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ABSTRACT

Radars operating in complex orographic areas usually suffer from partial or total beam blockage by surrounding
targets at their lowest elevation scans. The need for radar quantitative precipitation estimates in such environments
led to the development of beam blockage corrections. This paper aims at evaluating the performance of beam
blockage corrections under different electromagnetic propagation conditions with particular interest in anaprop
situations. Three years of radiosonde data collected at Barcelona, Spain, a typical Mediterranean coastal site,
are used to characterize the behavior of the vertical refractivity gradient near a weather radar. Three different
targets surrounding the radar have been chosen and used to evaluate the different beam shielding simulated
under different propagation conditions. A simple interception function between the radar beam and the topography
is proposed and used for the different targets and propagation conditions considered. Results show that beam
blockage correction is generally robust, with departures of 1 dB from the standard propagation conditions
correction less than 10% of the time. However, as the presence of extreme anaprop cases would lead to higher
differences, the monitoring of the propagation conditions is suggested as a criteria to be considered, among
others such as the analysis of the echo structure, as a quality control of the radar quantitative precipitation
estimate.

1. Introduction

Weather radars operating in complex orographic areas
usually suffer from partial or total beam blockage caused
by surrounding mountains. This shielding effect may
restrict seriously the use of the lowest antenna elevation
angles, which provide the most useful information for
rainfall rate estimation at ground level as discussed by
Joss and Waldvogel (1990), Sauvageot (1994), Collier
(1996), and Smith (1998).

Therefore, in mountainous areas, beam blockage cor-
rection schemes may be applied in order to minimize
the effect of topography, especially if quantitative pre-
cipitation estimations (QPEs) are required. Such cor-
rections are usually included in operational QPE pro-
cedures as can be seen in, for example, Harrold et al.
(1974), Kitchen et al. (1994), Joss and Lee (1995), Ful-
ton et al. (1998), and Seltmann and Reidl (1999).
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The development of measurement techniques with
polarimetric weather radars led to another promising
approach to the radar beam blocking problem. Blackman
and Illingworth (1995), Zrnic and Ryhzkov (1996), Ry-
hzkov and Zrnic (1998), and Vivekanandan et al. (1999)
showed that, among other advantages, the use of specific
propagation phase KDP measurements produce better
QPEs under beam blockage conditions than single po-
larization reflectivity measurements do. However, most
operational weather radars still use single polarization
systems. For example, in Europe (Meischner et al. 1997)
there are some multipolarimetric research radars and
only a few operational polarimetric systems though
mostly providing differential reflectivity ZDR measure-
ments (cf. Alberoni et al. 2000; Bechini et al. 2002).
Therefore, beam blockage corrections of single polari-
zation reflectivity remain a necessary common proce-
dure to provide radar-based QPE in mountainous areas.
Because of the usually lower density of surface ob-
serving networks and the higher complexity of precip-
itation patterns in comparison to flat zones, in moun-
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tainous areas radar QPE is of particular interest (see,
e.g., Westrick et al. 1999; Hagen et al. 2000; Volkert
2000).

The idea that assuming normal propagation condi-
tions for radar observations may not always be a good
choice—though it is probably the best option as a first
guess—is by no means new and the use of climatolog-
ical refractive data for a specific radar site was already
proposed, for example, in the European Cooperation in
the Field of Scientific and Technical Research (COST)
73 Project (Newsome 1992) and, in a different context,
evaluated by Pittman (1999) to improve radar height
measurements.

In this paper the effect of changing the radar beam
propagation conditions upon an ordinary single polar-
ization reflectivity blockage correction is examined. A
simplified interception function between the radar beam
and topography is proposed to simulate particular results
for the Vallirana weather radar, located at 650 m above
sea level near Barcelona (northeast Spain) in a complex
orography zone, considering real atmospheric propa-
gation conditions. Section 2 describes how average and
extreme values of the radar propagation conditions are
obtained from a set of radiosonde measurements col-
lected in Barcelona. The interception function between
the radar beam and topography is explained in section
3, and in section 4 a discussion of the simulated beam
blockage variability and its effects on the shielding cor-
rection is provided.

