Atmos. Meas. Tech., 5, 2183499 2012

www.atmos-meas-tech.net/5/2183/2012/ GG\ Atmospherlc

doi:10.5194/amt-5-2183-2012 Measurement
© Author(s) 2012. CC Attribution 3.0 License. Techniques

Polarimetric X-band weather radar measurements in the tropics:
radome and rain attenuation correction

M. Schneebelt-2", J. Sakuragi, T. Biscaro!, C. F. Angelist, I. Carvalho da Costat, C. Morales®, L. Baldini4, and
L. A. T. Machado?

Linstituto Nacional de Pesquisas Espaciais (INPE), Centro de ReesssTempo e Estudos Claticos (CPTEC),

Cachoeira Paulista, Brazil

2Ecole Polytechniquedtkrale de Lausanne (EPFL), School of Architecture, Civil and Environmental Engineering (ENAC),
Lausanne, Switzerland

3Instituto de Astronomia, Geofisica e@icias Atmodiricas, Universidade dei8 Paulo, 8o Paulo, Brazil

4Instituto di Scienze dell’Atmosfera e del Clima (CNR), Rome, Italy

“now at: MeteoSwiss, Radar and Satellites, Locarno, Switzerland

Correspondence tdvl. Schneebeli (marc.schneebeli@epfl.ch)

Received: 23 January 2012 — Published in Atmos. Meas. Tech. Discuss.: 17 February 2012
Revised: 14 June 2012 — Accepted: 24 July 2012 — Published: 10 September 2012

Abstract. A polarimetric X-band radar has been deployed 1 Introduction

during one month (April 2011) for a field campaign in For-

taleza, Brazil, together with three additional laser disdrom-

eters. The disdrometers are capable of measuring the rainthe usage of conventional single polarization X-band
drop size distributions (DSDs), hence making it possible toweather radars was limited to target applications on small
forward-model theoretical polarimetric X-band radar obsery-rural or urban basins, also serving as a gap filler of con-
ables at the point where the instruments are located. This sekentional weather radar networks (elglrieu et al, 1999.

up allows to thoroughly test the accuracy of the X-band radaWhen dual-polarization X-band radars became available in
measurements as well as the algorithms that are used to cothe last decadeZfnic and Ryzhkoy1999 that had the ca-
rect the radar data for radome and rain attenuation. For th@ability of correcting rain attenuation in a reliable manner
campaign in Fortaleza it was found that radome attenuatiorfTestud et al.200Q Anagnostou et 312004 Gorgucci et al.
dominantly affects the measurements. With an algorithm tha2006), these instruments became a popular tool for various
is based on the self-consistency of the polarimetric observapplications related to the measurement of precipitation at
ables, the radome induced reflectivity offset was estimatedsmall to medium scales{1-50 km). This culminated in the
Offset corrected measurements were then further correcteBroposal of networking operations with the potential to cover
for rain attenuation with two different schemes. The perfor- Wide areas (like e.g. the CASA projedttcLaughlin et al,
mance of the post-processing steps was analyzed by compa#009 Wang and Chandrasek&010

ing the data with disdrometer-inferred polarimetric variables ~ The fact that X-band radars are small and therefore easy
that were measured at a distance of 20 km from the radaito deploy makes them attractive for use in field campaigns,
Radome attenuation reached values up to 14 dB which wa§ence numerous field studies have made use of X-band radar
found to be consistent with an empirical radome attenuatiorimeasurements up to now. The HMT campai§fe(rosoy

vs. rain intensity relation that was previously developed for2010 as well as the campaign describedSchneebeli et al.
the same radar type. In contrast to previous work, our result§2010 focused on measurements of snowfall, while others
suggest that radome attenuation should be estimated indivicRimed at better understanding the microphysics of precipita-

ually for every view direction of the radar in order to obtain tion (Berne et al.2005 Anagnostou et a12006.
homogenous reflectivity fields. In April 2011, the first field campaign of the CHUVA

project took place in Fortaleza, on the northeastern coast
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2184 M. Schneebeli et al.: X-band weather radar measurements in the tropics

of Brazil. CHUVA (being the Portuguese word for rain, the the conditions at the site in Brazil. The details of these algo-
acronym stands fo€loud processes ofte main precipita-  rithms will be described and it will also be shown how they
tion systems in Brazil: A contribtion to cloud resoling perform by comparing radar measurements with the polari-
modeling and to the GPM (Gl@d Precipitation Measure- metric moments inferred from DSD measurements of a OTT
ment)) aims at resolving microphysical processes that occuParsivel disdrometer located at a distance of 20 km from the
in tropical clouds in order to better understand formation ofradar.

severe precipitation. The set-up of remote sensors consisted This article is organized as follows: in Segt.specifica-

of an X-band polarimetric weather radar (see &gchini tions of the radar, the disdrometer and the measurements as-
et al, 2010, a 24 GHz vertically pointing Micro Rain Radar sociated with these instruments are described. In Sedt.
(MRR; Peters et a).2002, a Raymetrics Raman lidar, and is shown how polarimetric moments are calculated from the
a Radiometrics passive microwave temperature and humiddisdrometer measurements. These simulations are then used
ity profiler (Ware et al. 2003, and was complemented by a in Sects4 and5, where the attenuation correction with the
wealth of ground-based (disdrometers, rain gauges, anem@&PHI algorithm is described and the EKF method is intro-
metric tower) and air-borne (triangle of radiosondes launchediuced, respectively. Methods for correctifig are provided
every six hours) in-situ sensors. With this sensor assemblyn Sect.6. Finally, the results for the radome and rain atten-
deployed in the tropics, a detailed assessment of processemtion correction and the data processing with the EKF and
governing the formation of clouds and precipitation becameZPHI methods are given in Segtand conclusions are drawn
feasible. The focus of the first campaign in Fortaleza wasin Sect.8.

on the detection of warm clouds, i.e. clouds that do not ex-
ceed the melting layer and therefore form precipitation with-
out the influence of the ice phase. Rain events originatin
from warm clouds can be very hazardous, but detection with2
traditional satellite-based precipitation estimation schemes is”

difficult due to the lack of the ice phase of these clouds andqaiez4 (3.43S, 38.30 W) is located at the northern coast
therefore remains an unresolved problem. It is expected thadt gra7il and counts around 2.5 million inhabitants. The radar
the results from the Fortaleza campaign will improve the un-, o< installed on a 5m high temporary tower that was erected

derstanding of warm rain events and eventually lead to bet;, 4 neighboring suburb called Eusebio. Within the city of

ter rain estimates over land. Following the campaign in Fort'FortaIeza, a measurement site (called Defesa civil) was es-

aleza, the whole sensor assembly was moved térBeThe  (5pjished that was equipped with a Parsivel disdrometer, the
focus of the Be¢m campaign, which took place in June 2011, \irR and the additional ground based instruments. The dis-
was on tropical squall-lines and their associated processeg nce petween the radar and the measurement site in the city
that form intense tropical precipitation. In order to make the,, o< 20 km. Two additional Parsivels were set at different
radar data useful for any quantitative analysis and for using “'Iocations, one at the Federal University oéaa (UECE)

in microphysical studies, several post-processing steps Werghich was also located at a distance of 20 km from the radar,
necessary, such as radome and rain attenuation correctio[‘he other one was deployed in the suburb Caucaia at a dis-

differential reflectivity correction, estimation of the specific {5nce of around 30 km from the radar. On average, Fortaleza
differential phase and hydrometeor identification. Several al- '

