar is the antenna. The radar antenaaasiprocal device. During transmission the
antenna functions as a transducer, converting l#arieal waveform from the transmitter to an
electromagnetic wave for transmission. On receptibe antenna converts the arriving
electromagnetic wave into an electrical waveform.
If the electromagnetic wave is transmitted throaghondirective (isotropic) radar antenna, the
power is scattered on a spherical surface, whieh &

A=4m? (3.1)
whereA is the area of the sphere of radiusn which the power transmitted is distributed and

is the distance from radar. The power density efwiave would be:

S= % (3.2)

In this case, the radiation pattern of the antestmaws a pattern of lobes at various directions
where the radiated signal intensity reaches a maxijrseparated by directions at which the
radiated signal intensity falls to zero. Instea@ather radar uses directive antennas which are
conceived to emit the radio waves in one directidre lobe in that direction, named main lobe,
has a larger field strength than the others (Eip). 3

For direction outside the main beam, a typical aadn intensity pattern has sidelobes that
usually have maximums much smaller than that of f@n lobe. The sidelobes represent
unwanted radiation in undesired directions. Theydarthe antenna (that is the larger the
wavelength), the greater the magnitude of its tawhaintensity, and the more numerous and
narrow the sidelobes are (Peebles, 1998). Antenmas capable to concentrate power in a
narrow beam are built to minimize the signal intgnasf side lobes.

A fundamental parameter of an antenna is the dnegjaing that represents the capability of
the antenna to concentrate the transmitted powarditection.g is dimensionless and can be

equal or greater than one, and it is defined dsvist
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9=P, (3.3)

whereP, is the powetransmittel by a directive antenna aritl is thepowel transmitted by an

isotropic antenna. For thmos part of the antennag hasvery great valuesTherefore, it is

G :1OIog( F%J (3.4)

The directive gaimgives the increa: of the wave’s power densitt a directionFor this reason it

expressed in decibel:

is measured correspondingly to the direction whereantenna transmithie maximum pow:.
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Figure 3.1 -A typical directional antenna radiation pattern in polar coordinate system repesentation, showing side lobe.

The amount of power intercepted by a target atricedistance is given bye product of the
power densityemitted by radarwhich is calculated in the position of the targmultiplied by

the target areA,. Therefore considering a radar antenna with a directjed# g, it has:

_PiOAs
=—="7 3.5
A (3.5)

The energy absorbed by the target is converteaiinip the form of thermal energy, and in

Po

is redrradiated isotropically i all directions and, therefore, in part also to thea. As a

consequence, the amount of energy emby the target and detected by the réis given by:

Ps Ac
r:— 36
P A (3.6)
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beingAe the effective area of the receiving antenna, wiiah be expressed in terms of both the

antenna gain and the wavelength of the radar as:

2
Ae:% (3.7)

Introducing Eq. (3.7) and Eq. (3.5) into the Eq6]3ve obtain:

_POAA _ PO NA
A2 (47)°r*

Pr (3.8)

which, as already mentioned, is the amount of gnemgitted by the target and detected by the
radar.

The physical dimensions of the target are not rezcdyg those with which it is seen from the
radar, therefore, a new parameter called the Radzss Section (RCSJis defined. The RCS of
an object is the cross-sectional area of a peyfeetlecting sphere that would produce the same
strength reflection as would the object in questibhe RCS defines the effective size under
which the target is seen by the radaris a function of the form, the type and particiees
considered, as well as the wavelength of the radar.

It follows that the final form of the radar equatjwalid for a point target, can be written as:
_P9o A _ PG NO
A (477)3r4

P, (3.9)

The backscattering section cannot always be caédilanalytically, since many targets have a
complex shape, however, the shape of the objeatsiadered in radar meteorology is well
approximated by a sphere. Consequently, for theutalon of this surface area, three main
cases can be distinguished, depending on the ceabeif the spheres (Rinehart, 1997). When
the sphere is large compared to the wavelengtheofadar /2 > 10), it belongs to the optical
region and the RCS of the target is equal to tloergric surface, i.e.:
o=m’ (3.10)

When the size of the sphere is small, in comparisaie wavelength of the raddd/{ < 0.1),
the sphere belongs to the so-called region of Rgtyldn this regiono is proportional to the
sixth power of the diameter:

oo ﬁljlj D°
where 1 is the wavelengthD; is the diameter of the spher|> = (m/*1)/(m?+2) is the

(3.11)

dielectric factor, which depends on the complexa@fve indexm = n, — jk;, and then by the
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material, the temperature and the wavelenigtls the absorption index amd is the refractive
index of the medium in which the pulse propagdtes.a weather radar the propagation medium
Is the atmosphere, and propagation velocity iseqelitse to the propagation velocity of the light
in the empty space, which is equal to about B m/s. For the most part of the frequency of the
radars and to the usual temperatures, the val{ifafanges from |i° = 0.930 for the water to
|Kif? = 0.197 for the ice. These two values differ bput dB (a factor of 5 in linear term3he
intermediate region (OAl< D < 1Q\) is called the region of resonance or Mie regishg is the
physicist who has determined in 1908 the radarscsestion for the raindrops (spherical) of any
diameter. The majority of targets analyzed in radeteorology belongs to the region of
Rayleigh, because of the typical wavelengths ofvileather radars. However, sometimes the
particles belong to the region of Mie (especialiysidering the X-band radars, for whicks 3
cm).

The radar equation for point targets (Eq. (3.9yabkd when there is a single target in the radar
sampling volume. But the meteorological targetsseinof radar sampling volumes containing
billions of hydrometeors. For which the total radanss section of a sampling volume is given

by the summation extended to all the radar crossoses within the same volume, as follows:

0= 240 (3.12)
wheren, is the number of particles present in the samplisigmeV, (incoherent target), which
is given by (Doviak and Zrtj 1993):

VeTon@ 2 2 2 (3.13)

wheref andg are respectively the horizontal and vertical atagk of the radar beam,s the
distance from the radahm, is the pulse length and the factor in the denotoirién (2) takes into
account the actual shape of the radar beam, wieiphrdls on the type of antennas used.
Normally & and ¢ are measured in degrees but in Eq. (3.13) areesged in radians. In Eq.
(3.13) is used/2 since the duratiom represents the time delay of the received sigitat the
transmitted signal. Therefore, the pulse lertgtrepresents the total distance from transmitter to
the target and back to the receiver, and can beesspd as the product of the speed of light and
the delay timer; (Peebles, 1998). The duration usually ranges ddsnto 2 microseconds, and
can be expressed as:

—h
r=h/ (3.14)
Since the terne is equal to 3 10° m/s,h; ranges from 150 to 600 m (see also Eq. (2.3)).
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The radar samplings are usually averaged over alexalar pulses otherwise, given the high
PRF (see next section), the samples would be migpendent. Moreover, they are positioned
along the beam at certain points in space callegerdins or range-gates. Usually there are from
500 to 4000 range-bins depending on the type drrdgb, as regards the estimation of the rain
at ground, the range-bins represent sampling iaterwhich length is a function of both the
duration and, therefore, the length of the pulsecesthe radial resolution of the radar is equal to
half the length of the pulse, the range-bin halength ofhi/2.
For example, considering a ray of the scannindecgqual to 120 km and a range bin 7%omg,
120/0.075 = 1600 range bins would be availableteady for a ray 150 km long 150/0.075 =
2000 range bin would be available. Increasing #tkus but keeping constang if the number
of range-bins exceeds the intrinsic limit of thevide, it would increase the length of the range-
bin, increasing the duration and, therefore, tmgtle of a single pulse. However, increasing the
pulse length, from short pulse to long pulse, theoald be a lower spatial resolution.
To calculate the radar cross section of a samplalgme, it is necessary to determine the radar
cross section per unit volume, which must be miigtipby the total volume:

0=V 30 (3.15)
where the summation is extended to single sectiontined in a unit volume.
Thus, to determine the equation concerning to aarragave which intercepts many
meteorological targets, it is enough to replaceE@q (3.9) the expressions of the sampling
volume (3.13) and of the total section of backsraty (3.15), obtaining:

_ P 92/]2?9¢7hi 2.0
Pr - 2
1024In(2) ¢

(3.16)

One of the problems encountered solving the EG6{3s the determination of the sectionof
the reference sphere. For most of the weather r@@amradar with wavelengths greater than 3
cm), almost all of the hydrometeors belong withie scope of validity of the approximation of
Rayleigh.

Usually it is assumed that each part of the obsksterm cell is composed of water. Therefore,
it is used the valu&|,|* for the calculation of the backscattering powertlg Eq. (3.16). The
value Kif* is utilized when certainly the sampling volume tim only ice, in order to avoid a
significant underestimation.

Substituting the expression of tbegiven by the Eq. (3.11) in Eq. (3.16) is obtained:

_ 7 ng OpniK['Z

17
1024in(2) A%¢? (3:17)

r
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By definition, Z = ZiN,D;° indicates the radar reflectivity factor, which éeps on both the sixth
power of the diameters (nfinof raindrops and the Drop Size Distribution DS®hich
represents the number of drdgsof each diametdDd; in the unit volume of reference). Units of
Z are in fact (mifim®). From the Eq. (3.17) it is evident that the po#ity of a radar to detect a
cloud depends largely on both the size of the gadiwhich diffuse the energy and their
distance. The Eq. (3.17) can be applied to eachrraind each target, provided that the particles
satisfy the condition of Rayleigh.
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Figure 3.2 - Typical distribution of raindrops sizeand influence of the droplets by intervals of 0.4 m on the

reflectivity factor Z.

By observing Fig. 3.2, it can easily be deduced shaumber, albeit small, of greater raindrops,
provides most of the power of backscattering (Bati®70).

A critical parameter of the radar, as it is evidéoin Eq. (3.17), is the wavelengih In fact,
depending on the chosénthe radar is capable of detecting particles wlifferent sizes. For
example, the lesseris the smaller are the particles which can be dedelsy the radar, provided
that its other characteristics are not significanttanged.

Equation (3.17) can be greatly simplified. All paieters associated with a specific raqard,

0, ¢, hi, and’), as well as the numerical termm&nd1024In(2) can be grouped into a constant
specific to each radar, which is named radar cohskéoreover, if the hydrometeors are formed

exclusively by water and not by ice, it can repldezappropriate value &f, obtaining:
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P, = C%Z (3.18)

Therefore, the power received by the radar is ptapw@l to the reflectivity factor and inversely
proportional to the square of the distance fronréuar.
The reflectivity factor has a wide range of variipi It ranges from 1x18 mm®m?for fog up to
5x10° mm®/m*for heavy hailstorms. Consequently, it is ofterfgmed to express the reflectivity
factor in logarithmic scale, defining:
z =10|og10(%j (3.19)
Imnmm

wherez is the reflectivity factor in linear scale, alrgadescribed aboveZ is measured in dBZ,
which means decibels relative to a reflectivity ofmnf- m?® The values assumed by the
reflectivity factorZ are:

* -30 + 0 dBZ signal scarcely detectable;

e 0+ 10dBZ for drizzle and light snow;

e 10 + 30 dBZ for moderate rainfall and heavy snolyfal

e 30 + 55 dBZ for heavy rain;

e > 55 dBZ for hail.
Furthermore, in case of wet hail, the Eq. (3.17%)as suitable to estimate the rain rate. The wet
hail is frequent at latitudes corresponding to dhea examined in this thesis (see Chapter 5). It
consists of both raindrops and hailstones coveked boat of melt water (mixed phase). The
hailstone is much larger than the raindrops, ane tmter that surrounds it reflects
electromagnetic pulses. Consequently, the raderpréts the returned signal as the one scattered
by a very large raindrop, but not by a hailstotdollows that, since the backscattered power
depends on the sixth power of the diameter of raps (p. 39), even a few hailstones in
precipitation have a large weight in the determamatof the reflectivity, which is strongly
overestimated. This is because the Eq. (3.17)3sdan the assumption that the hydrometeors
have diameters not greater than a certain valughw lower, however, compared to the size of
the hail. Therefore, for larger diameters than ¢hokraindrops, Eq. (3.17) is not suitable for the
estimation of the reflectivity (and therefore oétimtensity of rain).
If the particles were formed only by ice, the Rayheapproximation would be valid for particles
much larger. However, due to the lower refractiveeix, the diffusion would be five times less

than that which would occur with drops of watetltd same mass (Battan, 1970).
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3.2 — Geometric effect

As above-mentioned (see Sect. 3.1), the reflegtniita sampling volume is a function of both
the diameters and the DSD of the hydrometeors pregside of it. It is therefore independent
on the distance from the radar. Therefore, theecgflity will be the same regardless of the
spatial location of the considered sampling voluiitee weather radar transmits a power that is
absorbed by the hydrometeors. Subsequently, thi®pis re-emitted by hydrometeors in a way
isotropic (i.e. in the same way in all directionsherefore, the power is distributed widely on a
spherical surface. This sphere size becomes gridwemore distant is the receiver. Thus, the
greater the distance between the radar and thelisgmplume the lesser the energy density on
the spherical surface which intercepts the receilreraddition, since the radar intersects the
surface at a point, the backscattering poRewill be only a small part of the scattered power
which is distributed widely on the spherical sugaln conclusion, the greater the distance from
the radar, the lower the backscattering poRewhich depends on both the reflectivity and the
distance through Eq. (3.18).

Because of this geometric effect the backscattepoger P, decreases as the square of the
distance increases (in linear scale). That isedrelases a0 log(r/rend (logarithmic scale). By
expressing the powé; in decibels and substituting the expressioR.afiven by Eq. (3.18), we
have:

p=10log,,(P;) =10Ioglo(c% 2) =10log,,(CZ)-20log,,(r)  (3.20)

in which the first term in the right side is congtawhile the second term is a function of
distance from the radar.

To compensate for the geometric effect, i.e. t@iobaP; independent on the distance from the
radar, it is assumed a reflectivity which decreaseshe distance decreases. Consequefidly,
being the variation of the reflectivity fact@;, and expressing the reflectivity in logarithmic

scale, we obtain:

AZ=7-Z704= 10|ogm(2/Z d);[de] (3.21)

whereZeqnqis the reflectivity for the last range-bin on ttensidered radius, and the reflectivities
in the brackets are expressed in #mf. In this way,P; is a function only of the properties of the
hydrometeors (shape, size and spatial orientat®ui)stituting the expression éfgiven by Eq.
(3.18) in Eq. (3.21) we have:
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AZ = 20Ioglo(% ) (3.22)
end

whererengis the radius of the radar scan circle.

3.3 - Doppler radar

As above-mentioned, the backscattering power il usedetermine the reflectivity of the
precipitation, and the reflectivity will be usedosequently to determine the rain rate (Sect. 5.4).
Many radars are also able to provide direct measen¢s of the radial velocity of the targets, by
using the Doppler effect. That is, if a sound seuaad a receiver are moving relative to one
another, the frequency perceived by the receives dot coincide with the frequency emitted by
the source, and their difference is proportiongh® velocity of motion. For the electromagnetic
radiation is the same.

Concerning the radars, the typical situation i$ thavhich the radar is in a fixed position and the
observed objects are moving. Each target variefdlggiency of the signal emitted by the radar
by an amount that depends on its radial velociti wespect to the radar.

Since the signal is emitted by the radar and sules#ty received by it, the total distance that the
signal must cover to intercept the target is egqu& (wherer is the distance of the target from
the radar). The number of wavelengths containegr iirs 2/ (1 being the wavelength of the

signal) The distance 2may also be expressed in radians asl 2z (wherel = 2r rad). So, if

the signal is transmitted with an initial phaggthe phase of the returning echo is equal to:

4, =8~ (3.23)
The variation of the phase by a radar pulse toéh is equal to:

d¢ 4mdr _ 4m
—t ==V, 3.24
dt A dt A v (3:24)

whereV, is the radial velocity of the target, which is saered positive for the targets that move
away and negative for those that move toward ttarréSauvageot, 1992).
The variation of the phase by a radar pulse toéhe is also equal to:
aor _
dt
where fp (in Hz) is the difference between the frequencgeneed by the radar and that

21T (3.25)

transmitted.

Combining equations (3.24) and (3.25) we have:
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_2Ve
]

which represents the variation of the frequency Dappler effect, and it is expressed as a

fo= (3.26)

function of target velocity with respect to the aadp is obtained by considering both the target
velocity much smaller than the velocity of light; &< c), and the distance between radar and
target much greater than the wavelengthX 1), as in the case of weather radar.

From the Eq. (3.26) it can deduce that the Dopgldar must be able to measure the variation in
time of the phase of the received signal to obtaiand finallyV,. To reach this aim, the radar
must maintain constant both the transmitted frequeand the phase of each pulse (klystron
transmitter type, coherent, as that used by tharP&C radar). It can be also measure the phase
of each transmitted pulse (magnetron type tranemitt However, there is a limit to the
maximum target velocity observable by a Dopplearadt is named Nyquist velocity, which is
the velocity which produces a difference of phdsstwWeen two consecutive pulses) equak to
radians. In fact, to cause a phase deviatiom raidians, the target must move with speed such as
to cover a space equali2 between two consecutive pulses. In this wawoitild not be able to
understand whether the target is moving towardsa@y from the radar. For higher speeds, also
the magnitude of the radial velocity is indeterndndor example, if the velocity was such that
the distance covered between two pulses would betlgxequal tok, the difference in phase
detected by the radar would be zero. This would teaerroneously think that the target has no

radial velocity. Putting in the Eq. (3.25)prd: 7 and dt = 1/PRF (time between two consecutive

pulses), and replacing in Eq. (3.26), the analigsaression of the Nyquist velocity is obtained,
whose intensity is:

Vi _m= PRFA/ (3.27)

where PRF is the Pulse Repetition Frequency defaiseith Eq. (2.2). Since the Nyquist velocity
is proportional to the wavelength, to detect high velocities it is necessary to lege
wavelengths and / or PRF.

Furthermore, there is a maximum distance whereatar is capable of determining the position
of a target without ambiguity. If the radar emitsiagle pulse waiting for its return echo, the
position of a target may be determined correctfjardless of its distance. But in the reality there
are many reasons against this practice. For exantippde maximum distance at which the
meteorological targets can be detected dependfie@rdrth curvature. Therefore, the rainfall
events beyond about 400-500 km away from the ramtation are not detectable. Moreover,

since the power received by the radar is inverpadportional to the square of the distance (Eq.
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(3.18)), for great distances, the received powey beso weak as not to be detected. Thus, the
targets placed far away from the radar location @werly localizable. For these and other
reasons radars are designed to emit pulses at fi@duent intervals.

