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ABSTRACT

Radar-rainfall estimation is a complex process that involves several error sources, some of which are related

to the environmental context. The presence of orographic obstacles heavily affects the quality of the retrieved

radar products. In relatively flat terrain conditions, dual-polarization capability has been proven either to

increase the data quality or to improve the rainfall estimate. The potential benefit of using polarimetric

techniques for precipitation retrieval is evaluated here using data coming from two radar systems operating in

Italy under complex-orography conditions. The analysis outlines encouraging results that might open new

scenarios for operational applications. Indeed, the applied rainfall algorithm employing specific differential

phase mostly outperformed the examined reflectivity-based retrieval techniques except for the analyzed

winter storm. In the latter case, the likely contamination by frozen or melting snow tended to degrade the

performance of the examined Kdp-based rainfall algorithms.

1. Introduction

Rain-rate fields represent valuable information not

only for hydrogeological applications but also for micro-

wave communication networks and for assimilation pur-

poses within numerical weather forecast models (Rinehart

and Garvey 1978; Joss and Lee 1995; Germann and Joss

2002). In the presence of complex orography, charac-

terized by hilly and mountainous scenarios, rain-rate es-

timation is a fairly involved process, especially if needed

at a ground resolution of less than a few kilometers

(Marzano et al. 2004). Rain gauge networks have many

limitations related to their sparse and spotlike data

distribution. Nevertheless, they represent indispensable

means for remote sensor adjustment (often referred to as

external calibration) and validation (Vulpiani et al. 2009).

Microwave weather radars are considered to be a fairly

established technique for retrieving rain-rate fields over

large areas from measured reflectivity volumes.

After decades of scientific research following the first

pioneering work (Seliga and Bringi 1976), weather radar

polarimetry is increasing in popularity within opera-

tional meteorological services. Several recent studies

and field campaigns have demonstrated the advantages

of an operational radar upgrade to polarimetric capa-

bilities. Benefits of weather radar polarimetry include

improved data quality, self-consistency techniques for

assessment of system calibration (Gorgucci et al. 1999;

Gourley et al. 2009), and automatic echo classification
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(Straka et al. 2000; Marzano et al. 2007, 2008) for weather

and forecasting applications.

At frequencies higher than S band, attenuation is the

main electromagnetic phenomenon conditioning quan-

titative precipitation estimation, especially in convective

precipitation regimes. Resonance scattering effects (neg-

ligible at S band) might also relevantly affect C-band ra-

dar measurements (i.e., differential phase or differential

reflectivity) and the derived rain rates, even increasing

attenuation effects. As a consequence, most experimental

studies on the use of dual polarization for operational

quantitative precipitation estimation have been performed

at S band in relatively flat topographical environments

(Ryzhkov et al. 2005b; Giangrande and Ryzhkov 2008;

Vulpiani et al. 2009).

A renewed interest in upgrading operational C-band

systems to dual polarization showed up since stable

polarimetric methods to correct for the effects of at-

tenuation in rain have been introduced through the use

of differential phase measurements (Testud et al. 2000;

Carey et al. 2000; Bringi et al. 2001; Vulpiani et al. 2008).

Most of the European operational weather radars op-

erate at C band—several of them in mountainous areas.

In such conditions, together with the enhancement of

ground-clutter effects, the major limitation is repre-

sented by partial or total beam blocking caused by

natural obstructions that very often impose antenna ele-

vations greater than 1.58. These range-related limitations

tend to reduce the potential role of operational weather

radars in monitoring precipitation amount at ground

level within mountainous areas since, if the nature or

intensity of rainfall varies with height (e.g., melting effects

during stratiform rain), radar backscattered signals at

higher altitudes may not be representative of surface rain

rate (Joss and Lee 1995; Germann et al. 2006; Marzano

et al. 2004). Moreover, the quality and potential appli-

cations of polarimetric radar observations are also sensi-

tive to topography (Friedrich et al. 2009).

The first investigations concerning orographical effects

on polarimetric rainfall measurements have been accom-

plished by Zrnić and Ryzhkov (1996) and Vivekanandan

et al. (1999) using S-band radar observations of single

FIG. 1. Digital elevation model at 240-m horizontal resolution illustrating the complex

orography surrounding the considered PDRS. Circle lines show the nominal radar coverage

(i.e., 175 km); rain gauge positions are represented by dots.
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flash-flood events. Friedrich et al. (2007) have analyzed

the effects of beam shielding on rainfall retrieval at

C band in relatively flat topographical conditions for

which the main beam blockage source was represented

by urban obstacles. Silvestro et al. (2009) have more

recently proposed and analyzed the performance of

a flowchart–decision-tree polarimetric algorithm applied

to radar measurements collected with an operational

C-band system located at 1400 m above mean sea level

(MSL) in the western Apennine Mountains (Liguria re-

gion, Italy). The latter study, restricted only to unshielded

sectors, to 100 km of range, and to daily rainfall evalua-

tion, has shown that polarimetric variables, whenever

used by the algorithm (only about 10% of the total cases),

improved rainfall estimation.

The work presented here is aimed at investigating,

without any constraints (i.e., range distance or shielded

sectors), the potential benefit derived by the use of

dual polarization for operational precipitation estima-

tion in complex-orography scenarios. For this purpose,

we employed data acquired by the C-band dual-polarized

radars located at Il Monte mountain near Tufillo (Chieti,

Abruzzo region, central Italy) and Zoufplan mountain

near Paluzza (Udine, Friuli Venezia Giulia region, north-

ern Italy) and by dense networks of more than 150 rain

gauges within each radar’s nominal coverage of 175 km.

Ten days of observations, for a total of 240 h, were ana-

lyzed. In particular, the work is aimed at 1) clutter re-

moval through the synergy of clutter map, radial velocity,

and polarimetric texture analysis; 2) correction of two-

way path attenuation; 3) reconstruction of the vertical

profile of reflectivity; and 4) polarimetric estimation of

near-surface rainfall. Several techniques to address

these problems are intercompared and evaluated. The

paper is organized as follows. Section 2 provides in-

formation on the employed dataset. The data process-

ing chain is described in section 3. The results are

discussed in section 4. Details of the proposed technique

for differential phase processing are provided in the

appendix.