- ' ) receives 350 mm of rain during April and the daily mean tem-
gorithms capab!e of tackling these tasks were |mplementedperature is 27C. During the time of the campaign, a slightly
The ZPHI algorithm froniTestud et al(2000 was used for  pigher rain accumulation of 404mm was reached, which
correcting the reflectivityZy, and differential reflectivityZg,

consisted of 7 major convective rain events that exceeded

for attenuation that is due to the rain medium. The algorithmintensities of 100 mmH. Around 11 light rain events ad-

from Hubbert and Bringi(1995 was used for the estima- ditionally contributed to the total rain amount. The major
tion of the accumulated and specific differential propagation iy events lasted around 4 h on average while the light rain
phase shiftbgp and Kqp, respectively. Finally, the extended  gyents had shorter durations of around 1-2 h. In Eighe
Kalman filter (EKF) algorithm fromSchneebeli and Beme 5i, rate time series of a convective rain event that took place

(2012 was used for rain attenuation correctionf and o 12 Apyril 2011 is plotted. The rain rates were measured
Zgr (similar to ZPHI), radome attenuation correctionZf it the three mentioned Parsivel disdrometers and the data

as well as for the estimation &fqp and ®gp. All these meth-  ¢jected during this event will be extensively used in the up-
ods were implemented and tested on the first available dat@oming analysis.

sets from the Fortaleza campaign. Raindrop size distributions

(DSDs) provided by the disdrometers were used to forward.2  Radar specifications and scanning strategy

model the radar polarimetric variables by employing the T-

matrix method flishchenko and Travjsl998. The results A mobile 9.345 GHz dual-polarization radar, manufactured
of this modeling approach are further being used for the corby Gematronik, Germany, was employed. Its main character-
rect adaptation of existing attenuation correction schemes tdstics are summarized in Table

Campaign set-up and instruments

1 The campaign in Fortaleza
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Table 1. Specifications of the Gematronik radar.

Transmitter Magnetron delivering 35 kW per channel.
Polarization Simultaneous horizontal and vertical transmission.
Pulses Staggered PRF (pulse repetition frequency) mode with PRFs of 1200 Hz and

1500 Hz as well as ordinary pulse pair mode (PRF: 1500 Hz); pulse length of
0.5 s (150 m resolution).

Antenna 1.8 m diameter, ©.3-dB beam width.
Antenna gain 43dB
Operating frequency 9.375GHz
Scanning protocol Combination of RHI and volume scans. See theZS2tdr details.
Pulse sampling PPI scans: 68 samples per ray @ngjular resolution. RHI scans: 150 samples
per ray @ 0.8 angular resolution.
Positioning Sun tracking method.
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Fig. 1. Rain rate time series of a convective rain event measured — 14 E
on 12 April 2011. The measurement were taken with three Parsivel = 5 2
disdrometers that were deployed within an area of 18.km i ; e (-
£1 g W
2
o n 40
Rodial distance [km]
The radar provides the standard polarimetric observables: T - irerentol phoes shie | .

reflectivity in horizontal polarizationZ4y, [dBZ]), differen- 7 i iz o0 il A0 =
tial reflectivity (Zgr [dB]), differential phase shift¥qp [°]),
specific differential phase shifKfgp [° km~1]), copolar cor-
relation coefficient gy [-]), as well as the Doppler vari-
ables velocity ¢p [m s~1]) and velocity spectrum widtho(, 40
[ms~1]). An example of. one_rangc_e—height indicatqr (RHI) Fig. 2. Example of the pola
scan of the radar’s polarimetric variables is shown in Big.
The strategy for the Fortaleza campaign includZg.aal-
ibration scan (89elevation with high speed; 89nstead of
90 elevation chosen due to a limitation in the radar control RHI pointed toward the sea in the direction where the main
software), two RHI scans with high angular resolution{P.5 weather systems are expected to enter the continent. The vol-
and high sampling frequency (150 independent samples paeime was scanned with 13 elevations from"1@21.4 with
ray). One RHI was directed towards the heavily equippeda spacing of 1.1 between the lowermost elevations and a
ground site located at 20 km distance from the radar wherespacing of 2.8 between the uppermost elevations. The low-
also the Parsivel disdrometer is located that will later be usedest elevation was set to 2.8ince there was almost complete
for evaluating the radar’s polarimetric moments. The othersignal blocking below this angle. A fixed clutter filter width

Height agl [km

T i

[ 0 40
Radial distance [km]

rimetric observables from one horizon-
to-horizon RHI sweep performed on 12 April 2011 in Fortaleza.
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40 ‘ remains in the beam are used to estimate the drop’s equivolu-
metric diameteD and its fall velocityv. The estimated sizes
and fall speeds are stored in 332 matrix corresponding to

32 non-equidistant classes of diameter (from 0 to 25 mm) and
32 non-equidistant classes of velocity (from 0to 22.4s

o o o From this raw spectrum diameter-velocity spectrum, not only
the rain rateR can be calculated but also the DS D),

ol © < ° i i.e. the drop concentration per volume and per diameter size
o © class. Details on this procedure can be foundattaglia
oo et al.(2010 andJaffrain and Bern€2011).

Bias: 0.11
Std dev: 7.40 ©
30+ #: 53 © o B

o i 3 T-matrix modeling

Reflectivity Radar+dry offset [dBZ]

The polarimetric variable& gp [° km™1], Zpy [mm® m=3],

o ! ! | the differential phase shift on backscattgy [°] as well

0 10 20 30 40 as the specific one-way attenuatieim [dB km~1] were
Reflectivity Parsivel [dBZ] calculated from the DSDsN(D)) provided by the Par-

Fig. 3. Scatter plot of the offset corrected radar reflectivity vs. the sivel disdrometer V‘_’ith following formulae (e.@ringi and
reflectivity inferred from a collocated disdrometer. The data for the Chandraseka2001):
comparison was restricted to conditions where the radar itself was

outside of the rain cell and the radome was dry. In addition, rain 1801 Dmax
attenuation effects only played a minor role in the depicted data.  Kgp = — Re[ fhn(D) — fw(D)] N(D)dD Q)
Dmin
of 1.44ms?! was used and in addition, the strong signal _ 4)* | N? + 2 e D2 NDYdD >
blocking at low elevations acted like a clutter fence, hence the”™™ ~ 74 | N2 — 1 / [snhwnd(D)|” N (D) 2)
clutter contamination at higher elevations was low. One com- Dhmin
plete scanning cycle consisting of the mentioned two RHI Dmax
scans, the volume scan and ¢ calibration was completed 5 _ 180 arg / shnsi, N(D)dD A3)
within 6 min. Y W
The radar was calibrated by comparing disdrometer in- Demin
ferred reflectivities (see Sec.3and3 for the details) with Drmax
radar reflectivities measured at an elevation angle 6f&5 Ap,y = 8.681 / Im [ fhh,w] N(D)dD, 4)

tracted from an RHI scan at the distance of the disdrometer’s

location. Comparisons were restricted to events where it was

certain that the radar was outside of the rain cell and thaivhere i is the wavelength [mm]N; the refractive index
the radome of the radar was dry. In addition, the differential of water (dimensionless)fin v the forward- andp v the
phase shiftby, had to be less than 1Gn order to limit rain  backward-scattering amplitude in [m] at horizontal (hh) or
attenuation effects to maximally 2 dB. From this comparison,vertical (vv) polarization. Re and Im denote the real and
a calibration offset of 6.5 dB was determined. A scatter plotimaginary part, respectively, arg the argument atite com-

of the offset corrected radar reflectivities vs. the disdrometerplex conjugate.