The time interval elapsing between two consecupiuises is equal to 1/PRF. Therefore, it is
possible to determine the maximum distance covesed radar pulse before the next one is
emitted. Since this distance is covered by theaitynice, it has:

c
2PRF

Equations (3.27) and (3.28) imply two constrairitattmust be considered in the choice of the

(3.28)

max —

PRF for a Doppler radar. Since for a non Doppldaranly the Eq. (3.28) is valid, the problem
is solved by choosing appropriate low PRFs (usugdlyal to about 150-300 Hz). Instead, for the
Doppler radar, being valid also Eq. (3.27), therthe so-called Doppler dilemma.

In fact, from Eq. (3.27) and (3.28) it has:

cA
Vr_maxrmang (329)

wherec is the light velocity and is the radar wavelength.

The term on the second member of Eq. (3.29) istaahgor a given radar. So, if high radial
velocities are measured, louwax Will be obtained. Vice versa, if targets locatestywfar away
from the radar must to be correctly detected, doly radial velocities can be measured. For
meteorological targets it can be necessary to nmealocities up to about 50 m/s for distances
over 200 km (Rinehart, 1997). But these are toohrhigh values for the usual wavelengths of
the weather radars.

The problem can be partially solved choosing longavelengths. In fact, for an S-band radar (
= 10 cm) with PRF = 1000 Hz, it h@gax = 150 km andV; max= *25 m/s; whereas, for an X-
band radarX = 3 cm) with the same PRF, it hagx= 150 km and/; max= +8 m/s.

Unfortunately, radars with high wavelengths arenbmuch expensive and larger. For this reason

the C-band radar is a good compromise.

3.4 - Polarimetry

Polarimetric weather radars can lead to an impmvquantitative estimation of precipitation.
For example, they can measure both the horizomtdl the vertical reflectivity factor. If the
horizontal reflectivity factor differs too much frothe vertical reflectivity factor, it means that

the raindrops are very large, that is they are wbigte. Therefore, they are able to define with a
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better approximation the shape and consequentlgiteeof the hydrometeors that compose the
precipitation structures observed. To improve thexigion level, so-called dual-polarized radar

systems are used, which evaluate the reflectintjwm orthogonal planes.

3.4.1 — Polarization of electromagnetic waves

The electromagnetic waves are electric field vecterand magnetic field vectorkl that
propagate through space at light velocity. Poldéiopa is an electromagnetic waves
feature which indicate the electric field vector (or theagmetic field vector) oscillation
direction.

Both E and H are sinusoidal vectorial quantities and they agep@ndicular to each other.
Moreover, since waves in the far field of a radiate approximately plane wavdésandH lie

in a plane (named the polarization plane), whichagendicular to, which is the propagation
direction of the electromagnetic wave.

To establish the orientation of an electromagnetwe in space, it is necessary to establish the
orientation of one of the electromagnetic field tees. SinceH is always orthogonal tg&, it is
sufficient to know the orientation & to determinate the wave orientation (Battan, 1970)
SinceE can have any direction in the plane, in genetrad, usually defined by its two orthogonal
componentE, andE, in whatever coordinate system is in use (Peell@38). Here is used a
Cartesian coordinate system (xyz) located at tdeatar (radar at the origin). The total electric
field is the vector sum of the componeBisandE,. The intensity and the direction Bfdepend
on both the amplitude and the phasé&pndE,, which vary sinusoidally with time. In general,

it has:

E, = EoxSin(cnt + ¢,) (3.30a)

E, = Eo,Sin(art +¢,) (3.30b)
whereuy is the angular frequency of the watg, andEq, are the peak amplitudes Bf andE,,
respectively, and, and ¢, are the phases & andE,, respectively. Based on the difference
between the two phaseg and g, different types of wave’s polarization are chagszed:
* linear polarization: the difference betwegnand ¢, is equal to zero (or equal to an integer
multiple of z), andE, andE, assume both their maximum value and the minimuluevat the

same instant. The angle betwdemand the abscissa axis is always the same, whilatéasity
ranges fronk to 0. Therefore, the tip of the total electriddi¢race out a line once for each cycle
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of the wave’s frequency. The linear polarizatiom ¢&& horizontal or vertical whda has only
the horizontal componenEd,= 0) orE lies in the vertical planeEg,= 0), respectively;

« elliptical polarization: when the tip of the tb&ectric field trace out a line once for eachleyc
of the wave’s frequency. In particular,gf - ¢, = +7/2 andEoy = Eoy, the trace shape of the total
electric field is circular. Therefore, the wave’'slarization is circular an&, assumes positive
and negative maximums whdfy, = 0 and vice versa. 1§y - ¢ = n/2 and Eox = Egy, the
polarization is named circular clockwise (vectérrotates clockwise as seen by a viewer
positioned at the wave’s source). df - ¢, = -n/2 andEgx = Eoy, the polarization is named

circular counterclockwise.

Figure 3.3 — Electromagnetic wave’s polarization.

Polarimetric weather radar is able to emit circalalinear polarized pulses, and, consequently, it

can detect the scattered signal’s polarization.

3.4.2 — The scattering matrix

The scattered field components in the far-field eglated to the incident field components
through a 2 x 2 amplitude scattering matr$f yvhich describes the polarization features of a
single hydrometeor at a distancdrom the radar site (Doviak and Zéni1993; Bringi and
Chandrasekar, 2001). The scattering matrix is ddfars:

£ ] [l -

“olsm osw| -0

where both the incident electric fiellt][ and the scattered electric fiel]f are written in terms
of their two components as 2 x 1 column matriégss 2z// is the wave number of the free

space,A being the wavelength, while the subscripts h andefer to the two orthogonal
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polarization (horizontal and vertical polarizatioas in this case, or circular clockwise and
counterclockwise polarizations). The subscript fene to the polarization of the scattered
electric filed, whereas the subscript v refers he polarization of the incident field. In a
reciprocal medium, such as the precipitation, ttatering matrix is symmetricad,(= S,).

The scattering matrix as in Eq. (3.31) takes intooant the scattering properties of a single
hydrometeor in the absence of signal propagatitecesf (see Sect. 4.4). The elementsSyfdre
termed the complex scattering amplitudes, and dkpenscatterer size, shape, orientation, and
dielectric constant. Each component of the scagjematrix is related to the radar cross section
o, which changes depending on the polarization efitisident wave. Therefore, the polarization
of the back-scattered wave depends on shape asidespatial orientation of the raindrop when it
is intercepted by the radar beam. Assuming a hot&@olarized incident wave, the raindrop
can back-scatter a pulse which can be polarizezdrdally or vertically. But the raindrop can
also back-scatter two pulsésr each of the two linear polarizations. In thétda case, the
scattering matrix terms of interest &g and s. If in a subsequent instant the radar changes the
transmitted polarization state (polarization agjlithen the terms of interest becosgands,.

For example, assuming a horizontal polarized intideave (see Sect. 3.4.4), and if the raindrop
considered was of spherical shape, the scattered wauld be horizontally polarized too. In
this case, the only nonzero term of the scattenragrix would bes,,. Instead, assuming a
vertically polarized incident wave, if the back-teeed wave was vertically polarized, the only

nonzero term of the scattering matrix wouldshe

3.4.3 — Covariance matrix and polarimetric measurales

In the present study we consider an orthogonahtimpmlarization. Moreover, the propagation
effects are initially neglected, that will be caresied in Sect. 4.2.8.

As above-mentioned, the electric field scatteredabgeneric hydrometeor depends on the
incident electric field, when the scattering matisx note. However, the radar analyses the
complex voltages that are generated in output by the receiver, wherelectric field scattered
by a hydrometeor is intercepted by the antennaumssy a linear polarized electric field
scattered by each hydrometeor, the overall voltagis equal to the sum of the voltagesdue

to each hydrometeor in a sampling volume:

Vi,j:zn:\/i,j =§s~,;(n)F(rn)e'j2k°f" (3.32)
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wheren indicates the nth-hydromete; is an element of the scattering matrix for the-nth
hydrometeor (subscripisandj refers to the incident field polarization and be scattered field
polarization respectively), is the distance between the nth-hydrometeor amdatiar site, and
F(rn) is a proportionality factor which takes into acobseveral parameters such as the distance
and the attenuation (Jameson, 1985; Doviak e¢Zar193; Lombardo, 2007). Since the mean
value of the voltage is equal to zero, the secadéromoments oW,; are calculated, which
characterize the polarimetric signals. The generament of the second orded;; Vi, *>
(where brackets> are related to the expected value operator andgyhebol * indicates the

complex conjugate) is:
(ViiVia D =(s s, DI[F (ra)f dV. (3.33)

where the integral is extended to the whole sargpliolume, andks; s *> is the generic
element of the so-called covariance scatteringimathe moments of the second ordeigfare

the coefficient of a 4 x 4 matrix termed the voltaggpvariance matrix, defined as follows:

V hh Vvh)D th(th)D th(Vw)D
Vvh r\/ I'" Vvh th Vvh(Vvv)|:|
vhv(vhh)D Vin(Vin)O W Vin(Vin)O

Vvv(\/hh)E| Vvv(Vvh)D Vvv th r\/ \/{

(3.34)

But, being valid the reciprocity theorem (Bringida@handrasekar, 2001), the voltage covariance
matrix is a symmetric matrix (being; = V;), and it become a 3 x 3 matrix. Equation (3.33)
shows that the voltage covariance matrix is propoal to the covariance scattering matrix

(Lombardo, 2007), defined as follows:

_< 2> (swsmD <stth}
{smmsn D) <‘shf> (swswD (3.35)
_<Shhsvv[:> (swswD) <M >

Each coefficient of the covariance scattering madiépends on the probability density of the

Shh

hydrometeors properties (shape, size and spataitation), as follows:
<S,jSk,|E>=IN(X)S,jSk,| [dX (3.36)
whereN(X) is the probability density of the hydrometeorsgaxies. As showed by Eq. (3.35)

the covariance scattering matrix has 9 coefficieftese coefficients are the real variables that
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can be measured by a polarimetric radar (loannahsl Hammers, 1979; Bringi and
Chandrasekar, 2001; Lombardo, 2007). Between tleipwtric variables most commonly used
in literature, obtained from some of these 9 qisti there are:

» the reflectivity factor at horizontal polarizatighetween the transmittdth and thehh

return):
4,)° _
Zn= % <|shh|2>;[mm6ﬂn 3] (3.37)
K
* the reflectivity factor at vertical polarizationgween the transmittads and thevv return):
4)* _
2= =2 sl )i lmnf ] (3.38)
T |Kw|

» the differential reflectivity:

(s+F)
Z or =10l0g,, <|5Ar> :[dB] (3.39)
» the copolar correlation coefficient between Hieandvv return, assuming that they are

received simultaneously:

o (@) =—AS5D (3.40)

3.4.4 — Shape of hydrometeors

Information about the shape of raindrops is citifta estimating rainfall rate with dual

polarization radar (Gorgucci and Baldini, 2009).eThssumption of spheroidal shape is
somewhat simplicistic considering the wide disttibn of shapes of natural hydrometeors
(Bringi and Chandrasekar, 2001). The shape ofradrap which falls at its terminal velocity is

determined by the balance between the forces dtigetgravitational field, the surface tension
and hydrostatic and aerodynamic pressures duerftovaiaround the raindrop (Green, 1975;
Gorgucci et al., 1999). Figure 3.4 shows the eguim form depending on the size of the

raindrops, which fall on their terminal velocity.
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Figure 3.4 — Equilibrium shape of the raindrops.

For radar polarimetry application, raindrops aredeied as spheroids characterized by the ratio
between the semiminor and the semimajor axis length shape-size model identifies the
relationship betweem and the equi-volume drop diameteg, which is the diameter of the
sphere whose volume equals that of the equivaldatespheroid. For small raindrofix €0.28
mm), r ~ 1 and monotonically decreases @&sincreases, meaning that raindrop oblateness
increases ab. increases.

In the absence of air motion, the raindrops fathwhe semiminor axis in vertical position, and
the eccentricity depends only By (Green, 1975)For D> 1 mm the raindrops begin to flatten
out until the ratio between width and thicknessn@d almost 2:1, and this occurs whBgp
reaches the maximum limit of 8 mm. Beyond this tithie droplet breaks. To determine the
coefficients of the scattering matrix for oblatedhymeteors, considering incident waves both
linearly and vertically polarized, the Gans (19%inplifying theory is utilized, which extends
the Rayleigh theory regarding the spheres to tee o&oblate spheroids. For spheroids oriented

as in Fig. 3.5 the scattering matrix elements arergby (Bringi and Chandrasekar, 2001):

S = 47ki o cogw +sintw(a.sin? B+ a cod B) (3.41a)
Sth="Sw= ké [(az_a)sinzwsinzﬁjl (341b)
A1t e, 2
=Ko o cogw +sintw(ar.cod B+ asin? B) (3.41c)
At g,

where gy is the permittivity of empty spacey is the polarizability of a spherey, is the
polarizability of a spheroid along its symmetry sxp is the angle between the incidence
direction and the symmetry axj,is the canting angle. The canting angle is thdeabhgtween
the incident electric field and the projection detsymmetry axis on the polarization plane.

Figure 3.5 showed an oriented oblate spheroid, hvBianmetry axis is given by the anglgs
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and . The incident plane wave is along the directigrbeing 0< 4, < 90° the incident angle.
The plane of polarization of the incident waveesdiged as the plane orthogonakio

Several researches have been effectuated to detegna proper equation to describe the shape-
size relation. It has been established in thedlitee that the relation expressings a function of
D¢ in non linear. However there is still no consen&garding the most appropriate equation to
use to describe the shape-size relation for ragafications (Pruppacher and Beard, 1970;
Goddard et al., 1982; Beard and Chuang, 1987; Gorgt al., 2006; Gorgucci and Baldini,
2009).

In conclusion, the power back-scattered at bothhttrezontal and vertical polarization depends
on both the distribution of size and shape anccdrging angle of the raindrops in the sampling
volume. ThereforeZpr can be used to detect the shape and the sizeeodrtented oblate
raindrops when the incident beam is at a low elemangle ¢,~90°).

In fact, the differential reflectivity can be dedith as follows:
Zor = 10|og10(2% ); [dB] (3.42)

depending on the axis ratida of the raindrop. The axis ratio can be expresgesnbempirical
relation (Gorgucci et al., 1999):

% =103- 0062D, (3.43)

As showed in Fig. 3.6, tiny drops (01 mm) are spherical wittVa = 1, while larger drops have
axis ratios that decrease nearly linearly with éasingD, and thusZpr can be related tB for
single drops. Since the raindrops are oblate aag tluctuate during falling, the power back-
scattered is different from horizontal to vertigadlarization, and, therefor&pr+0, being
Zn#+Z,. Raindrops produce positive valuesZpk, because they are an oblate shape as above-
mentioned. So, the greater valuesZgg correspond to the presence of larger raindropghen
case of rainfallZpr values range from O up to 4 dB or more, as shdweféig. 3.6.

In the case of hall, the raindrops are prolatetaeg are subject to tumbling motions. Therefore
Zpr is quite close to zero, ranging from -1 to 0.5 #Bthe case of snowfallpr ranges from -1

to 0 dB.

If the raindrops would be spherical and in the abseof tumbling motions or oscillatio@s= Z,
andZpr = 0. In this case, for a single hydrometeor, thifzation of the incident pulse is the
same as the polarization of the scattered pulskfl@power back-scattered is the same at both

the orthogonal polarizations. As a consequencesdhatering matrix is the following:
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- 10
Ko &1, (3.44)
am\ g, +2 0 1
whereg is the relative permittivity of a dielectric.
If the radar is able to change the transmittedrpration state between the two orthogonal states

on a pulse-to-pulse basis (polarization agility)can determinate the shape and the size of the

hydrometeors, by measuring the difference betvilgeamdZ,, that isZpr.

Y "3 N(Spheroid symmetry axis)

0 : Y
1

(@)

Figure 3.5 — Orientation of the symmetry axis of apheroid described by the orientation anglesff, and f,) of the
symmetry axis wave’s polarization. Also showed i$e horizontal incidenced; as well as the canting angl@, and the angle

w between the incidence direction and the symmetryxés.
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Raindrops < 0.3 mm —» Z4;=0dB

Zir~1.5dB Z4r~2.0dB Z4r~ 3.6 dB
2.70 mm 3.45 mm 5.30 mm
Ziyr~4,0dB Za~5.5dB Z4r~ 6.3 dB
5.80 mm 8.00 mm

Figure 3.6 —Zpr values in relation to the size of the hydrometeors

9.5cm
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Chapter 4

Sources of error in radar-based estimates of

rainfall

4.1 - Sampling differences between weather radar arain gauge

The possibility to predict the rainfall events isry important for taking suitable measures to
reduce the damages due to heavy stofiihe. precipitation measurements are the startingt poi
for studying the hydrological processes. Preciitatestimates are utilized as input in
hydrological simulation models indispensable torecr territorial planning and to the adequate
management of hydraulic systems. As a consequaria®y factor for accurate flood estimates is
to know accurate rainfall input to drive hydrologfienodels.

It is well known that radar and rain gauges go ugfo fundamentally different processes to
estimate rain. Rain gauges collect water over adog@epf time, whereas radar obtains
instantaneous snapshots of electromagnetic batkschbm rain volumes that are then
converted to rainfall via some algorithms (Russalet 2005). In this paragraph the sampling
differences between radar and rain gauge will hailee.

Rain gauges measurements are a major input of logical models, but they are affected by
errors ascribable to several causes, such asnattieictions and occasional imperfections of the
rain gauge, reading errors, wind action which d¢flethe precipitation, and presence of
buildings, trees, or others human-made artifadsecto the rain gauge, which change locally the
characteristics of the rain field, or do not allde the device to collect the raindrops.
Furthermore, since the rain gauges are scattexatya territory, it is always difficult and
expensive to assure their correct operation, dukedlifficult of monitoring and maintenance.
Moreover it is necessary to consider how much #ie gauge can reconstruct a pattern of
precipitation.

