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Abstract. Microwave Doppler radars are considered a fairly 1  Introduction

established technique to retrieve rain rate fields from mea-

sured reflectivity volumes. However, in a complex oro- Rain rate fields represent a useful information not only for
graphic environment radar observations are affected by sevhRydro-geological applications, but also for microwave com-
eral impairments which should be carefully evaluated. To-munication planning and for assimilation purposes within
gether with the enhancement of ground-clutter effects, thenumerical weather forecast models (as pointed out, among
major limitation is represented by partial or total beam block- others, by Borga et al., 2000; Bauer et al., 2002; Marzano
ing caused by natural obstructions which very often imposeet al., 2004a). In presence of a complex orography, charac-
to scan at high-elevation angles. These range-related limitaterized by hilly and mountainous scenarios, this task is fairly
tions tend to reduce the potential role of operational weatheinvolved especially if needed at a ground resolution less than
radars in monitoring precipitation amount at ground within few kilometers square. Rain gauge networks denote many
mountainous areas since, if either the nature or intensity ofimitations related to their sparse and spot-like data distribu-
rainfall varies with height (e.g., melting effects during strat- tion (Ciach and Krajewski, 1999; Fornasiero et al., 2004).
iform rain), radar returns at higher altitudes may be not rep-Nevertheless, they represent “standard” means for remote-
resentative of surface rain rate. Therefore, before to use theensor calibration and validation.

radar data, it is necessary to reduce, as much as possible, thisRadar observations are affected by several physical effects
evaluation errors and to estimate the reliability of the pro-which should be carefully evaluated, especially in a complex
cessed data. Near to the quality control, are needed quabrographic environment (Kitchen and Blackhall, 1992; Joss
ity indexes, taking into account each correction and elab-and Lee, 1995; Andrieu and Creutin, 1995; Marzano et al.,
oration step, that could be useful to retrieve a final quality 2004b; Fornasiero et al., 2004). Together with the enhance-
value. In this work, we analyse the main factors that couldment of ground-clutter effects, the major limitation is rep-
be affect the efficiency of a reconstruction methodology ofresented by partial or total beam blocking caused by natu-
near-surface reflectivity fields from high-elevation reflectiv- ral obstacles which very often impose scanning higher eleva-
ity bins, in presence of complex orography. A climatologic tion angles larger than 1°5 These range-related limitations
schema is applied to infer near-surface reflectivity at a giventend to reduce the potential role of operational weather radars
range interval. The technique is developed in polar coordi-in monitoring precipitation amount at ground within moun-
nates partially taking into account the antenna beam widthainous areas since, if either the nature or intensity of rain-
degradation at longer ranges and overall computational effifall varies with height (e.g., melting effects during stratiform
ciency for operational purposes. Thereafter, it is applied on &ain), radar returns at higher altitudes may be not directly
rainfall event observed by a C-band Doppler radar operatingepresentative of surface rain rate (Germann and Joss, 2002;
in S. Pietro Capofiume (Bologna, Italy) and the relation be-Marzano et al., 2004).