inferred reflectivities that were selected under these condi- The scattering amplitudes can be calculated with the
tions is depicted in Figl0. In the upcoming analysis, this method known as T-matrixBarber and Yeh1976 and the
offset is consequently added to the radar reflectivities, hencéreely available Fortran implementation kfishchenko and
any other reflectivity offset will be due to additional effects Travis (1999 was used for computation. The shape of the

Drin

that influence the calibration of the radar. raindrops was approximated by an oblate spheroid. The ax-
ial ratio of the spheroid, being a function of the equivol-
2.3 Disdrometers umetric sphere diameter, were calculated with the models

of Andsager et al(1999, Brandes et al(2002 and Thu-
The Parsivel laser disdrometers are capable of measuring thai and Bringi(2005. Hence, for every individual drop one
DSD of precipitation, i.e. the particle density per size class.of the mentioned drop shape models was randomly chosen
With a horizontal laser beam it provides a sampling area offor the calculation of the vertical axis of the drop. This ap-
54 cnf. When a particle crosses the laser beam, the intensitproach was chosen since it is not known which model per-
loss of the received laser signal as well as the time the particléorms best in the tropics. The angle of the main drop axis of

Atmos. Meas. Tech., 5, 21832199 2012 www.atmos-meas-tech.net/5/2183/2012/
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the individual drops was modeled with a zero-mean Gaus-
sian distribution with standard deviation of °1ih order to
take the canting angle effect into accouRa(k et al.2005.

The refractive index of water was calculated with the model
of Meissner and Went2004). Calculations were made at a
frequency of 9.345 GHz, at a temperature of 300 K and with
23 diameter size classes ranging frdmg,in, =0.062 mm to
Dmax=7.5mm. The size classes were predefined by the Par-
sivel instrument. The two smallest size classes (0.062 mm
and 0.187 mm) are always empty due to signal-to-noise lim-

Rain rate [mm h ']

0 0.2 0.4 0.6 038 1 1.2 1.4
Zy [mm® m—3 x 1079]

itations for these small diameters, hence the lowermost de- = B
tectable diameter is 0.312 mm. g

From the variables defined in Eqd) @nd @), ®qp and g I

Wqp can be estimated as follows: k= i
&

Fmax L L L
10 15 20 25
Qgp=2 / Kdp(r)dr (5) Kap [° km™1]

0 Fig. 4. (a) Scatterplot of the rain ratR versus the radar reflectivity

Wdp = Pdp + Shv- (6) Zn based on disdrometer derived DSD measuremépsSame as
in panel(a) but for the rain rateR versusKqp. The values of the

Relations between the rain rafeand Z, or Kgp are of  ghown power law fits are given in Eq8)@nd ().

particular interest for any application focusing on quantita-

tive precipitation estimation (QPE). Since the body of litera-

ture on such relations for X-band frequencies in tropical re-

gions is small, we have plotted our modeling results in £ig. 4 The extended Kalman filter algorithm

The corresponding power law relations that were found by

linearly fitting the logarithm ofk with the logarithm of the  In Schneebeli and Bern@012, a method for the process-

modeledK 4, and Z, values adopt the following form: ing of polarimetric X-band radar data based on an extended
Kalman filter was presented. With this method it is possible
R = 15.813Kg4/" (7)  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 miscalibration of the radar. In addition,

It must be mentioned that the fitting procedure has a sig-

nificant influence on the resulting parameters: As seen inthe total differential phase shift on propagation measured by

Fig. 4, the density of the point cloud for low rain rate val- the radar,®qp, can be separated into the differential phase

ues is much higher than for high rain rates, which leads toShlft on backscattesyy, while the sum of the two equatéyp

; o . . : without the measurement noise.
large biases of the fit in the region of high rain rates. In .
order to overcome this effect, the rain rate was separated The extended Kalman filter (EKF) method employs rela-

into different equally spaced, or Kqp bins, respectively. tions between different polarimetric moments, relations of

Finally, in order to obtain Egs.7f and @), the center of thnese m(\jvmltlants be\t/wr?err: one rang;atg?jt(\ametlkr:dththe urpclotrinl::g
these rain rate bins®, and the average dfy (Kqp) values Oneé, as well as covarlances assoclate ese relations

within these binsZn (Kqp), were used for the fitting proce in order to constrain the solution space of the attenuation
p)s -

dure instead of the original values. Nevertheless, relatiVelycorrected reflectivities and the de-noised differential phase

large errors in the estimation @& are introduced if the re- measurements. The basic principle behind the EKF method
lations (Egs.7 and 8) are used: We have found a standard is that the dn‘ferqm po_Ianmetnc momer_1ts can.be estimated
deviation ofo?' =12 54 mm L and a bias (retrieved mi- from each other in various ways and with varying accuracy.
R ~ 1 ) The knowledge on the accuracy of the estimator thereby de-

nus true rain rate) oAg" =0.800 mm = if relation (Eq.8)  termines how much it can be trusted. This principle gets en-
ISKUSGd- The correspondeg values for relation (Bgare  |ightened if the estimation oK gp is considered as an exam-
or®=7.78mmht andAg®=-0.0714mmh. ple: Kqp is internally estimated with (1) differentiatingqp

and (2) with a direct relation betwedfyp, andZ,. Both ways

of estimatingKg, have their associated uncertainties, which

are used in the EKF method to weight the results of the two

estimates. Relations between polarimetric moments are es-

tablished with DSD measurement from Parsivel disdrometers

Zn = 21418R1636, (8)

www.atmos-meas-tech.net/5/2183/2012/ Atmos. Meas. Tech., 5, 21839 2012
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Table 2. Parameters for the EKF method caluclated from the DSDs 80 ‘ 6 ‘
of three Parsivel disdrometers for a temperature of 300 K. 70
: 5 1
60 —
Hh My kh Ky Ah Av Y n o4 _
g 50 — ‘
0212 0160 4403 4235 1283 1176 0670 1612 £ 8 3
i) L = _
% =
N 30 Bias: 2.24; 1.35 4 / Bias: 0.011;
ke < 2 pia . N
and subsequent T-matrix modeling of polarimetric parame- 20 | Sz i 4 S 0000
ters. For the EKF method to work, the paramefegs, «h.v, 10 €C:099;0.99— cc:099;
My, ¢ andp for the following relations must be found (for 0 bbb of L L 1 I |
details the reader is referred$azhneebeli and Bern2012): -30 -20 <10 0 10 20 0 5 10 15 20 25 30
; Kap [° km™'] (dB)] Kap [° km™']
N ap()/10 | @/ (i ;
Wap(i) 2Ar1~o’f + QD) + (@ (9) o 6
Wap(i + 1) = 2A 7 10500/10 4 i) + Sy(i) (10) 10 4 sk _
. . © (
me. _ . .
%h (i) = —pn Dap(i) + %h(l) (11) 8 L oo d-ab N
Z\r/n(l) = —Mv q)dp(l) + Zy(i) (12) o 6 Std: 0.156 § 3
S5 : 6 BERAE 7
—Kh = )\h de(l) - Zh(l) (13) © AL CC: 0.98 i | E ,L s 0002 |
—Ky = )\V de(l) - ZV(Z) (14) JF Std: 0.162
. - n 2 - — ] —
0=¢ (Zh(i) - Zv(i)) — Shv(@) (15) / L N | n'o"“
. 0
0= q)éjp(i) — Dypli) — 2 A r 10Kap()/10 (16) 0 1 2 3 4 5 0.5 1 15 2
Za, [dB] Zn [mm6 m~3 x ]070]

