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The usage of conventional single polarization X-band weather radars was limited to
target applications on small rural or urban basins, and also serving as a gap filler of
conventional weather radar networks (e.g. Delrieu et al., 1999). When dual-polarization
X-band radars became available in the last decade (Zrnic and Ryzhkov, 1999), that had
the capability of correcting rain attenuation in a reliable manner (Testud et al., 2000;
Anagnostou et al., 2004; Gorgucci et al., 2006), these instruments became a popular
tool for various applications related to the measurement of precipitation at small to
medium scales (≈1–50 km), which culminated in the proposal of networking operation
with the potential to cover wide areas (like e.g. the CASA project; McLaughlin et al.,
2009; Wang and Chandrasekar, 2010).
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A polarimetric X-band radar has been deployed during one month (April 2011) for a
field campaign in Fortaleza, Brazil, together with additional sensors like a Ka-band vertically pointing frequency modulated continuous wave (FMCW) radar and three laser
disdrometers. The disdrometers as well as the FMCW radar are capable of measuring
the rain drop size distributions (DSDs), hence making it possible to forward-model theoretical polarimetric X-band radar observables at the point where the instruments are
located. This set-up allows to thoroughly test the accuracy of the X-band radar measurements as well as the algorithms that are used to correct the radar data for radome
and rain attenuation. In the first campaign in Fortaleza it was found that radome attenuation dominantly affects the measurements. With an algorithm that is based on the
self-consistency of the polarimetric observables, the radome induced reflectivity offset
was estimated. Offset corrected measurements were then further corrected for rain attenuation with two different schemes. The performance of the post-processing steps is
being analyzed by comparing the data with disdrometer-inferred polarimetric variables
that were measured in a distance of 20 km to the radar.
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The fact that X-band radars are small and therefore easy to deploy makes it attractive
for using them in field campaigns, hence numerous field studies made use of X-band
radar measurements up to now: the HMT campaign (Matrosov, 2010) as well as the
campaign described in Schneebeli et al. (2010) were focusing on measurements of
snowfall, while others aimed at the understanding of the microphysics of precipitation
(Berne et al., 2005; Anagnostou et al., 2006).
In April 2011, the first field campaign of the CHUVA project took place in Fortaleza, on the northeastern coast of Brazil. CHUVA (being the Portuguese word for
rain; the acronym stands for “Cloud processes of tHe main precipitation systems in
Brazil: A contribUtion to cloud resolVing modeling and to the GPM (GlobAl Precipitation Measurement)”) aims at resolving microphysical processes that occur in tropical
clouds in order to better understand formation of severe precipitation. The set-up of
remote sensors consisted of an X-band polarimetric weather radar (see e.g. Bechini
et al., 2010), a 24 GHz vertically pointing Micro Rain Radar (MRR; Peters et al., 2002),
a Raymetrics Raman lidar, and a Radiometrics passive microwave temperature and humidity profiler (Ware et al., 2003) and was complemented by a wealth of ground-based
(disdrometers, rain gauges, anemometric tower) and air-borne (triangle of radiosondes
launched every six hours) in-situ sensors. With this sensor assembly deployed in the
tropics, a detailed assessment of processes governing the formation of clouds and precipitation becomes feasible. The focus of the first campaign in Fortaleza was put on the
detection of warm clouds, i.e. clouds that do not exceed the melting layer and therefore
form precipitation without the influence of the ice phase. Rain events originating from
warm clouds can be very hazardous, but detection with traditional satellite-based precipitation estimation schemes is difficult due to the lack of the ice phase of these clouds
and therefore remains an unresolved problem. It is expected that the results from the
Fortaleza campaign will improve the understanding of warm rain events and eventually
lead to better rain estimates over land. Following the campaign in Fortaleza, the whole
sensor assembly moved to Belém. The focus of the Belém campaign, which took place
in June 2011, was put on tropical squall-lines and their associated processes that form

Printer-friendly Version
Interactive Discussion

AMTD
5, 1717–1761, 2012

Firts results from the
CHUVA campaign
M. Schneebeli et al.