2. Refractivity and anomalous propagation

a. Refractivity gradients

As changes in the bending of the radar beam are due
to relatively small variations of the air refractive index
n, the magnitude known as refractivity N is commonly
used in propagation studies. Bean and Dutton (1968)
showed that N can be written as

77.6 4810e
6N 5 (n 2 1)10 5 p 1 , (1)1 2T T

where T is the air temperature (K), p is the atmospheric
pressure (hPa), and e is the water vapor pressure (hPa).
The constants in this equation were determined empir-
ically and are valid for frequencies between 1 and 100
GHz.

The vertical refractivity gradient (VRG), especially
in the lowest kilometer above ground level, controls the
refraction of the radar beam and, therefore, it is essential
for characterizing the radar signal propagation. More-
over, VRG is usually much more important than the
horizontal refractivity gradient and, therefore, lateral ho-
mogeneity is usually assumed.

A standard atmosphere has associated a vertical re-
fractivity gradient ranging from 0 to 278.7 km21 in the
first kilometer above sea level (Skolnik 1980). An in-
crease of VRG (assuming positive values) bends the

radar beam more slowly than normal (subrefraction) and
reduces the microwave radar horizon. With regard to
ground clutter echoes, subrefraction implies a decrease
in their frequency and intensity.

On the other hand, a decrease of VRG generates the
opposite effect, bending the beam faster than normal
(superrefraction) for the interval between 278.7 and
2157 km21. Trapping, or ducting, the most extreme case
of anomalous propagation, occurs for values lower than
2157 km21, and in this case the microwave energy may
travel for long distances before intercepting ground tar-
gets producing anomalous propagation (i.e., anaprop or
AP) echoes. In fact, a careful analysis of the fluctuation
of target reflectivity may be a way to monitor variations
in atmospheric conditions, as shown by Fabry et al.
(1997).

Superrefraction, and ducting in particular, is usually
associated with temperature inversions or sharp water
vapor gradients. During cloudless nights, radiation cool-
ing over land favors the formation of ducts, which dis-
appear as soon as the sun heats the soil surface destroy-
ing the temperature inversion. Sometimes this process
may be clearly observed in the daily evolution of clutter
echoes, as reported by Moszkowicz et al. (1994) and
others.

b. Radiosonde data and VRG calculations

As radiosoundings have been traditionally the only
source of upper-air information available on a routine
basis, they have been used for years to calculate long-
term averages of propagation conditions; see, for ex-
ample, Gossard (1977) or Low and Hudak (1997).

In this study, propagation conditions have been cal-
culated from 1200 UTC (1200 LST) radiosonde obser-
vations collected in Barcelona using Vaisala RS-80
sondes between 1997 and 2000 [see Bech et al. (2000)
for more details]. The sondes sampled every 10 s pro-
vided much higher vertical resolution than the usual
standard operational radiosounding observations. This
allowed better characterization of the air refractive index
variability and the detection of thinner superrefractive
layers that may not be detected by standard radiosound-
ing observations but may have significant effects in the
propagation of the radar beam.

After quality controlling the data, 862 radiosoundings
representing all seasons were selected. This dataset may
be considered a good representation of climatology and
provides enough variety to produce different results in
the radar beam blockage corrections analysis. The data
were used to calculate duct occurrence and vertical re-
fractivity gradients for individual layers contained in
the first 1000 m above ground level and also to deter-
mine the average gradient for the whole layer of 1 km
above ground level. This average gradient was deter-
mined as the variation of refractivity from the bottom
to the top of the layer, following the recommendations
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FIG. 1. Frequency histogram and cumulative probability plot of the
vertical refractivity gradient in the first 1000 m AGL for 1200 UTC
Barcelona radiosonde measurements.

FIG. 2. Example of partial ‘‘1’’ and total ‘‘2’’ beam blockage of a
radar operating in complex topography. The measurements of the
beam region between 1 and 2 may be modified by a beam blockage
correction.

