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Abstract. In 2007, IRCTR (Delft University of Technol- band. Radar measurements must be corrected for attenu-
ogy) installed a new polarimetric X-band LFMCW radar ation before they are used for a quantitative determination
(IDRA) at the meteorological observation site of Cabauw, of precipitation parameters. A first formulation of attenu-
The Netherlands. It provides plan position indicators (PPI) atation correction for weather radar measurements was pro-
a fixed elevation with a high range resolution of either 3m orvided by Hitschfeld and Bordan (1954). However, without
30m at a maximum observation range of 1.5 km and 15 kmconstraining the path-integrated attenuation (PIA) by inde-
respectively. IDRA aims to monitor precipitation events for pendent measurements, e.g. rain gauges or microwave links,
the long-term analysis of the hydrological cycle. Due to thethe attenuation correction is unstable. Polarimetric weather
specifications of IDRA, the spatial and temporal variability radars operating at linear horizontal/vertical polarisation ba-
of a large range of rainfall intensities (from drizzle to heavy sis have the capability to measure the differential propaga-
convective rain) can be studied. tion phase that is a forward scattering effect like attenuation.
Even though the usual observation range of IDRA is lim- Scattering computations show that the differential propaga-
ited to 15km, attenuation due to precipitation can be largetion phase is linearly related to the attenuation, Holt (1988),
enough to seriously affect the measurements. In this contriand can those be used to provide an estimate of the PIA.
bution we evaluate the application of a combined method toHowever, the relation between the differential propagation
correct for the specific and the differential attenuation, andphase and the attenuation depends on the microphysics of
in the same vein estimate the parameters of the raindrop-sizthe precipitation, Bringi et al. (1990). Testud et al. (2000) in-
distribution. The estimated attenuations are compared to &oduced an algorithm that uses the differential propagation
phase constraint attenuation correction method. phase to estimate the PIA that is subsequently distributed
among the range bins weighted by the reflectivity. Addi-
tionally, self-consistency among the weather radar observ-
ables involved in the attenuation correction may be imposed
in order to account for the variability of the relation among

Weather radars are a widely used measurement device tt(pe differential propagation phase and the attenuation, Bringi

observe the spatial distribution and the temporal evolutionet al. (2001_)’ Gorgucc? anq Baldini (2007). o
of precipitation. In Europe over 150 operational C-band Attenuation correction is also a prerequisite for IDRA,

weather radars are employed by the meteorological serthe polarimetric, horizontally scanning X-band weather radar

viced. Nowadays, the operational weather radar networks®! IRCTR installed at the meteorological observatory at

are complemented by compact X-band systems as gap fiIIergaba”"a’ The Netherlands. One purpose of IDRA is the
McLaughlin et al. (2009). However, the attenuation of mi- long-term monitoring of microphysics of precipitation. The

crowaves by precipitation is stronger at X-band than at c-method proposed in Chandra et al. (1990) is able to jointly
perform the attenuation correction and the raindrop-size dis-

tribution retrieval for rain. It was successfully applied to C-

1 Introduction

Correspondence tdT. Otto band weather radar data. The purpose of this contribution is
BY (t.otto@tudelft.nl) the evaluation of this method for X-band weather radar data
1OPERA — Operational programme for the exchange of weather
radar information, http://www.knmi.nl/opera thtp://www.cesar-database.nl
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range terms of the RDSD, and the scattering amplitudes of the rain-
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range bin 7, drops as follows:
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””””””””””””””””””””””” The intrinsic weather radar observables in Egs. (3) to (5) rep-
”””””””””” 1 resent the co-polarised reflectivity at horizontal polarisation
Znh (dBZ), the differential reflectivityZy, (dB), and the spe-
cific differential phaseij_Way (°/km) which is the range
derivative of the differential propagation phagg,. Further-
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1 2 3 P 5 6 tering amplitudes of the raindrops at linear horizontal and
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linear vertical polarisations. For the purpose of this contribu-
Fig. 1. The radar geometry is shown in the upper part of this figure't|on, numerical values of the radar cross sections and the for-

The lower part shows rayplots of an IDRA measurement (26 Mayward scattering amplitudes of raindrops have been computed
2009, 02:00 UTC) with heavy precipitation leading to a very strong for a frequency of 9.475 GHz (IDRA) Py th.e Fredholm Intg-
specific and differential attenuation that deteriorate the measure@ral Method, Holt et al. (1978), assuming dielectric spheroids
reflectivity Znn, ar and the differential reflectivitZq, ot (uppertwo ~ With the axis ratio given by lllingworth et al. (2000), and
ray plots). The measured differential propagation phase shows théhe complex permittivity of water at a temperature of Q)
expected range-cumulative behaviour (ray plot at the bottom). Liebe et al. (1991).