In the above equations, the range resolution is writtef a;s

Z and Z{" are the measured reflectivities at h and v po- Fig. 5. T-matrix modeled relations between polarimetric variables:
larization, respectively. Quantities that are expressed in dg&) Horizontally (Zn; blue) and vertically Zv; green) polarized re-
are denoted with a*" and is the range gate number. The flectivity versusKqp. Zy is plotted with an artificial offset of 10 dB

. PAPR . . . _ for clarity. (b) Horizontally (An; blue) and vertically 4y; green)
nmatlonq)dp(l) = Qap(i +1) was introduced in order to over polarized specific attenuation verskgy. Ay is plotted with an ar-

come ambiguities and in _addltlop, a limited variationsgf . tificial offset of 2dB for clarity.(c) Backscatter differential phase
from one gate to the next is considered, such that the relat'oghiftshv versus the differential reflectivitgg,. d) A, versusZp,. In-

Snv(i + 1) ~ dhy(i) can be assumed. This approximation Was gicated in the plots are also the bias (i.e. the true minus the modeled
found to be advantageous in the formulation of the retrievalyalue), with its standard deviation (Std) and correlation coefficient
scheme, since it allowed to save one additional state variablgCC). The sample size in all four plots wak= 19261.
which increased the overall accuracy of the method.

The parameters for the above equations are given in Ta-
ble 2. They were deduced from the modeling results that are
shown in Fig 5. A similar procedure for the fitting of the po- that have a reduced representativeness, which will negatively
larimetric observables as described in the foregoing sectioinfluence the performance of the applied algorithms.
was employed in order to increase the weighting of the (usu- The EKF method not only employs the relations given in
ally few) high values in the fitting process. For temperatureseqgs. ©-16) as well as the covariance associated with these
different from 300K, the EKF paramters can be calculatedrelations, it also makes use of the knowledge of the spatial
as a function of the temperature, as detailed in AppeBdix  variability of the polarimetric moments. Since it was found

The so-derived parameters are optimal for the one-monttihat the results of the EKF algorithm are not very sensitive to
period in which disdrometer data were collected, where thepossible errors in the spatial representation to the polarimet-
term “optimal” is used with respect to the representativenessic moments, spatial DSD data from Switzerland were used
of the parameters. In the upcoming analysis, radar data thah order to calculate the gate-to-gate variability of the po-
were acquired during the same period are treated with thdarimetric observables. This data was obtained from a DSD
EKF method that is based on these fitted parameters. Thisimulator that is able to produce realistic spatial DSD fields
has some implications on the interpretation of the results(Schleiss et al.2009 and hence delivers information on the
since such an optimal ensemble of parameter values mighdépatial behavior of the polarimetric moments within a rain
not always be available and hence values (either from the litcell. This simulator was however constrained with spatial
erature or inferred from disdrometer measurements that wer®SD measurements of Switzerland that are not necessarily
performed at a different time and/or location) need to be usedepresentative for the locations in Brazil and it can also not

Atmos. Meas. Tech., 5, 21832199 2012 www.atmos-meas-tech.net/5/2183/2012/
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be easily adapted to the different spatial DSD characteristics
at the two locations. 7
One of the advantages of the EKF scheme lies in the fact : 80F @ ]
that it can also be used to correct reflectivity offsets that are 60F
caused, for example, by a wet radome. Since the EKF scheme 40!
intrinsically calculatesgp and®qp, the two variables result- f
ing from EKF calculations with different reflectivity offsets 201 ,
can be compared along one ray path and the comparison that Ot — : ]
exhibits the smallest absolute bias determines the reflectiv- 0 5 Rada”:r?e[km] 15 20
ity offset. This approach is somehow similar to the methods ¢
adopted in the so-called “self-consistency” attenuation cor-

100 ‘ ‘ ‘ 1

]

Phase shift ®q,

rection algorithmsBringi et al, 2001, Gorgucci et al.2006. 1;8 ]
In Fig. 6, an example is given on how this algorithm works: in 100

panel a, three pairs gf 2 Kqpdx and gy profiles that were 2 gof

inferred with the EKF algorithm are shown. The only dif- Z 6of

ference between the pairs of profiles is the initial reflectivity 2 40f

offset (indicated at the beginning of the range profiles) that 20 -

was added to the measured reflectivity prior to the treatment 0L ‘ ‘ ‘ ‘
with the EKF algorithm. It is seen that a reflectivity offset of 0 5 10 15 20

. . Reflectivity offset [dB
10 dB leads to the smallest bias between the curve pairs com- efiectivity offset [d5]

pared to the two other offsets (5 and 15dB). In panel b, therig. 6. (a)Range integrated g, (black lines) andpgp, (grey lines)

absolute bias between the curve pairs is plotted against thgoth inferred from the EKF algorithm and calculated with three dif-

initial reflectivity offset. The minimum of the curve shown ferent reflectivity offsets. The three curves associated with the three

in this plot (around 10 dB) determines the final radar reflec-reflectivity offsets are plotted with a phase offset of 2(b) The

tivity offset. abolute bias between the black and the grey lines from the upper
In Fig. 7, an example for the performance of the EKF and Panel as a function of the reflectivity offset.

the ZPHI algorithm is given. In this plot, the original (off-

set corrected) reflectivity and differential reflectivity together

with the attenuation corrected reflectivities as a function of iy

the radar range are depicted. In additidfy, inferred from Coy b

the EKF scheme as well as the original irJneasured differen-l @ i) = 0465 Z Zn()” Ar. (19)

tial phase together with the EKF calculatéd, andsny are

shown. It is seen that the two attenuation correction schemeklereby,i; is the last gate of the range profild®qp is the

exhibit a considerable bias at the end of the range profile andlifferential phase from 0 t@y, b is defined as the exponent

it is not yet clear what is causing this difference. However, of the relation

in panel d it is seen thak,, and &4, add up nicely to the

measured phaségp, which is a good indication that the al-

gorithm performs well.

J=i

An(i) = x Zn(i)” (20)
andy stems from the relation
An(i) = y Kdp(i). (21)

.. For simplification reasons and in contrast to the original
In order to compensate the energy loss due to extinction,py; method, it is assumed thatin Eq. (8) is constant

and attenuation the radar beam suffers when it propagategyer the whole range profile, i.e. that only one homogeneous
through the rain medium, the well known ZPHI algorithm (4in cell is present along the range profile.