FIG. 3. Elements considered in the radar beam blockage function:
a is the radius of the radar beam cross section, y the difference
between the center of the radar beam and the topography, dy9 the
differential part of blocked beam section, and y9 the distance from
the center to dy9.

of the International Telecommunication Union (ITU
1997).

The Barcelona 1200 UTC VRG measurements were
grouped in 21 equally spaced classes of 5-km21 inter-
vals, ranging from 2115 to 215 km21. Figure 1 shows
the cumulative frequency distribution and the histogram
of the vertical refractivity gradient classes for Barcelona
in the first 1000 m above ground level.

The mode value of the VRG for the first 1000 m was
240 km21 (standard propagation), the maxima and min-
ima were 2119 and 215 km21, respectively, and 2%
of the cases presented VRG below 290 km21. Regard-
ing the presence of thinner superrefractive layers within
the first 1000 m, ducts appeared in 37% of all individual
layers analyzed and 60% of them had refractive gra-
dients below 300 km21.

An analysis of a larger radiosonde dataset recorded
in Barcelona containing also 0000 UTC (local midnight)
observations (Bech et al. 2002), confirms that VRG at
1200 UTC shows, as expected, less superrefraction than
those recorded at 0000 UTC. This is due, most probably,
to the dominant effect of nocturnal radiative cooling,
which results in low-level inversion.

This larger dataset was made up of 2140 radiosound-
ings (864 corresponding to 1200 UTC and 1276 to 0000
UTC). From this dataset, the difference of median values
of VRG between 0000 and 1200 UTC was used to es-
timate the VRG diurnal range. On average, a difference
of 7 N units km21 was found between midday and mid-
night measurements. However, this daily range varies
widely throughout the year: in summer months it may
reach more than double (18 N units km21 in August),
and in winter the range is reduced to 1 or 2 N units
km21.

3. Radar beam blockage
a. Interception function

To describe in full detail the interception of the energy
transmitted by the radar with the surrounding topog-

raphy, a precise description of the antenna radiation pat-
tern would be required. As this pattern is rather complex,
it is common to assume the usual geometric-optics ap-
proach and consider that the radar energy is concen-
trated in the main lobe of the radar antenna pattern
(Skolnik 1980). Then, when a radar beam intercepts a
mountain, two situations are possible (Fig. 2): 1) only
part of the beam cross section illuminates the intercepted
topography (partial blockage), or 2) the radar beam is
completely blocked (total blockage).

The percentage area of the radar beam cross section
blocked by topography may be expressed as a function
of the radius of the beam cross section a and the dif-
ference of the average height of the terrain and the center
of the radar beam y (see Fig. 3). Depending on the
relative position of the beam height respect to topog-
raphy, y may be either positive or negative.

According to these definitions, partial beam blockage
occurs when 2a , y , a, total beam blockage means
that y $ a and, finally, y # 2a implies there is no
blockage at all. Using the notation introduced above, it
can be seen that partial beam blockage (PBB) may be
written as (see the appendix for more details)
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FIG. 4. Topographical map of Catalonia showing the geographical
distribution of ground targets (crosses) around the Vallirana radar
(circle).

TABLE 1. Distance to the radar and height of selected ground
clutter targets.

Target
Distance

(km)
Height

(m)

MNT
LML
MNY

26
32
65

1100
1000
1400

2y pa
2 2 2yÏa 2 y 1 a arcsin 1

a 2
PBB 5 . (2)

2pa

On the other hand, the height of the center of the
radar beam h is given at a distance r by the expression
(see, e.g., Doviak and Zrnic 1993)

2 2h 5 Ïr 1 (k R) 1 2rk R sinu 2 k R 1 H , (3)e e e 0

where R is the earth’s radius, ke is the ratio between R
and the equivalent earth’s radius, u is the antenna ele-
vation angle, and H0 is the antenna height.

Information about atmospheric propagation condi-
tions is contained in ke, which may be written in terms
of the refractivity gradient as

1
k 5 . (4)e

dN
1 1 R1 2dh

The usual value for ke in the first kilometer of the tro-
posphere, assuming the normal VRG of 240 km21, is
approximately 4/3.