Title Page
Abstract

Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|
Full Screen / Esc

Discussion Paper
|

1720

Discussion Paper

25

|

20

Discussion Paper

15

|

10

Discussion Paper

5

intense tropical precipitation. In order to make the radar data useful for any quantitative analysis and for using it in microphysical studies, several post-processing steps
are necessary, such as radome and rain attenuation correction, differential reflectivity
correction, estimation of the specific differential phase and hydrometeor identification.
Several algorithms capable of tackling these tasks were implemented (ZPHI algorithm
for attenuation correction (Testud et al., 2000), for attenuation correction, the algorithm
from Hubbert and Bringi (1995) for the estimation of the accumulated and specific differential propagation phase shift Φdp and Kdp , respectively, as well as the extended
Kalman filter (EKF) algorithm from Schneebeli and Berne (2012) for radome and rain
attenuation correction and estimation of Kdp and Φdp ) and tested on the first available
data sets from the Fortaleza campaign. Rain drop size distributions (DSD’s) provided
by the disdrometers are being used to forward-model the radar polarimetric variables
by employing the T-matrix method (Mishchenko and Travis, 1998). The results of this
modeling approach are further being used for the correct adaptation of existing attenuation correction schemes to the conditions at the site in Brazil. The details of these
algorithms will be described and it will also be shown how they perform by comparing
radar measurements with the polarimetric moments inferred from DSD measurements
of a Parsivel disdrometer located in a distance of 20 km to the radar.
The article is organized as follows: in Sect. 2, specifications of the radar, the disdrometer and the measurements associated with these instruments are described. In
Sect. 3, it is shown how polarimetric moments are calculated from the disdrometer
measurements. These simulations are then used in the Sects. 4 and 5, where the
attenuation correction with the ZPHI algorithm is described and the EKF method is introduced, respectively. Methods for correcting Zdr are provided in Sect. 6. Finally, the
results for the radome and rain attenuation correction and the data processing with the
EKF and ZPHI methods are given in Sect. 7 and conclusions are drawn in Sect. 8.
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2.2 Radar specifications and scanning strategy

specific differential phase shift (Kdp [◦ km−1 ]), copolar correlation coefficient (ρhv [–])
−1
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as well as the Doppler variables velocity (vD [m s ]) and velocity spectrum width
−1
(σvD [m s ]). An example of one range-height indicator (RHI) scan of the radar’s polarimetric variables is shown in Fig. 1.
The strategy for the Fortaleza campaign includes a Zdr calibration scan (89◦ eleva◦
◦
tion with high speed; 89 instead of 90 elevation had to be chosen due to a limitation
◦
in the radar control software), two RHI scans with high angular resolution (0.5 ) and
high sampling frequency (150 independent samples per ray). One RHI was directed
towards the heavily equipped ground site located in 20 km distance to the radar where
also the Parsivel disdrometer is located that will later be used for evaluating the radar’s
polarimetric moments. The other RHI pointed toward the sea in the direction where the
main weather systems are expected to enter the continent. The volume was scanned
1721
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A mobile 9.345 GHz dual-polarization radar, manufactured by Gematronik, Germany,
was employed. Its main characteristics are summarized in Table 1.
The radar provides the standard polarimetric observables: reflectivity in horizontal
◦
polarization (Zh [dBZ]), differential reflectivity (Zdr [dB]), differential phase shift (Ψdp [ ]),

Discussion Paper

Fortaleza (3.43 S, 38.30 W) is located at the northern coast of Brazil and counts
around 2.5 million inhabitants. The radar was installed on a 5 m high temporary tower
that was erected in a neighboring suburb called Eusebio. Within the city of Fortaleza,
a measurement site was established that was equipped with a the Parsivel disdrometer, the MRR and the additional ground-based instruments. The distance between the
radar and the measurement site in the city was 20 km. On average, Fortaleza receives
350 mm of rain during April and the daily mean temperature is 27 ◦ C.
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2 Campaign set-up and instruments
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The Parsivel laser disdrometers are capable of measuring the DSD of precipitation,
i.e. the particle density per size class. A horizontal laser beam provides a sampling
area of 54 cm2 . When a particle crosses the laser beam, the intensity loss of the
received laser signal as well as the time the particle remains in the beam are used to
estimate the drop’s equivolumetric diameter D and its fall velocity v. The estimated
sizes and fall speeds are stored in 32 × 32 matrix corresponding to 32 non-equidistant
diameter classes (from 0 to 25 mm) and 32 non-equidistant velocity classes (from 0
to 22.4 m s−1 ). From this raw diameter-velocity spectrum, not only the rain rate R can
be calculated but also the DSD N(D), i.e. the drop concentration per volume and per
diameter size class. Details on this procedure can be found in Battaglia et al. (2010)
and Jaffrain and Berne (2011).
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2.3 Disdrometers
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with 13 elevations from 1.8◦ to 21.4◦ with a spacing of 1.1◦ between the lowermost
◦
elevations and a spacing of 2.8 between the uppermost elevations. The lowest eleva◦
tion was set to 1.8 since there was almost complete signal blocking below this angle.
−1
A fixed clutter filter width of 1.44 m s was used and in addition, the strong signal
blocking at low elevations acted like a clutter fence, hence the clutter contamination at
higher elevations was low. One complete scanning cycle consisting of the mentioned
two RHI scans, the volume scan and the Zdr calibration was completed within 6 min.
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3 T-Matrix modeling
backscatter δhv [◦ ] as well as the specific one-way attenuation Ah,v [dB km−1 ] were
calculated from the DSDs (N(D)) provided by the Parsivel disdrometer with following
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The polarimetric variables Kdp [ km ], Zh,v [mm m ], the differential phase shift on
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where λ is the wavelength [mm], Nr the refractive index of water (dimensionless), fhh,vv
the forward- and shh,vv the backward-scattering amplitude in [m] at horizontal (hh) or
vertical (vv) polarization. Re and Im denote the real and imaginary part, respectively,
arg the argument and ∗ the complex conjugate.
The scattering amplitudes can be calculated with the method known as T-matrix (Barber and Yeh, 1976) and the freely available Fortran implementation of Mishchenko and
Travis (1998) was used for computation. The shape of the raindrops was approximated
by an oblate spheroid. The axial ratio of the spheroid, being a function of the equivolumetric sphere diameter, were calculated with the models of Andsager et al. (1999),
Brandes et al. (2002) and Thurai and Bringi (2005). The refractive index of water was
calculated with the model of Meissner and Wentz (2004). Calculations were made at
a frequency of 9.345 GHz, at a temperature of 300 K and with 23 diameter size classes
1723
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formulae (e.g. Bringi and Chandrasekar, 2001):
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Ψdp = Φdp + δhv
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R