(Testud et a].2000 was implemented. With this method, at-  Th¢ performance of ZPHI solely depends on the accuracy

5 Attenuation correction with ZPHI

tenuation and differential attenuation is calculated as of the estimation of thé, 8, « andy parameters. These pa-
ZnG)P rameters were calculated as described in the foregoing sec-
An(i) tion by applying the T-matrix method to DSDs measured

= : by Adgy _ - ) ) . >
10, i) + (1 ® =113 i) with a disdrometer. The calculations corresponding to the re-

% (100-1bVA4>dp _ 1) (17) lations of Egs. 20) and @1) are shown in Fig5d and5b,
respectively. Also note that the parametegiven in Eq. 1)
Adp=a Aﬁ (18) s similar to the parameter in Eq. (11).
] The numerical values of the determined parameters are
with given in Table3.

www.atmos-meas-tech.net/5/2183/2012/ Atmos. Meas. Tech., 5, 21839 2012



2190 M. Schneebeli et al.: X-band weather radar measurements in the tropics

N
o)
I, ]
s '
N 20t — EKF
-~ ZPHI |
we measured
0 5 10 15 20 0 5 10 15 20
Radar range [km] Radar range [km]
5[ T T T ] T T T
© — EKE. 1 eo (d) T ]
o —zpm iy ]

""" measured

Phase shift [°]
3

g
N
o

15 20 0

Il
0 5

10 5 10 15 20
Radar range [km] Radar range [km]
Fig. 7. (a)Profile of the measured (dotted) and attenuation corrected (ZPHI: grey line, EKF: blacKjir{®) Ray profile ofKqp estimated
with EKF and with the standard smoothing algorithm (HRibbert and Bringi1999. (c) Same as itfa) but for Zy,. (d) Ray profiles of the
measured (dotted) and retrieved (black line) total differential pHggewhich is the sum of the retrievelyl, and @4, (dashed). The circle
“o” at the end of the profiles in pangla), (b) and(c) indicates the corresponding disdrometer value.

Table 3.Parameters for the the ZPHI attenuation correction methodfull azimuthal cycles, the meafy, offset was determined to

caluclated from the DSDs of three Parsivel disdrometers. ng =_-0.34dB.
In Fig. 8b it is seen that th&y, offset is relatively stable
Y b o B in time (with just some outliers that are probably due to at-
0212 0724 0.117 1.265 mospheric effects like partial beam filling at the end or the

beginning of a rain event). It is therefore suggested to deter-
mine theZy, offset just once or only from time to time and
then assume the offset to be stable over time. At the moment
6 Differential reflectivity bias correction we believe that with this procedure more accutédevalues

can be obtained than with a regular offset correction.
In addition to the reflectivity offset, there exists also a biasin Because of the issue with the damaged radome, it is
Z4r that needs to be removed before the data can be furthghought to be advantageous to additionally calibé&fewith
processed. Traditionally, this offset is determined by pointinga method that does not rely on data gathered at vertical in-
the antenna in vertical direction and rotating it around thecidence, since this damaged radome might negatively influ-
azimuthal axis $eliga et al. 1979 Gorgucci et al. 1999. ence the aforementionedyy, calibration technique that uses
Since the rain drops at this incidence angle should not exthe vertically pointing and rotating antenna. If the antenna
hibit any differential polarization, th&y, data that is ac- points at a horizontal direction into a rain fieldg, values
quired in this manner can be averaged (over the range gatedre usually unknown a priori and can therefore not be used to
and the azimuthal angles), which should lead to a value thagalibrate the radar. There is however one exception: if the re-
corresponds to the difference between the H- and the \Alectivity values are low and the data is not affected by atten-
channel. TheZy, offset shows a distinct dependence on the uation, then theZy values have to be very close to zero. This
azimuth angle as seen in Fga. As stated irGorgucci etal. assumption was tested with T-matrix simulations and the
(1999, this azimuthal dependence is usually due to clut-mean and standard deviation 8§ in such low reflectivity
ter contamination from side lobes, but it should not ham-conditions was calculated to a valueZd, =0.1+0.052 dB.
per the applicability of the accuracy of th&, calibration  Ifitis now possible to find such values (lo#, no attenua-
procedure if the data is averaged over one full azimuthal cy-ion), the correspondinggr values can be set tg}" =0.10,
cle. With this method applied to data that consisted of 110which determines th&g;, offset. To do so, it was searched for
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o N I Fig. 9. Histogram ofZy, values found in conditions of low reflec-
) -0.2 f M/J * tivity and low attenuation.
5 03 V\Mﬂ M
:~: '0'4§ 7 stratiform precipitation, while during our campaign mostly
= 050 E convective situations were encountered.
s 060 (®) E Due to the relatively large standard deviation of

07! oz4 =0.51dB that is found in the histogram, it is question-

’ 04 06 08 10 12 14 16 able if this method is accurate enough for calibratifygy.

This high standard deviation is most likely induced by very
low reflectivities that exhibit a low signal-to-noise ratio. It
Fig. 8. (a) Zq, offset as a function of the azimuth angle measured could however also be caused by polarization leakage effects
over a period of 12h on 12 April 2011. The black line shows the (Wang and Chandrasek&006 that can lead to considerable
mean offset over this period and the dotted lines indicate the stanbiases inZy, (up to 1 dB). Especially simultaneously trans-

dard deviation(b) Time series of the meady, offset that was cal- mitting radars like the one that is employed in the study at
culated from the average over all azimuth directions. hand are prone to such errorszg;.

Time [hours]

these conditions by applying certain criteria: first, #ival- 7  Results and discussion
ues had to be low and fulfill the conditicfy, < 10 dBZ. Sec-
ond, the signal-to-noise ratio (SNR; it was internally calcu- 7.1 Reflectivity offset due to radome attenuation
lated by the Gematronik radar software) had to be above 3dB
in order to reduce noise effects @fy. Finally, only values  |n Sect.4 it was shown how the reflectivity offset due to
in regions wherelgy, along a ray profile did not exceedl0  miscalibration and/or radome effects can be determined with
were considered. This threshold ensured fgtvalues only  the EKF method. However, a minimal total differential phase
suffered from maximally 0.2 dB attenuation. It was assumedshift (cp(fj"pax) of 20° along the radar ray path is necessary for
that Zyr values measured under these conditions sufferedhe method to work properly, such that the calibration offset
from Z5"'=0.1dB on average, i.e. half of the maximum at- can be determined accurately. It is very common #{&f* is
tenuation value. In Figd a histogram ofZg; values is shown  below the proposed threshold and then the radome offset has
that were measured under the mentioned conditions. Datg be determined differently, which is detailed in the follow-
used for this figure were collected from 12-22 April 2011. ing. from Fig.5it is seen that there is a close relation between
With the mean value oZ3**"=0.031 dB, we can determine  the reflectivityZp, andKgp. If @&“r;’ix along a ray path is low,
the Zg offset to Z = zMeant zalt _ 70w = 0,031 dB. This i.e. if the reflecivities along this path only suffer from low
result is rather surprising, since it indicates tigt of the attenuation, this relation can be used to determine the reflec-
radar was already well calibrated and that the problem withtivity offset by calculatingZ,, from I?dp employing the rela-
the radome leads to a bias in tig, calibration of approx- tions given in Egs.X3) and (L4) and then comparing the re-
imately —0.3 dB. Due to these results, the origirial, cal- sults to the measured reflectivitiéﬁjv. This method, which
ibration was considered to be accurate and also stable iwill be called “Kqp method” hereupon, is employed where
time and was therefore assumed to be constant throughoub{® < 20°. Due to the large scatter that is inherent in the
the campaign. relations of Egs.13) and (14), the Kgp method is expected
Although other methods exist in the literature to determineto provide less accurate estimates of the reflectivity offset
the Zq, offset without pointing to zenith directiolR{yzhkov ~ than the EKF method. Attenuation effects that can negatively
et al, 2005 Bechini et al, 2008, these methods require influence theKq, method are overcome by applying ZPHI
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attenuation correction to the reflectivities prior to determin- 15