2. Dataset description

a. Radar systems

The radar systems used in this work belong to the

Italian network that provides coverage of most of the

Italian territory with updates every 15 min and ground

spatial resolution lower than 1 km. The primary jus-

tification for a weather radar network in Italy, as well as

in other countries, is the detection and warning of severe

weather and related hydrogeological risks. Hydrological

risk is further enhanced by orography, which is charac-

terized in Italy by small catchments along most coast-

lines and by the Alpine and Apennine chains. Because

of the incomplete national coverage, the Department

of Civil Protection (DPC) has been appointed to be re-

sponsible for complementing and integrating the exist-

ing systems. These systems are made of 10 C-band

installations belonging to regional authorities, five of

which are polarimetric, and one transportable X-band

polarimetric radar. Two systems are owned by the Ital-

ian company for air navigation services (ENAV), and

three are managed by the Meteorological Department of

the Italian Air Force (AMI). The Polarimetric Doppler

Radar Systems (PDRS), located at Il Monte (herein-

after PDRS1) and Zoufplan (hereinafter PDRS2), re-

spectively, are two of the six DPC polarimetric radars.

TABLE 1. Maximum cumulated rainfall (mm) from the available gauge stations within the PDRS1 coverage. The last column shows the

FLH (km) range as retrieved from the closest available radiosounding.

Case no. Date 1 h 3 h 6 h 12 h 24 h 48 h No. of gauges FLH range

I 1 Jun 2009 38.6 57.2 63.8 112.2 119.2 — 214 3.0–3.4

II 21 Jun 2009 85.2 138.0 150.2 167.2 169.4 — 199 3.0–3.5

III 21 Sep 2009 87.6 96.2 100.2 100.6 130.2 — 228 3.0–3.3

IV 22 Oct 2009 44.6 78.2 83.2 87.0 104.4 — 228 2.9–3.2

V 23 Oct 2009 24.2 40.2 48.0 55.6 76.0 — 196 2.7–3.1

VI–VII 1–2 Mar 2011 32.6 66.8 131.2 163.2 178.2 215.4 139 1.1–1.7

TABLE 2. As in Table 1, but for the events observed by PDRS2.

Case no. Date 1 h 3 h 6 h 12 h 24 h 72 h No. of gauges FLH range

VIII 3 May 2010 31.0 54.8 60.8 109.0 128.4 — 177 2.5–2.9

IX 4 May 2010 19.2 33.6 55.6 96.4 153.4 — 187 2.4–2.8

X 5 May 2010 17.6 26.8 39.6 55.8 89.2 271.4 196 2.4–3-0
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PDRS1 and PDRS2 are respectively located near the

border between the Molise and Abruzzo regions and in

the Friuli Venezia Giulia region, close to the border with

Austria, as shown in Fig. 1.

The Italian radar network siting resulted from a

compromise between the radar network fulfilling

needs and the logistics and environmental require-

ments. The PDRS1 location at about 700 m MSL is

surrounded on the northwestern side by the highest

peak (about 3000 m) of the Apennine mountain range

(see Fig. 1). The main beam blocking toward the inland

country is caused by the Maiella mountain (the high-

est peak is at about 2800 m) at a distance of about

35 km. In such circumstances, the major error sources

in radar-rainfall estimation are obviously related to

ground-clutter contamination, partial and/or total beam

shielding, and vertical variability of reflectivity. The

PDRS2 site (at about 2000-m altitude) has been chosen to

observe the Friuli Venezia Giulia and Veneto valleys,

which are characterized by the presence of several

catchments (e.g., Tagliamento, Livenza, and Isonzo) that

are almost fully visible even at low antenna elevation

scans.

The considered PDRSs operate at 5.6 GHz with a

maximum unambiguous range of approximately 175 km

and a range resolution of 0.15 km. The antenna rotation

speed has been set at 128 s21, allowing an integration of

68 samples within the resolution volume. The two sys-

tems are connected by satellite links to the two National

Radar Primary Centres (RPC), located in Rome at DPC

and Savona at the Centro Internazionale in Monitoraggio

Ambientale (CIMA) Research Foundation to mainly en-

sure remote control, through the Radar Remote Control

server, and products generation. The RPC at Savona

works as a ‘‘backup center’’ to guarantee that the system

is continuously operating. The Radar Archive Centre

subsystem is devoted to archiving and managing radar

data and products by means of a relational database.

The generated products are then disseminated to all

institutions composing the national network. The con-

sidered radar systems are subject to periodical in situ

maintenance activities (at least four times per year)

during which the calibrations of the receiver and trans-

mitter are checked. In addition, the receiver calibration is

also remotely performed through specific maintenance

software.

b. Test cases

Seven precipitation events for a total of 10 days of

observations have been analyzed in this study. The events

observed by PDRS1 and PDRS2 are respectively listed

in Table 1 and Table 2 together with the maximum

observed cumulated rainfall over different time pe-

riods, the number of available gauges, and the freezing-

level height (FLH) as derived from the closest available

radiosoundings.

FIG. 2. Superposition of the geopotential height at 500 hPa, the

mean sea level pressure (from ECMWF numerical model analysis), and

the satellite report (SatRep) from the IR 10.8-mm Meteosat Second

Generation channel at 1200 UTC on (a) 3, (b) 4, and (c) 5 Mar 2010.
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Most of the considered events occurred between spring

and autumn, and the 2-day event observed by PDRS1

at the beginning of March of 2011 is a typical winter

storm of the Mediterranean Sea region. Indeed, the Euro-

Atlantic synoptic configuration favored cold polar fluxes

into the Mediterranean area where a deep cutoff low

was acting. Specifically, the center of Italy was affected

by a cold front with an FLH that varied between 1 and

1.5 km MSL.