One of the most important limits of hydrologicakgrction is due to the low resolution of input
of hydrological models (Vaes et al., 2001). Sinsmally in small catchments only one rain
gauge is available, its pointwise measurement msidered uniform over the whole of the area.
But, it is well-known that assume a homogeneousipitation over an area lead to a strong

underestimation of the discharges. Therefore, olewoto estimate the rainfall fields over an
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entire basin, the rain gauge pointwise measurenmaz@d to be interpolated and the small-scale
variability of rainfall fields can lead to biases the rain rate estimation over an entire basin,
above all for small or medium size mountainous arishn catchments (Borga et al., 2000;
Todini, 1995). Techniques have been proposed tmat& area-average rainfall over an area or a
region from point measurements, such as arithnméan method, Thiessen polygon method,
and isohyetal method (Chow et al., 1988; Calenda Bfargaritora, 1993). But different
interpolation methods can give significant differes in rainfall field estimates (Dirks et al.,
1998). For these reasons, the input of hydrologmadiels is often subject to strong uncertainty
(Paoletti, 1993; Vaes et al., 2001). As a consecgieseveral rain gauges should be installed in
different places in order to determine the spataifall distribution during the evolution of the
natural phenomena over the selected area (Padl®&®3). In fact, the accuracy of flood
estimates depends essentially on the rain gaug®sonkedensity, configuration and on the
instrument precision (Maheepala et al., 2001).

Many observational studies of rainfall identify sespecific elements of rainfall fields in space
by underlining the trend of rain cells to clusteside larger-scale structures called small
mesoscale areas (SMSA), contained inside large snakoareas (LMSA), which, in turn, are
contained inside synoptic areas (Austin and Holi2@2). These regions are all characterized by
different rainfall intensities where rain cells lkathe highest intensities. Because of this
particular precipitation structure we can obsergththigh intensity rainfall clustering in small
areas and rainfall intensity decreasing with distafrom the point of highest rain intensity
(Lombardo et al., 2006).

The reduction of high intensity rainfalls with ieasing areas is a key issue in many hydrological
problems, e.g. in designing hydraulic structuresflimod control as in urban drainage systems
(Bacchi and Ranzi, 1996). In fact, it is very prbleato observe a heavy rainfall for short length
of time and over a restricted area (Moisello, 199@)a consequence, during a rainfall event, the
point of highest rain intensity could not interdst rain gauge site. Hence, the not homogeneous
density of a rain gauge network causes loss ofrnmition, especially in the case of heavy
rainfall, and where the rainfall fields are morehamogeneous in space. Homogeneous
precipitations can occur for small catchment, it-mountainous district, or during stratiform
events. Vice versa, in wide areas the charactesigif the rainfall field could be often not
homogeneous in space, and that occurs particularigountainous regions (Moisello, 1999),
where the number of rain gauges should be greltstead, mountainous areas are almost

without rain gauges.
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Furthermore, due to the different types of rainggsuin a rain gauge network, the information
they provide is not-homogeneous both in space anel tFor example, in Italy there are often
both ordinary rain gauge and recording rain gaggses Chapter 2).

In this context weather radars have several adgestsince a single site is able to obtain
coverage over a wide area with very high tempanmdl gpatial resolution. In fact, radar sampling
area can be many orders of magnitude greater ti@mmrea above which rain gauge collects
precipitation, which are over 10000 krfdepending on the distance) and 0.4 respectively.
Assuming a range of 150 m, a beam width of 1°, amdy of the scanning circle equal to 150
km, this means that more than 300 thousands raigegashould be necessary to replace the
whole of range-bins. Furthermore, radars can peowidick updates of the tridimensional
structure of precipitation by making scanning wadlifferent elevation angles, which are made
about every minute (time necessary to the antemnaake a sweep).

Therefore, weather radars play a significant roléhe rainfall field estimation and consequently
in the improvements of hydrograph simulation (Log¢zl., 2005), which is necessary for the
hydraulic risk assessment, for providing flood ta@sting and forewarning (with a safety
margin), for the design of drainage systems (Céstleind Pegram, 2002), and for statistical
characterization of extreme rainfall frequency (veski and Smith, 2002). A very high space—
time rainfall resolution is needed especially inaingatchments, like urban catchments, which
have a short time of concentration, in order toamhtwith sufficient accuracy, flash flood
nowcasting as well as monitoring of sewer systems.

In consequence, the rain gauges are less ableddanto capture well the spatial variability of
rainfall with time, which is particularly evident ahort timescales. Whereas, as the period of
accumulation increases, the expected spatial vbtyais reduced and rain gauges provide
improved spatial rainfall estimates (Pegram andh@o, 1999; Sinclair and Pegram, 2005).

For these reasons, the importance of radar essnméditprecipitation tends gradually to increase
both for operational and research purposes (Lonoh2@D7).

Moreover, radar estimates of precipitation can ifigantly integrate the information provided
by the rain gauge network, both to correct errorgadar estimates and to reconstruct the
rainfall fields. Techniques are proposed for uitiliz rain gauge data to correct bias (Koistinen
and Puhakka, 1986; Saltikoff et al. 2000; Russd@42(s well as range dependent error in
rainfall radar estimates (Zawadzki, 1975; Borga dmhelli, 2000; Gabella et. Al, 2001;
Ozturk and Yilmazer, 2007). These methods congigiergauges direct rainfall measurements
as “ground truth”. Furthermore, rainfall is estieétoy combining information from both radar

and rain gauge network through merging techniqésdt, 2002; Pegram, 2002; Sinclair and
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Pegram, 2005). But, in order to reach these puspasempling differences between radar and
rain gauge, which lead to discrepancies betweesrt@erived rainfall estimates and rain gauges
data (Zawadzki, 1984), must be considered. Unceigai in radar estimates of rain are due to
temporal and spatial sampling differences of the thevices (Villarini et al.,, 2008b). The
temporal uncertainties which affect radar estimatesdue to the temporal gaps between rain
gauges and radar observations, depending on thglisgmolume height above the rain gauges.
But the effects due to these gaps decrease ast¢henalation time increases (Krajewski, 1995;
Steiner et al., 1999; Russo et al., 2005). Fagoyducing discrepancies between radar and rain
gauge data can produce the following errors (Zakiad®84): (1) random errors, such as the
error associated with the transformation from iaty to rain rate due to the variability of
drop size distribution; (2) systematic errors (&filhi et al., 2008b) due to radar miscalibration;
(3) range-dependent errors, such as the samplingriamties that are associated with beam
broadening and the increase in height with rangethef sample volume (Berenguer and
Zawadzki, 2008; Berenguer and Zawadzki, 2009), witause temporal and spatial sampling
differences of the two devices (Villarini et alQdBa).

Weather radar has been established as an invaltgdbléor provision of weather services, as it
facilitates monitoring of precipitation events goedicts their short time evolution. However, it
is not as well established as a tool for the qtetinte estimation of precipitation (Delrieu et al.,
2009). Thus, for many applications (especially maplons that require long-term precipitation
estimates, such as those related to hydraulicasskssment) conventional measurements from a

network of sparse rain gauges are still preferBsbéstianelli et al., 2013).

4.2 - Errors associated with radar estimate of raifall

Despite the weather radars have several advantagamfall estimates, with respect to the rain
gauges, many sources of error affect radar measmtsmThese include radar miscalibration,
range degradation (including beam broadening amdpkiag of precipitation at increasing
altitude), attenuation, ground clutter, variabiliof the Z-R relation, instrument sensitivity,
vertical variability of the precipitation systemertical air motion, precipitation drift, temporal
sampling error, anomalous propagation and beankinigc(Villarini and Krajewski, 2010).
These produce an overall error, which tends teceg®e as the distance from radar increases. As a
consequence, the spatial structure of a rain fledtlis derived from weather radar measurements
is affected by the way that the radar samples pitation. Therefore, the rainfall rate estimated

by weather radars differs from the precipitatiotlemied at the ground by a rain gauge. This
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means that to correctly estimate the precipitagibthe ground it is necessary that the reflectivity
data must be corrected. As noted above, the agcwhcadar rainfall estimates has been
traditionally assessed by performing a comparisath wainfall measurements at ground
obtained by rain gauges. Following this purposegrerare found that depend on the location of
the rain gauges (Sebastianelli et al., 2013).

As already mentioned, weather radar indirectly mles estimates of the rain rate, because it
directly measures the back-scattered poWgrthat, subsequently, is related to the rainfall
intensity R by means of the reflectivity factat (Sect. 5.4.1). Thé&, measure is affected by
several errors, which can be independent from tme space, such as the systematic error, or
range related, such as the error due to the beaadéning, the radar sampling height, and the
signal attenuation. In the following sections thaimsources of errors in rainfall radar estimates

will be accounted.

4.2.1 — Range degradation of radar measurements

As above-mentioned, the radar measures precipitattoa given height, whereas rainfall is
registered by the rain gauge below the radar samglane with a delay with respect to the
radar. This question is named the ground truth lprol{Rinehart, 1997). The delay depends on
the time needed for the raindrops to precipitateother words it depends on the radar sampling
height.

The range degradation of radar estimates of raiisfalue to the fact that the radar beam tends to
widen as the distance from it increases, and, cpesgly, at great distance the rain rate is
obtained with a less spatial resolution. This faatls to a rain rate underestimation by the radar,
which increases as the distance increases.

Furthermore, in some cases the rain gauge canregure any precipitation, whereas the radar
can detect the presence of the raindrops in thesghere. In fact, due to the earth’s curvature
and to the positive elevation angles (which mustused to avoid beam interceptions by
obstacles or relieves), at great distance fronrddar antenna, the radar beam can overshoot the
clouds, and does not intercept precipitation.

Hence, due to the beam broadening, the radar sagnpéight, and the signal attenuation (see
Sect. 4.2.8) the signal returned from precipitattan be quite close to the minimum detectable
signal at great distance, also at low elevationghis case the radar receives only noise, and it
cannot detect precipitation unlike a rain gaugeaséd below the radar sampling volume. As a

consequence, the spatial sampling of precipitgtieniormed by the radar is not uniform and the
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same precipitation produces a return charactetizea signal to noise ratio that decreases with
increasing distance.

So, the spatial and temporal sampling differencesvéen the two devices cause a range-
dependent error which increases as the distanoe fadar increases, because of the increasing

altitude and width of the radar beam with distafniom the radar site.

4.2.2 — Variability of the Z-R relation

As already mentioned, the reflectivity is a funatiof the DSD (See Sect. 3.1) and, therefore,
also rainfall rate depend on it throughZeR relation (see Sect. 5.4.1). Moreover, the DSD
influences the coefficients of th&-R relationship (Eq. (5.3)), and varies geographically,
depending on the characteristic of the rainfallné\(stratiform or convective), and even within
the same rain field with rainfall intensity (Viliar and Krajewski, 2010).

4.2.3 — Vertical variability of the precipitation system and bright band

Weather radars measure the reflectivity in samplimlgmes aloft, at a certain distance from the
earth’s surface. For a certain elevation angle digtance increases as the range increases. As a
consequence, considerable effects occur becausie ofertical variability of the precipitation
systems, which is due to the factor?|f$ee Eq. (3.11)), but also to evaporation, calfisi
coalescence, and break-up of the rain drops aloft.

Depending on the distance, the type of precipitatamd the elevation angle, the radar beam can
moves through the melting layer, intercepting iegtiples that are melting. As showed by Fig.
4.1, these particles are formed by a core of icei@m by a coadf water. The ice particles are
greater than the raindrops, and the water layerthair surface reflects the radar waves.
Therefore, they behave like raindrops that aretgrahan usual raindrops (Sebastianelli et al.,
2013). The bright band is the region just below @hésotherm where snow melts and presents
enhanced reflectivity with respect to the rain kelor the snow above. This imply a strong
overestimation of the reflectivity, and, consequerdf the rainfall rate by the radar. Moreover,
the bright-band is displayed on a PPI display, baght ring, placed almost all around the radar
site at a distance which depends on the antennk.alfe bright band can occur during
stratiform precipitations, depending on the vettpafile of temperature-However, the absence

of a bright band does not imply the absence otifire precipitation structure. Furthermore,
even if a bright band occurs, the vertical resolutof the radar could be not sufficiently fine to

observe it. Hence, the bright band is a propertthefradar data (Houze, 1997). Instead, within
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convective cells, bright band is not defined, beeathe intense updraft can stop the formation of
a melting layer, or the transition between snow eadfall is chaotic and undetectable (Steiner
et al., 1995; Villarini and Krajewski, 2010). Theere also events occurring as cores of
convective precipitations embedded into a widespr&aatiform precipitation area, the latter
may exhibit a bright band, as better detailed irajitér 7.For a stratiform event, due to the
melting layer, weather radar overestimates rainéddise to its location, depending on the
elevation angle (Sebastianelli et al., 2013). Asaly mentioned in Chapter 3, the reflectivity
depends on the"ower of the diameter of the raindrops, and, floeee even a few ice particles
that are melting in the sampling volume are swgfitito cause an overestimation of the rainfall

rate by the radar.
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Figure 4.1 — The bright-band.

To correct for range dependent bias due to thaceénariability of the precipitation system,
several approaches have been proposed. Each mietppdams to identify and correct for the
vertical profile of reflectivity (hereafter VPR).RR is related to changes in the shape and size
distribution of hydrometeors as well as to theiagd transition. It is usually defined as the ratio
between the reflectivity at a certain altitude ahd reflectivity at the ground (Andrieu and
Creutin, 1995; Andrieu et al, 1995; Vignal et dl999; Vignal et al., 2000; Mittermaier and
lllingworth, 2003; Zhang et al., 2008; Kirstetterad, 2010; Bordoy et al., 2010).
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4.2.4 — Air Motion

Vertical air motion is a source of uncertainty ertely variable both in space and time. The
updraft can delay or block the precipitation, réaglin a decrease in rain rate. At the contrary,
the downdraft causes an increase of the rainfédingity. Both the updraft and the downdraft
affect the drop size distribution, which has an aetpon theZ-R relations. Moreover, the wind
can move away the raindrops from the rain gaugealse they fall in a non-straight vertical
line. The precipitation drift influences the drapesdistribution too. Furthermore, the higher the
radar beam the higher the probability that largepd increase their mass by collection of cloud
water in their fall paths (coalescence), or the Isrdeameter raindrops evaporate in the
atmosphere before reaching the ground. But theleboplso breaks beyond the maximum limit
of De (see Sect. 3.4.4), so that the distribution ofrbgteteors size at ground is different from
that aloft, which is sampled by weather radar. Theans also that the difference between radar
estimates and rain gauge measurements of rainaseseas the range increases, due to the
increasing impact of the air motion with increasthigtance. In conclusion, the air motion has an
impact on the vertical variability of the precigitan system, theZ-R relation (due to the
variability of the DSD), and the differences betweadar and rain gauge estimates of rain, that

tends to be greater as the distance from radagases.

4.2.5 — Ground clutter

The ground clutter is an intense non-meteorologiealar echo caused by scattering in the
antenna sidelobes hitting the ground close to #uarmr site as well as by fixed objects (e.g.,
buildings, trees, terrain) obstructing the radaarbe Non-meteorological echoes are still a
significant problem, especially when they are endeeldin meteorological returns, as they lead
to a rain rate overestimation by the radar (Vitaand Krajewski, 2010). The ground clutter is
removed through the methodology specified in thapgiér 4 (Lombardo et al., 2006).

4.2.6 — Beam-blocking

The beam-blocking, can be total or partial, ant ilue to mountains or other obstacles that
intercept the radar beam (Bringi and ChandraseXa®,l). The total beam-blocking doesn’t

allow to the radar to detect the hydrometeors #ratsituated beyond the obstacles. But, the
same particles could be collected by a rain galaged at the ground. Instead, the partial beam-
blocking causes signal attenuation and, conseqyeartlunderestimation of the rain rate by the

radar with respect to the real rainfall field. Mover, in the case of partial beam-blocking,
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spurious returns occur, because the row reflegtititat is the reflectivity without corrections
(see Chapter 5), is affected by ground clutteshasved by Fig. 4.2.
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Figure 4.2 - Beam-blocking

4.2.7 — Anomalous propagation

Since the atmosphere is a not-homogeneous mediumhich temperature, pressure, and humidity
change with height, the atmosphere’s index of oifrea n decreases with height, and, therefore,

the wave rays bending (or refraction) occurs.

earth's center

Figure 4.3 - Wave propagation in a standard atmospére.
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Considering a ray that propagates from a pojrdrPthe surface of the earth, where the index of
refraction isn;, to a point P above the surface at an altitudevhere refractive index is smaller
and equal to, (see Fig. 4.3), Snell’s law states that:

no(R+h)coda,) = n,Rcoga) (4.1)
whereR is the radius of the earth, aag anda, are the angles between the ray and the local
horizontals. As a consequence, when the altitudee@ases, for the same angle of incidence

the refraction angle decreases, and the ray bends downward. In faesuits that:

= Sin(% 0 (4.2)

wheren is the atmosphere’s index of refractiorgndr are respectively the angle of incidence
and the refraction angle with respect to the norrrathe standard atmospheric conditions
decreases linearly with altitude, and the paththefwaves are close to arcs of circumference
not-concentric with respect to the earth. In naidard atmospheric conditionschanges not-
linearly with the altitude. As a consequence, tlavaeg diverge from their standard propagation
direction. In this case, there is anomalous propagaconsisting of abnormal bendings
downward (superrefraction), or abnormal bendingsvard (subrefraction). Superrefraction
occurs in the presence of inversion at the growtgn the humidity decreases strongly with the
altitude, or when warm and dry air moves on convath cold water. Superrefraction occurs
less frequently during storms too. Instead, subotiion occurs for example in case of fog, or
when cold air passes above a warm soil.

Moreover, in case of anomalous propagation the bemmbe guided through a narrow layer
along hundreds of kilometers. As a consequenceg BRI display rain cells can be displayed
which are situated in fact beyond the bound ofrltkar scanning circle.

4.2.8 — Signal attenuation

In this section the effects of both the signalrattgion and the phase shift of the waves will be
examined. These effects are caused by the interatietween the waves and the medium
precipitation along the propagation path.