ing the reflectivity offset. Also note that thiéq, method de- = 14 (@)
pends on the elevation angle due to the elevation dependence % 13

of Kgp. Since this method is applied only for elevation angles € S w

¢ < 6°, this dependence is negligible and hence no specific z 12

elevation angle correction was applied. £ 114 % h ,,,,,,,,,,,,,,,,,,,

The Kgp method has certain similarities with the EKF = 10;
method, since both methods are based on the self-consistency ; ]
between different polarimetric observables. The EKF method 9¢ ‘ ‘ ‘ °
however estimate®qyp and Kqp individually as two different 0 9% Azijni?] ] 270 360
state variables, although they are linked to each other within
the retrieval framework. Botldg, and Kqp estimated with 125
the EKF depend on the reflectivity calibration and the con- _ ®) E
sistency between the two variables is highest when the radar £ R g I
is perfectly calibrated (as seen in Fig). In contrast, the 2 10 'w E
Kgp method relies only on the relatively loose relation be- < 9t w\"‘ﬂ"'\j“&“. 4 E
tweenZp andK gp that is shown in Fig5, without any further z 8 2 l N - VH'; I ]
constraints. g v ‘ M\M M\ W‘ W’

In order to get an example of the variability of the reflectiv- g Tr [l kﬂ}&ﬁh}f“\w I ]
ity offset, the radome attenuation has been determined in az- 6t L I ‘ ‘ ]
imuth and elevation direction for 12 April 2011, 05:20 UTC, 0 45 90 135 180
and the result is given in Fid.0 where the reflectivity offset Elevation [°]

as a function of the azimuth angle is shown in panel a andF_ 10 Reflectivity offset functi £ th imuth |
as a function of the elevation angle in panel b. At the time of 'g. 10. (a)Reflectivity offset as a function of the azimuth angle,

the observation. very intense rainfall w n ntered ri hgweasured on 12 April 2011, 05:20 UTC. The black lines indicate
€ observation, very intense raintall was encountered ngng, e that are determined with the EKF algorithm, while dashed

above the rada_r. In panel _a' only the I_EK_F mEthOd_ Was €Myines show interpolated value) Same as in(a) but as a func-
ployed to compile the plot in order to eliminate the influence ¢jon, of the elevation angle. In addition to the plot in page) the

of the choice of the method on the result. No offset was cal-grey line shows values that are determined from the scaling of the
culated for directions where a value qbg‘pax= 2(° could not  reflectivity value at the first range gate as described in Sett.

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 et al, 2011). With the stochastically simulated rain fields of
method was developed for horizontal incidence of the radaSchleiss et al(2009, it was possible to estimate the stan-
beam to the rain drops, the relations given in E§$-(5) dard error ofZy, in zenith direction determined with linear
are not valid anymore for too high elevation angles. T-matrixinterpolation between elevation angles of 4ind 138 to
simulations showed that the difference between an elevatiomz, =2.67 dB in strongly convective situations. Sineg,
angle of 45 and O leads to biases in the EKF parame- rapidly decreases towards lower elevations angles, the de-
ters (given in Table2) of up to 100 % (for theun param-  scribed method is nevertheless found to be useful. The result
eters), which is not acceptable for the scope of the appli-of this procedure is shown in FigOb, where the reflectivity
cation. Hence, the EKF parameters had to be corrected foeffsets determined with the EKF method are plotted in black
higher elevation angles with a procedure that is detailed inand those interpolated with the method described above are
AppendixA. For elevation angles higher than°4she EKF  plotted in grey.
method becomes inaccurate since the polarimetric signature It is seen that around 11@levation, a local maximum of
of the rain vanishes with increasing elevation angle (althougrtthe radome attenuation is encountered. It is very likely that
the parameters were elevation angle corrected). Therefordhis maximum is caused by the damaged radome that was
the EKF method was employed for the calculation of the re-fixed with fiberglass and glue, since the damage is located in
flectivity offset only up to an elevation angle of43he val-  the direction where the attenuation maximum is encountered.
ues for higher angles were calculated with the assumptiorApparently, the performance of the fixed radome in terms of
that the reflectivity at the closest meaningful range gate (betransparency is slightly worse than the undisturbed radome.
ing located at 300 m distance from the radar) linearly variesHowever, the most striking feature in this graph are the high
between the elevation angles of*4&nd 135. Although the  values around 11dB that were measured for the reflectiv-
spatial extent of the volume that is defined with these con-ity offset. These measurements emphasize that the radar data
ditions is low, the assumption of a linearly varying reflec- without radome correction cannot be used for any quantita-
tivity right above the radar introduces a considerable errortive analysis if the radome is under influence of heavy rain.
that is due to the high spatial variability of rainfallgffrain
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In azimuth direction, it is seen that the variation of the off-
set is relatively large, ranging from 10 to 13.5dB (with one
orientation that exhibits a value of 15.5dB). The variability
in azimuth could be related to nonuniform wetting or nonuni-
form 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 0 2‘ j é ; 1‘0 1‘2 1‘4
maximum accuracy, every direction should be individually Reflectivity offset Bechini [dB]
corrected for radome induced offsets. ‘ ‘ ‘ ‘ ‘ ‘

In Bechini et al (2010 a function is reported that links the ol [\.& (b) i
radome attenuation of the same Gematronik X-band radar L M |

| | | | |
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Reflectiviy offset EKF [dB]

with the rain intensity that was measured at the radar loca-
tion. This function for the radome attenuatibpg reads:

Reflectivity offset [dB]

Liaa =2 (~034+ L75RY), (22)

-10 ‘
3 4

5 6 7 8
with the rain rateR [mm] andL,aqin [dB]. Unfortunately, we Time [hours UTC]

did not deploy an instrument to measuteat the radar site,  Fig. 11. (a)Scatter plot of the reflectivity offsets determined with

which makes it a bit more difficult to compare our findings the method oBechini et al(2010 and the EKF algorithm(b) Time

with Eqg. 22). In order to estimat® at the radar site, the off-  series of reflectivity offsets determined with the EKF method (blue

set corrected reflectivity data from the first range gates whererosses) and with thEg, method (red crosses).

the antenna pointed at vertical direction were taken and aver-

aged. ThenR was estimated with th& — R relation given in

Eq. () that was found from the T-matrix simulations shown determined in one single direction is plotted. For this plot,

in Fig. 5. The reflectivity offsets determined with the two the Kqp method was employed where the EKF method could

different methods are shown as a scatter plot in Elg.It  not be applied. It is seen that the reflectivity offset values de-

is obvious that this procedure inherently introduces a certermined with the EKF method are generally higher, since

tain correlation between the two different offset estimates,high values ofpJ® < 20°, being a prerequisite for the EKF

because the offset calculated with EKF is also indirectly usednethod to work, are more likely to be found where also the

for the calculation of the offset with EQR®). This correlation  rain intensity above the radar is high, i.e. where the radome is

was however found to be low (with a correlation coefficient wet and therefore induces high signal attenuation. However,

of 0.25) when random values for the reflectivity and for  this is only a general rule, since it is possible to have a large

the EKF offset were chosen. d7*in one direction even if the radar is located outside of a
A clear correlation between the two methods is observedrain cell.