The 3-day weather event that occurred at the begin-

ning of May of 2010 (observed by PDRS2) was the most

interesting in terms of persistence and severity. It was

characterized by a deep low pressure area (i.e., geo-

potential height of about 5442–5460 m at 500 hPa) over

the central-western Mediterranean region, as can be

deduced from Fig. 2, which shows the superposition of

the geopotential height at 500 hPa and the mean sea

level pressure [from European Centre for Medium-

Range Weather Forecasts (ECMWF) numerical model

analysis]. The Euro-Atlantic zone was characterized

by a very low zonal index with an V-blocking struc-

ture. At the beginning of the event the Italian territory

was affected by a warm conveyor belt transporting wet

warm fluxes from the African continent. The crucial phase

of the storm happened on 4 May with the beginning of the

cyclogenesis on the Gulf of Lion (between France and

Spain, close to Marseille), as depicted in Fig. 2b.

The blocking structure caused the persistence of pre-

cipitation with convective phenomena in central-northern

Italy, especially over the Alps and northern Apennine

areas. The cumulated rainfall field derived from inter-

polated gauge observations is shown through contour

lines in Fig. 3. The peaks of cumulated precipitation

have been observed over mountain areas, within about

60–70 km from the radar site. The maximum 72-h cu-

mulated rainfall was about 270 mm, with a maximum

daily accumulation of about 153 mm on 4 May 2010 (see

Table 2 for details).

FIG. 3. Contour lines showing the cumulated rainfall (mm) observed by the gauge network

during the 72-h event of 3–5 May 2010.
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3. Data processing

This section describes the radar-data processing chain

applied to the observed precipitation events (listed and

described in section 2b). As depicted in Fig. 4, the pro-

cessing begins with the identification of and compensa-

tion for nonmeteorological echoes and partial beam

blockage effects. Second, Kdp is derived from the filtered

Fdp and used in the rain path attenuation correction

module, where external data (i.e., temperature sound-

ings) are also ingested. The mean vertical profile of re-

flectivity (VPR) is then retrieved and applied to the

considered reflectivity-based radar products [i.e., the

lowest beam map (LBM) and vertical maximum in-

tensity (VMI)] before computing the rainfall rate. The

latter is also estimated through the retrieved specific

differential phase.

a. Artifact removal and partial beam-blocking
correction

As mentioned in section 2a, both PDRS are sur-

rounded by high mountains; as a consequence, the major

error sources in radar-rainfall estimation are obviously

related to ground-clutter contamination, partial and/or

total beam shielding (expecially for PDRS1), and alti-

tude of the measurement above ground (i.e., vertical

variability of reflectivity).

The radar echoes generated by nonmeteorological

targets are discriminated from weather returns by means

of a quality map Q that is subjectively generated by

combining the following quality indicators: static-clutter

map (CMAP), radial velocity V, texture of Zdr (TxZdr),

rhy (TxRho), and Fdp (TxPhi). CMAP is a volumetric

map obtained by averaging a wide set of reflectivity data

observed in clear-air conditions. For each quality in-

dicator Xj (i.e., X1 5 CMAP, X2 5 V, X3 5 TxZdr, X4 5

TxRho, and X5 5 TxPhi), the degree of membership in

the nonmeteorological target class is defined through

a trapezoidal transformation function dj 5 d(Xj):

d(Xj) 5

0 if Xj , X1, j or Xj . X4, j

(Xj 2 X1, j)/(X2, j 2 X1, j) if X1, j , Xj , X2, j

(X4, j 2 Xj)/(X4, j 2 X3, j) if X3, j , Xj , X4, j

1 if X2, j , X j , X3, j

,

8>>>><
>>>>:

where Xi,j is the ith vertex of the trapezoid relative to the

jth quality indicator. Table 3 shows the parameterization

used for defining dj. The relative quality index qj asso-

ciated with Xj is then defined as the complement of dj

(i.e., qj 5 1 2 dj). Last, the overall quality Q is obtained

through a weighted sum of the relative quality indices:

Q 5

�
N

j51
Wjqj

�
N

j51
Wj

. (1)

Radar returns with associated low quality (i.e., Q , 0.5)

are finally rejected.

To take into account the beam-shielding effects

properly, an electromagnetic propagation model is

used to identify the obstructed radial directions. The

partial beam blockage (PBB) map, representing the

occultation degree at a specific antenna elevation, has

been retrieved by resorting to the simplified ob-

struction function proposed by Bech et al. (2003),

assuming the wave propagation in the standard at-

mosphere (Doviak and Zrnić 1993). The estimated

FIG. 4. Schematic representation of the applied radar data

processing chain.

TABLE 3. Parameters of the applied system for data quality

evaluation.

Xj Weight X1,j X2,j X3,j X4,j

CMAP 0.5 10 30 70 ‘

V 0.3 20.2 20.1 0.1 0.2

TxZdr 0.4 0.7 1.0 ‘ ‘

TxRho 0.4 0.1 0.15 ‘ ‘

TxPhi 0.4 15 20 ‘ ‘
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FIG. 5. Visibility maps retrieved using a 240-m horizontal resolution digital elevation model at

(top) 0.48 for PDRS1 and (bottom) 0.88 for PDRS2.
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PBB is then compensated up to 70%, as in Tabary

(2007).

Figure 5 shows the visibility maps (i.e., the complement

of the PBB maps) in terms of percentage of nonoccluded

beam for PDRS1 (top panel) and PDRS2 (bottom panel).

As can be seen in the top panel of Fig. 5, the visibility of

PDRS1 is less than 2008 wide at 0.48 of antenna elevation.

This situation is particularly critical considering that only

a reduced coast area is visible at low-elevation scans,

whereas the internal region becomes fully visible only at

about 2.58. Considering that PDRS2 is sited at about

2000 m of altitude, the visibility of PDRS2 is basically

guaranteed southward, where the main settlements are

located. The partial or total northward shielding (the

Alps area) does not represent a concern.

b. Differential phase processing

As described in the appendix, a polarimetric radar

system provides measurements of the total differential

phase Cdp that is the sum of the differential propaga-

tion Fdp and the backscatter phase dhy. We are only in-

terested in the propagation component for attenuation

correction and rainfall estimation purposes, Kdp being

related to the range derivative of Fdp. At C-band fre-

quencies, dhy might not be negligible when resonance

scattering occurs. Furthermore, Cdp is also conditioned

by system noise, offset, and potential aliasing problems.