Attenuation is a phenomenon which leads to a réslucif the power of an electromagnetic

wave that propagates in a medium, and it is dusotb the absorption and the scattering by the
targets. In radar meteorology the attenuation catise loss of a polarimetric wave’s power

when it propagates along a path through rain, argldue partly to the absorption, partly to the

scattering by the hydrometeors. Therefore, it caaseeduction of the power of the pulse which
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passes through the hydrometeors, that dependedygpé and density of the material, and on the
frequency of the incident wave. In case of the Wwearadars working frequencies, the water
absorption along the propagation path is the mause of attenuation, which increases as the
signal frequency increases. However, even at velgtiow frequencies (S-bantiz 3 GHz), the
radar signal can be affected by relevant two-pttnaation, which will considerably reduce the
observedZ and thus the estimateR, when the waves propagate through very intense
precipitations (as summer convective events). Wthenradar beam passes through an intense
storm cell it is weakened and therefore the rainfaensity due to the cell is underestimated
(Pegram and Clothier, 1999).

Due to the effects of the airflow around the hydetaors, falling raindrops have an oblate shape
that becomes more pronounced as its size increbeasy it preferentially oriented in the
horizontal plane (see Sect. 3.4.4). This physiétce influences both the propagation of an
incoming electromagnetic wave and the back-scatteweve. For this reason the radar echo from
raindrops is larger in polarization H, than in p@ation V. This effect is more evident as the
size of the drops increases (Testud et al., 2008)gnificant advantage of polarimetric radars is
the possibility to measure the differential propaga phase shiftgpp between H and V
polarizations, which can be utilized for estimdte total attenuation along the propagation path
through rain.

Apart from the weakening of the signal, the attéiomacauses also a phase shift of the back-
scattered wave. In fact, considering an incomirgjoelectric wave, which is transmit by the
radar with a certain polarization, and assumingplaescal shape of the hydrometeors, in a
generic point P intercepted by the radar beangsitlts that there is a phase shift between the
back-scattered wave and that transmitted by tharrathe phase variation is due to the
overlapping of the forward scattered wave with theoming wave transmitted by the radar.
These two waves have different origins, and, asnsequence, different phases. The phase shift
is named propagation phase skt and it is a function of the polarization of thecaming
electromagnetic wave transmitted by the radar, tduthe fact that also the forward scattered
wave’s phase depends on it.

In case of linear orthogonal polarization, theahéintial propagation phase shifir is defined as

the difference between the copolar propagationgkh#ts, given by:
¢DP = ¢hh_¢vv (43)

where g is thephase shift of thedrizontal polarized wave, ang, is thephase shift of the vertical

polarized wave, being the effect more importanpatar H than in polar V. This differential
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effect is again due to the oblateness of raindi@gstud et al., 2000). In case of spherical
objects, the differential propagation phase shyftishould be equal to zero becayag=-¢.
Therefore, in case of motionless spherical objdw, differential propagation phase shifip
should be equal to zero, as well as the signaluéregy variation. In case of spherical object
which moves with respect to the radar location duld have only a frequency variation
(Doppler effect). In case of motionless oblate objé would have a differential propagation
phase shift different from zero, but a signal frexgey variation equal to zero. In case of not-
spherical object which moves with respect to thaarait would have both a variation of the
signal transmitted frequency and a different frarozpp.
Only ¢pp can provides a measure of the along-path attemuéicause both it is a cumulative
guantity, which increases as the distance fromrradaeases, and it doesn’t suffers the effects
of attenuation due to propagatigmough rainor beam-blocking. Thepp measured in a generic
point intercepted by the radar beam takes into wadcof the total attenuation along the path
from the radar antenna site until the consideredtpo
Being R and B two points at distances andr, from the radar site, both located along the same
ray, it is defined the specific differential propdign phase shikppas follows:
— ¢DP(r2)_¢DP(r1) (4.4)

202—FJ

where ¢@pp is the differential propagation phase shffpe is a very important parameter because

Kop

it can provide rain rate estimates (see Sect. bak 1t is nearly proportional to the rainfall rate
and the relatiorR(Kpp) is only slightly dependent on the drop size dsitiion. So, theKpp
algorithm behaves better than the classic with Meshall-Palmer DSD because it is not
affected by attenuation (Testud et al., 2000). Mwee, Kpp allows for identifying the structure
of the scattering medium (for example, the locatbrheavy precipitation regions), and of the
water content in a liquid state (Doviak and £rnl993), that is the body of water in a unit
volume.

Assuming oblate hydrometeors, it follows that th&edential propagation phase shiflpp

between copular signals received by the radarnsigBand Chandrasekar, 2001):
l//DP = ¢DP+5co (45)

whered, = dw - onn = 0° assuming valid the Rayleigh-Gans approximawgms the phase of the

coefficients; of the back-scattering matrix.
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4.2.9 — Radar miscalibration

The radar miscalibration is the source of an uagast in radar estimates of rain rate named
bias. The bias is a systematic error which occurengver the weather radar makes a measure of
back-scatteredower, apart from the location of the sampling volumec®the radar is correctly
calibrated, it is able to measure exactly the bmttered power that remains, however, affected
by the signal attenuation and the other samplingrerin fact the bias is independent from other
types of errors. The calibration is the procedbet allows to obtain the system bias, and consist
of modify the radar constant so that the systematior which affects the reflectivity can be
compensate (see Eq. (3.18)). The bias must be ddaetlectivity factorZ (dBZ).
The bias can be determinated through several melbgids:

» use of standard targets;

* receiver static calibration;

» use of the sun as source of energy;

« calibration of radar using polarimetric techniq@sslf-consistency principle);

» calibration with rain gauges (Koistinen e Puhakk@86; Saltikoff et al., 2000; Russo,

2004).

The receiver static calibration consists of injegtpulses of know amplitude, and, subsequently,
measuring the power detected by the receiver, wisctifferent from the transmitter pulse
power (Bringi and Chandrasekar, 2001).
The calibration of radar using polarimetric techugg is based on the principle that the rainfall
rate estimated by using the reflectivity factorhatizontal polarizatiorZ, and the differential
reflectivity Zpr is the same as that obtained from specific diffeaé phaseKpp. Scarchilli et al.
(1996) have showed thal, Zpr, and Kpp lie in a three-dimensional space. This constraint
permits the parametrization &bp in terms ofZy andZpgr. In other wordsK pp, which is the
parameterized estimate &bp based orZy and Zpr, can approximat&pp fairly well in the
absence of measurements errors. To calibi&de measurements vertical-looking radar
observations are uselpp is derived from the differential phase measuren@sy, which is
unaffected by systematic errors (Gorgucci et &99). This means that any bias in the absolute
calibration (error on the radar constant) translat¢o a bias in all the measured values of the
reflectivity Z,. In the absence of bias in a scatter plokg$ andK pp the slope of the regression
line is about 45°. However, in the presence of bt@sangular deviation of the best fit line from

45° is a measure of the bias (Gorgucci et al., 1@@gucci et al., 1999).
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The calibration that uses rain gauge measuremanitsirtegrate other kind of calibrations,
improving the precision in the bias estimate, and based on the assumption that the rain field
derived from rain gauges measurements is real. @redias is added to reflectivity, the rain

gauge measui,,, must be equal to the corresponding radar estirtfaejs:
Row = add?? o™ = a9 g0 (4.6)
whereZ is the reflectivity factor (dBZ)C is the bias, whilea andb are the coefficients of the
assumedZ-R relation (see Eq. (5.11)). The terms 16°“*? represents the rain rate (mm/h)
estimated by the radar and the fad6f“'?is a dimensionless multiplicative error obtained a
follows:
M = Y XaG,
ZiEzlzljjle,j

whereG;; andR;j are the rain gauges and the radar rainfall amasptectively foi-th event and

4.7)

j-th rain gaugeE is the number of rainfall events observ&dis the number of rain gauges
utilized. The simplest method is to calculate theam bias by considering all the rain gauges
scattered along the catchment (Russo, 2004). émalively rain gauges can be selected so that
radar errors in rain gauges sites are likely dug tnradar miscalibration, to avoid the influence
of the other kinds of errors on bias calculatioel&stianelli et al., 2013). In any case the same
M is applied uniformly to each rainfall value estteth by the radar in the scanning area. The
existence of a multiplicative bias that charactsitheZ-R relation is the same as a blagdB)

which must be added to reflectiviy C can be calculated as follows (Russo, 2004):
10
C :Floglo(M ) (4.8)

whereb has the same meaning as in Eq. (4% a factor that must be added to the reflectivity
data to correct the effects of radar miscalibration
By utilizing Eq. (4.6) each rain gauge has a weigidportional to the precipitation amount
collected. AlternativelyM can be calculated as in Eq. (4.8) so that eachgaiige has the same
weight in the bias determination:
_ 1 TRYLGH
CEPYLITIR,

(4.9)
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Chapter 5

The Polar 55C weather radar

5.1 — Features presently available in the Polar 55€dar

Precipitation data processed in the present waekcalected by the Polar 55C weather radar.
The Polar 55C is a coherent C-band (5.6 GHz) Dopghlel polarization weather radar, with
polarization agility, managed by the CNR-ISAC (Itge of Atmospheric Sciences and Climate
of the National Research Council) in Italy (Gorguetal., 2002). Since it is a Doppler radar,
Polar 55C is able to measure in real time the tiana of the signal received phase, from which
the mean radial velocity of the hydrometeors deperiherefore it can measure the mean
velocity (v) and the second central moment of the Doppler tBjpadc(a;). Moreover, Polar 55C

is capable of transmitting and receiving horizdgtahd vertically polarized signals on alternate
pulses providing, among others, in real time messwf Reflectivity Factor4,), Differential
Reflectivity (Zpr) and Differential Phase Shif@fp). The radar beam has an azimuth beamwidth
of 0.92° and an elevation beamwidth of 1.02°. Raelasanot used in order to avoid beam
blocking by stalls, even if it would increase theess of the mechanics of the servo antenna. The
frequency of the signal emit belong to the C-babd& (GHz,A = 5.4 cm), that, in Europe, is
considered as the better compronbséween the problems due to the antenna’s dimengam
already mentioned in Sects. 2.7 and 3.3, radans avigreat wavelength are much expensive
because they need a great antenna to focus the beanthe accuracy in the rainfall estimates,
mainly concerning the signal attenuation. In Tabl %eatures of Polar 55C radar are

summarized.
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Antenna

Type Offset fed Parabolo
Fee( Corrugated hot
Aperture diamett 4.57

Polarizatiol Horizontal and Vertic:
Azimuth beamwidt 0.92 del

Elevation beamwidt 1.02 dei

|Gair 45.5 dE

Sidelobe leve -32 dE

|ICross Polarizatic -27 dE

Transmitter

Power Amplifie|

Klystron VCK 776:

Frequenc

Fixed, selectable in the band 5-5650 MH:

Peak Powe

500 kW

Pulse width (maximun

0.5-1.5-3.0ps

PRF

1200- 600— 300 H:

Average Powe

300-450-450 W

Available polarizatior

Hand\

Receiver

Number of channe

2: (RX and TX samp down conversion to Il

Noise figure

2.0 dB from the input of the first down conversioodule

Image Rejectio

> 50dE

Dynamic rang

> 100dB at 1dB compressi

IF

60 MHz

IF bandwidtl

2.0-0.7-0.5 MHz

Table 5.1 — Features of Polar 55C weather radar.

5.2 — Location of Polar 55C weather radar

Polar 55C weather radar is located 20 km South-&adbwntown Rome and installed on the
roof of the tower of the ISAC building. The exactsgion of the Polar 55C corresponds to North
Latitude 41.84°, East Longitude 12.65° and a heightit02 m ASL. Figure 5.1 shows the

buildings of the Tor Vergata Research area surngaliny the Polar 55C antenna.

From the current site, the Polar 55C can moniteciprtation over the farthest part of the Tevere
basin, the urban area of Rome, and the central Mipes. Figure 5.2 shows the Polar 55C
position in relation to the Rome urban area (greg)| the hydrographical network of the Tiber
River (blue lines), the Lazio region boundary liime black) and the coast-line. The black rings
in Fig. 5.2 represent points at the same distaftoes Polar 55C, that is at 40 km, at 80 km and

at 120 km from radar.
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Figure 5.1 — Polar 55C antenna installed over theop of the
building of ISAC, in the Tor Vergata Area of the Natonal Council
of the Research.

The position of Rome can be referenced by the gmeje, which represents the highway that
surrounds it.
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Figure 5.2 — Polar 55C scanning area.

The observable region includes a mountainous distrdue to the presence of several mountain
chains (the Colli Albani Hills, the Prenestini Mdaims, the Tiburtini Mountains and the Sabini
Mountains), which cause limitations to visibilitywvhen the beam is completely blocked by

mountains there will be no radar echo received ftbefarther targets in the range, and this
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feature can easily be spotted on radar picturesueider, when the beam is partially blocked the
echo received from the ranges farther than thekbigctarget will be reduced and the radar
reflectivity (Z,) will also be correspondingly reduced proportibnab the amount of the beam
blockage. Particularly, as showed in Fig. 5.3,dbeultation constituted by Monte Cavo (which
belongs to the Colli Albani Hills) is total and danines the presence of an occulted sector, from
120 to 150° recognizable in the map. Good visipilit the North West sector allows the
monitoring of precipitation over the Tyrrhenian Seehich is very important in order to
understand the advection of the precipitation toutban area of Rome and to predict incoming
precipitation cells over that area. In spite of m@ins, which determine the limitation in radar
visibility of the region in some sectors, it is pide to achieve a good monitoring of
precipitation in the Apennines Mountains, whereliesting observations of convective storms,
which frequently occur there during the summer, lsarmade. Figure 5.3 provides an example

of reflectivity map observed at an elevation argjlé.50° on 19 September 2008.
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Figure 5.3 — Total beam-blocking (right panel) and aeflectivity map (PPI) oh the 19th September 2008&;0llected by the
Polar 55C weather radar. It is evident the beam-ldckage phenomenon in the South-Eastern region causby the Cavo

mountain.

5.3 — Data acquisition

In the considered data sets, radar measurementbiieed by averaging from 48 to 64 pulses

transmitted with a 1200 Hz pulse repetition frequyewith a range-bin resolution of 75 m, up to

120 km away from the radar location (Gorgucci et2002).

Since Polar 55C is not an operational weather ratifierent scanning strategies are adopted,

depending on the information requested about tledmyeteors. The Polar 55C can acquire data
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through two different observation methods: the FRasition Indicator (PPI) observation, based
upon the cyclical repetition of a certain numbersakeps, each one with a constant elevation,
ranging upward from two bounds, and the Range Hédigticator (RHI) observation, when the
azimuth is kept constant while at the same timeelbeation angle changes. In this work, only
the first one is employed and the number of swespaell as the antenna angles is scheduled;
elevation angles and scanning time are set acaptdirihe priorities of the ongoing research
activity. This study considers positive antennavaien angles that allow satisfying the need to
minimize the influence of ground-clutter and thatrasting need to keep the radar beam close to
the ground (Gorgucci et al., 1995; Russo et ab52Qombardo et al., 2006; Russo et al., 2006).
Furthermore, the radar operational elevation anffiegrecipitation estimation are chosen so
that the effect of both the melting layer contartioraand the beam geometry could be studied.
Figure 5.3 shows an example of PPI, which returma plane the images of the received signals
in a polar coordinate system (Russo, 2004). OnlatlBn be viewed in real time the position of
a meteorological target, in terms of both distaftoen radar and azimuth, and, moreover, the
precipitation is represented by different colorpeteding on the rainfall intensity.

The time needed to acquire a PPl is about 40 setheaantenna moves with a constant velocity
of about 12 deg/sec. As a consequence, the tintepdsses between the acquisitions of two
consecutive PPI with the same elevation dependseonumber of elevation angles scheduled.

5.4 - Ground clutter and noise rejection

To process radar data two essential steps musarbed out, which are necessary to allow the
use of the information given by the radar data,t tig the distinction between both
meteorological echoes and noise, and meteorologabes and ground clutter. To reach these
aims, apposite methodologies are developed. Thenpality of the dual-polarized weather radar
is employed, in order to reject the ground-cluttesing differential reflectivity (Lombardo et al.,
2006).

Polar 55C radar data are collected without filtgriout noise. In this way it is possible to
determine the level of background noise in eaclragflectivity map by considering that at far
distances from the radar, and even for small el@vst the radar samples in an atmospheric
region above the layer of precipitation. As a cousaice, the modal value in the last two range-
bins can be used as a reference to determine te fevel at the receiver. Therefore, using
reflectivity factor at such distances, the noisel&sin dBZ at a given rangecan be expressed

for a given azimuth by Eq. (5.1) as follows:
60



Chapter 5 herPolar 55C weather radar

Z(r)=2z+ 20@0910(%end] (5.1)

where in the second term in the right sidg is the maximum range (120 km) a#@dis the
modal value (determined as described previousl{heftarther two range bins (1 range-bin = 75
m) of each record. Along a ray, each measudfedhlue at the distangeis compared with th&s
value at the same distance, and the range-binsendefiectivity does not exceed the noise level
by a threshold of 4 dB are considered as affecyeddse. This method allows both monitoring
of the noise level of the system and identifyingreturns with a signal to noise ratio above a
given thresholdT. If Zy(r) < Zs (r) + T, beingT = 4 dB (used to take into account residual
fluctuations and quantization error), the measurgmat range are suppressed. Figure 5.4
shows an example of reflectivity trend (in blueylarise level trend (in red) against range along
a generic ray. After removing noise, it needs nidy the cells contaminated by ground clutter.
Ground clutter is generally defined as an interskar return from non-meteorological, ground-
based targets, such as mountains, buildings om dthman artifacts. These obstacles cause
locally a rainfall intensity overestimation by timadar with respect to the real rainfall field.
Ground clutter effects are more evident when loavalion angles are used since the radar
energy travels close to the earth’s surface eslheatacloser ranges. The presence of clutter is
easily recognizable on plan position indicatorgdose its position is fixed.

The method developed to identify and remove rangs-affected by ground clutter is based on
the existence of typical values for the standandadi®ens of the differential reflectivity(Zpr)

and of the differential phase shif@op) when the radar return is caused by precipitatBnmgi

and Chandrasekar, 2001; Russo et al., 2005; Lormaletrdl., 2006). In fact, in the presence of
meteorological echoes these standard deviationbeaxpressed in terms of both the Doppler
spectrum width €;) and the co-polar correlation coefficient,. Therefore, using the ranges of
g, and g, in precipitation it is possible to define the @sponding boundaries far(Zpr) and
o(@Pop). If values ofa(Zpr) and o( @pp) lie outside these boundaries, measurement isdemesl

as belonging to a clutter contaminated volume. fBlewing conditions are established, which
are necessary so that the signal at the receigeaitered by a meteorological target:

009dB < 0(Zpr) < 09dB, o (@) <5 (5.2)

Only the radar data not affected by ground cluttenoise are converted to rainfall rates, as

explained in Sect. 5.4.2.
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Figure 5.4 — Reflectivity ¢,) and noise level Zs) patterns on a generic azimuth.