specifically at higher offset values. Towards lower offsetval-  Given the large values found for the radome attenuation,

ues, the relation between the two methods is more scattereg. remains to be investigated if a non-uniformly wet radome

The reason for this behavior is found in the fact that thecauses differential attenuation as well. This was checked

radome can remain wet even when it is not raining right atby separating the distribution dfg, values that are given

the location of the radar. In this case, i.e. if the radome is stillin Fig. 9 into different radome attenuation classes in order

wet but the rain intensity is zero, the Bechini method also esto establish a possible relation between the radome atten-

timates the radome offset to zero. Another error source of theiation and the radome differential attenuation. The values

Bechini method is the imperfection of thieestimation due  for the radome attenuation were thereby calculated with the

to the scatter of th& — R relationship. However, if the rain - EKF method. No matter how the classification into different

rates were estimated directly at the radar site with a pluvio-radome attenuation bins was chosen, Zgeoffset remained

or disdrometer, this error could be mitigated. The Bechinibetween 0.1 and-0.15dB. It is therefore concluded that the

method also only estimates the reflectivity offset due to thewater film on the radome only marginally influences g

wet radome. Any calibration effects that are caused by a difcalibration.

ferent effect (e.g. variations in the receiver sensitivity, vari-

ations in the transmitted power) cannot be tackled with this7.2 Rain attenuation correction

method and are therefore expected to contribute to the scatter

found in Fig.11a. With the parameters given in Tabl& and the Eqgs. 17)
There is not only considerable variation of the radome off-and (18), the attenuatiomt, and differentialAq, can be cal-

setin azimuth and elevation direction, but also in time, as itisculated at every range gate along a ray path. Together with

seen in Figl1b, where a time series of the reflectivity offset the radome offset correction and thg offset correction, the
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Fig. 12.Example of the polarimetric observables from one PPI scan performed on 12 April 2011 at an elevati6ndt 3hat the streak
around 250 is associated to an antenna of a radio telescope that was located at close distance to the radar.

data that are treated in this manner can be regarded as fullpiscrepancies that can cause these streaks are numerous: it is
corrected and are ready for further scientific or operationalpossible that the method for determining the reflectivity off-
use. set changes from one azimuthal direction to the neighboring
In Fig. 12, the polarimetric variables of one PPl scan that one from the EKF method to th€yp method or vice versa.
underwent the full data preprocessing chain is shown. At-Partial beam blockage caused by ground clutter is expected
tenuation correction was performed with the ZPHI algorithm to hamper the accuracy of the EKF method, since this ef-
and Kgp stems from the EKF algorithm. The copolar corre- fect causes the relations given in Eg8)-(16) to become
lation coefficientony did not undergo any pre-processing and invalid or at least erroneous, which has a negative effect on
is taken as provided by the Gematronik radar. the accuracy of the determination of the reflectivity offset as
In the shown reflectivity and differential reflectivity data, a consequence. However, the general visual impression of
there remain still certain radial “streaks”, especially in the the reflectivity fields suggest that the attenuation correction
directions west and south of the radar. These streaks indicatgrocedure leads to meaningful results.
that the radome offset correction in these specific directions A further and rather extreme example that illustrates the
was determined with low accuracy, which causes inconsisnecessity of radome and rain attenuation is shown in the
tencies in thez, andZy; field from one direction to the other. Fig. 13: in panel c of this figure, which shows the reflectivity
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Fig. 13. (a)PPI scan showing uncorrected reflectiviy) The same scan that is shown(a) but after rain attenuation correction with the
ZPHI algorithm.(c) As in (b) but with additional radome attenuation correction.

after all t_he pre_-processin_g steps, it can be seen that_ a very % EKFoolrl o
strong rain cell is located right at the radar location. This rain EKF corr 2 ~

cell causes very strong radome attenuation and hence the un-
corrected data, as shown in panel a, differs considerably from
the corrected one.

50 —

40
7.3 Comparisons with a disdrometer
30 —
The algorithm’s performance can be quantitativiey analyzed
by comparing the corrected radar polarimetric moments with
such moments that are modeled from DSD measurements of 2
a Parsivel disdrometer located at a distance of 20 km from the
radar. To do so, from the RHI scan that was performed in the
disdrometer’'s azimuthal direction (318)7the correspond-
ing range gate was extracted for an elevation angle ¢f. 2.5
This angle corresponded to the lowermost elevation that was °; o " " 0 i o
completely unspoiled from ground clutter contamination. Zy, Parsivel [dBZ]

The polarimetric momentgh, Zgr and Kqp inferred from
the disdrometer DSD measurements were calculated accordg. 14. Scatter plot of the reflectivityy, [dB] inferred from DSD
ing to the procedure detailed in Se@tand compared to measurements ofaParsiveIdisdrc_)met_er versus radar_ measurements
the attenuation corrected radar measurements. The reflectipe'formed at the range gate and direction corresponding to the loca-
ity offset was calculated with the EKF method, where ap- tion of the_dlsdrometer. TI_1e distance between the disdrometer and

. . L the radar is 20 km. Red circles show raw (uncorrected) radar mea-
plicable, and V\_”th thd{dp method for the remamm,g cases. surements; blue circles and crosses show data treated with the EKF
The EKF algorithm was also used to determine rain _a,ttenuaélgorithm, where the crosses indicate that the offset is determined
tion correctedZyr and Zy, as well asKqp values. In addition,  jiih the Kdp method instead of the EKF method.

Zn and Zg4, were also corrected for rain attenuation with the

ZPHI method, anKqp was determined with the traditional

algorithm ofHubbert and Bring{1995 in order to assess the

performance of the different methods. the reflectivity offset associated with higty values is usu-

In Fig. 14, a scatter plot with the horizontal reflectivity ally determined with the EKF method, since it is likely to
inferred from Parsivel data versus the uncorrected and corhave highd)ﬁ‘pax values during intense precipitation above the
rected radar measurements is shown, where the radar meeadar.
surements were corrected with the EKF algorithm. Since two It is seen in the scatter plot that uncorrected reflectivities
methods for the correction of the reflectivity offset were em- exhibit a considerable bias and that the attenuation correction
ployed, the corrected radar measurements are representéfbr both the radome and the rain medium) seem to perform
with a “o” where the offset was deduced with the EKF well. A statistical analysis of the performance of the correc-
method and with an X" where the Kg, method was em-  tion schemes is given in Table where also the performance
ployed. Similarly to the findings in the previous section, of the ZPHI algorithm is evaluated. From this analysis, it is

Zy Radar [dBZ]
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Table 4. Standard deviation (std), bias and correlation coefficient between the polarimetric moments calculated from the DSD measurements

and the corrected and raw radar measurements. The humber of sanipled (.

Bias std Correlation
Observable
EKF ZPHI  raw EKF ZPHI  raw EKF  ZPHI raw
Zj, [dBZ] 1.59 1.32 8.24 9.10 8.80 10.83 0.782 0.801 0.723
Zgr [dB] 0.072 0.040 0.307 0.610 0.730 0.848 0.723 0.377 0.257
Kdp [° kmfl] 0.799 - 0.893 2.24 - 2.38 0.760 - 0.731
4 \ \ 10 \ \
EKFcorr | o EKF dorr. 1| o
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Fig. 16.Same as in Figl4 but for Kgp. Note thatK qp is not directly
measured with a radar, hence the EKF data is comparkgaata
inferred with the algorithm oHubbert and Bring{1995.