tween the reconstruction error and possible quality indicators - A conventional approach to the reconstruction of surface
is analysed and discussed. rain rate fields is to estimate the vertical profile of reflec-
tivity factor (VPR) by using proper spatial and time aver-
ages of radar volume data (Koistinen, 1991). This approach,
which might be classified as “static”, is strongly affected by
the variability of rain at medium and small scales. Various
Correspondence toA. Fornasiero regimes can be present over large areas, mainly stratiform,
(afornasiero@smr.arpa.emr.it) convective and orographically enhanced. Stratiform rain is
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recognizable by a decreasing reflectivity profile and by the As, previousy pointed out by Kitchen and Jackson (1993)
presence of a bright band, just below the freezing level andand Kitchen (1997), the accuracy of reconstructing a near-
with a thickness dependent on the thermal lapse rate andurface rain field is intrinsically connected to its range depen-
fall velocity. On the contrary, convective rain is featured dence. If we consider, for example, an antenna beamwidth of
by a VPR mainly constant with altitude due to the mixing 1°, the transverse dimension of the resolution volume ranges
of ice and water hydrometeors sustained by strong updraftérom 0.3km at 20 km to 2km at 120 km. It is obvious that
and downdrafts. Finally, orographic rain may present largelynon-uniform beam filling and smoothing effects can become
variable reflectivity at low levels due to windflow over moun- significant as more as far from the radar site. A way to reduce
tain slopes. As opposed to a “static” approach to rain field re-this intrinsic limit is to perform an “identification” of VPR,
construction, a “dynamic” (or adaptive) technique should bei.e. deconvolve the radar observation by knowing the radar
able to exploit “real-time” or “quasi real-time” measured re- antenna pattern in order to retrieve the non-smoothed VPR
flectivity data available at unobstructed heights to estimateg/Andrieu and Creutin, 1995). It is worth mentioning that the
the unknown radar reflectivities at lower levels, including identification of VPR is a different procedure from the recon-
that near the surface. struction of VPR since in the latter case, after performing or
This ability to retrieve VPR at small scales can be ad-not a VPR identification (possibly accomplishing it beyond a
dressed by resorting to either a classification or to an estirange of 60 km).
mation method. In the first case, the main goal is to identify The overall objective of our efforts is to propose a com-
a typical VPR given an upper-level set of reflectivity data bined processing technique to check for anomalous prop-
(Gray et al., 2002; Koistinen and Pohjola, 2002; Franco etagation and beam blockage coupled with a reconstruction
al., 2002). The considered VPR classes can be simply stratimethodology of near-surface reflectivity fields from high-
form and convective or, using a more sophisticated approachglevation reflectivity bins in presence of complex orography.
can be categorized according to the fine variability of the re-In particular in this work we focus our attention to identify
flectivity measurements. On the other hand, in order not tathe factors that condition the quality of the VPR. Climatolog-
be limited by the definition of a “typical” profile, the training ical and adaptive schemes are applied to infer near-surface
data set, possibly classified, can be used to set up inversioreflectivity at a given range interval. The technigues are de-
algorithms able to use, in a statistical way, the informationveloped in polar coordinates taking into account the antenna
of measured reflectivity every scan (Marzano et al., 2002) broadening at longer ranges and the overall computational
A major limitation of both the approaches is related to the efficiency for operational purposes. A case study, related to
choice and statistically significance of the training data setrainfall events observed by a C-band Doppler radar, is illus-
A real-time operational aim may strongly orient the decision trated and preliminary results discussed.
on the solution strategy for VPR reconstruction. All process-
ing steps must employ computing resources for a time much
less than that taken for a complete radar volume scan. Thi2 Radar data and case study
means that the processing of the volumetric data must be fast
enough and avoid any large data backlog. Data were provided by C-band operational Doppler of S.
In order to accomplish this task, two ways may be envis-Pietro Capofiume (Bologna, Italy), placed along the Reno
aged. The first approach, here referred to as “on line”, isriver valley in northern Italy. This dual-polarization radar
to estimate a space-time average VPR from near-real timés placed on a tower with a Cassegrain parabolic antenna
volume data within fairly limited areas and amount of time (without radome cover), providing a half-power beam-width
(e.g., from 5 up 140 km and from 15 min to few hours) (Ger- of 0.9 and a directivity of about 45-dB. The klystron peak-
mann and Joss, 2002). The simplicity of the “on-line” VPR power is 250 kW at 5.6 GHz with an alternating horizontal-
reconstruction would ensure a high-speed profile correctiorvertical polarization transmission and dual pulse repetition
procedure. The second approach, referred to as “off-line” frequency (PRF) system for unfolding capability. Pulse
is to resort to a training of the VPR retrieval algorithm by widths of 0.5us (i.e., short pulse with a resampled bin reso-
using historical radar volume data sets, possibly classified idution of 250 m) and 1.ms (i.e., long pulse with a resampled
time and space (Franco et al., 2002; Marzano et al., 2004)bin resolution of 1000 m). The receiver sensitivity is equal
After the training step is accomplished by using inversionto —113 dBm. The typically used maximum range is 250 km
techniques, the application of the VPR “off-line” reconstruc- (with long pulse) and 125 km (with short pulse) for the inten-
tion algorithm would become straightforward and fast. Both sity and velocity mode, respectively. A self-contained soft-
approaches have strengths and drawbackshe “on-line” ware is used to remotely operate and archive radar data.
approach does not involve any historical data set even though Radar data are acquired with a prescribed scanning strat-
a data pre-analysis should be necessary, but it has basically &gy during operational activity, consisting of 15 elevations
resort to the use of simple estimation techniqu8she “off- with an angular spacing of°1 Procedures to correct for
line” approach can deal with more accurate inversion meth-gas absorption and to remove ground-clutter echoes using a
ods, but requires a training period of activity. The choice Doppler filter are routinely applied. Side-lobe effects at very
between the two strongly depends on the goals. To a certaishort ranges (less than 20 km) for low elevations are avoided
extent, a synergistic approach might be the optimal solutionby choosing higher elevations not affected by this effect.
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Fig. 1.10/12/2003, 16:07 UTC. RHI (Range Height Indicator) of Reflectivity factor (dBZ) at different azimuths.