Several approaches have been proposed to handle this

issue, for example, median filter, moving average,

polynomial fitting (Bringi and Chandrasekar 2001), fi-

nite impulse response filter (Hubbert and Bringi 1995),

and more recently range derivative in the complex do-

main (Wang and Chandrasekar 2009). In the work pre-

sented here, a multistep moving-window range derivative

approach is applied. As described in Fig. 6, the applied

method can be summarized in four main steps:

1) Kdp retrieval (first guess)—a first guess of the specific

differential phase, denoted K9dp, is retrieved from Cdp

through a finite-difference scheme over a given-sized

moving window, that is,

Kdp9 (rk) ’ 0:5[Cdp(rk 1 L/2) 2 Cdp(rk 2 L/2)]/L,

where L 5 7 km;

2) Kdp check—special care is taken in treating the Kdp

values that are not manifestly physical, Kdp typically

ranging between 228 km21 (as for vertically oriented

ice crystals) and 208 km21 (as for heavy rain) at C

band (Bringi and Chandrasekar 2001);

3) Fdp reconstruction—the filtered differential phase is

estimated as

F̂dp 5 2

ð
K9dp(s) ds;

and

4) Kdp retrieval (final guess)—the final estimation of

the specific differential phase K̂dp is then obtained

from F̂dp.

In step 2, we attempt to discriminate anomalous Kdp

values coming from aliasing or other phenomena (i.e.,

noise, backscatter differential phase, nonuniform beam

filling, or residual artifacts). For the latter cases the es-

timated Kdp are set to zero, but in the case of Fdp

wrapping it is necessary to refine the retrieval process.

Otherwise, according to step 3, the reconstructed pro-

files of differential phase shift would contain L-sized

range segments characterized by unrealistic stationary

Fdp values. Indeed, when aliasing occurs, Fdp is exposed

to a folding of the same order of magnitude as the

maximum unambiguous phase shift Fdp,max (i.e., 3608 for

simultaneous transmission). As a consequence, the es-

timated Kdp values would be systematically low (i.e.,

FIG. 6. Block diagram describing the applied procedure for Fdp

filtering and Kdp retrieval. For the Kdp check, it has been assumed

that Thresholds1,2,3 are 228, 208, and 2208 (all per kilometer), re-

spectively.

412 J O U R N A L O F A P P L I E D M E T E O R O L O G Y A N D C L I M A T O L O G Y VOLUME 51



Kdp ; 20.5 3 360/L ; 2258 km21, with L 5 7 km) in

any L-sized range segment centered at range ra, where

aliasing shows up.

Once any of such range segments is identified, Fdp is

unwrapped by adding Fdp,max and the whole processing

procedure is repeated from ra 2 L/2 to the end of the

range profile. It is interesting to note that following steps

1–4 the retrieved differential phase is not affected by the

system offset, it being removed when computing K9dp.

It is also worth mentioning that, as shown in the ap-

pendix, the standard deviation of K̂dp becomes

s(K̂dp) 5
1ffiffiffiffiffiffiffi
2N
p

s(Cdp)

L
, (2)

where N is the number of range gates contained in the

L-sized moving window (i.e., N 5 L/Dr, Dr being the range

resolution). This means that, for L 5 7 km and Dr 5 150 m

and assuming s(Cdp) 5 38, s(K̂dp) is about 0.058 km21.

As outlined in the appendix, the general expression

for the standard deviation of Kdp estimated by recur-

sively iterating steps 3 and 4 is

s[K̂
(I)
dp] 5

1ffiffiffiffiffiffiffiffiffi
2NI
p

s(Cdp)

L
, (3)

where I is the number of iterations (with I $ 1). Con-

sequently, for a lower window size and/or a poorer range

resolution Dr (i.e., lower N), it might be possible to get

about the same standard deviation by just iterating the

retrieval procedure a few times [e.g., s(K̂dp) ’ 0:048 km21

for L 5 4 km and Dr 5 300 m with I 5 2, assuming

s(Cdp) 5 38].

As an example, the top panel in Fig. 7 shows the range

profile of the raw (dashed line) and filtered differential

(dotted line) phase. To evaluate better the effect of the

filtering approach, the current system offset has also been

added to the filtered Fdp (see the continuous curve). The

bottom panel in Fig. 7 shows the corresponding retrieved

specific differential phase. A direct assessment of the

quality of the applied Kdp retrieval approach is beyond

the scope of this work. The quality of the specific dif-

ferential phase reflects on the corresponding rainfall

rates that are evaluated in depth later in the paper, how-

ever. Nevertheless, the effectiveness of any Kdp esti-

mation technique can only be evaluated qualitatively

by resorting to the consistency between estimated and

theoretical values of Kdp (as obtained from scattering

simulations) in a Kdp-versus-Zhh plane, as was done in

Wang and Chandrasekar (2009).

c. Attenuation correction

Rain path attenuation is known to be one of the main

impairments in radar-rainfall estimation at frequencies

FIG. 7. Range profile of (top) raw, filtered Fdp and (bottom) corresponding Kdp for event II observed by the radar

PDRS1 at 1450 UTC.
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higher than S band. Stable procedures for accounting

for that issue are available through the use of differential

phase shift. Indeed, specific differential phase and spe-

cific attenuation are almost linearly related (Bringi et al.

1990):

ahh,dp 5 ghh,dpKdp, (4)

where ahh,dp is the copolar specific attenuation and spe-

cific differential attenuation (dB km21), respectively. Us-

ing (4), the two-way path-integrated attenuation Ahh,dp

can be written as

Ahh,dp(r) 5 2

ðr

r
0

ahh,dp(s) ds 5 2ghh,dp

ðr

r
0

Kdp(s) ds

5 ghh,dp[Fdp(r) 2 Fdp(r0)],

(5)

and the corrected reflectivity (Zc
hh) and differential re-

flectivity (Zc
dr) are

Zc
hh,dr(r) 5 Zm

hh,dr(r) 1 Ahh,dp(r)

5 Zm
hh,dr(r) 1 ghh,dp[Fdp(r) 2 Fdp(r0)], (6)

where r0 identifies the beginning of the rain path. De-

spite the simplicity of (5)–(6), it is necessary to deal with

the space–time variability of ghh,dp, they being related to

raindrop temperature, size, and shape (Jameson 1992).