0.780
= 15.693Kdp

(7)

Zh = 401.82R 1.575

(8)
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Relations between the rain rate R and Zh or Kdp are of particular interest for any
application focusing on quantitative precipitation estimation (QPE). Since the body of
literature on such relations for X-band frequencies in tropical regions is small, we have
plotted our modeling results in Fig. 2. The corresponding power law relations that were
found by linearly fitting the logarithm of R with the logarithm of the modeled Kdp and Zh
values adopt the following form:
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ranging from Dmin = 0.062 mm to Dmax = 7.5 mm. The size classes were predefined by
the Parsivel instrument. The two smallest size classes (0.062 mm and 0.187 mm) are
always empty due to signal-to-noise limitations for these small diameters, hence the
lowermost detectable diameter is 0.312 mm.
From the variables defined in Eqs. (1) and (3), Φdp and Ψdp can be estimated as
follows:
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It must be mentioned that the way of fitting the parameters has a significant influence on
the fitting parameters: As seen in Fig. 2, the density of the point cloud for low rain rate
values is much higher than for high rain rates, which leads to large biases of the fit in the
region of high rain rates. In order to overcome this effect, the rain rate was separated
into different bins that contained an equal number (20) of Zh or Kdp values, respectively.
Hence for low rain rates, these bins were very small due to the high abundance of Zh
(Kdp ) values in these conditions. For higher rain rates, the bins consequently grew to
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In Schneebeli and Berne (2012), a method for the processing of polarimetric X-band
radar data based on an extended Kalman filter was presented. With this method it is
possible to correct X-band radar measurements for attenuation and differential attenuation caused by the rain medium but also to estimate the reflectivity offset that might
be induced by a wet radome or by a mis-calibration of the radar. In addition, the total
differential phase shift measured by the radar Ψdp can be separated into the differential phase shift on propagation Φdp and on backscatter δhv , while the sum of the two
equals Ψdp without the measurement noise.
The extended Kalman filter (EKF) method employs relations between different polarimetric moments and relations of these moments between one range gate and the
upcoming one, as well as covariances associated with these relations in order to constrain the solution space of the attenuation corrected reflectivities and the de-noised
differential phase measurements. Relations between polarimetric moments are established with DSD measurement from Parsivel disdrometers and subsequent T-matrix
modeling of polarimetric parameters. For the EKF method to work, the parameters
µh,v , κh,v , λh,v , ζ and η for the following relations must be found (for details the reader
is referred to Schneebeli and Berne, 2012):
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for relation (Eq. 7) are σR = 13.8 mm h

|

rain rate) of ∆Rh = −1.67 mm h
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much larger widths. Finally, in order to obtain Eqs. (7) and (8), the center of these rain
rate bins, R̄, and the average of Zh (Kdp ) values within these bins, Z̄h (K̄dp ), were used
for the fitting procedure instead of the original values. Nevertheless, relatively large
errors in the estimation of R are introduced if the relations (Eqs. 7, 8) are used: We
Z
have found a standard deviation of σR h = 23.6 mm h−1 and a bias (retrieved minus true
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κh = λh K̃dp (i ) − Z̃h (i )

(13)

κv = λv K̃dp (i ) − Z̃v (i )

η
0 = ζ Z̃h (i ) − Z̃v (i ) − δhv (i )

(14)
(15)