The case study is related to an event, occurred from 10 The assumption of a uniform-shape of VPR can be made
December 2003 to 11 December 2003 in the North of Italy.more strength if we distinguish the different types of precip-
In the time range between 3 p.m. of 10th and 4 a.m. of 11th ititation and retrieve distinct VPRs for each type. In this work
has been collected 51 polar volumes, every 15 min and usinghe uniformity hypothesis has been restricted, in range, at
the 15-elevations scan strategy ranging fron? @o515°. rings of 5 km width, initially, and thereafter of 1 km of width,

The case analysed was mainly characterised by a stratut without classification of the pattern type. As stated be-
form structure as shown (Fig. 1) in the vertical cut of the re-fore, the main goal of the study is, in fact, to identify the fac-
flectivity factor (hereinafter refer as reflectivig), neverthe-  tors that condition the quality of the VPR, even if the tested
less some “mixed” areas not clearly classifiable are present ifinethod is not yet the optimum. The choice to retrieve an av-
the event considered. Indeed while=s80° and 4G azimuth erage VPR for each constant-width ring also reflect the effect
degrees the cloud structure highlight a stratiform behaviourof the radar beam broadening that implies an increase of the
where it is quite evident the presence of a strong bright bandadar cells volume with the distance. To calculate the VPR,
echo at 40, at 70 and 100 the pattern is quite different and it has been chosen the 3-D azimuth sector, relatively free of
the VPR shape is not totally conserved (the bright band is nopbstacles and covering the Po valley, betwe&@ and 133
so evident). and into the distance range [20, 60] km from the radar. Inside

This can introduce a worsening in the quality of the mean€ach circular sector, as define above, the individual points for
VPR reconstruction, in particular in absence of a preliminary€ach considered elevations is givendg /d R, whereAR is
pixel to pixel rain classification. the sector width andR the minimum resolution (i.e. 250 m
for the considered case). The total number of points of each
“mean” profile is equal ta * 15 where 15 are the elevations

. . ) . in the operational mode.
3 Retrieval of the vertical profile of reflectivity

We have observed that, in spite of the averaging in time
As already mentioned, the easiest way to reconstruct the VPRover the whole event) and azimuth direction done, a cer-
is to calculate its mean shape and, assuming it to be uniforntain amount of range variability is still present. In Fig. 2 it
in the whole radar domain, to retrieve the reflectivity at the is represented the “time-azimuth averaged” profile at 25 km
desired level by the simple adding of a constant quantity (indistance obtained using the 5-km rings and the 1-km rings
dBZ units), as is further discussed in the following. and assuming foZ a minimum threshold of 0 dBZ. It is well
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Fig. 3. As Fig. 2, but after a vertical interpolation every 0.2 km.
Fig. 2. Spatial-Time mean VPR at 25 km distance from radar, ob-

tained using rings width of 5 km (above) and of 1 km (below). The
VPR is calculating using the whole dataset event, composed of 5}, from the value at heightip, we have (following, among

polar volumes. others, Koistinen, 1991; and Koistinen and Pohjola, 2002):
evident, in this figure, which up to 3 km above the ground aci1p= ﬂ (1)
quite high variability is present within each elevation. Causes Zi(h2)

for this are probably due to the portion of the radar beam, out- .

side the 3 dB width, that intercepts the bright band and to thevhereZ is the mean value of available from the VPR and
inhomogeneous beam filling. Of course this problem is muchei 1,2 is the related constant, note that théihdex refers to
more evident in the profile at the 5-km horizontal resolution the i-th circular sector. The previous equation expressed in
that at 1-km. In order to overcome this problem a vertical in- dBZ unit (i.e. in logarithmic scale) is used for estimate the
terpolation at 0.2 km steps has been carried out (see Fig. 3jnknown value of the reflectivity factor; it becomes:
Observing the reconstructed VPR, in order to reduce the 0s-

cillations still visible above the bright band, the best choice Ziasz(h1) = ci.1.2d8 + Zidoz(h2) @)

appears to be the use of the 1 km width for the rings. whereZ;qsz is the observed value at the lower afigigz is

the estimated one.
4 VPR correction and quality control issues As an example of the correction the reflectivity maps in a

single instant, with and without VPR correction, are shown
Once the mean shape of the VPR in each circular sector has Fig. 4. The main problem seems to be the extension of the
been identified the reflectivity value at the desired height carvPR outside the selected bounds. In particular, near the radar
be obtained by adding a constant to the data at lowest availand outside the selected sector data are partially affected by
able elevation. As uniform mean shape, we intend that thahe bright band, this leads to an underestimation of the abso-
value of Z at each height, normalized with respect to the lute correction in this area that is visible on the right panel.
value at a generic height..r, is constant. This assumption The position of the freezing level respect to the selected area,
can be done for each pair of heights. Thus, if we know theand its variability into the map, could be considered as an-
mean VPR and we aim to retrieve tilevalue at the height other index of the VPR correction quality.
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Fig. 4. 10/12/2003, 16:00 UTC. Reflectivity map without (on the left) and with VPR reconstruction (on the right). The boundary of the
selected area used to retrieve the mean VPR is indicated in black on the left panel.