Substituting (4) and (3) in (2), an expression of the
beam blockage in terms of the propagation conditions
is obtained (further details may be found in the appen-
dix).

b. Ground targets

When the first clutter maps for the Spanish weather
service Instituto Nacional de Meteorologı́a (INM) radar

network were built, the combination of complex orog-
raphy and coastal anaprop prone zones was already iden-
tified as a factor that increased blocked areas (Camacho
and Lamela 1996) as may happen elsewhere when these
conditions are met. The topography of Catalonia, lo-
cated in the northeast of the Iberian Peninsula, is made
up of a number of mountain ranges distributed in dif-
ferent orientations. The Pyrenees dominate the northern
sector with heights up to 3000 m above sea level, while
parallel to the coast there are some massifs conforming
the coastal and precoastal ranges with maximum alti-
tudes around 1000 and 1700 m.

Three clutter targets that presented partial beam
blockage under normal propagation conditions were
chosen to examine the effects of changing the VRG.
Figure 4 shows a topographic map of Catalonia and
indicates the location of the selected targets and the
Vallirana radar (418229280N, 18529520E). The Vallirana
radar is a C-band Doppler system with a 1.38 beamwidth
antenna at 3 dB. The targets chosen are normally used
to check the radar antenna alignment on a routine basis
and are located within the region of interest of radar
QPE. Table 1 gives some details of each target, namely,
the distance to the radar and the average height inter-
cepted by the radar beam obtained from a digital ele-
vation model. The targets were located at different rang-
es, had different heights, and showed different degrees
of blockage, in order to be representative of the topog-
raphy surrounding the radar. They are located in the so-
called precoastal range sharing a similar propagation
environment and comparable to that obtained by the
Barcelona radiosonde. For example, the area considered
is usually influenced by a marked sea-breeze circulation
pattern, just like the city of Barcelona (Redaño et al.
1991).

c. Beam blocking correction

To evaluate the effects of anomalous propagation, the
partial beam blocking correction scheme used in the
Next Generation Weather Radar (NEXRAD) Precipi-
tation Processing System has been considered. This
scheme (Fulton et al. 1998) is applied to radar beams
partially shielded (see Table 2).

In particular, this type of beam blockage correction
is applied to radar pixels (or radar bins) whose shielding
ranges between 10% and 60%, and it consists of mod-
ifying radar equivalent reflectivity factor measurements
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FIG. 5. Simulated partial beam blockage vs refractivity gradient
plot for three selected clutter targets (MNT, circle; LML, square; and
MNY, triangle) at three antenna elevations: 0.78, 1.08, and 1.38.

by adding 1–4 dB depending on the degree of occul-
tation. The correction is also applied to all pixels further
out in range of the same blocked radar ray, neglecting
diffraction below the shadow boundary.

The correction depends only on the percentage of
beam cross section shielded and, in the description pro-
vided by Fulton et al. (1998), no specific mention is

made about which part of the beam is shielded. This
approach allows consideration of a simple interception
function, as the one proposed in the previous section,
assuming that the correction additive factors contain
considerations about interception details such as the
beam power distribution.

This beam blockage procedure is used with other cor-
rections such as a test on the vertical echo continuity
and a sectorized hybrid scan (Shedd et al. 1991). Other
approaches to this question with different degrees of
sophistication have been used in the past (see, e.g., Del-
rieu et al. 1995; Gabella and Perona 1998; Michelson
et al. 2000). All of them have in common the assumption
of standard propagation conditions of the radar beam.

4. Results and discussion

a. Refractivity gradient versus beam blockage

The radar beam blockage under a particular VRG can
be simulated considering both the observed propagation
conditions and the interception function described in the
previous sections. This may be achieved by assuming
an homogeneous VRG for the whole radar beam and
calculating the associated beam blockage for each se-
lected target for a given initial antenna elevation angle.