Fig. 15.Same as in Figl4 but for Z;.

concluded that the ZPHI method, applied on radome attenu-
ation corrected data, leads to the most stable reflectivity es-
timates with a reflectivity bias oAz, =1.32dB and a stan- attenuation correction with the EKF method performs rea-
dard deviation obz, =8.80 dB. Attenuation correction with  sonably. Again, the statistical evaluation is found in Table
the EKF algorithm is slightly less accurata £, =1.59 dB, While the bias inZy, is similar for EKF and ZPHI
oz, =9.10dB). The fact that ZPHI performs slightly better is (Az, ~ 0.05dB), a slightly better standard deviation is found
probably due the fact that the accuracy of the rain attenuafor EKF (o7, =0.61dB) than for ZPHI{z, =0.73dB). The
tion correction with ZPHI is not reduced when the radomereason is found in Figz, where it can be seen that, data
attenuation is not exactly determined (i.e. when the radar igreated with the EKF algorithm are less noisy than the raw or
miscalibrated). Given the large bias of the completely uncor-ZPHI treated data. Apparently, this noise reduction not only
rected data4 z, =8.24 dB) and regarding other effects like has a positive effect osiz,,, but also the correlation coeffi-
the spatial variability of the DSD within a radar resolution cient R% i between the disdrometer and the radar values is
volume (affrain et al.2011), the performance of both ZPHI distinctly enhanced compared to ZPHI or raw data.
and EKF lead to an acceptable residual bias. The standard Finally, the same analysis as 8§, andZ was performed
deviation of both ZPHI and EKF appears high, but it is a rea-for Kq, and the result is shown in Fid6. Since Kqp is
sonable increase compared to the standard deviation that wasquantity that is not directly measured, the values inferred
found for dry radome conditions (Figl). from the EKF method were compared to data deduced with
Figure 15 shows the same results as Figt but for the  the algorithm ofHubbert and Bring{(1995, which is based
differential reflectivity Zq,. The offset inZy, determined in  on a smoothing procedure and a subsequent derivation of
Sect.6 was added to the measurety, values before the the measured differential phadey. This algorithm was al-
data were further treated with the EKF algorithm and theready implemented in the radar's data analysis software and
ZPHI method. Similar to the findings fdfy, it is seen that  the data were taken as provided without further change. In
uncorrectedZq, data can exhibit a large error and that the conditions of highKp, the EKF algorithm seems to provide
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Table Al. Power law coefficients that are used to correct the EKF parameters for elevations@egles

“h v Kh iy Ah Av ¢ n
f 140x 1074 1.21x104 2.86x103 294x10°3 219x10°° 5.29x107° 4.90x10™°> 1.86x 1073
g 177 1.80 1.85 1.90 1.72 1.89 2.19 0.97

slightly underestimated values, while in conditions of low Table B1.Power law coefficients that are used to determine the EKF
Kgp, the algorithm ofHubbert and Bringi(1995 provides  parameters as a function of the temperature.
too highKgp estimates. Overall it is seen in Talflehat Kqp

estimated with EKF outperform the tradition&i}, estimates Ph Ky Kh Ky ¢ U
inferred from the algorithm oflubbert and Bring{(1995 in k 9.6378 43133 282 26175 17.726 3.77
terms of bias, standard deviation and correlation. [ -0.66944 —0.56760 0.077 0.083635-0.57419 —0.149

8 Conclusions Appendix A

Polarimetric X-band .radar data were collected in m .Fort- Elevation angle correction for EKF parameters
aleza, northern Brazil. It was found that the reflectivity is

medium itself. An extended Kalman filter algorithm capable ca|culated for an elevation angle f=0° and are therefore

of radome and rain attenuation correction was implementegjenoted a®EXF. For higher elevation angles, these parame-
and data from one month was processed. The radome atteniesrs are subject to a slight change, which might influence the
ation in azimuth and elevation direction was not found to beperformance of the EKF retrieval. In order to mitigate these
constant within one scan, hence it is recommended to correGossible errors, the EKF parameters were calculated for ele-

every direction independently. In addition to the EKF algo- yation angles of 9< © < 45° with a 5 interval. From these
rithm, a standard rain attenuation correction scheme (ZPHI:a|culations, correction functions of the form

was implemented. The necessary adaptations of this scheme,

i.e. the proper calculation of attenuation parameters, was perPSKF = PEKF 1 r@¢ (A1)
formed with modeled polarimetric observables that are based

on DSDs measured with three Parsivel disdrometers. Thavere estimated, wher® is in [deg] andf andg are power
corrected X-band radar measurements were compared witlW coefficients that were determined from linear least square
the disdrometer measurement located in 20 km distance frorfits on the logarithm o and the logarithm oP§<F — PEKF.

the radar. This comparison showed that the implemented he coefficientsf andg are given in Tablé\1 for every EKF
algorithms performed satisfactory: Reflectivities correctedParameter.

with ZPHI exhibited the smallest bias and standard deviation

compared to the disdrometer data as well as the highest co
relation, the EKF algorithm outperformed ZPHI in the cor-
rection of the differential reflectivities. The EKF method was
also found to give better estimatesKi than the algorithm

of Hubbert and Bring(1993. Given the large biases of un-  gimilar to the treatment in the foregoing section of the Ap-
corrected data, it must be emphasized that without radome alendix, the EKF parameters can also be corrected for differ-
tenuation correction such accurate estimates would not havgn; environmental temperatures. The temperature has an ef-
been possible. It was also shown that the variability of thegt on, the dielectric constant of water and hence influences
reflectivity offset in direction and time is extremely variable, i scattering amplitudes of the rain drops. The ansatz for the

hence it is strongly recommended to implement a radomq)ower law that determines the EKF parame?&KF(T) as a
attenuation correction scheme that individually corrects forf,nction of the temperaturg is the following:

every direction and at every time step. The correction of rain

attenuation at X-band frequencies by employing polarimetric PEXF(7) = k . 7. (B1)

techniques is meanwhile a standard procedure. The results of

this study suggest that also the correction of radome attenudn the above equation, the temperature needs to be given in

tion should become part of a standard X-band weather radalK. T-matrix calculations were made for a temperature range

data processing scheme. of 0°C < T < 40°C with an interval of 2C. The power law
coefficients andk were determined similarly to the proce-
dure detailed in AppendidA. The coefficientd andk are

rAppendix B

Temperature correction for EKF parameters
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given in TableB1. It was found that the parametexg and Bringi, V. N., Keenan, T. D., and Chandrasekar, V.: Correcting C-
Av only slightly depend on the temperature, hence they are Band radar reflectivity and differential reflectivity data for rain
assumed to be constant and no power law coefficients are attenuation: A self-consistent method with constraints, IEEE T.
given. With Eq. B1) and the coefficients of TablB1, the Geosci. Remote, 39, 1906-1915, 2001. _

EKF parameters are calculated for an elevation angle.gf0  Delrieu, G., Serrar, S., Guardo, E., and Creutin, J.-D.: Rain mea-
other elevation angles are required, the parameters calculated SUrément in hilly terrain with X-band weather radar systems:

. . accuracy of path-integrated attenuation estimates derived from
Wlth Eg. B1) nee_d to be further corrected with the procedure mountain return, J. Atmos. Ocean. Tech., 16, 405-415, 1999.
given in AppendixA.
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