Figures 5.5a, 5.5b and 5.5c show reflectivity mapidected at the same time but referring to
different processing levels, named row reflectivifter removing noise and after removing
noise and ground clutter. In Figs. 5.5a and 5.8bosg affected by ground clutter are represented
on a PPI through a dark red color. Finally, Figgdbshows the corresponding rainfall intensity
map, in which it can be seen that meteorologichbes are returned with a color ranging from

dark blue (drizzle) to light red (heavy rainfal) @ark red (hail)

62



Chapter 5 heélrPolar 55C weather radar

range (km)
range (km)

-100 -50 0 50 100
range (km)

(b)

range (km)
range (km)

-100 -50 o 50 100 -100 50 0 50 100

range (km) range (km)
(b) (d)

Figure 5.5 — Row reflectivity, reflectivity after removing noise, reflectivity after removing noise athground clutter and
corresponding rainfall intensity map (from the left to the right and from up to bottom), collected duing the 19 September
2008 event.
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5.5 - From reflectivity to rainfall intensity

5.5.1 — Physically based parametric rainfall intensy estimation algorithms

Two kinds of methodologies used to estimate raia feom radar data exist: physically based
and statistical-engineering procedures (Bringi @hdndrasekar, 2001).
Physically based rainfall algorithms are employealtain rain rate (which is averaged in each
sampling volume) from both physical models of ppéetion and corresponding polarimetric
measurables, without any feedback from rain gaugasmrements. The aim of statistical-
engineering solutions is to obtain the better ainhtensity estimation, by utilizing both radar
data and rain gauge data (Zawadzki, 1984; Ehré2;28inclair and Pegram, 2005). Only the
first one is considered in this section.
The drop size and shape distribution is of fundaalemportance to obtain the physically based
rainfall algorithms. The drop size distribution (Dsdepends on the probability density function
of the raindrops. A gamma distribution model iseatd adequately describe many natural DSD
shape variations (Ulbrich, 1983). The gamma DSé&xjwessed as follows:
N(D)=n. f,(D) (5.3)

where N(D) is the number of raindrops in the unit volume dod dimensional interval ¥,
D+4D), nc is the concentration, anfg(D) is the probability density function. For a gamma
distribution model:

f,(D) :r(’/\j—#::l)e-AD D* (5.4)
whereA andu > -1 are the gamma probability density function paeters. It can be demonstrate
that the polarimetric measurables depend on timelmap size and shape distribution. To estimate
rainfall Zpr andKpp can be expressed as integrals over the DSD ofthethack-scattering and

forward-scattering amplitudes. Therefore, it hag (IBringi and Chandrasekar, 2001):

Zor = 10l0g HZ } [ag] (5.5)

where i, = 4riswi> and gy = 4rjs.f” are the radar cross sections at the horizontalvartital

polarization respectively. Similarly, it can demtrage that:

_18% Rdf, (D)- f,(D)JN(D)dD; [° kni] (5.6)
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wheref, andf, are the forward-scattering amplitudes at the lootizl and vertical polarization
respectively. Moreover, being a flow of water paitwarea it can demonstrate that also the rain

rate depends on the DSD. In fact the rain ratd altfiout air motions is equal to:
R= 060" [v(D)D*N(D)dD (5.7)
wherev(D) is the drop terminal velocity (see Sects. 2.4.4 8.4), which depends on the

raindrops density, area, and shape. This veloaty lse approximated through a power low
relation as follows:

v(D) = aDﬂ;[ms‘ ] (5.8)
whereD is measured in mm and= 3.78 and = 0.67 to obtain estimates Bfat the sea level
(Atlas and Ulbrich, 1977).
Several physically based rainfall algorithms areveltgped depending on the polarimetric
measurements utilized in the estimation. As alreadntioned (see Sect. 4.2.2) the DSD varies
geographically, depending on the characteristithefrainfall event and, within the same rain
field, on the rainfall intensity. Moreover, the DSibfluences the coefficients of th&-R
relationship (Villarini and Krajewski, 2010). Onaalrop size distribution (DSD) is selected, it is
possible to express the relation between refldgtamnd rainfall rate using a power-law relation.
The oldest and simplest physically based raintgl@hm is the relatioZ-R:

R(z)=az®;[mmh] (5.9)
whereZ is the reflectivity factor (mftm™), R is the rainfall intensity (mm1) and the ranges of
parametersa andb reported in literature are very large (Battan, @97The most well-know
relation based on Marshall-Palmer DSD is given by:

Rur(Z) = 0.03657 %25 [mmn ] (5.10)

R(Z) is the most commonly used algorithm because naglstrs operate at one polarization.
Radar rainfall algorithm can be classified prindipanto four categories, namel\R(Z), R(Z,
Zpr), R(Kpp), andR(Kpp, ZpRr). Reflectivity-based algorithms require accuratewledge of the
radar constant (Eg. 3.16) and are prone to errors in absolutibredion (see Sect. 4.5). Since
differential reflectivity Zpr is a relative power measurements, it is not aéféddy absolute
calibration errors. BuEpr needs to be used together wahor Kpp. Algorithms based oipp
have several advantages (see Sect. 4.2.8) duestéath that beind<pp derived from phase
measurements, it is not affected by absolute cldor errors and along-path attenuation (Testud
et al., 2000). Moreover it is unaffected also byeration due to partial beam-blocking.

However Kpp is relatively noisy especially at low rainfall @mtsities.
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5.5.2 — Algorithm used to rainfall estimation withPolar 55C radar data

To convert reflectivityZ, (dBZ) into rainfall intensityR (mm/h) aZ-R physically based rainfall
algorithm is used, as follows:

R(z) = a10°2* [mmn] (5.11)
where a = 0.19055 and b = 0.5358. Coefficientshig tlgorithm are determined through
simulations (Russo, 2004; Sebastianelli et al., 320Jassuming a theoretically derived
distribution of the Drop Size Distribution (DSD) rpmeters, the drop shape model of
Pruppacher and Beard (1970), a fixed temperatug@O%E and the distribution of canting angle
(Bringi and Chandrasekar, 2001). Only reflectivitye to meteorological echoes is converted
into rain rate by Eqg. (5.5). Whereas, range-birfecééd by ground clutter or noise are not
considered to estimate the rainfall intensity.

5.5.3 — From Cartesian to polar coordinate

Finally, radar rainfall intensity maps are obtaingdremapping radar polar range-bins onto a 1
km? Cartesian grid (Sebastianelli et al., 2013). Aaraginfall map consists of 240 x 240 values
of rain rate (mm H), each of which pertains to one of the pixels @atesian grid. The single

pixel is a square of side 1 km. However, the ram#ains a reflectivity value for each sample
volume (range-bin). The sampling volume has a fileedjth of 75 m, but it has a width and a
thickness that depend on the distance from the.r&tmsequently, for each pixel the range-bins
that pertain to it have been identified. Then,rdia rate of the pixel is determined by calculating
the average of the rain values of the sampling meku including inside it. The calculation of

mean value does not take into account the rangedffacted by ground clutter or noise.
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Chapter 6

Applied methodology to improve Polar 55C

estimates’ quantitative accuracy

6.1 — Gauge adjustment of radar data techniques

The adjustment to rain gauge measurements methedsvidely used to improve the radar
estimate’s quantitative effectiveness. All of theme based on the calculation of the ratio
between rain gauge readingS)(and the corresponding radar estimats (vhich is used to
correct the errors induced by various sources afedainties, such as the incorreétR
relationship, beam-blocking, attenuation, radar calibration, and VPR. Gauge adjustment
includes any procedure whereby the characteristiomdar data are modified such that they
correspond as well as possible with the quantigmiby gauge measurements (Gjertsen et al.,
2004). In fact, the radar provides information be spatial distribution while the gauge provides
a point measurement of relatively high quantitataecuracy (see Chapter 3). The gauge
adjustment changes the multiplicative factor in tHBd&R relationship, which depends on
precipitation type (Saltikoff et al., 2000; Secaét 2000; Gjertesen et al., 2004). Therefore, the
initial choice of theZ-R relationship is not critical when a gauge adjustimis applied. Gauge
adjustment approaches vary throughout Europe. Hneybased on various assumptions. It is
crucial for the success of the adjustment thatghege data used as reference are of good
guality. Radar successfully measures relative apatid temporal variability of precipitation, by
identifying and removing noise, clutter, and cotireg for missing echoes where the beam is
blocked or overshooting the precipitation. Gauge mdar measurements must be valid for the
same locations in time and space. Although therast not true, the influence of the temporal
and spatial sampling errors (Villarini and Krajewsk010) can be minimized by selecting the
appropriate spatial and temporal scale for the stiajant. In fact, th&/R factor (Sect. 6.3.2)
becomes naturally more stable for longer integraperiods and more gauge data available.
Relationships based on comparisons between gangesdar must be valid for other locations
in space and/or time. This assumption also ismetdue to the fact that the reflectivity profite i
highly variable in time and space, especially imwEtive situations. Moreover, as already
explained in Sects. 2.5 and 4.1, in mountainou®nsgthe spatial representativeness of a gauge
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may be low due to the dominating influence of tajpplpy on the precipitation distribution
(Gjertsen et al., 2004).

The ratio between rain gauge readings and the sgmreling radar estimates has been often
employed to correct the main field bias due to uagaties in theZ-R relationship and system
non-optimal calibration. Main field bias adjustmesthe simplest method. However, its use is
reasonable only at short ranges, where the effeicteange degradation are negligible and,
therefore, theG/R ratio is relatively low and constant, or if a densin gauge network is
available in the radar domain. If th&/R ratio varies too rapidly with distance other
compensating procedures must be applied, like e ¥orrection.

Because of the geometric characteristics of tharradmpling and the non-uniform VPR, radar
rainfall estimates are subject to biases that amessarily range dependent (Seo et al., 2000;
Borga and Tonelli, 2000; Vignal et al., 2000; VigeaKrajewski, 2001; Krajewski et al., 2011).
As already mentioned in Sect. 4.2.3, the VPR dessrthe ratio between reflectivity at a given
altitude and reflectivity at the ground (that iS@west elevation), and it is usually employed to
characterize vertical variability. It can be dedlif®m radar data recorded at different elevation
angle, combining various measurements altitudes. VPR structure depends on seasonal and
regional regimes, precipitation type, and atmosphewnditions (Krajewski et al., 2011). The
sources of non-uniform VPR are: phase change ofdmyeteors (i.e., from frozen to liquid) in
stratiform storms, low-level growth of liquid hydneteors in “tropical” storms, bright band
enhancement at close-range, beam overshootingor@m below the cloud base, orographic
enhancement, and sampling of ice particles abowdréezing level at far-range which causes a
radar underestimation of rainfall (Seo et al. 2000)ese errors can be corrected by using the
VPR to extrapolate radar data to the ground IeMeé VPR is frequently utilized to compute a
multiplicative correction factor which must be apglto the rain rate measured by the radar at a
certain location and elevation angle, to obtain tiine radar rainfall value extrapolated to the
lowest radar beam for the same location (BorgaTameelli, 2000; Vignal et al., 2000; Vignal et
Krajewski, 2001; Krajewski et al., 2011). The baagsumption of this method is the spatial
invariance of the VPR over the studied domain, Whaermits separation of horizontal and
vertical variations of the reflectivity. Moreoveahe method allows taking care of variations of
the profile in space as well as in time. Local jdesfare retrieved in areas of about 20 x 2G,km
which differ from the true profiles due to the srttong effect of the radar beam at farther range.
Then, the true profile can be retrieved using aelise method described by Andrieu and Creutin

(1995). The net effect sought by the proceduregisvalent to estimating and applying, as a
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function of elevation angle and range, a multighea adjustment factor to the multiplicative
constant in the reflectivity—radar rain rae-R) relationship in real time (Seo et al. 2000; Borga
and Tonelli, 2000). The literature offers a numbérmprocedures for real-time adjustment of
range-dependent biases in radar rainfall estimdtesto non-uniform VPR (Seo et al. 2000;
Borga and Tonelli, 2000; Vignal et al., 2000; Vigea Krajewski, 2001; Gjertsen et al., 2004;
Zhang et al., 2008; Zhang and Qi, 2010; Krajewskile 2011).

Because range-dependent bias adjustment is baselg so radar data, the adjusted radar
rainfall estimates in general are subject to meeld-fbias due to uncertainties in tZeR
relationship and, if it exists, the lack of radardware calibration. For this reason, the procedure
for removing range-dependent bias, in general, mhedbllowed by a procedure for mean-field
bias removal based on real-time rain gauge datahwh equivalent to real-time adjustment of
the multiplicative constant in th&-R relationship. Therefore, accurate prior knowledfjthe Z—

R relationship is not as critical (Seo et al. 200@)r this reason, mean errors can be removed
from the adjusted radar rainfall accumulations wiglspect to the corresponding rain gauge
measurements by multiplying the radar rainfall acolations by the ratio of the sum of gauge
rainfall accumulations to that of adjusted radamfedl accumulations. Then, from this ratio the
multiplicative constant in th&-R relationship can be estimated (Seo et al., 20@0g# and
Tonelli, 2000; Gjertsen et al., 2004; Krajewskagf 2011).

To mitigate the effects of orography on radar estes a Weighted Multiple Regression (WMR)
method allows the correction of each radar pixelamalyzing the space variability of an
assessment factor, in terms of distance from radaminimum height above the sea level that a
target must reach to be visible from the radar thiedground height (Gabella and Amitai, 2000;
Gabella et. al., 2001; Ozturk and Yilmazer, 200He assessment factor is calculated for each
radar-gage data pair as the ratio between radaialaamount and the corresponding rain gauge
rainfall amount, collected during a given integvatinterval.

Range dependent gauge adjustment techniques glabsifG/R pairs into range bins (see
Chapter 4) and derive the adjustment factor asnatifon of distance from the radar. The
underlying assumption is that the differences betweadar and gauge precipitation totals
contain an inherently strong range dependency, rditgp to the latter assumption above-
mentioned. Therefore, issues like the beam blockathe signal attenuation, the VPR related
error, the bright band, the water phase of preatipit are implicitly treated with this type of
method. The performance of a range dependent athast method depends, like the

performance of a VPR correction, on the maximungleof the precipitation with respect to the
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radar sampling altitude at the rain gauge locatioviich depends on the scan elevations. For
example, a limiting factor is the shallowness oétsiorm precipitations, which occur especially
in cold season (Gjertsen et al., 2004).

The topic of the present work is the assessmernhefoverall range-dependent error (RDE)
which can be expressed as a function of the stange through an adjustment factdFy, that

can be used as a range error pattern, allowingoteec the mean error affecting long-term
quantitative precipitation estimates (QPE). Praogs®f data is performed by two separate
analyzes. A range dependent gauge adjustment tpehins applied in combination with other
processing of radar data (Gjertsen et al., 2004hdth analyses.

A first analysis computes RDE as a function of sleange due to the effects of the range
degradation (beam broadening and sampling pretigntat increasing altitude, which include
beam overshooting and sampling of ice particlesralibe freezing level), as well as of other
sources of uncertainties such as path attenuatiday sampling precipitation within the melting
layer, and the VPR structure. The methodology ispted with a radar calibration performed
with rain gauge data. A subsequent analysis isopedd to highlight the effect of the
attenuation, and consists of a gauge adjustmehnhitpee coupled with two processing of radar
data performed previously, that is firstly a prasedto remove the signal attenuation, and,
subsequently, a radar calibration with rain gaugedoth analyses, the overall error can be
modeled through aAF depending on the range. In order to reach thisable, comparison
between radar and rain gauges rainfall fields isedldbased on the assumption that gauge rain is
real (see Chapter 3). This hypothesis is formulatthuse a rain gauge can directly measure the
rain, whereas weather radar derives rain rate fback-scattered power measurements. As a
consequence, radar error is determined with regpeetin gauges measurements. GiR ratio
computation between radar estimates and correspgmdin gauge measurements (mm) is made
at different distances from radar (see Sect. @Bj)ce the spatial differences between radar and
rain gauges samplings (radar samples in a voluofewhile rain gauge data are collected in a
point when the raindrops reach the ground) affeetdomparison between the two devices, a
whole year of measurements is used to estimat&AReatios. In fact, as above-mentioned, the
G/R ratio becomes more stable for longer accumulatiomes, because the influence of
uncertainty caused by mismatches in time and spadermed by the two devices is reduced
(Gabella and Amitai, 2000; Gabella et al., 2001erGen et al., 2004; Ozturk and Yilmazer,

2007). Errors arising from orography are not coassd.
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6.2 — Adjustment procedure

The adjustment procedure of radar data considerdthis section consists of three different
processing levels, namely without any correctidteraadar calibration and after the adjustment
procedure. After having identified and removed gbglutter and noise, radar calibration with
rain gauges is performed. Finally, the gauge adjest method is employed to find tiAd-,
which takes into account the effects of the ranggradations (due to the radar beam geometry),
the signal attenuation, as well as residual souofesncertainties such as radar sampling
precipitation within the melting layer and the namform VPR. For each processing level, the
correspondence between pairs of rainfall procesisesrved at the same time by the radar and by
each rain gauge at the rain gauge location is tigaged through the analysis of trend with
distance from Polar 55C @/R ratio (defined as in Eg. (6.1)) between the range ) and the
corresponding radaRyj rainfall amounts (mm). Therefore, errors are fibdinat depend on the
location of the rain gauges (Sebastianelli et 2013). Gauge rain is compared with radar
estimates mapped onto 1 x 1 %grid. Each pixel of the grid includes a numberarige-bins
(radar polar samples) that depends on the distaoceradar. To verify the effectiveness of the
methodology, the behaviors of the FSE index, stifffbe scatter plots’ regression lines &5/
ratio trends against range relative to each praugdsvel are compared. Those variables are
calculated between pairs of rainfall time serieldected by Polar 55C and each rain gauge (see
Chapter 6).

6.2.1 — Processed data

This analysis takes into account 148 rainfall esewitich occurred during 2008 and 2009 years.
Pairs of rainfall time series are observed by P& as well as by each rain gauge at the rain
gauge location during each of these events.