In Fig. 5 a set of beam blockages versus VRG plots
is shown for different antenna elevation angles. The
refractivity gradient values considered contain the ob-
served extreme VRG values (2119 and 215 km21) and
are also extended to include pure subrefraction (0 km21)
and almost ducting conditions (2156 km21) to illustrate
their effects. These extreme cases seem realistic taking
into account the presence of thin ducting layers, as men-
tioned in section 2, that may have high VRGs embedded
in others with lower VRGs, considering the fact that the
bending of the ray path is an additive process throughout
the whole layer crossed by the radar beam.

As expected, as the antenna angle increases, beam
blockage is reduced. For example, for an antenna ele-
vation of 0.78 a relatively high beam blockage rate is
expected, as the lowest part of the main lobe in a 1.38
beamwidth antenna is pointing to the surrounding hills,
producing values of blockage ranging mostly between
30% and 80%. On the other hand, the 1.38 elevation
beam blockage values are mostly below 20% and for
some targets are always null (no blockage at all) except
for the most superrefractive situations. The 18 elevation
beam represents an intermediate situation that lies be-
tween the last two cases.

Depending on the particular geometry of the beam
interception of each target, the rate of increase of block-
ing with the variation of the vertical refractivity gradient
may be different. In the cases shown, the farthest target,
MNY, exhibits a larger blockage for very superrefractive
situations than LML, unlike in normal and subrefractive
conditions.
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FIG. 6. Frequency histograms and cumulative distributions for radar
beam blockage considering interceptions of an initial antenna ele-
vation angle of 18 with three different ground targets: MNT, LML,
and MNY.

FIG. 7. Frequency histograms of beam blockage corrections con-
sidering interceptions of an initial antenna elevation angle of 18 with
three different ground targets: MNT, LML, and MNY.

b. Beam blockage variability

Considering the frequency distribution of VRG pre-
viously shown, an assessment on the corresponding
beam blockage variability may be made for a particular
target. In this case, only real VRG data observed are
considered so no extreme values are added to extend

the VRG range as before. In principle, this should pro-
duce a more conservative, or smoothed, result; yet, as
discussed in section 2, it seems more realistic to consider
that more superrefraction than reflected by the VRG
histogram cases takes place in reality.

Figure 6 shows histograms of beam blockage fre-
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TABLE 2. Partial occultation corrections (after Fulton et al. 1998).

Occultation
(%)

Reflectivity
correction (dB)

0–10, .60
11–29
30–43
44–55
56–60

0
11
12
13
14

TABLE 3. Partial occultation corrections for three targets with
different propagation conditions for antenna elevation of 18.

Vertical refractivity gradient (N units km21)

0 219 240 2119 2156
Target Reflectivity correction (dB)

MNT
LML
MNY

2
0
0

2
0
1

2
0
1

3
1
1

3
1
1

FIG. 8. Simulation of the differential blockage produced by the
diurnal range of VRG: small solid symbols correspond to 1200 UTC
and medium and bigger symbols to 0000 UTC for an average and
summer diurnal range, respectively. The three ground targets con-
sidered are MNT (circle), LML (square), and MNY (triangle).

quency and the corresponding cumulative probability
for a number of selected targets intercepted by a 18
elevation radar beam. These histograms have been de-
rived considering beam blockage classes of 2%. The
nearest targets, namely, MNT and LML, show a mod-
erate (around 40%) to low (10%) rate of beam blockage,
respectively. The most distant target, MNY, intercepts
the radar beam mostly between 8% and 14%. The range
of variations in the beam blockage observed in the
above-mentioned histograms oscillates from 8% (LML)
and 10% (MNT) to 18% (MNY). From the cumulative
probability plots it may be noted that both MNT and
LML show single classes representing more than 50%
while a more smoothed distribution is found for MNY.

Considering the beam blockage correction described
in section 3, a frequency histogram of the beam block-
age correction may be built for a given target. This is
shown in Fig. 7 where the histogram of the reflectivity
correction given in Table 2 is depicted for each target
and beam blockage distribution shown in Fig. 6.