0 = Φ0dp (i ) − Φdp (i ) − 2∆r10

K̃dp (i )/10

(16)
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In the above equations, the range resolution is written as ∆r, Zh and Zv are the measured reflectivities at h and v polarization, respectively. Quantities that are expressed
in dB are denoted with a∼ and i is the range gate number. In addition the notation
Φ0dp (i ) = Φdp (i + 1) was introduced in order to overcome ambiguities in the notation.
The parameters for the above equations are given in Table 2. They were deduced
from the modeling results that are shown in Fig. 5. A similar procedure for the fitting
of the polarimetric observables as described in the foregoing section was employed in
order to increase the weighting of the (usually few) high values in the fitting process.
The EKF method not only employs the relations given in Eqs. (9)–(16) as well as
the covariance associated with these relations, it also makes use of the knowledge of
the spatial variability of the polarimetric moments. Since it was found that the results
of the EKF algorithm are not very sensitive to possible errors in the spatial representation to the polarimetric moments, spatial DSD data from Switzerland were used in
order to calculate the gate-to-gate variability of the polarimetric observables. This data
was obtained from a DSD simulator that is able to produce realistic spatial DSD fields
(Schleiss et al., 2009) and hence delivers information on the spatial behavior of the
1726
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Ψdp (i + 1) = 2∆r10K̃dp (i )/10 + Φdp (i ) + δhv (i )
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polarimetric moments within a rain cell. This simulator was however constrained with
spatial DSD measurements of Switzerland that are not necessarily representative for
the locations in Brazil and it can also not be easily adapted to the different spatial DSD
characteristics at the two locations.
One of the advantages of the EKF scheme lies in the fact that it can also be used
to correct reflectivity offsets that are caused, for example, by a wet radome. Since
the EKF scheme intrinsically calculates Kdp and Φdp , the two variables resulting from
EKF calculations with different reflectivity offsets can be compared along one ray path
and the comparison that exhibits the smallest absolute bias determines the reflectivity
offset. This approach is somehow similar to the methods adopted in the so-called
“self-consistency” attenuation correction algorithms (Bringi et al., 2001; Gorgucci et al.,
2006). In
R Fig. 3, an example is given on how this algorithm works: In panel (a) three
pairs of 2Kdp dx and Φdp profiles that were inferred with the EKF algorithm are shown.
The only difference between the pairs of profiles is the initial reflectivity offset (indicated
at the beginning of the range profiles) that was added to the measured reflectivity
prior to the treatment with the EKF algorithm. It is seen that a reflectivity offset of
10 dBZ leads to the smallest bias between the curve pairs compared to the two other
offsets (5 and 15 dBZ). In panel (b), the absolute bias between the curve pairs is plotted
against the initial reflectivity offset. The minimum of the curve shown in this plot (around
10 dBZ) determines the final radar reflectivity offset.
In Fig. 4, an example for the performance of the EKF and the ZPHI algorithm is
given. In this plot, the original (offset corrected) reflectivity and differential reflectivity
together with the attenuation corrected reflectivities as a function of the radar range
are depicted. In addition, Kdp inferred from the EKF scheme as well as the original
measured differential phase together with the EKF calculated Φdp and δhv are shown.
It is seen that the two attenuation correction schemes exhibit a considerable bias at the
end of the range profile and it is not yet clear what is causing this difference. However,
in panel (d) it is seen that δhv and Φdp add up nicely to the measured phase Ψdp , which
is a good indication that the algorithm performs well.
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In order to compensate the energy loss due to extinction and attenuation the radar
beam suffers when it propagates through the rain medium the well known ZPHI algorithm (Testud et al., 2000) was implemented. With this method, attenuation and
differential attenuation is calculated as
b

Zh (i )
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j =i

Hereby, i1 is the last gate of the range profile, ∆Φdp is the differential phase from 0 to
i1 , b is defined as the exponent of the relation
Ah (i ) = xZh (i )b

(20)
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and γ stems from the relation
Ah (i ) = γKdp (i ).

(21)

The performance of ZPHI solely depends on the accuracy of the estimation of the
b, β, α and γ parameters. These parameters were calculated as described in the
foregoing section by applying the T-matrix method to DSDs measured with a disdrometer. The calculations corresponding to the relations of Eqs. (20) and (21) are shown
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In addition to the reflectivity offset, there exists also a bias in Zdr that needs to be removed before the data can be further processed. Traditionally, this offset is determined
by pointing the antenna in vertical direction and rotating it around the azimuthal axis
(Seliga et al., 1979; Gorgucci et al., 1999). Since the rain drops at this incidence angle
should not exhibit any differential polarization, the Zdr data that is acquired in this manner can be averaged (over the range gates and the azimuthal angles), which should
lead to a value that corresponds to the difference between the H- and the V-channel.
Probably due to the damaged radome, the Zdr offset shows a distinct dependence on
the azimuth angle as it is seen in Fig. 6a. As stated in Gorgucci et al. (1999), this
azimuthal dependence hampers the applicability of the Zdr calibration procedure with
the rotating antenna.
In Fig. 6b it is seen that the Zdr offset is relatively stable in time (with just some
outliers that are probably due to atmospheric effects like partial beam filling at the end
or the beginning of a rain event). It is therefore suggested to determine the Zdr offset
just once or only from time to time and then assume the offset to be stable over time.
At the moment we believe that with this procedure more accurate Zdr values can be
obtained than with a regular offset correction.
Because of the aforementioned issues, Zdr needs to be calibrated with a method
that does not rely on data gathered at vertical incidence. If the antenna points at
a horizontal direction into a rain field, Zdr values are usually unknown apriori and can
therefore not be used to calibrate the radar. There is however one exception: if the
reflectivity values are low and the data is not affected by attenuation, then the Zdr values
have to be very close to zero. This assumption was tested with T-matrix simulations