Zero rainfall values can be found in the time seoné both the radar and the rain gauges. Yoo
and Ha (2007) and Ha and Yoo (2007) have showedz#ra measurements cannot be used for
characterizing a rainfall field from rain gauge m@@&ments, because they decrease the spatial
variability of the data by producing a high varidipiof the correlation between pairs of time
series, with several abnormally high estimates. él@x, considering pairs of radar and gauge
rainfall series, zero radar rainfall estimates ocespecially at great ranges, when the radar
returns from precipitation can be quite close te thinimum detectable signal due to range

degradation or attenuation. On the other handhefe are no rainy areas smaller than a radar
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pixel, it is possible that a rain gauge includedhat pixel does not detect rainfall, even though
the relative radar rainfall value is greater tharoz Villarini et al., 2008a). Moreover, during the
warm season, when convective events occur, raigegacould not detect rainfall, depending on
the not uniform density of the rain gauge netwdvlaljeepala et al., 2001) and on the small
extension of precipitation areas (Moisello, 199, couples of homologous values with at least
an intensity value different from zero (namely nix@uples), in corresponding radar and rain
gauge time series, are useful for highlighting differences between radar estimates and rain
gauges measurements. For this reason, they hameats®econsidered to characterize radar error
against range unlike couples of homologous nullesl

This analysis considers measurements collectedsatelevation because this angle minimizes
the influence of ground-clutter and the contrastireged to keep the radar beam close to the
ground (Gorgucci et al., 1995; Russo et al., 2Q@snbardo et al., 2006a; Russo et al., 2006).
All the case studies of the collected data sett¢atora sweep at 1.5° elevation (plan position
indicator) collected with a repetition time of fimeinutes. Radar rainfall estimates are compared
with the rain measured by a set of 40 tipping buck® gauges located inside the radar scanning
area and managed by Regione Lazio - Ufficio Idrbgpae Mareografico. Rain gauges have
time resolutions of 10 or 15 min and a rain resofubf 0.2 mm/h. Only the rain gauges located
in sectors with good radar visibility are considkréo avoid cases of partial or total beam-
blocking, which would invalidate locally the rademror trend with distance estimation. This is
done by estimating the radar visibility using theital elevation model (DEM) with a resolution

of 800 m x 600 m, produced by the Servizio Geologiazionale.

Lazio region boundary line

Rome (urban area)

Latitude [*N)
rs
fus}

Tiber river hydrographical network

* Polar 55C location

- rain gauge network

1.5 12 125 13 135 14
Longitude (°E)

Figure 6.1 — Polar 55C location, rain gauge positits, Rome urban area and hydrographical network insie the test area.
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Figure 6.1 shows the case-study region and theipasiof the rain gauges of the network with

respect to the Polar 55C location.

6.2.2 — Polar 55C calibration with rain gauges

The effects of radar miscalibration are correctgadbding a correction fact@ to each recorded

Z, value. For this studyC is obtained from rain gauges calibration (Koistirend Puhakka,
1986; Saltikoff et al., 2000). To calibrate the&®&d®5C, a comparison is made between the radar
rainfall amount and the rain gauges rainfall ampbgt considering the latter as real, and the
2008 rain gauge data set is selected. However, Sxlyain gauges are chosen to calculate bias
(namely Ostiense, Acqua Acetosa, Cassiodoro, Romda Boma Nord and Monte Mario), so
that radar errors in rain gauges sites are likelg dnly to radar miscalibration, to avoid the
influence of the other kinds of errors on bias gkdtion, as suggested by Sebastianelli et al.
(2013). According to this purpose, only rain gaulpgesited in areas with good visibility of the
radar beam are chosen to avoid errors due to partitotal beam-blocking. Moreover, rain
gauges are chosen in a range from 15 to 20 km nomze range degradation effects (temporal
and spatial sampling differences between the twacds), or errors due to attenuation, and to
avoid antenna side lobe effects (urban clutter).

Referring to each rain gauge site, {BAR ratio is computed by utilizing only radar and rain
gauge data that are collected in 2008. A multipifeaerrorM (dimensionless) is obtained by
applying Eq. (4.7). Ther is utilized to calculate radar bi&(in dB) by applying Eq. (4.8).
Adding C to the reflectivity data (dBZ) is the same as mplying radar rain (mm/h) bi. But,

in the presence of range-dependent errors, algdFastepending on the distance must be added
to reflectivity data, as explained in Sect. 6.3R&jure 6.2 shows the locations of the rain gauges
employed for calibrating Polar 55C inside the rastamning area.

So as it is calculated is an average bias within the range of distantaghich the rain gauges
are chosenDifferently from what is done by the other Auth¢&ect. 6.1), we have estimated
only to correct systematic error due to radar nlilscgion. Moreover, rain gauge data utilized
for this issue are collected only at short rangssabove mentioned. This is because rain fields
are often composed of cores of convection embeddéatger stratiform precipitation regions,
as described in the literature (Houze, 1997; Vignall., 2000; Zhang et al., 2008; Zhang and Qi,
2010). On the other hand;R relation coefficients depend on the DSD and, floeee they vary

in time and space, as well &R relation varies geographically depending on theetpf
precipitation (Koistinen and Puhakka, 1986; Saffiket al., 2000; Villarini and Krajewski,
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2010). Thus, the error introduced ByR relationship is a random error which varies incgpa
Therefore, in this work, it has not been repregknterough an invariant with space
multiplicative biagvl, namely main field bias.
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Figure 6.2 — Rain gauge utilized to perform Polar 5C calibration.

6.2.3 — Adjustment Factor estimate

Once the Polar 55C calibration has been perfortiedoverall radar range error is corrected by
adding anAF to each recorded, value. TheAF is computed by utilizing rainfall events
collected during 2008 by Polar 55C and 40 rain gauplaced in the radar scanning area
(Sebastianelli et al. 2013). Data observed durid@32are used to estimate B4R ratios. The

G/R ratio between the rainfall amount at each gautge (&) and the respective radar rainfall
amount R) is computed. A vector o&/R ratios is created, whose components are defined as
follows:

A :Zi16i2F =120 (6.2)

whereG; andR are the rain gauge and the radar rainfall amadiantthei-th event respectively,
E is the number of rainfall events observed durif@& the subscrigtrefers to a specific rain
gauge, andN is the number of rain gauges (40). Since rain gaugre located at different
distances from Polar 55C, the trend of logarithm @GR as a function of the range is
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subsequently evaluated and two different behavaoesfound depending on the distance. The
plot on the left in Fig 6.3 shows a comparison leetwthe lofG/R) obtained before (row data)
and after the radar calibration. Within the randgealoout 50 km the behavior of I(&/R) is
influenced by the presence of the bright band, Wwitguses a radar overestimation of rain, as
better detailed in Chapter 7. Whereas, at the siame, the effect of attenuation and range
degradation are reduced, the latter due to thetliattat an elevation of 1.5 degrees, the 1-degree
beam of Polar 55C is sampling precipitation suéintly close to the ground (in fact, at an
elevation of 1.5°, at a distance of 50 km the hiegjlthe center of the radar beam is situated at
an altitude of about 1.5 km above the ground). Bayond this range, an about increasing linear
trend of logarithm of th&/R ratios occurs (up to a value of 2 after radarbeation), and this
means that radar error increases with range, iidgcan increasing underestimate of rainfall by
the radar as a function of the range. In conseqendar estimates need to be corrected through

a properAF.
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Figure 6.3 — Logarithm of theG/R ratio as a function of the range before any proceing of data coupled with the same
quantity trend obtained after radar calibration (left plot). Logarithm of the G/R ratios as a function of the range after

radar calibration and best fitting line (right plot ).

Therefore, after calculating the logarithm @fR as a function of range, the best fitting line
showed in the right plot of Fig. 6.3 is used todfithe isotropic range dependent biss by

applying the following empirical relation:
10
AF(r) = F|og10(eX) 6.2)

wherer is the rangeR? is the coefficient of determinatiob,has the same value as in Eq. (4.8),

andX is the regression model of the logarithnG#R, given by Eq. (6.3):
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X = e+ por+ pyr’+ pyr’+ pgr +py (6.3)
whereps, P2, Ps, P4, Ps andps are the coefficients of the best fitting line whoaslues are showed
in the figure above. Th&F trend is showed in Fig. 6.4.
The AF is utilized to model the range-dependent error ttugange degradation and signal
attenuation, and it depends on the distance. TtweretheAF can be utilized to correct the

reflectivity maps and consequently the radar rdliefstimates derived from radar reflectivity.

AF trend with range
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Figure 6.4 —AF trend with range.

6.3 — Adjustment procedure with correction of pathattenuation

Unlike the previous case, here the adjustment pigeeconsists of four different processing
levels, namely without any correction, after coti@t of signal attenuation, after radar
calibration and after the adjustment procedureerAftaving identified and removed ground
clutter and noise, radar data are corrected forasigttenuation. Then, radar calibration with rain
gauges is performed. Finally, the gauge adjustmethod is employed to find aiF, which
takes into account the effects of range degradafidue to the radar beam geometry), the radar
sampling precipitation within the melting layer,datihhe non-uniform VPR. As has already been
said about the first method of analysis, for eachcgssing level, corresponding rainfall
processes observed by the two devices are compameyh the analysis of th&/R ratio trend
with range (Eg. (6.1)). In this way, the radar esrdue to the different sources of uncertainties
are found one by one depending on the slant raBgbaitianelli et al., 2013) and removed.

Gauge rain is compared with radar estimates mapptra Cartesian grid consists of 1 x 1°km
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pixels. Each pixel of the grid includes a numberrahge-bins (radar polar samples) that
decreases as the distance from radar increasescAtrain gauge site, tl&R ratio is computed
and plotted against range for each considered tevangle. To verify the effectiveness of the
methodology trends d&/R ratio relative to each processing level are coexgharo perform this
comparison, only rain gauges approximately aligaémhg a radius are chosen, in order to
emphasize the effects of the signal attenuatiobetter detailed in Chapter 7.

6.3.1 — Correction of the signal attenuation

The signal attenuation depends on both the paghgth of the signal within the medium and the
rain rate. Before the radar calibration, to corteet radar error due to the signal attenuation the
differential phase shift @p) is utilized, as it is a cumulative quantity withe distance.
Moreover, since it is a measurement of a phasesaitigs immune from attenuation. Tl#®yp is
generated by the overlapping of the transmittedenaawd the forward scattered wave (see Sect.
4.2.8). The differential phase shift is utilizedastimate the cumulative attenuation along a path
of any length. For each ray, the cumulative attéoneacalculation is based on the variation of
@pp calculated between the first and the last rangecbrresponding to meteorological echoes
(Testud et al., 2000; Wang and Chandrasekar, 2@0%e the relatioZ-R is a power law, being
equal the cumulative attenuation, the increasehef rain rate obtained with the correction
depends on the initial reflectivity value to bereated. As already mentioned in Sect. 5.3, radar
rainfall values equal to zero refer to range-bmswvhich the reflectivity does not exceed the
noise level. Since the noise is identified and readobefore considering the attenuation (See
Sect. 6.4), radar values equal to zero in range-bffected by noise are not corrected by the

signal attenuation effects.

6.3.2 — Processed data

This analysis takes into account 61 rainfall evevitech occurred during 2008. Pairs of rainfall

time series are observed by Polar 55C as well asabip rain gauge at the rain gauge location
during each of them. Figure 6.5 shows trends apdes slant range of the various types of
couples of homologous values in radar and rain gauigne series pairs. For each rain gauge
location, each percentage refers to the total numibeouples in radar and rain gauge time series
pair. Figure 6.5 shows that couples with both hagous null values in radar and rain gauge
time series pairs are always greater in numberrdégss of the distance depending on the

characteristics of the rain fields. For this reasoul as discussed in Sect. 6.2.1, couples of
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homologous null values in corresponding radar aid gauge time series are not considered.
Due to the range degradation and the path attemuatiuples with both homologous null values
(blue) are more frequent at a great distance fradanr rather than near the radar. For the same
reasons, beyond a range of about 90 km from thar @ most part of couples with only one
null value, namely mixed couples, are formed byt radar value (red). This means that away
from the radar location both the couples of homolegnon-zero values (magenta) and mixed
couples with null values of gauge (green) tenddorelase with increasing range (as showed by
Fig. 6.5). For this reason and since null radaueslare not corrected for path attenuation (see
Sect. 6.3.1), this analysis does not even congldemixed couples. Moreover, this analysis
considers antenna elevation angles ranging fromal4b5°, because most of the used scanning
strategies of Polar 55C includes these angles.uktrbe remark that positive elevation angle
allows satisfying the need to minimize the influeré ground-clutter and the contrasting need to
keep the radar beam close to the ground (Gorgu@di,€1995; Russo et al., 2005; Lombardo et
al., 2006; Russo et al., 2006). The rainfall mapsciv refer to the same elevation angle are

acquired with a temporal resolution of 5 minutes.
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Figure 6.5 — Trends with range of couples of homolags components in radar and rain gauge time serigmirs. Blue dots
refer to couples of homologous null values. Magentdots refer to couples of homologous non-zero valsieRed (green)

dots refer to mixed couples with radar (rain gaugeyalues equal to zero.
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6.3.3 — Polar 55C calibration with rain gauges

After having corrected the signal attenuation, thdar calibration is carried out as in the
previous analysis, and also the rain gauges usetharsame. But this time all the values equal

to zero in corresponding radar and rain gauge $enes are not considered as already said.

6.3.4 — Adjustment Factor estimate

Once the Polar 55C calibration has been perforrttesl,overall range error is corrected by
adding arAF depending on the elevation angle to each recafgedlue. TheAFs are computed

by utilizing rainfall events collected during 2008 Polar 55C and 40 rain gauges placed in the
radar scanning area (Sebastianelli et al. 2013)a Dbserved during 2008 are used to estimate
the G/R ratios. TheG/R ratio between the rainfall amount at each gauge &) and the
respective radar rainfall amoumR)(is computed, and a vector GfR ratios is created as is done
in the previously analysis (Eq. (6.1)).

Then, the trend of logarithm @&/R as a function of the range is evaluated for edehadon
angle and two different behaviors are found depentibth on the distance and on the elevation
angle. The curves showed in Fig 6.6 refer to ratkta sets obtained after the attenuation
correction and radar calibration, and for eachrameangle. Within a certain range (depending
on the elevation angle), the behavior of B is influenced by the presence of the bright
band, which causes a radar overestimation of esrhetter detailed in Chapter 7. But, beyond
these ranges, increasing linear trends of logarihthe G/R ratios occur (up to a value ranging
from about 0.5 to about 4.5 depending on the el@vaingle) and this means that radar error
increases with range, indicating an increasingradderestimate of rainfall as a function of the
range. In consequence, radar estimates need wrteeted through aAF.

Therefore, after calculating the logarithm GfR as a function of range, the best fitting lines
showed in Fig. 6.6 are used to find thEs by applying the same empirical relations, asdan E
(6.2).

Curves in Fig. 6.7 represeAF trends against range obtained at different elemadngles after
both attenuation correction and Polar 55C calibratin agreement with the behavior of the
log(G/R), apart from the elevation angle, thE shows two behaviors depending on the distance,
as better detailed in Chapter 7. In fact, due ®lhght band which occurs during stratiform
precipitations, theAF assumes the lowest values belonging to the fostcave line of each
curves. Instead, the second increasing lines aeet@uhe RDE that increases as the distance

increases. Moreover, the slope of the second patieocurves increases as the antenna angle
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increases, because of the greater the elevatiofe,atite greater the effect of the range
degradation and non-uniform VPR.

It must to be noted that the greater the elevadiogle: (1) the lower the distance at which the
radar beam intercept the melting layer; (2) theteindhe path needed to the radar beam to pass
through the melting layer, and (3) the bigger thet pf the radar sampling volume within the
melting layer. As a consequence, as the elevatigieancreases the length of the concave part
become shorter and the minimum value moves to tlggnoof the coordinate system, which
corresponds to the radar site (see also Chajtemdore details).

TheAFs in Fig. 6.7 are utilized to model the range-deljeen error due to range degradation and

its depend both on the distance and on the elevangle.
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Figure 6.6 — Logarithm of theG/R ratios as a function of the range and best fittindines. Each plot refers to a specific

elevation angle.
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Figure 6.7 — Trends ofAF as a function of the slant range for each elevatiocangle.

6.3.5 — Flowsheet

Each processing of data has been carried outinglialgorithms written in Matlab language.

The followed methodology is organized accordinghte scheme showed in Fig. 6.8. Every 5
minutes the Polar 55C weather radar repeats a switefghe same elevation angle. Each scan
lasts about 1 minute. During a scan, the radarisesja matrix of 240 x 240 values of rain rate
(mm HY). Each value is relative to a pixel of the radart€sian grid. Subsequently, values are
converted to mm. The matrices acquired during #mesevent (or measurement session) which
correspond to the same elevation angle form a -threensional matrix called rain event.

Knowing the positions of each rain gauge within gniel, it is possible to extract from each rain

event the rainfall time series observed by the radahe pixel where a considered sensor is
located. Then, the cumulative rain calculated ftbe values of the series is compared with the

cumulative precipitation of the corresponding rgauge series.

81



Chapter 6

Applied methodology torowe Polar 55C estimates’ quantitative accuracy

reading raw reflectivity data

L 4

noise detection and removal

4

cumulative attenuation
computing

ground clutter detection
and removal

4

radar calibration

signal attenuation
correction

L

AF computing

adding bias to Z

4

adding AF to Z

1 - conversion fromZto R

2 - change from polar to
Cartesian coordinates

3 - construction of rainfall
events

G/R computation

G/R computation

G/R computation

G/R computation

Figure 6.8 — Adjustment procedure scheme.
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Chapter 7

Data processing

7.1 — Verification of gauge adjustment of radar da technique

In this section, the effectiveness of the gaugesadjent of radar data technique introduced in
Sect. 6.2 is verified. The correspondence of rdipfacesses observed by radar and by each rain
gauge at the rain gauge site is investigated thrdhg analysis of trend with range from Polar
55C of: (1) FSE index; (2) slope of the scatteitgloegression lines and (&/R ratio between
rain gauge and radar rainfall amounts, definechdsg. (6.1). Each index value can be defined
by choosing a pair of rainfall processes obsentetthea same time by the radar and by a rain
gauge at the rain gauge location. In particulak F&#lex values are calculated by computing the
differences between homologous components of pdirainfall time series. The two rainfall
time series are compared also in a scatter pla.sldpe of the regression line is then calculated
for each scatter plot. Since the single scatter gdacerns comparison between data from radar
and only one rain gauge, and as each rain gaugeated at a different distance from radar, it
has been possible to relate the regression linegédo the range. At each rain gauge site, the
G/R ratio between a rain gauge rainfall amoGnand the corresponding radar rainfall amadant

is computed and plotted against the distance fiamamrof each rain gauge. The FSE is here used
as a measure of the differences between the vaheskcted by a model (radar data) and the

values actually observed from a rain gauge, ouentjfy the radar error. It is defined as:

FSE= JZNZI(NX;/(T\I)Z/ N (7.1)

wherex; andxgy are the radar and the rain gauge data respectivéije N is the number of the

observed values.