Should the beam blockage correction have been a
continuous function, where for a particular value of
blockage a different correction factor would be applied,
then the spread of the beam blockage histograms would
have been reflected in the spread of the correction his-
tograms. However, this is not the case for the particular
type of correction considered where only four different
correction values are possible depending on the beam
blockage. Therefore, a big variability in the beam block-
age occurrence does not necessarily produce the same
variability in the blockage correction.

This effect is illustrated by the distant target MNY
where a relatively high variability in the blockage
(10%–16%) does produce only two possible different
correction values, just like the other targets with less
variability. The change from one correction factor to the
other is produced always under superrefractive condi-
tions, so in this case, subrefraction is not relevant
enough to produce significant changes in the beam, as
might be anticipated from the VRG histogram, which
shows a much shorter tail in the subrefractive area than
in the super refractive one.

Despite the variance shown in the blockage correc-
tion, it is important to note that, in the three cases con-
sidered, the most usual blockage correction occurs more
than 85% of the time, so, in principle, the beam blockage
correction may be considered reasonably robust. How-

ever, the occurrence of intense ducts shown by the ra-
diosonde data analysis indicates that greater differences
in corrections values than those shown in Table 3 are
possible. Though it is difficult to quantify the frequency
at which these extreme VRGs do occur, as discussed
before, the effects of embedded ducting layers in ap-
parently more smoothed VRGs should be cautiously
considered.

c. VRG diurnal range

As seen in section 2, the yearly averaged diurnal range
of VRG is, approximately, 7 N units km21 and in sum-
mer is increased to 18 N units km21. From the point of
view of the radar beam blockage, this range implies
quite a limited effect as may be noted in Fig. 8. It shows
a simulation of the beam blockage for an antenna ele-
vation angle of 18 and also plots the simulated blockage
considering two possible diurnal ranges (7 and 18 N
units km21). The differences in the blockage are be-
tween 1% and 2% so, in general, they do not have
significant effects in the corrections. Another remark
about the average VRG diurnal range is that, given its
relatively low value, changes in the VRG usually happen
at a larger scale than a single day and, therefore, are
more noticeable on a month-to-month basis.
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FIG. 9. Simulated beam blockage for an antenna elevation of 18
and the values corresponding to standard errors in the antenna point-
ing accuracy of 0.108 and 0.058 evaluated at targets MNT, LML, and
MNY.

d. Antenna pointing accuracy

Another source of variability in the occultation cor-
rections is the pointing accuracy of the antenna. The
relative importance of this effect is displayed in Fig. 9.
It shows a simulation of the radar beam blockage pro-
duced with an antenna elevation of 18 at the three se-

lected targets compared with the different blockage
caused by mean standard errors of 0.108 and 0.058 in
the antenna elevation.

The 0.108 errors are very relevant and produce sig-
nificant effects, comparable or even larger than those
attributed to the variability of the VRG (around 10% in
the beam blockage). The 0.058 pointing errors induce
shielding variations of 5% in the beam blockage, more
than twice the variation caused by an average VRG
summer daily range.

5. Conclusions

In this paper radiosonde measurements are used to
model radar propagation trough the lower atmosphere
and to assess the variability of beam blockage correc-
tions. A histogram of occultation corrections for several
ground targets is performed using a simple beam-geo-
metric approach and a sounding-based climatology of
vertical gradients of the refractive index.

The analysis performed shows that under anaprop
conditions, partial beam blockage corrections based on
assuming standard propagation may lead to inaccurate
results, comparable, in extreme cases, to those derived
from a poorly calibrated antenna alignment. As shown
in previous sections, the variability of the correction is
generally small and, in moderately intense superrefrac-
tive situations, exceeds 1 dB with respect to the cor-
rection under standard propagation conditions. How-
ever, severe superrefractive cases may cause bigger dif-
ferences. For instance, extreme anaprop cases where
partial beam blockage is incremented significantly but
does not reach 60% and is not detected in a vertical
echo continuity test may produce a wrong correction of
2 or even 3 dB in the beam blockage correction scheme
discussed here. Such errors may be significant, espe-
cially if the propagation conditions persist over a long
period of time and, obviously, if they occur at the same
time that precipitation takes place. The potential errors
derived from wrong beam blockage corrections in ex-
treme anaprop cases may be more important than the
usual limitations of operational radar hardware calibra-
tion and stability.