Carey et al. (2000) suggested retrieving the optimal

values of ghh,dp by analyzing the trend of the observed

Zhh,dr with respect to Fdp after minimizing their intrinsic

variability. In Vulpiani et al. (2008) a preliminary rain-

type (or, in other terms, average raindrop size distri-

bution) identification enables one to estimate ghh,dp on

a gate-by-gate basis. In place of the Bayesian approach

used in Vulpiani et al. (2008), a fuzzy-logic hydrometeor

classification algorithm, adapted from Marzano et al.

(2007) by also including the correlation coefficient as

input, has been embedded within the adaptive optimi-

zation procedure. As may be expected, the accuracy of

the classification algorithm degrades in the presence of

any bias in the input variables. Marzano et al. (2007)

estimated an accuracy of about 70% in the presence of

a bias of 2.5 dB on Zhh and 0.75 dB on Zdr. Therefore, it

is reasonable to expect that, with a standard 1-dB un-

certainty on the reflectivity (the system is reasonably

well maintained) and also making use of the correlation

coefficient, a bias on differential reflectivity, estimated

to not exceed a few tenths of decibels for both PDRS1

and PDRS2, should not significantly impair the algo-

rithm performance.

As depicted in Fig. 8, the overall adaptive Fdp correction

procedure can be summarized through the following few

steps:

1) The radar observables are filtered from nonmeteoro-

logical targets and the phase measurements are

processed as described in section 3b.

2) A preliminary attenuation correction is performed

using (5)–(6) assuming fixed values for ghh,dp (i.e.,

0.08 and 0.02 dB km21). At this stage the tempera-

ture profile T, retrieved from the closest available

radiosounding, is used to roughly discriminate rain

from frozen particles.

3) The corrected Zhh,dr are then used with Kdp, rhy, and

T for hydrometeor classification.

4) Values of ghh,dp are associated with each rain type

(i.e., light, moderate, heavy, or large drops) as derived

from scattering simulations (Vulpiani et al. 2008).

5) At each range distance r an optimal g
opt
hh,dp(r) is com-

puted as the weighted average of the retrieved path-

distributed ghh,dp; that is,

g
opt
hh,dp(r) 5

ðr

r
0

Kdp(s)ghh,dp(s) dsðr

r
0

Kdp(s) ds

.

FIG. 8. Block diagram describing the applied adaptive attenuation

correction procedure.
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FIG. 9. Spatial average of the cumulated rainfall for all of the considered algorithms relative to the storm events observed by PDRS1.
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6) Zhh,dr are finally corrected using (5)–(6) with g
opt
hh,dp.

d. Rainfall estimation

Rainfall rate is here computed from reflectivity and

specific differential phase. It is known that Zdr is another

potential rain-rate predictor when coupled with Zhh or

Kdp (Bringi and Chandrasekar 2001). The observed Zdr

has been found to be azimuthally biased by nearby ob-

stacles (i.e., lightning rods, or fencing), however. Fur-

thermore, any Zdr-based rainfall estimation algorithm

is generally more sensitive to uncompensated rain path

and wet radome attenuation effects.

Once reflectivity is corrected for attenuation, a mean

VPR (Joss and Lee 1995) is retrieved from every volume

scan (provided that it contains meteorological echoes at

all defined height levels) and is then applied either to

the LBM or to the VMI to get ground-projected reflec-

tivity products. We have also considered nonprojected

reflectivity fields as reference radar products. A standard

Z–R relationship (Marshall and Palmer 1948) is applied

to reflectivity products. For the Kdp-based rain-rate

algorithm, we have considered a general expression of

the form R 5 ajKdpjb sign(Kdp), as suggested by Ryzhkov

et al. (2005a). Although this formula provides unrealistic

negative rain rates for negative Kdp values, it is adopted

to compensate for the noise effects on the retrieved Kdp

(i.e., slightly positive and negative rain rates tend to cancel

each other when computing the cumulated rainfall).

Considering the power-law parameters a and b derived

by either Bringi and Chandrasekar (2001) or Scarchilli

et al. (1993), the tested algorithms, denoted as RBC and

RSC, respectively, are

RBC 5 129(jKdpj/f )0:85 sign(Kdp) and (7)

RSC 5 19:8jKdpj sign(Kdp), (8)

where f is the radar frequency expressed in gigahertz.

Relationships (7) and (8) have been applied to the

lowest beam map of Kdp (LBMK). Considering the

characteristics of the proposed Kdp estimation technique

[i.e., s(Kdp) ’ 0.058 km21], it makes sense to compen-

sate rain rates corresponding to 20.058 km21 # Kdp #

0.058 km21. Wherever Kdp drops below 20.058 km21,

the average of the neighboring values (within an area of

9 km2) exceeding such a threshold is considered in its

place. Otherwise, if none of the neighboring values sat-

isfies such conditions, the rainfall rate is set to zero.

The following notation is used to identify the consid-

ered algorithms:

d R[LBM(Z)] for rainfall rate computed from LBM,
d R(LBMVPR) for rainfall rate computed from ground-

projected LBM (through the mean VPR),
d R[VMI(Z)] for rainfall rate computed from VMI,
d R(VMIVPR) for rainfall rate computed from ground-

projected VMI (through the mean VPR),
d RBC(LBMK) for rainfall rate computed from LBMK

using (7), and
d RSC(LBMK) for rainfall rate computed from LBMK

using (8).

4. Results

As usual, the performance analysis of the considered

rainfall algorithms is accomplished by comparing radar-

rainfall fields with in situ measurements provided by

the available gauge network. Considering the intrinsic

difference between the two measurement sources, the

radar–gauge matching criterion might not be an irrele-

vant feature of the validation step, especially in complex-

topography scenarios in which the radar volume altitude

is typically high. In such circumstances, wind drift might

represent an important effect to address. Similar to the

approach followed by Silvestro et al. (2009), the radar

estimation minimizing the square difference with respect

to the gauge observation has been selected within a 5 3

5 km2 area around the gauge position. Although this

method might lead to consideration of different radar

volumes for each evaluated rainfall algorithm, the best

estimation selection is always guaranteed for all of them.