To verify the effectiveness of the methodology, thege dependence of rainfall radar field is

characterized by analysis of behavior (in relatiorthe slant range) of the above mentioned
variables, which are calculated both for the 2088 dsets and for the 2009 data sets. Trends
against range, obtained both before and after diestment procedure, are compared to show
the improvement of radar estimates. Each comparisoperformed by considering a fixed

accumulation time, ranging from 30 to 90 min. Moreg we analyse the scatter plots for two
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ranges of distances where different radar erragsgil; namely 0-40 km and 40-120 km. Radar
data sets are used with different processing levemely without any correction, after radar
calibration and after the adjustment procedure.

Scatter plots in Figs. 7.1 and 7.2 concern rairggadocated within the range of distances from
25 to 40 km away from Polar 55C, where the radambéntercepts the melting layer most
frequently during the cold season at the elevatiogle of 1.5°. Rainfall time series of Fig. 7.1
and Fig. 7.2 have been observed during 2008 anohgl@009, respectively. These figures
concern accumulation times of both 30 min (upperets and 90 min (lower panels). The plots
on the left represent the initial radar data s¢haevit any correction. The plots in the middle and
the plots on the right are obtained after radarbation and after adding thAF to the
reflectivity, respectively. Since the effects ofngding uncertainties and attenuation are
negligible close to the radar, it must to be ndtex prior to calibration Polar 55C overestimates
rainfall with respect to rain gauges, due to radescalibration and the presence of melting layer.
Then, calibration strongly reduces radar overestonaln fact, by comparing left panels and
graphs in the middle both in Fig. 7.1 and in Fig2, #he regression line’s slope strongly
increases after calibration. After applyiff to reflectivity maps, rainfall radar estimates
slightly improve again, because also the effeanefting layer is corrected. Therefore, a further
increase of the slope occurs whenAlieis added to reflectivity.
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Figure 7.1 — Scatter plots of rainfall time seriespairs, obtained during 2008 by Polar 55C and by & rain gauge located
from 25 to 40 km away from Polar 55C. These refer ta time aggregation of 30 and 90 min (upper panetnd lower
panels, respectively) for the initial data sets (fepanels), after calibration (middle panels) and &er the adjustment

procedure (right panels).
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In Fig. 7.1, when accumulation time ranges frorm80 to 90 min, the slope increases from 0.30
to 0.90 (upper panels), and from 0.32 to 0.95 (lopanels). At the same time, in Fig. 7.2 the

regression line’s slope changes from 0.28 to Ougpdr panels), and from 0.30 to 0.91 (lower

panels).
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Figure 7.2 — Scatter plots of rainfall time seriespairs, obtained during 2009 by Polar 55C and by e rain gauge located
from 25 to 40 km away from Polar 55C. These refer ta time aggregation of 30 and 90 min (upper panetnd lower
panels, respectively) for the initial data sets (fepanels), after calibration (middle panels) and &er the adjustment
procedure (right panels).

At longer distances and prior to calibration, ranhascalibration effects are compensated for by
the effects of sampling errors and attenuation ¢iiwould lead to rainfall underestimation).
Moreover, effects of melting layer do not exist. eféfore, before calibration, radar
overestimates rain less than in the previous aaken it samples beyond a distance of 40 km.
This may be observed by comparing left plots insFiggl and 7.3, or left plots in Figs. 7.2 and
7.4. Rainfall time series in Figs. 7.3 and 7.4 rédemeasurements collected beyond a distance of
40 km far from Polar 55C in 2008 and in 2009, resigely. In particular, left, middle and right
panels refer to different processing levels, namaly reflectivity, calibrated reflectivity, and
after applying the adjustment procedure, respdgtiidpper and lower panels refer to 30 and 90
min accumulation times, respectively. Once calibrais performed, at farther distances the
effects of range errors are no more compensatedafudt radar underestimates rainfall. In
particular, by comparing left and middle panelsFig. 7.3, it results that the slope of the
regression lines increases by about 1 or 1.1, dipgron the accumulation time. Instead, for
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2009 data, it increases by about 1 or 1.2, refgrttn30 min and 90 min accumulation time,

respectively (compare corresponding plots in Fjg. 9
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Figure 7.3 — Scatter plots of rainfall time seriespairs, obtained during 2008 by Polar 55C and by e rain gauge located
close to the border of the scanning circle. Thesefer to a time aggregation of 30 and 90 min (upperanels and lower
panels, respectively) for the initial data sets (fepanels), after calibration (middle panels) and &er the adjustment

procedure (right panels).

Then, by comparing the slopes of the regressiaslin middle and right panels in Figs. 7.3 and
7.4, it can be seen that after addingAlfeto reflectivity, rainfall radar estimates alwaysgrove
due to the correction of the effects of range strdherefore, in Fig. 7.3 slope values pass from
1.65 to 0.93, and from 1.47 to 1.14 for 30 min &¥min accumulation times, respectively.
Correspondingly, in Fig. 7.4, they pass from 1@Q.07, and from 1.83 to 1.46.
In addition to what has been already said abowt.F@ and 7.4, it can be noted that coefficient
of determinatior? increases when th&F is added to reflectivity. This is due to the fiwtAF
increases as the distance from radar increases~(ge®.4). So, rain values estimated by the
radar close to the edge of the scanning circle gvilee underestimation is greatest) increase
more than other values. Thus, at the end of thesadgnt procedure, dots are less scattered and
this means that correlation increases, and, therg®increases (Kottegoda and Rosso, 2008).
Vice versa, close to Polar 55C, as showed by Figsand 7.2R? does not increases when the
AF is added to reflectivity, because tA& is not so variable within the range of distances
considered, as showed in Fig. 6Moreover, the correlation between radar and raingga
rainfall time series always increases as the actation time increases.
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Figure 7.4 — Scatter plots of rainfall time seriespairs, obtained during 2009 by Polar 55C and by e rain gauge located
close to the border of the scanning circle. Thesefer to a time aggregation of 30 and 90 min (uppergnels and lower
panels, respectively) for the initial data sets (fepanels), after calibration (middle panels) and &er the adjustment

procedure (right panels).

Figure 7.5 shows trends of synthetic index FSEpeslof the scatter plots regression lines and
G/R ratio as a function of the slant range, estim&bedadar and rain gauges data sets collected
during 2008 (upper panels) and 2009 (lower panEkgh plot shows three curves, each of them
relative to a different radar data set, obtainefbigeany correction, after radar calibration and
after the adjustment procedure (blue, green andloesl respectively). Notably, the slope of the
scatter plots’ regression lines always has the deend with range as with thH&R ratio.

As mentioned above, before calibration Polar 55€restimates rainfall (especially close to the
radar) due to radar miscalibration, to the samphityin the melting layer, and to the negligible
effects of range errors (beam broadening and piéthwation). As a consequence, FSE index
and G/R ratio (or slope of the scatter plots’ regressimed) have the greatest and the lowest
values respectively (blue dotg} closer ranges. But, sampling errors and attesnuaffects
become more and more important as the distanceases until the radar miscalibration effect is
balanced. Therefore, close to the edge of the etharea, Polar 55C can underestimate rainfall.
In fact, FSE reaches the maximum value for distamdgere more frequently the radar beam has
intercepted the melting layer during the year. &y, the correspondin®/R and slope values
reach a minimum value for the same distances. TH8E, begins to decrease up to a value of 2
or less, wherea$;/R and slope begin to increase up to a value of hare. For distances that

range from about 70 to 90 km, slope dB#R ratio are close to 1 because radar miscalibration
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effect is balanced by the effects of path atteonasind radar sampling geometry. Beyond these
distances slope an@/R ratio are slightly greater than 1 because rangersilincrease with
distance exceeding bias. For this reason, beyoridri7filom radar, FSE trend is not so clear (as
showed by blue dots in left panels in Fig. 7.5).

Moreover, through calibration FSE decreases whéme I3 prevalent with respect to range
errors, while it increases where range errors ekdeas (comparison between blue and green
dots in Fig. 7.5). At a fixed distanc&/R ratio and slope always increase after performing
calibration. As a result, they are about equal tdoke to the radar (in correspondence of the
Rome urban area), where the effects of samplirg®and attenuation are negligible. However,
they assume values lower than 1 within the areamobject to the bright band occurrence. But,
beyond the range which corresponds to the preseinttee melting layer, their values begin to
increase up to a value of 5 or more, due to rangese At the end of the adjustment procedure,
they are close to 1 all along the path, due toirtirovement of radar estimates. In fact, when
the AF is added to reflectivity(s/R and slope decrease far from radar due to the atamneof
range errors, and they tend to increase, albajhts)i where the bright band is corrected.
Correspondingly, FSE index has the lowest valussshowed by red dots in Fig. 7.5, which
demonstrate the increased agreement between nadlaaia gauge rainfall fields. In particular,
close to the radar, FSE values become close tdessrafter the adjustment procedure, whereas
they can be up to 5 or more before calibration whiee radar beam most probably intercepts the
melting layer. At far distances, FSE values ramgenfl to 2, after calibration, but they decrease
after the adjustment procedure. Curves in Fig.arebobtained by considering an accumulation
time of 30 min. The improvement of radar estimasesonfirmed also by the slopes of the best
fitting lines (referring to red dots) representedlack, which are very close to 1.

As above mentioned, rainfall radar estimates dijgimprove when the effect of the melting
layer is corrected by adding tiAd= to the reflectivity. To highlight this improvemehkig. 7.6
shows the differences between the values that dnebtes represented in Fig. 7.5 take before
and afterAF is added to the reflectivity, within the range di$tances where the bright band
signature is recognizable. The figure concerns 3@29 data. The subscripgfsandAF refer to

two different processing levels, namely after caliion and at the end of the adjustment
procedure. It can be seen that, after the adddfotme AF to reflectivity, G/R ratio and scatter
plots’ regression lines slope increase, whereas iR@& decreases because of the correction of

radar overestimation due to the sampling withinrttedting layer.
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Figure 7.5 — FSE indexG/R ratio and slope of the scatter plots’ regressionires trends with distance (left, middle and

right panels respectively) of rainfall time serieairs obtained during 2008 (upper panels) and 200@ower panels) by

Polar 55C and each rain gauge, for the initial dataets (dots in blue), after calibration (dots in geen) and after addingAF

(dots in red). Black lines are best fitting lines eferring to red dots.

Figure 7.7 shows the FSE (top) and the slope o$th#er plots’ regression lines (bottom) trends

against range of rainfall time series pairs ob@idering 2009 by Polar 55C and each rain

gauge, for the initial data set, after calibrataord after the adjustment procedure (left, middle

and right panels respectively). Dots colors refedifferent accumulation times (30, 60 and 90

min). Figure 7.7 shows that both the slope of ttegter plots’ regression lines and the FSE index

maintain the same trend against range for eachradation time. So, the improvement of radar

estimates is obtained for all the considered actaton times (as already illustrated in Figs. 7.1,

7.2,7.3,and 7.4).
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namely after calibration and at the end of the adjstment procedure.
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Figure 7.7 — FSE trend and slope of the scatter & regression lines trend with range (plots on théop and on the bottom
respectively) of rainfall time series pairs obtaind during 2009 by Polar 55C and each rain gauge fdhe initial data sets,
after calibration, and after the adjustment procedue (left panels, middle panels and right panels rggctively). Dots in
blue, in green and in red correspond to an accumuten time of 30, 60 and 90 min respectively.

7.2 — Verification of adjustment procedure includirg path

attenuation correction method

In order to verify the effectiveness of the methody a subset of 17 rain gauges appears as
aligned along a given direction from radar alongaage of almost 120 km free from beam
blocking effects is used. This direction, whichalsnost parallel to the Tyrrhenian coast line, is
also that along which intense convective cells tiendrganize themselves as a squall line. A set
of five rainfall events observed during 2008 isduse this purpose. Pairs of rainfall time series
have been observed by Polar 55C and by each ragegat the rain gauge location during each
of them. Moreover, events are chosen so that dldomgaalmost covers fully the path from radar
to rain gauges, or this path is contained in a vetgnse rainy area during the whole of the
considered event. In this way, an optimal rain gangtwork configuration for highlighting the

effects of the signal attenuation is carried ougufe 7.8 shows the case-study region and the

rain gauges positions respect to Polar 55C location
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Figure 7.8 — Rain gauge network inside Polar 55C anning area. In yellow (left panel) and red (rightpanel) are the rain

gauges selected for calibration and to verify theasrection procedure, respectively.
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Figure 7.9 -G/R logarithm trends with range from Polar 55C evaluagd for the initial radar data set, after signal

attenuation correction, after radar calibration and after the adjustment procedure (blue, red, greenrd violet lines

respectively); each plot is referred to a differentlevation angle.

The correspondence between pairs of rainfall psesesbserved, at the same time, by the radar

and by each rain gauge at the rain gauge sitevesiigated through th&/R ratio trend as a

function of slant range. As already said in Chaietrends obtained before and after each

processing of radar data are compared to showntipeovement of radar estimates, and only

pairs of positive radar and rain gauge precipitatiata are considered. This comparison is made
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referring to the initial data set (without any @mtion) and repeated for different processing
stages (Fig. 7.9).

Before any correction, due to the negligible eHect range errors and to the presence of the
melting layer, Polar 55C overestimates rainfalkeldo its location, where |0§(R) assumes the
lowest values. But, when the radar beam passesbdye melting layer, sampling errors and
attenuation effects become more important as thgerancreases. Therefore, beyond a certain
range, depending on the elevation angle,@g) values begin to increase up to a value which
depends on the elevation angle. Fixed the distdheegreater the elevation angle, the greater the
maximum value of lode/R). At first, the effect of RDE is balanced by radarscalibration
effect. Therefore, Polar 55C underestimates rdiefgbecially close to the edge of the scanned
area. After the attenuation correction, the improgat ofG/R (red curves in Fig. 7.9) is evident
only at far ranges. Whereas, close to the radae, tduthe negligible effects of the range
degradation, the radar overestimate strongly racabse of both sampling through the melting
layer and radar miscalibration. A further improvermnef radar estimates is obtained by
calibrating radar (see Sect. 6.2.2). Finally, aftey adjustment procedure IGJR) values are
close to 0 all along the path, verifying the efieetess of the followed methodology. Also the
concavity of the initial portion of the curve isdieced. However, at great distance from radar, it
is not verified for the highest elevation angler, Which the number of couples of homologous
non-zero components, in corresponding pairs ofaliprocesses, is so small that the curves are

not meaningful.

7.3 — Variability of the AF

The range dependent error model calidd introduced in Chapter 6 is used as a range error
pattern allowing to correct the error affectingdeterm QPE. It is achieved by post processing
data. The global correction based on a year of uneashas been applied to individual radar
observations. Then, the testing of the methodolsgerformed by comparing the pairs of radar
and rain gauge yearly series of rainfall in coroggfence of each rain gauge location, as is done
in Sects. 7.1 or 7.2.

To be applied at shorter time scal&#, variability, depending on the event type, is inigeged.

As is done in Chapter 6, range error is charaadrizy examining trend of rati®/R as a
function of the range, obtained for each rain gdogation, using calibrated radar data collected
during a single event. Initially, rainfall eventsllected by Polar 55C during the 2008 — 2009

period, are split into convective and stratifornses The distinction is based on a Radar
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Convective ParameteRCP), which takes into account the VPR distributioegsSect. 4.2.3)
that characterizes each type of event (Steinel.,et305; Bechini et al., 2012). In each pixel in
which pertains one of the rain gauge of the netwtirt& VPR is estimated through the use of a
cycle of antenna elevation angles ranging fromahé 5.5°. In this way, 40 VPR are acquired
(i.,e. as many as the rain gauges available) at tmtexvals of about 5 min, concerning a
sampling volume between two isotherms, correspanttird and -15°C. For each observed event
aRCPvalue is estimated, based on the reflectivity ifgsfobtained for each sample volume, and
defined as follows (Bechini et al., 2012):

RCP= RMSHE(Z) - median)) (7.2)
where EE) and mediary) are respectively the mean and the median of eéfiectivity values
collected in the sampling volume during a singlespy and the RMSE is the root mean square
error, defined as follows:

RMSE= er;l(xr ~ %) /N (7.3)

For each sweep, the difference is computed bettreemean and the median of the reflectivity
values collected in the sampling volume. Th&CP is calculated as the RMSE of the
differences calculated at each sweep. These diifese(and s&RCP) are smaller for stratiform
cases than for convective ones. Therefore, eventsligided into two classes (convective and
stratiform) identified by the median of the paraemetvalues set. In particular, an event is
considered as stratiform if iRCPis less than the 80percentile. Vice versa it is considered as
convective. All events are chosen in such a way¢hah rain gauge available is able to record
rainfall, to avoid that lack of data does not allpietting theAF's curves with continuity. As a
consequence, despite several convective eventseaognized (following the method above
mentioned) during the summer season, we did naosidenthem because they are formed by
sparse rain cells and the sampling by gauges isufitient. However, the methodology above
explained allows to classify as convective othev&nés occurring during cold season.
Investigating these events, we found that they faeguently formed by young cores of
convective precipitation embedded into very widatgorm rain areas, as it is largely confirmed
in the literature (Yuter and Houze, 1994; HouzeQ7t9Vignal et al., 2000; Zhang et al., 2008;
Zhang and Qi, 2010). Therefore, while a stratiforain field is almost homogeneous, a
convective one is very variable in space. This &xgl the fact that the differences in Eq. (7.2),
and so theRCP, are greater in case of convective events tharstfatiform ones. Moreover,
during each event at least a radiosonde that descthe vertical profile of the temperature is

available.
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Figures 7.11-7.19 describe some case studies congeevents classified as stratiform or
convective by the methodology illustrated abovdidSand dashed lines showed in Figs. 7.11
and 7.15 are carried out after calibration, forhealevation angle, from logarithm &/R ratio
trend with range, by using a polynomial fit of thi¢h order and a method of moving averages
with a window of 15 km, respectively. Subsequentlglues assumed by each curve are
converted to dB. Moreover, curves have been drgwto the limit of the rain field detectable by
the radar, in order to avoid that the interpolatmocess could generate a non meaningful
estimation of the corrective term.