To detect such cases, information about the observed
or forecasted VRG in the radar coverage area, if avail-
able, might be incorporated in the correction schemes
as a quality control. Apart from anaprop echoes caused
by small-scale features such as thunderstorm outflows
(Weber et al. 1993), information about VRG could pro-
vide a good general overview of the radar propagation
conditions over a larger timescale and spatial scale and,
therefore, about the degree of adequacy of the beam
blockage corrections performed.

Hence, taking into account the results exposed above,
in locations where radar QPE require beam blockage
corrections, it seems reasonable to examine the VRG of
the area to check its variability and its potential influence
on the blockage correction. Moreover, from an opera-
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FIG. A1. Comparison of the effect of equivalent beam blockage on
a uniform beam (dashed line) and a Gaussian beam (solid line) each
of 1.38 half-power full beamwidth.

tional perspective, if it is feasible to have an estimation
of the VRG in the radar coverage area, either from ra-
diosonde observations or from mesoscale NWP output
as described by Johnson et al. (1999), then it may be
incorporated among other criteria, such as a three-di-
mensional analysis of the radar echo structure (Kra-
jewski and Vignal 2001; Steiner and Smith 2002), to
improve the identification of AP in radar images as a
quality control of the QPE procedure.
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APPENDIX

A Simplified Beam Interception Function

A simplified interception function between the radar
beam cross section and the topography may be deduced
in order to calculate the beam blockage (BB). According
to Fig. 3, given a circle of radius a, and a height dif-
ference of the center of the radar beam with respect to
topography y, a differential part of the radar beam, dBB,
is given by

2 2dBB 5 dy92Ïa 2 y9 , (A1)

where y9 is the height from the center of the circle and
dy the thickness of the shaded area.

Integrating (A1) from the bottom of the radar beam
cross section to the height given by y9, then the beam
blockage is

y

2 2BB 5 2Ïa 2 y9 dy9E
2a

y
2 2y9 a y9

2 25 2 Ïa 2 y9 1 arcsin[ ]2 2 a 2a

2y pa
2 2 25 yÏa 2 y 1 a arcsin 1 . (A2)

a 2

PBB may be considered as the ratio between BB and
the whole radar cross section (i.e., the circle of radius
a). Then, from Eq. (A2), partial beam blockage may be
written simply as

2y pa
2 2 2yÏa 2 y 1 a arcsin 1

a 2
PBB 5

2pa

1 y y p
2 25 Ïa 2 y 1 arcsin 1 . (A3)

2 1 2[ ]p a a 2

Considering an antenna main lobe beam width given
by the angle b, at a given distance r from the radar,
then the radius a of the beam cross section is

rb
a 5 . (A4)

2

Substituting Eqs. (3), (4), and (A4) in (A3), an ex-
pression of PBB relating the propagation conditions may
be written as

2 2 2 2 24(z 1 k R 2 Ïr 1 k R 1 2rk R sinu 2 H )1 r be e e a
2 2 2 2PBB 5 2 (z 1 k R 2 Ïr 1 k R 1 2rk R sinu 2 H )e e e 02 25 !p r b 4

2 2 22(z 1 k R 2 Ïr 1 k R 1 2rk R sinu 2 H ) pe e e 0
1 arcsin 1 .6[ ]rb 2
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The exact effects of beam blockage will, in general,
depend on the shape of the beam profile. An idealized
profile as adopted here enables the ‘‘practical’’ cases of
either no blocking or complete blocking to be identified
by simple criteria. Slightly less idealized, but more re-
alistic, is the case of a Gaussian beam. A comparison
between two equivalent beams is shown in Fig. A1. The
differences between the two show up only at the ex-
tremes and on a logarithmic scale only become signif-
icant where the loss due to blockage is several decibels,
which is beyond the limit of applicability of the con-
sidered corrections.
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