|

5
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in Fig. 5d, b, respectively. Also note that the parameter γ given in Eq. (21) is similar to
the parameter µ in Eq. (11).
The numerical values of the determined parameters are given in Table 3.
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and the mean and standard deviation of Zdr in such low reflectivity conditions was
calculated to a value of Zdr = 0.1 ± 0.052 dB. If it is now possible to find such values
low
(low Zh , no attenuation), the corresponding Zdr values can be set to Zdr = 0.10 which
determines the Zdr offset. To do so, it was searched for these conditions by applying
certain criteria: First, the Zh values had to be low and fulfill the condition 0 dBZ ≤
Zh ≤ 10 dBZ. A lower reflectivity limit was set in order to reduce noise that is due to low
signal-to-noise ratios (the raw power measurements were not stored, hence a threshold
on the signal power could not be applied). Second, only values in regions where the
sum of Zh along a ray profile did not exceed 200 dBZ were considered. This threshold
ensured that Zdr values only suffered from little attenuation. In Fig. 7 a histogram
of Zdr found in these conditions is shown. Data used for this figure were collected
on 12 April 2011. With the mean value of Zdr = 0.34 dB, we can determine the Zdr
off
low
offset to Zdr = 0.34 dB − Zdr = 0.24 dB. Although other methods exist in the literature
to determine the Zdr offset without pointing to zenith direction (Ryzhkov et al., 2005;
Bechini et al., 2008), these methods require stratiform precipitation while during our
campaign mostly convective situations were encountered.
Due to the relatively large standard deviation of σZdr = 1.31 dB that is found in the
histogram, it is questionable if this method is accurate enough for calibrating Zdr . This
high standard deviation is most likely induced by very low reflectivities that exhibit a low
signal-to-noise ratio. It could however also be caused by polarization leakage effects
(Wang and Chandrasekar, 2006) that can lead to considerable biases in Zdr (up to
1 dB). Especially simultaneously transmitting radars like the one that is employed in
the study at hand are prone to such errors in Zdr .
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In Sect. 4 it was shown how the reflectivity offset due to mis-calibration and/or radome
effects can be determined with the EKF method. However, a minimal total differential
max
◦
phase shift (Φdp ) of 20 along the radar ray path is necessary for the method to work
properly, such that the calibration offset can be determined accurately. It is very common that Φmax
dp is below the proposed threshold and then the radome offset has to be
determined differently, which is detailed in the following: from Fig. 5 it is seen that there
max
is a close relation between the reflectivity Z̃h,v and K̃dp . If Φdp along a ray path is low,
i.e. if the reflecivities along this path only suffer from low attenuation, this relation can
be used to determine the reflectivity offset by calculating Z̃h,v from K̃dp employing the
relations given in Eqs. (13) and (14) and then comparing the results to the measured
m
reflectivities Z̃h,v
. This method, which will be called “Kdp method” in the following, is
◦
max
employed where Φdp < 20 . Due to the large scatter that is inherent in the relations
of Eqs. (13) and (14), the Kdp method is expected to provide less accurate estimates
of the reflectivity offset than the EKF method. Attenuation effects that can negatively
influence the Kdp method are overcome by applying ZPHI attenuation correction to the
reflectivities prior to determining the reflectivity offset. Also note that the Kdp method
depends on the elevation angle due to the elevation dependence of Kdp . Since this
◦
method is applied only for elevation angles φ < 6 , this dependence is negligible and
hence no specific elevation angle correction was applied.
In order to get an example of the variability of the reflectivity offset, the radome
attenuation has been determined in azimuth and elevation direction for 12 April 2011,
05:20 UTC and the result is given in Fig. 8, where the reflectivity offset as a function
of the azimuth angle is shown in panel (a) and as a function of the elevation angle in
panel (b). At the time of the observation, very intense rainfall was encountered right
above the radar. In panel (a), only the EKF method was employed to compile the plot in
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order to eliminate the influence of the choice of the method on the result. No offset was
max
◦
calculated for directions where a value of Φdp = 20 could not be reached, and in the