This section first describes a qualitative performance

analysis to get a general overview; then, a quantitative

statistical evaluation of the hourly cumulated precipi-

tation is discussed in terms of the following error in-

dicators:

1) mean error « 5 h«i5 hR
R

2 R
G
i,

2) error standard deviation s
«

5 [h(« 2 «)2i]1/2,

FIG. 10. As in Fig. 9, but for the events observed by PDSR2.
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3) root-mean-square error, defined as RMSE 5(h«2i)1/2
5

(«2 1 s2
«)1/2,

4) mean bias, defined as the mean ratio between gauge

observation RG and radar estimate RR—that is, bias 5

hRG/RRi, and

5) correlation coefficient (CC), defined as h(R
G

2 hR
G
i)

(R
R

2 hR
R
i)i/(s

RG
s

RR
),

where RR is the radar estimate and RG denotes the gauge

observation. The angle-bracket notation stands for the

FIG. 11. Spatial distribution of the estimated bias for R[VMI(Z)], R(VMIvpr), R(LBMvpr), and RBC(LBMK) relative to events (left) I,

(center) VI–VII, and (right) VIII–X.
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average operator with respect to space and/or time,

and s
RG,R

represent the standard deviations of the

gauge and radar observations, respectively.

a. Overall analysis

Figures 9 and 10 show the spatial average of the cu-

mulated rainfall as a function of time for all of the con-

sidered algorithms relative to the storm events observed

by PDRS1 and PDRS2, respectively. These figures in-

directly provide information on the mean error as a

function of the accumulation time. Except for events

VI–VII, depicted in Fig. 9f, it can be noticed that RBC

generally outperforms RSC and all of the methods that

employ reflectivity when compared with reference gauges

(blue curves in Figs. 9 and 10). As long as the cumulated

precipitation does not exceed 5–10 mm, R(LBMVPR)

generally provides a relatively good estimation; for

example, cases II and III, respectively shown in Figs. 9b

and 9c, are emblematic.

Otherwise, both of the considered Kdp-based rainfall

algorithms depart from the observed rain depths by more

than R(VMIVPR) and R(LBMVPR) do for the analyzed

winter event (cases VI and VII). Indeed, RBC,SC(LMBK)

are likely conditioned by frozen hydrometeors while the

reflectivity-based techniques, especially R(LBMVPR), take

benefit from the ground projection.

As can be noticed from Fig. 10, RBC(LBMK) pro-

vides, on average, the best performance for the events

observed by PDRS2, whereas RSC(LBMK) and especially

the reflectivity-based techniques clearly underestimate

precipitation.

Figure 11 shows the spatial distribution of the mean

bias computed on the hourly cumulated rainfall maps for

test cases I, VI–VII, and VIII–X relative to R[VMI(Z)],

R(VMIVPR), R(LBMVPR), and RBC(LBMK). In gen-

eral, RBC(LBMK) provides relatively uniform bias fields

with a tendency to underestimate precipitation in the

shielded sector mainly at longer ranges because of the

likely contamination by frozen particles. For the winter

events (VI–VII), it can also be noticed that RBC(LBMK)

slightly overestimates precipitation in the visible sector,

in agreement with the findings shown in Fig. 9. Short-

range underestimation is also evident in the same case,

however. This result might be attributed to a disturbance

in the measured differential phase caused by sidelobe

contamination of low-intensity precipitation observations.

As can be seen in Fig. 11, the R[VMI(Z)] algorithm

generally underestimates rainfall in the blocked sectors

where VMI(Z) is constructed from higher elevation scans

that might cause precipitation overshooting and/or con-

tamination by ice particles.

The VMI(Z) ground projection through the application

of the mean VPR enables one to mitigate these effects,

however. The improvement determined by the VPR cor-

rection is outstanding for all considered events, especially

for the analyzed winter storm relative to R(LBMVPR).

Moreover, the VPR correction causes an average over-

estimation on the VMI-based rainfall algorithm for cases

II and III, as shown in Figs. 9b and 9c, respectively.

TABLE 4. Overall error scores computed for hourly cumulated rainfall for PDRS1 test cases.

R(VMIVPR) RBC(LBMK)

Case no. « s« RMSE Bias CC « s« RMSE Bias CC

I 20.59 1.86 1.95 2.09 0.72 0.01 1.30 1.30 0.96 0.89

II 0.09 3.12 3.12 1.13 0.66 20.15 1.90 1.91 1.16 0.89

III 0.10 1.77 1.78 0.99 0.82 0.04 1.41 1.41 0.83 0.90

IV 20.54 2.43 2.49 2.37 0.68 20.22 1.80 1.82 1.25 0.87

V 20.37 1.35 1.40 1.50 0.86 20.06 1.17 1.17 1.23 0.90

VI–VII 20.08 2.30 2.30 1.34 0.64 0.09 1.59 1.59 1.15 0.81

TABLE 5. As in Table 4, but limited to the shielded azimuthal sectors.