Figure 7.14 shows reflectivity measurements cadi@@t vertical incidence by Polar 55C during
a stratiform event, whereas, Figs. 7.17 and 7.58vsWPR collected by Polar 55C during two
convective events. In the convective cases VPRgdtethe stratiform part of precipitation, as
we are interested in melting layer effects (see.S€8.2), namely bright band. In fact, inside
convective cells the bright band signature is refingéd because the intense updraft stops the
formation of melting layer (Steiner et al., 1995r8oy et al., 2010). All figures show that the
bright band peak is below the freezing level, whigtshowed taking into account the 162 m
altitude of the radar antenna. The 0° isotherm Hisigare obtained by interpolating two
consecutive temperature profiles carried out byRhegica di Mare sounding station, located 27
km south of the radar site. Moreover, bright bdndkness is a few hundred meters, as is largely
explained in the literature (Mittermaier and lllmgorth, 2003; Baldini and Gorgucci, 2006;
Zhang et al., 2008; Zhang and Qi, 2010; Bordoy.e2810; Krajewski et al., 2011). Above the
freezing level, the reflectivity decreases withdmtidue to the sampling of ice particles and
beam overshooting (Seo et al., 2000). Below thghibthand, reflectivity decreases until the DSD
reaches a balance due to the ice melting and ttheineteors’ volume decreases as the altitude
decreases. Furthermore, vertical observationsarsidered as valid only from 800 meters, due
to the transient of polarization switch (Baldinda@orgucci, 2006). For these reasons, following
Zhang et al. (2008) and Krajewski et al. (2011) ¥R is considered to be independent from
the altitude below the bright band where the DSB teached balance. The reflectivity peak’s
altitude corresponds to the maximum in the VPR, levthe top and the bottom bright band’s
borders are individuated by the minimums of thevature of thez, profile below and above the
peak’s altitude (Baldini and Gorgucci, 2006).
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7.3.1 — Stratiform events

During stratiform events, if the radar beam pasbesugh the melting layer (see Sect. 4.2.3),
radar overestimates rain in a range of distanceshadepends on the elevation angle. This range
is relatively close to the radar location, where #ffects of attenuation and range degradation
are negligible. Vice versa, at farther distancés, probability that radar samples in a region
above the precipitation or filled by ice particlasreases, because of the radar beam propagation
geometry. Furthermore, attenuation due to rairodhé presence of mixed phase in the melting
layer reduces the signal power. As a consequender [0 correction, radar tends to
underestimates rainfall. It follows that two diet AF behaviors could be recognizable when
stratiform events occur. ThudF curves showed in Fig. 7.11 consist of two partspacave
portion at closer ranges due to the presence obtight band (where the lowest values are
found), and an almost increasing linear one dueatme errors. It must to be noted that the
greater the elevation angle: (1) the lower theatlis¢ at which the radar beam intercepts the
melting layer; (2) the shorter the path needed¢oradar beam to pass through the melting layer,
(3) the bigger the part sampled by the radar withexmelting layer, and (4) the greater the slope
of the second part of the curves, because thegyresathe effect of range degradation. As a
consequence, as the elevation angle increasesrththlof the concave part becomes shorter and
the minimum value decreases and moves to the ongirthe coordinate system, which
corresponds to radar site. In Fig. 7.10 a scheatadiz of VPR is showed, in which samplings
are simulated with different elevation angles (e figure are represented the corresponding
radar beams). At each sampling, logarithnGéR ratio curves (wher& is the rainfall amount
collected by the radar at the lower elevation) @béained depending on the ground distance
(right plot of Fig. 7.10). Trends of these curvesfirm what has been said above.

Figures 7.11 and 7.15 also show the coefficientdeferminationR? concerning to the
polynomial fit. R increases as the accumulation time increasesrdiogoto what already has
been said about Figs. 7.1, 7.2, 7.3, and 7.4. &ch elevation angle, the high valuesRbimean
that the best fitting lines are very suitable tpresent trend of lIo@&/R) (dB) as a function of
range. There is also a substantial agreement beta@el and dashed lines in both Figs. 7.11
and 7.15 Furthermore, the lightest grey curves in Fig. dblnot show a concave part because
the bright band is intercepted at a distance leas that between the first rain gauge and the

radar.
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Figure 7.10 - VPR collected during the 15 Decemb@008 rainfall event and corresponding trends with ttance from

Polar 55C of log(G/R) obtained referring on differant elevation angles ranging from 0.5 to 12°.
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Figure 7.11 —AF computed for two stratiform cases, which are the 1December 2008 and the 7 March 2008 events, from
logarithm of G/R ratio trend with distance, by using both a polynonal fit of the fifth order (solid lines) and a method of

moving averages with a window of 15 km (dashed cues).

The first considered event occurring on 7 March@@0a cool season wide spread stratiform
precipitation system, which duration is of littleore than 8 hours, from 7:40 am to 16:15 pm.
Figure 7.12 shows rain rate (mrt)imaps obtained by converting reflectivity factoeasured at
different sweeps composing a volume scan at 1Qr&5&he highest rain rate ring-shaped region
showed by Fig. 7.12 indicate the bright band, whishsituated inside a nearly uniform
horizontally vertical structure of precipitationodhdings collected by the Pratica di Mare show
that freezing level is located at a height of 16¥@SL at 10:55 a.m. Unfortunately, there are no
Polar 55C observations collected at vertical ardefon this event. But, as already-mentioned
above (see page 94), the freezing level heighddatéd above the bright band, since below the
freezing level is the melting layer. So, by obsegviight plot in Fig. 7.11, it can be found that
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the ranges (which depend on the elevation) betwed@nh AF curves present their concavity

upwards are consistent with the freezing level lhieig
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Figure 7.12 — Rain rate (mm i) maps obtained during a volume scanning at 10:55m. during the stratiform event of 7
March 2008.

The event occurring on 12 December 2008 is a cesdan wide spread stratiform precipitation
system lasting from midnight to 7:15 a.m. Figur&37shows rain rate (mmi‘h maps obtained
by converting reflectivity factor measured at th#edent sweeps composing a volume scan at
3:10 a.m. As showed by this figure, the verticabcure of precipitation is nearly uniform
horizontally, except for the highest rain rate fsitaped region indicating the bright band. By
comparing the rainfall maps in Fig. 7.13 with treresponding curves in Fig. 7.11, it can be
seen that the locations of the bright band witlpeesto the radar site closely correspond to the
ranges wherdF curves present their concavity upwards (regarbatRig. 7.13 refers only to a
PPI, whereas Fig. 7.11 to the whole event). Figutd shows the 0°C isothermal, located at a
height of 1650 m ASL and the VPR, both referre®:ttO a.m. Bright band is between 0.75 km
and 1.3 km above the antenna.
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Figure 7.13 — Rain rate (mm A) maps obtained during a volume scanning at 3:10m. during the stratiform event of 12
December 2008.
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Figure 7.14 — Reflectivity trend with altitude (km)and 0°C isothermal height (with respect to the amnna) determined

from soundings collected at Pratica di Mare at 3:1@.m. both relative to the stratiform event of 12 Bcember 2008.
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When the antenna angle passes from 1.5 to 4.5fiskences in which the radar beam intercepts
the melting layer calculated from the bright bammitds altitudes ranges from about 20 to 61
km, 14 to 35 km, 10 to 24 km, and 8 to 18 km, respely. These ranges of distances

correspond to the thickness of the reflectivitygann Fig. 7.13.

7.3.2 — Convective events

Convective events here considered occur in the se&on as young cores of convective rain
embedded inside a wide stratiform precipitationiorgas above described. Depending on the
vertical profile of temperature, stratiform partpcipitation could determine an occurrence of
distinctive melting layer signature, as it happenghe cases in point. For these reasons, curves
in Fig. 7.15 obtained for cold season convectivengs have trends qualitatively similar to those
in Fig. 7.11, related to stratiform events.

However, by comparing plots of Figs. 7.11 and 7il6an be noted that, generalAf- curves
length is greater for convective cases than fatigbrm ones. This is due to the fact that radar
can more easily sample above the stratiform predipn, because the clouds top during
stratiform events is lower than the cumulonimbusudk top of convective events (Yuter and
Houze, 1994; Steiner et al., 1995; Houze, 1997).
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Figure 7.15 —AF computed for two convective cases, which are thellecember 2008 and the 15 December 2008 events,
from logarithm of G/R ratio trend with distance, by using both a polynoral fit of the fifth order (solid lines) and a

method of moving averages with a window of 15 km @bhed curves).

Furthermore, the coordinates of the minimum poihtconcave part does not have a clear
dependence on the elevation. Unlike the stratifoases, as the elevation increases the ordinate

can also increases. Instead, the abscissa becaogessively smaller, as already showed for
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stratiform cases, even if in some convective caiseBghtly decreases, as it happens for the
event of 15 December 2008. This is probably dubedact that the stratiform part of the rainfall
field is discontinuous and non-uniform in spacenig&irly, the behavior of the minimum value
depending on the antenna angle appears not soeslearin Fig. 6.7, because data utilized refer

to both stratiform and convective events.
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Figure 7.16 — Rain rate (mm H) maps obtained during a volume scanning at 15:40.qm. during the convective event of 5
December 2008.

The convective event occurring on 5 December 2@38ahlength of 8 hours, from 10:00 a.m. to
18:00 p.m. The precipitation is formed by a conwecpart situated both to the north east and to
the north west with respect to the Rome urban aed, convective cells are embedded in a
larger stratiform precipitation region. By comparieach curve in Fig. 7.15 with the relative

rainfall map (Fig. 7.16), it can be seen that tbsifions of the bright band with respect to the
radar site roughly correspond to the ranges whéreurves present their concavity upwards.
The freezing level is located at a height of 2055A8L at 15:40 p.m., which is the time

corresponding to the PPIs in Fig. 7.16. The VPRectgdd at the same time by Polar 55C at
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vertical antenna is represented in Fig. 7.17, toagyetvith the 0 °C isothermal height. The figure
shows that the bright band is between 1.2 km a#drh. above the antenna. The distances where
the radar beam intercepts the melting layer areutatked from the top and the bottom altitudes
of the bright band. When the elevation angle mdras 1.5 to 4.5° they range from about 32 to
84 km, 22 to 50 km, 17 to 34 km, and 13 to 26 lespectively, corresponding to the reflectivity

rings thickness showed in Fig. 7.16.
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Figure 7.17 — Reflectivity trend with altitude (km) and 0°C isothermal height (with respect to the amnna) determined
from soundings collected at Pratica di Mare at 15:@ p.m. both relative to the convective event of 5d&@ember 2008.

The convective event occurring on 15 December 2@3¥8a length of 4 hours, from 9:40 am to
13:40 pm. Fig. 7.18 shows convective cells embediddarger stratiform precipitation regions.
Cells are located both to the north of Rome andraltbe coastlineBut, when the radar beam
passes through the stratiform field a bright baoducs, as it is showed by the last two plots in
Fig. 7.18. By comparing each curve in Fig. 7.15hwite relative rainfall map (Fig. 7.18), it can
be seen that the positions of the bright band vagipect to the radar site roughly correspond to
the ranges wherAF curves present their concavity upwards. PraticMalie soundings show
that freezing level is located at a height of 19B8ASL at 13:30 p.m., which is the time
corresponding to the PPIs in Fig. 7.18. Figure B8Ad&ws the VPR collected at the same time by
the Polar 55C and the 0 °C isothermal height. Tép@é shows that the bright band is located
between about 1.3 km and 1.8 km above the antékman the previous cases, the distances

where the radar beam intercepts the melting layercalculated from the top and the bottom
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altitudes of the bright band. When the elevatioglamoves from 1.5 to 4.5° they range from
about 35 to 81 km, 24 to 47 km, 18 to 33 km, andol25 km, respectively, corresponding to the

reflectivity rings thickness showed in Fig. 7.18.
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Figure 7.18 — Rain rate (mm H) maps obtained during a volume scanning at 13:30.q. during the convective event of 15
December 2008.
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Figure 7.19 — Reflectivity trend with altitude (km) and 0°C isothermal height (with respect to the amnna) determined

from soundings collected at Pratica di Mare at 13:8@ p.m. both relative to the convective event of 1Becember 2008.

7.3.3 — A global adjustment factor

The AF shows a trend with range that is qualitativelyigimfor events of the same category.
However, at a given range there are significaningtaive differences between the values it
assumes for events of the same type. So, thei@ @munivocal range error pattern at the scale
of event.AF depends not only on the event type, being alametion of the spatial extension of
the event, of the antenna elevation angle, of tbeical profile of temperature, and of the
presence and characteristics of bright band. Akéhcharacteristics vary with time within the
same event and would require a correction at vieoytdime scales, if not in real time. Since our
goal is long term rainfall amount quantificatioAF has been evaluated as a function of
corresponding radar and rain gauge annual raisfiadbunts calculated at each rain gauge
location, as showed in Eq. (6.1). Consequentlyg #ige verification of the effectiveness of the
proposed methodology is performed by calculating #mnual rainfall amounts at each rain
gauge location.

This choice is based on the observation thatdRéends to become gradually more stable with
increasing accumulation time, at equal elevatioglgnas can be observed from the figure
below, which shows a substantial agreement betwAEncurves estimated for longer

accumulation times.
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AF trend with range
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Figure 7.20 —AF trends with range evaluated for longer accumulatiortimes (black, dark grey and light gray refer to

2008-2009 period, 2008 year, and 2009 year, respeety) and an elevation angle of 1.5°.

Therefore, at equal elevation, on the one handAfhes extremely variable depending on the
type of event (even among the same type), but erother hand it tends to stabilize for large
time aggregations order of one year or greatera Bsnsequence, the models proposed in Sects.
6.2 and 6.3 are suitable for applications that irejong-term precipitation estimates, such as the
guantitative estimation of precipitation necesstryevaluate the water budget of a basin, for

water management iood risk assessment.
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Chapter 8

Conclusions

There are several error sources that influencadharacy of rainfall estimates: error is expected,
on average, to increase as the distance from iadezases. This work has characterized the
overall radar error as a function of the distamoenfradar, to improve rainfall radar estimates in
the absence of orographic effects. This technioutended to quantify radar error, considers rain
gauges direct rainfall measurements as “groundh’trdthe proposed methodologies have been
developed and evaluated using radar data sets agurements collected by the Polar 55C radar
located in Rome and data from the rain gauge né&twiithin the radar coverage. Areas where
residual influence of ground clutter or beam-blogkcan affect radar estimates are excluded, in
order to address the error sources that can leaba@cterization as a function of the distance
from the radar.

To reach this objective, first a radar calibratigith rain gauges is performed by choosing six
rain gauges, whose distances from Polar 55C ramoge 15 to 20 km, and taking into account
the visibility of the radar beam.

The G/Rratio between the rain gauges rainfall amountsthedespective radar rainfall amounts
is then calculated as a function of range. Withmtange of about 50 k@&/R trend is influenced

by the presence of the bright band, which causasla overestimation of rain. But, beyond this
range, an approximately logarithmic trend agaimstadce ofG/R ratio occurs. AG/R logarithm
trend best fitting line is used to defined AR depending on the distance, which takes the overall
radar error into accounAF trend with range is composed of a concave porigdative to less
ranges and an about monotonically increasing featgdistances.

A subsequent analysis is performed to highlight effect of signal attenuation. In this case,
correction of path attenuation is carried out bef@dar calibration, and th#d- is evaluated for
different antenna elevations.

Furthermore, théAF variability is investigated at the scale of evdamith for convective and
stratiform event. We found thaf trend for both categories of event is qualitagnvamilar. The
minimum point of each curve tends to move towarus arigin of the axes and the concave
portion becomes less wide as the elevation angieases. In addition, only for the stratiform
cases, the minimum value decreases as the antlvadi@n increases. The latter fact does not

occur for convective cases because of the disaatyiof the bright band. Therefore, on the one
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hand the model is extremely variable depending lo@ particular characteristics of the
considered event. On the other hand, it tendsatuilste for large time aggregations order of one
year or greater. As a consequence, radar datacarected by means of the isotropic range
dependent biag\F, estimated by using data collected in 2008.

In a first analysis, radar calibration is performesing the 2008 radar data set without any
correction. Whereas, the second analysis utiliaglar data obtained after correcting the path
attenuation to perform calibration. Then, radaadat corrected by means of the isotropic range
dependent biag\F, estimated by using the 2008 calibrated radar skttalhe verification of the
adjustment procedure is carried out by considdsiy 2008 and 2009 radar data sets.

The behaviours of FSE index, slope of the scattgs’regression lines an@d/R ratio of rainfall
time series pairs, obtained during 2008 or 200®bkar 55C and each rain gauge, are analysed
as a function of distance to evaluate the adjustrpescedure. The slope of the scatter plots’
regression lines and th®/R ratio have the same trend against distance fdr eacumulation
time. Before calibration, FSE reaches the maximahues (greater than 4) for distances where
more frequently the radar beam intercepts melt@ygid. Similarly, the correspondirg/R and
slope values reach a minimum value for the samardiss. Then, FSE begins to decrease up to
a value of 2 or less, where&/R and slope begin to increase up to a value of rhare. After

the adjustment procedure, all along the pathGiR ratio and the slope of the scatter plots
regression lines are scattered about 1 and the ir@Ex gives the lowest values for each
accumulation time, due to the reduction of the réigancies between radar and rain gauge
rainfall fields.

Instead, for the second methodology, events aexteel so that the path from radar to the rain
gauges is always located in a very intense raiag.dvioreover, only rain gauges approximately
aligned along a radius are chosen, in order to esipé the effects of the signal attenuation.
After the adjustment procedure including path atédion correction method, tH&R logarithm
values are close to 0 all along the path, verifyimgeffectiveness of the methodology.

The proposed model is suitable for applications tbquire long-term quantitative precipitation
estimates, such as the quantitative estimationreéipitation necessary to evaluate the water

budget of a basin.
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