graphical representation the values in these regions were simply interpolated linearly.
The plot in panel (b) is differently compiled: Since the EKF method was developed for
horizontal incidence of the radar beam to the rain drops, the relations given in Eqs. (9)–
(15) are not valid anymore for too high elevation angles. T-matrix simulations showed
◦
◦
that the difference between an elevation angle of 45 and 0 leads to biases in the EKF
parameters (given in Table 2) of up to 100 % (for the µh,v parameters), which is not
acceptable for the scope of the application. Hence, the EKF parameters had to be
corrected for higher elevation angles with a procedure that is detailed in Appendix A.
For elevation angles higher than 45◦ , the EKF method becomes inaccurate although the
parameters were elevation angle corrected, since the polarimetric signature of the rain
vanishes with increasing elevation angle. Therefore, the EKF method was employed
◦
for the calculation of the reflectivity offset only up to an elevation angle of 45 . The
values for higher angles were interpolated with the assumption that the reflectivity at
the first range gate for elevation angles of 45◦ to 135◦ is constant due to the low spatial
extent of the volume that is defined with these conditions. If the assumption of the
constant reflectivity right above the radar is true, then the reflectivity offset for the high
◦
elevation angles can be deduced from the reflectivity offset at 45 elevation calculated
with the EKF method and the measured reflectivity at the first range gate from this
direction. The result of this procedure is shown in Fig. 8b, where the reflectivity offsets
determined with the EKF method are plotted in black and those interpolated with the
method described above are plotted in grey.
◦
It is seen that around 110 elevation, a local maximum of the radome attenuation
is encountered. It is very likely that this maximum is caused by the damaged radome
that was fixed with fiberglass and glue, since the damage is located in the direction
where the attenuation maximum is encountered. Apparently, the performance of the
fixed radome in terms of transparency is slightly worse than the undisturbed radome.
However, the most striking feature in this graph are the high values around 18 dB that
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with the rain rate R [mm] and Lrad in [dB]. Unfortunately, we did not deploy an instrument to measure R at the radar site, which makes it a bit more difficult to compare
our findings with Eq. (22). In order to estimate R at the radar site, the offset corrected
reflectivity data from the first range gates when the antenna pointed at vertical direction were taken and averaged. Then, R was estimated with the Z–R relation given in
Eq. (8) that was found from the T-matrix simulations shown in Fig. 5. The reflectivity
offsets determined with the two different methods are shown as a scatter plot in Fig. 9.
It is seen that where the Bechini method estimates higher offset values (∆Zh > 5 dB),
a clear correlation between the two methods is observed with the EKF method providing slightly higher offset estimates. Where the Bechini method indicates a low offset,
the scatter between the two methods is very high and it is difficult to see any correlation at all. The reason of this behavior is found in the fact that the radome can remain
wet even when it is not raining right at the location of the radar. In this case, i.e. if the
radome is still wet but the rain intensity is zero, the Bechini method also estimates the
1733
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were measured for the reflectivity offset. These measurements emphasize that the
radar data without radome correction cannot be used for any quantitative analysis if
the radome is under influence of heavy rain.
In azimuth direction, it is seen that the variation of the offset is relatively large, ranging
from 16.5 to 20 dB (with one orientation that exhibits a value of 22 dB). The variability in
azimuth could be related to non uniform wetting or non uniform drying of the radome,
which is probably caused by wind patterns. Due to this high variability, it is not recommended to apply a general correction that is valid for all the azimuthal directions. In
order to get observations of high quality and maximum accuracy, every direction should
be individually corrected for radome induced offsets.
In Bechini et al. (2010) a function is reported that links the radome attenuation of the
same Gematronik X-band radar with the rain intensity that was measured at the radar
location. This function for the radome attenuation Lrad reads:


Lrad = 2 −0.34 + 1.75R 1/3
(22)
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and differential attenuation Adp can be calculated at every range gate along a ray path.
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radome offset to zero. Another error source of the Bechini method is the imperfection
of the R estimation due to the scatter of the Z −R relationship. However, if the rain rate
were estimated directly at the radar site with a pluvio- or disdrometer, this error could
be mitigated. The Bechini method also only estimates the reflectivity offset due to the
wet radome. Any calibration effects that are caused by a different effect (e.g. variations
in the receiver sensitivity, variations in the transmitted power, errors in the estimation
of the radar constant) cannot be tackled with this method and are therefore expected
to contribute to the scatter as well as the bias found in Fig. 9a.
There is not only considerable variation of the radome offset in azimuth and elevation
direction, but also in time, as it is seen in Fig. 9b, where a time series of the reflectivity
offset determined in one single direction is plotted. For this plot, the Kdp method was
employed where the EKF method could not be applied. It is seen that the reflectivity
offset values determined with the EKF method are generally higher, since high values
◦
max
of Φdp ≤ 20 , being a prerequisite for the EKF method to work, are more likely to be
fond where also the rain intensity above the radar is high, i.e. where the radome is
wet and therefore induces high signal attenuation. However, this is only a general rule,
max
since it is possible to have a large Φdp in one direction even if the radar is located
outside of a rain cell.
We can also use the whole data set that was corrected for radome attenuation to
check if the radar manufacturer properly calibrated the radar for dry radome conditions. To do so, the assumption is made that the lowest reflectivity offset values correspond to conditions where the radome was dry. The 1 % quantile of all the reflectivity
∆Z
offset values is determined to q0.01 = −0.035 dB and for the 2 % quantile a value of
∆Z
q0.02 = 0.085 dB is found. These values show that the radar constant was determined
accurately and hence the radar is well calibrated.
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Together with the radome offset correction and the Zdr offset correction, the data that
are treated in this manner can be regarded as fully corrected and are ready for further
scientific or operational use.
In Fig. 10, the polarimetric variables of one PPI scan that underwent the full data
preprocessing chain is shown. Attenuation correction was performed with the ZPHI
algorithm and Kdp stems from the EKF algorithm. The copolar correlation coefficient
ρhv did not undergo any pre-processing and is taken as provided by the Gematronik
radar.
In the shown reflectivity and differential reflectivity data, there remain still certain radial “streaks”, especially in the directions West and South of the radar. These streaks
indicate that the radome offset correction in that specific direction was determined with
low accuracy which causes inconsistencies in the Zh and Zdr field from one direction
to the other. Discrepancies that can cause these streaks are numerous: It is possible
that the method for determining the reflectivity offset changes from one azimuthal direction to the neighboring one from the EKF method to the Kdp method or vice versa.
Partial beam blockage caused by ground clutter is expected to hamper the accuracy
of the EKF method, since this effect causes the relations given in Eqs. (9)–(16) to become invalid or at least erroneous which has a negative effect on the accuracy of the
determination of the reflectivity offset as a consequence. However, the general visual
impression of the reflectivity fields suggest that the attenuation correction procedure
leads to meaningful results and one must keep in mind that also ZPHI and any selfconsistency methods would be degraded by partial beam blockage.
A further and rather extreme example that illustrates the necessity of radome and
rain attenuation is shown in the Fig. 11: in panel (b) of this figure, which shows the
reflectivity after all the pre-processing steps, it can be seen that a very strong rain
cell is located right at the radar location. This rain cell causes very strong radome
attenuation and hence the uncorrected data as shown in panel (a) differs considerably
from the corrected one.
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The algorithm’s performance can be quantitativley analyzed by comparing the corrected radar polarimetric moments with such moments that are modeled from DSD
measurements of a Parsivel disdrometer located in a distance of 20 km to the radar. To
do so, from the RHI scan that was performed in the disdrometer’s azimuthal direction
◦
◦
(316.7 ), the corresponding range gate was extracted for an elevation angle of 2.5 .
This angle corresponded to the lowermost elevation that was completely unspoiled
from ground clutter contamination.
The polarimetric moments Zh , Zdr and Kdp inferred from the disdrometer DSD measurements were calculated according to the procedure detailed in Sect. 3 and compared to the attenuation corrected radar measurements. The reflectivity offset was
calculated with the EKF method where applicable and with the Kdp method for the
remaining cases. The EKF algorithm was also used to determine rain attenuation corrected Zdr and Zh as well as Kdp values. In addition, Zh and Zdr were also corrected for
rain attenuation with the ZPHI method and Kdp was determined with the traditional algorithm of Hubbert and Bringi (1995) in order to assess the performance of the different
methods.
In Fig. 12, a scatter plot with the horizontal reflectivity inferred from Parsivel data
versus the uncorrected and corrected radar measurements is shown, where the radar
measurements were corrected with the EKF algorithm. Since two methods for the
correction of the reflectivity offset were employed, the corrected radar measurements
are represented with a “◦” where the offset was deduced with the EKF method and with
an “×” where the Kdp method was employed. Similarly to the findings in the previous
section, the reflectivity offset associated with high Zh values is usually determined with
the EKF method, since it is likely to have high Φmax
dp values during intense precipitation
above the radar.
It is seen in the scatter plot that uncorrected reflectivities exhibit a considerable bias
and that the attenuation correction (for both the radome and the rain medium) seem
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to perform well. A statistical analysis of the performance of the correction schemes is