R(VMIVPR) RBC(LBMK)

Case no. « s« RMSE Bias CC « s« RMSE Bias CC

I 20.57 2.00 2.08 2.02 0.74 20.06 1.36 1.36 1.03 0.89

II 20.18 3.27 3.28 1.11 0.68 20.22 2.09 2.10 1.30 0.88

III 0.06 1.38 1.38 0.92 0.87 0.07 1.32 1.32 0.83 0.89

IV 20.46 2.44 2.48 2.14 0.73 20.24 1.83 1.84 1.28 0.87

V 20.33 1.35 1.39 1.52 0.87 20.08 1.24 1.25 1.27 0.88

VI–VII 0.15 1.83 1.83 1.08 0.67 0.00 1.13 1.13 1.23 0.80
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b. Error analysis

The overall results discussed in section 4a are quan-

titatively confirmed through the considered error sta-

tistics summarized in Table 4 for R(VMIVPR) and

RBC(LBMK) relative to PDRS1. Except for cases I, IV,

and V, the performance of R(VMIVPR) with respect to

RBC(LBMK) is characterized by a comparable mean er-

ror and mean bias, and the correlation is generally lower

for R(VMIVPR). It is unmistakable that RBC(LBMK)

outperforms R(VMIVPR) in terms of RMSE by virtue of

a lower error standard deviation. This behavior, which is

particularly evident for events II, IV, and VI–VII, might

be attributed to the ground projection by means of the

mean profile of reflectivity, which is unable (by construc-

tion) to capture the VPR spatial variability. Of interest is

that RBC(LBMK) produces a mean bias that is very close

to the optimal value for test cases I and V, with relatively

small deviations from unity for the remaining events. In

addition, it is important to mention that RBC(LBMK)

seems to work efficiently even for a moderate storm such

as that observed on 23 October 2009 (case V).

To evaluate the beam-blocking effects on rainfall re-

trieval, the error analysis has also been limited to the

shielded and unshielded azimuthal sectors. As can be

noticed by comparing Tables 5 and 6, the beam blockage

and the corresponding need to use high elevation scans

are the main error source for the considered reflectivity-

based rainfall algorithms. Otherwise, RBC(LBMK) pro-

vides better error scores in the shielded areas as compared

with the unshielded areas for some of the analyzed cases

(i.e., I and VIII–X). This effect might be related either to

the storm characteristics or to the intrinsic error structure

of the applied rainfall technique. Indeed, a general ten-

dency to overestimate precipitation, as can be deduced

from Fig. 9, might be compensated by the blocking ef-

fects themselves.

For the 3-day event observed by PDRS2, the perfor-

mance of R(VMIVPR) is worse than RBC(LBMK) es-

pecially in terms of s« and mean bias (see Table 7). More

specifically, R(VMIVPR) tends to generally underesti-

mate the precipitation whereas RBC(LBMK) does not

show any systematic trend.

Figure 12 shows the range dependency of the mean

bias in the shielded (left panels) and visible (right panels)

azimuthal sectors for the rainfall algorithms R[VMI(Z)]

(top panels), R(VMIVPR) (middle panels) and RBC(LBMK)

(bottom panels) relative to PDRS1 and test case I. On

one hand, the VMI-based algorithms are characterized

by an increasing bias at longer distances in the obstructed

sector, although they are generally mitigated by the

ground projection. On the other hand, all of the rainfall

methods seem to be insensitive to range distance when

considering the visible region. This effect might be par-

tially justified given the storm characteristics (i.e., FLH),

the altitude of the radar site (i.e., 700 m MSL), and the

scan strategy. Indeed, because of the fact that the un-

shielded sector is visible at a low antenna elevation angle

(i.e., 0.48), the contamination by melting or frozen snow

(among the main sources for the vertical variability of re-

flectivity) was unlikely up to a distance of about 120 km

for the analyzed case. The same behavior is confirmed by

event V, as depicted in Fig. 13.

The range dependency of the rain fields estimated by

R[VMI(Z)] is more evident for the 3-day event observed

by PDRS2, the radar being sited at about 2000-m altitude.

TABLE 6. As in Table 4, but limited to the unshielded azimuthal sectors.

R(VMIVPR) RBC(LBMK)

Case no. « s« RMSE Bias CC « s« RMSE Bias CC

I 20.05 0.94 0.99 0.99 0.90 0.38 0.81 0.90 0.69 0.92

II 20.03 2.73 2.73 1.09 0.62 0.03 1.23 1.23 0.92 0.94

III 0.73 3.47 3.54 0.62 0.78 20.11 1.87 1.88 0.87 0.93

IV 0.90 2.66 2.80 1.30 0.69 0.26 0.92 0.95 0.72 0.87

V 20.26 1.24 1.27 1.23 0.90 0.04 0.54 0.54 0.99 0.98

VI–VII 0.01 2.91 2.91 1.44 0.65 0.19 1.98 1.99 1.08 0.81

TABLE 7. Overall error scores computed for hourly cumulated rainfall for PDRS2 test cases.

R(VMIVPR) RBC(LBMK)

Case no. « s« RMSE Bias CC « s« RMSE Bias CC

VIII 20.69 1.58 1.72 2.97 0.82 20.24 1.19 1.22 1.25 0.91

IX 20.77 1.62 1.79 2.08 0.81 0.29 1.36 1.39 0.94 0.89

X 20.42 1.18 1.25 1.60 0.81 0.31 1.02 1.07 0.78 0.87

VIII–X 20.61 1.47 1.59 2.14 0.81 0.09 1.20 1.21 1.04 0.88
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Indeed, Fig. 14 outlines that the considered reflectivity-

based algorithm takes advantage of the VPR correction

even in the unshielded azimuthal sector. As already noted

in Fig. 11, RBC(LBMK) shows a slight trend toward under-

estimation in the blocked sector, especially at far ranges.

The overall fair efficiency of RBC(LBMK) can also be

deduced from Figs. 15 and 16, showing the comparison

among gauge and radar estimates of the total cumulated

rainfall respectively for PDRS1 and PDRS2. The error

statistics are also summarized for each event in terms

of RMSE, mean bias, and correlation coefficient. For

completeness, the average value of the measured pre-

cipitation hRGi is also shown to evaluate quickly the

fractional standard error (i.e., FSE 5 RMSE/hRGi). As

can be noticed, although most of the data are distributed

around the bisector, the largest bias (i.e., bias 5 1.47) has

been found for event IV, characterized by FSE(%) ’ 40.

The highest FSE (i.e., ’56%) was found for event III,

however, which was marked by relatively low mean

precipitation. Moreover, RBC(LBMK) performed rea-

sonably well (i.e., FSE lower than about 30%) for events

I, V, and especially VIII–X.

FIG. 12. Range dependence of the estimated mean bias for (top) R(VMI), (middle) R(VMIvpr), and (bottom)

RBC(LBMK) relative to event I.
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5. Conclusions

The potential benefit derived from the use of polari-

metric methods for operational precipitation estimation

in complex-orography scenarios has been investigated.