The rain type variability, the antenna pattern, the inhomo- —
geneous beam filling, among others factors, can compromise - }"(-"\'/ )
the uniform shape assumption, so that a quality control of [ 12 ]
the VPR reconstruction and of its representativeness is nec- & [P @ i
essary. Indeed, if we compare the mean VPRs at different I \;\ ]
distances from radar and a single time instantaneous VPRs I TR
(see Fig. 5), we can appreciate the VPR variability in range £ 4 R
and time due not only to geometric reasons (i.e. the beam [ AN
broadening), but also to meteorological causes. Itis quite ev- - R
ident for example that at 3 km height the “mean” VPRs are 2r N il
within, roughly, 5dBZ interval while the instantaneous one [ iy S
are within 15-20dBZ interval. The reader should note that r 4’?2?‘&"
this is a key factor in the evaluation of the representativity of 0 10 20 30 40
Z reconstruction.

In order to assess the quality of the estimated data, we have 8 - T T
calculated, for each range bins in the whole free sector where I
the mean VPRs are estimated, thevalues at the lower el-
evation ¢o), supposed that they are missing due to possible
obstacles. Thus the error between the retrieved values and
the “true” observed values afg has been computed, accord- _
ingly to the definition as follows: ! \\:;'\

N ~ i S N\ IA N
gi = Ziagz(h1) — Ziabz(h1) = Zio — Zi0 ©)] [ ey /f)\\;‘/

S \‘\\\ { 3

Again, as a representative example, the azimuthal-average 1 é\‘&f\"&ﬁa\ ]
value of the errok; has been calculated vs. distance, for a ' 2 1
single instant and displayed in Fig. 6. These errors are com- o 1020 30 40
pared with the mean errors obtained used, as proxy for the
value Zo, the second elevation data as an estimate, as coulflig, 5. VPR estimated at 1km annular rings ranging from 20
be usually done in an operational context. In this figure itto 60 km from the radar every 5km steps. Upper panel: Mean
is shown how the 1-km rings width permits to reduce the VPRs over the whole event. Lower panel: Instantaneous VPRs at
bias, within a |2, 2] dB interval, with respect to the 5-km 10/12/2004, 15:00 UTC.
width choice. Notice that the error due to VPR correction is
considerably lower than that one obtained by the use of the
“supposed first” available elevation, &4, 5] dB interval. compared with the standard deviation th& “~ Zy"” quantity.

In the same way, it has been evaluated the instantaneouBhe reason is that this quantity could be estimated in real-
root mean square error (rmse) versus distance (see Fig. 7§ime to give a quality indicator on the VPR reconstruction.
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Fig. 6. Azimuthal mean differences (dB) between estimagd

and observed one using different methodologies for the 10/12/2003,

16:00 UTC data. Upper panef,—Zg. Middle paneI:Zi,o—Z,»,o
using 1 km rings width. Lower paneﬁi,o—zi,o using 5km rings
width.

The trend of these plots is quite similar, so we are con-
fident that the standard deviation df4(—Zg) is a possible
indicator of the quality of the VPR correction.

5 Conclusions
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db

Fig. 7. 10/12/2003, 16:00UTC. Upper panel: root mean square
error of the reconstructed datazg using 1 km ring width. Lower
panel: standard deviation of tt#y —Z quantity, vs. distance from
radar.

estimate the surface rainfall amount, it is important to give
also, if it is possible, an estimate, disregarding that could be
a very rough one, of the uncertainty, or if you want of the
quality, of the products. Within in this context, the present
work, aims to address the down to ground extrapolation.

In this regards the results show the following:

— A very import variability, both spatial and temporal, is
present in the instantaneous VPR;

— A careful choice as to be taken in the definition of range
resolution for the definition of “mean” VPR;

— The VPR technique is able to reconstruct data with an
mean error slightly higher than the nominal 1 dBZ error
present in the original data;

— The real-time standard deviation, which could be esti-
mated from the lowest elevations, is a promising quan-
tity to assess the quality of the reconstruction technique.

A more deep analysis, over a number of different meteoro-
logical situations, will be carried out in future. Following the
results obtained, with this preliminary work, we are confident

A preliminary work on the analysis of VPR reconstruction that a quality index, based on range resolution and estimated
has been carried out. When this, as well as other correctiowertical variation, could be established for the VPR method-
techniques, is applied to the volumetric radar data in order tamlogy and used in a more broad environment.
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