given in Table 4, where also the performance of the ZPHI algorithm is evaluated. From
this analysis, it is concluded that the ZPHI method, applied on radome attenuation
corrected data, leads to the most stable reflectivity estimates with a reflectivity bias of
∆Zh = 0.759 dB and a standard deviation of σZh = 8.49 dB. Attenuation correction with
the EKF algorithm is slightly less accurate (∆Zh = 1.64 dBZ, σZh = 8.75 dB). Given the
large bias of the completely uncorrected data (∆Zh = 14.6 dBZ) and regarding other
effects like the spatial variability of the DSD within a radar resolution volume (Jaffrain
and Berne, 2011), the performance of both, ZPHI and EKF, lead to an acceptable
residual bias.
Figure 13 shows the same than in Fig. 12 but for the differential reflectivity Zdr . The
offset in Zdr determined in Sect. 6 was added to the measured Zdr values before the
data were further treated with the EKF algorithm and the ZPHI method. Similar to the
findings for Zh , it is seen that uncorrected Zdr data can exhibit a large error and that the
attenuation correction with the EKF method performs reasonably. Again, the statistical
evaluation is found in Table 4.
While the bias in Zdr is similar for EKF and ZPHI (∆Zdr ≈ −0.21 dB), a slightly better
standard deviation is found for EKF (σZdr = 0.59 dB) than for ZPHI (σZdr = 0.71 dB). The
reason is found in Fig. 4, where it can be seen that Zdr data treated with the EKF
algorithm are less noisy than the raw or ZPHI treated data. Apparently, this noise
reduction not only has a positive effect on σZdr , but also the correlation coefficient RZ2
dr
between the disdrometer and the radar values is distinctly enhanced compared to ZPHI
or raw data.
Finally, the same analysis as for Zdr and Zh was performed for Kdp and the result
is shown in Fig. 14. Since Kdp is a quantity that is not directly measured, the values
inferred from the EKF method were compared to data deduced with the algorithm of
Hubbert and Bringi (1995), which is based on a smoothing procedure and a subsequent derivation of the measured differential phase Ψdp . This algorithm was already
implemented in the radar’s data analysis software and the data were taken as provided
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Polarimetric X-band radar data were collected in in Fortaleza, northern Brazil. It was
found that the reflectivity is heavily affected by attenuation of the radome and the rain
medium itself. An extended Kalman filter algorithm capable of radome and rain attenuation correction was implemented and data from one month was processed. The
radome attenuation in azimuth and elevation direction was not found to be constant
within one scan, hence it is recommended to correct every direction independently. In
addition to the EKF algorithm, a standard rain attenuation correction scheme (ZPHI)
was implemented. The necessary adaptations of this scheme, i.e. the proper calculation of attenuation parameters, were performed with modeled polarimetric observables
that are based on DSDs measured with three Parsivel disdrometers. The corrected Xband radar measurements were compared with the disdrometer measurement located
in 20 km distance from the radar. This comparison showed that the implemented algorithms performed satisfactory: reflectivities corrected with ZPHI exhibited the smallest
bias and standard deviation compared to the disdrometer data as well as the highest
correlation, the EKF algorithm outperformed ZPHI in the correction of the differential
reflectivities. The EKF method was also found to give better estimates of Kdp than
the algorithm of Hubbert and Bringi (1995). Given the large biases of uncorrected
data, it must be emphasized that without radome attenuation correction such accurate estimates would not have been possible. It was also shown that the variability
of the reflectivity offset in direction and time is extremely variable, hence it is strongly
recommended to implement a radome attenuation correction scheme that individually
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without further change. In conditions of high Kdp , the EKF algorithm seems to provide
slightly underestimated values, while in conditions of low Kdp , the algorithm of Hubbert
and Bringi (1995) provides too high Kdp estimates. Overall it is seen in Table 4 that Kdp
estimated with EKF outperform the traditional Kdp estimates inferred from the algorithm
of Hubbert and Bringi (1995) in terms of bias, standard deviation and correlation.
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corrects for every direction and at every time step. The correction of rain attenuation at
X-band frequencies by employing polarimetric techniques is meanwhile a standard procedure. The results of this study suggest that also the correction of radome attenuation
should become part of a standard X-band weather radar data processing scheme.
Appendix A
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where Θ is in [deg] and f and g are power law coefficients that were determined from
EKF
EKF
linear least square fits on the logarithm of Θ and the logarithm of PΘ − P0 . The
coefficients f and g are given in Table 1 for every EKF parameter.
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The parameters for the EKF algorithm given in Table 2 were calculated for an elevation
angle of Θ = 0◦ and are therefore denoted as P0EKF . For higher elevation angles, these
parameters are subject to a slight change, which might influence the performance of
the EKF retrieval. In order to mitigate these possible errors, the EKF parameters were
◦
◦
◦
calculated for elevation angles of 0 ≥ Θ ≤ 45 with a 5 interval. From these calculations, correction functions of the form
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pair mode (PRF: 1500 Hz); pulse length of 0.5 µs (150 m
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43 dB
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◦
PPI scans: 68 samples per ray @ 1 angular resolution.
RHI scans: 150 samples per ray @ 0.5◦ angular resolution.
Sun tracking method.
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Fig. 1. Example of the polarimetric observables from one horizon-to-horizon RHI sweep performed on 12 April 2011 in Fortaleza.
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Fig. 10. Example of the polarimetric observables from one PPI scan performed on 12 April
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Fig. 11. (a) PPI scan showing uncorrected reflectivity. (b) The same scan that is shown in (a)
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Fig. 12. Scatter plot of the reflectivity Zh [dB] inferred from DSD measurements of a Parsivel
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