A couple of dual-polarized C-band radars (named PDRS1

and PDRS2) belonging to the Italian radar network have

been considered together with a dense gauge network.

PDRS1 is located in central-eastern Italy near the coast-

line and close to the Apennine range (at about 700 m

MSL), and PDRS2 is sited in the middle of the north-

eastern Alps (at about 2000 m MSL). The local climate

and observation geometry of the two sites are very dif-

ferent, and in this respect they represent typical cases of

operational radar in complex orography. Spring and au-

tumn mesoscale precipitation systems are mainly ana-

lyzed because those are the rainiest seasons in northern

and central Italy.

Most of the error sources affecting operational radar-

rainfall estimation have been addressed. A combination

of clutter-map, radial-velocity, and polarimetric-texture

analysis is applied for the evaluation of data quality to

suppress nonmeteorological echoes (i.e., ground clutter,

clear-air echoes, and interferences caused by wireless

FIG. 13. As in Fig. 12, but relative to event V using PDRS1.
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local area networks). Partial beam-blocking effects are

accounted for by resorting to an electromagnetic prop-

agation model based on a 240-m digital elevation model.

A new fairly efficient algorithm for differential phase

measurement processing and specific differential phase

estimation is applied. Rain path attenuation effects are

also handled through the adaptive use of differential

phase measurements. Rain-rate fields are finally retrieved

either from reflectivity-based radar products (LBM or

VMI, eventually ground projected through the estimate

of the mean profile of reflectivity) or from the specific

differential phase.

The comparative analysis accomplished for five 1-day

events, one 2-day event, and one 3-day event has shown

promising and valuable outcomes from the use of Kdp

for operational precipitation estimation in the presence

of complex environmental scenarios. Rainfall fields

estimated from the lowest beam map of specific differ-

ential phase have generally matched the rain gauge ob-

servations better, especially in the shielded areas. It is

FIG. 14. As in Fig. 12, but relative to events VIII–X using PDRS2.
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worth mentioning that these results are also confirmed

for low-to-moderate rain rates in all considered cases.

This may suggest that a Kdp-based algorithm may be

even applied without resorting to a decision tree where

Zhh-based algorithms are employed for less-intense

rainfall (with the open problem of how to decide the

geographically and storm-dependent threshold values).

This work has outlined the sensitivity of the consid-

ered Kdp-based rainfall estimators to the presence of dry

or melting ice particles. Therefore, future work will an-

alyze the sensitivity of polarimetric radar observables on

precipitation regime and seasonal dependency to set up

a rain retrieval technique that could adaptively be used

for operational purposes.

FIG. 15. Comparison between gauge observations and radar estimates obtained by RBC(LBMK) in terms of the total

cumulated rainfall. Results refer to events I–VII using PDRS1.
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APPENDIX

Accuracy of the Specific Differential Phase

The retrieval process of Kdp from the measured differ-

ential phase Cdp might not be an easy task. Indeed, the Kdp

estimation is conditioned by the backscatter differential

phase dhy that adds to the propagative component Fdp:

Cdp(r) 5 Fdp(r) 1 dhy
(r) 5 2

ðr

0
Kdp(s) ds 1 dhy

(r).

(A1)

Therefore, the accuracy of the Kdp retrieval depends

either on the approach adopted to derive it from the

measured differential phase or on the system noise af-

fecting Cdp.

In general, the variance of Kdp can be estimated by

resorting to the error propagation theory (Taylor 1997).

In the case in which Kdp is estimated through a finite-

difference scheme on moving window of size L,

Kdp(r) 5

Fdp r 1
L

2

� �
2 Fdp r 2

L

2

� �
2L

’

Cdp r 1
L

2

� �
2 Cdp r 2

L

2

� �
2L

, (A2)

the resulting variance is (Bringi and Chandrasekar 2001)

s(Kdp) 5
s(Ĉdp)ffiffiffi

2
p

L
5

s(Ĉdp)ffiffiffi
2
p

NDr
, (A3)

where Dr is the range resolution and N is the number of

range gates contained in the moving window.

As described in section 3b, the proposed algorithm

for Kdp estimation and Fdp reconstruction consists

of four steps. At step 3, the differential phase F9dp is

obtained as a range integral of the specific differential

phase retrieved at step 1 (called K9dp). It clearly means

that

DF9dp 5 F9dp r 1
L

2

� �
2 F9dp r 2

L

2

� �

5 2 �
N

i51
K9dp(ri)Dr. (A4)

Using (A4), the final specific differential phase K0dp

that is computed as a range derivative of F9dp becomes

K0dp 5
1

2

DF9dp

NDr
5

1

N
�
N

i51
K9dp(ri). (A5)

According to the uncertainty propagation theory, the

variance of a linear combination of independent random

variables is equal to the linear combination of the cor-

responding variances. As a consequence, the variance of

K0
dp

can be written as

s2(K0dp) 5
1

N2
�
N

i51
s2(K9dp) 5

1

N
s2(K9dp). (A6)

Using (A3), the standard deviation of K0
dp

becomes

s(K0dp) 5
1ffiffiffiffiffiffiffi
2N
p

s(Cdp)

L
. (A7)

Taking into account (A6), it is easy to verify that the

standard deviation of the specific differential phase

might be further reduced by iterating steps 3 and 4:

s[K
(I)
dp ] 5

1ffiffiffiffiffiffiffiffiffi
2NI
p

s(Cdp)

L
, (A8)

where I is the number of iterations (with I $ 1).

It is worth noting that approximating Fdp through a

linear regression would lead to the following expres-

sion for the standard deviation of Kdp (Bringi and

Chandrasekar 2001):

FIG. 16. As in Fig. 15, but relative to events VIII–X using

PDRS2.
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s(Kdp) 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

N(N2 2 1)

s
s(Cdp)

Dr
’

ffiffiffiffi
3

N

r
s(Cdp)

L
, (A9)

which is bigger by a factor of (6)1/2 than s(K 0dp), as ex-

pressed in (A7).
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