The propagation of electromagnetic waves through rain

leads to attenuation of the measured reflectivity and the dif-
by applying it to IDRA data. Therefore, the attenuations de-ferential reflectivity, Fig. 1:

rived by this method are compared to the phase constraint at-

tenuation correction method with imposed self-consistency,, — o[ 1-way
, " hhatt(rn) = Zhh(ra) — 2 o (r)dr (6)
Gorgucci and Baldini (2007). atin " , n
n—1 1-way
2 Basics Zdr att(rn) = Zar(ry) —2/rl Uy (r)dr. )

The natural variability of rainfall can be described by the e specific attenuatioyﬁgway (dB/km) and the differential
three-parameter raindrop-size distribution (RDSD) that nor- w

. 1— ay . . .
malised with respect to the liquid water content can be Writ_attenuatlomh_v (dB/km) in the equations above are given

ten as, Bringi and Chandrasekar (2001), by
w b 1—way= o~
¥ = ()50 @ n"=8686 | SLmDIN DD ®
° and
with
1-way ~
6 (3.67+u)Hit4 op_ =8-68&/ S[fan(D) = fw(D)IN(D)dD. ©)
fluy= oo BT @) Y D

367 T(u+4) A method to correct polarimetric weather radar measure-
where D is the equivolumetric raindrop diametddy is the  ments for attenuation has been introduced by Chandra et al.
median volume diametely,, is the concentration, and is (1990). It is based on the estimation of the RDSD parame-
the shape parameter. ters that are subsequently used to determine the correspond-
The measurements of an homogeneous ensemble of raifiag attenuations by scattering computations. The block di-
drops by polarimetric weather radars can be expressed imagram of this method, shown in Fig. 2, is explained next.
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¢ Fig. 3. Results of scattering computations to relate the differential
reflectivity (blue curve) and the normalised reflectivity at horizontal
min( AP — AP ) polarisation (red curve) to the median volume diameter. The shape
’ no, change the parameter ig« = 0, and the raindrop axis ratio of lllingworth et al.
value of u"" (2000) was used.
scattering computation of the é o o .
attenuations o}/, for the ray § ramete_rs vzas I|m|t_ed dW_|th|rr:_—2 < pret < 1Q. Once thg
segment using N/ Df<""" 5 RDSD IS C aracten;e 1in this way, s_catterlng computat!ons
g are carried out again in order to estimate the attenuations,
S Egs. (8) and (9), for the ray segment. After correctitjg’,
Fa'FN a'lN = . . . . >
correct Zyj; " and Zy S andzg % for the attenuation, the method is applied to the
. [ . ’ .
for attenuation 5 adjacent ray segment, i, =rp1.
v © This method is only suited for rain, i.e. it is likely to fail in

go to the next ray segment the presence of ground clutter or other hydrometeors such as
graupel, hail or snow. Furthermore, Otto et al. (2009) showed
Fig. 2. Block diagram of the method of Chandra et al. (1990) to that the application of this method is limited for IDRA to
extract the RDSD parameters, and, subsequently, to correct for afy 5 dB< Z4, < 2.7 dB in order to estimate the median volume
tenuation. diameter within-0.15mm. Thus, the method is not suited
for light rain (rain rates<3 mm/h) as well as for strong rain
(rain rates>25mm/h). In the case of strong rain, scatter-

A measured ray of the integrated weather radar observableigg computations show that the attenuation at X-band can be
Zhhatt Zdratt and Wgp, such as the one exemplary shown alternatively estimated by

in Fig. 1, is divided into ray segments satisfyingb " = .

Wap(rp) — Wap(r4) > 5°. A precondition for the appﬁcation ahh(dB/km) = 0.25K ¢p(° /km) (10)

of this method is a given raindrop shape and a temperaturg,q

to calculate the complex permittivity of water. Starting at

close range to the radar, i.=r1, Fig. 1, the median vol-  @h—v(dB/km) = 0.05Kqp(° /km). (11)

ume diameteDy" " is estimated via pre-calculated look-up
tables from the measured differential reflectivitf; ., as-
suming an initial shape parametef«’» =0 (blue curve in
Fig. 3). After determiningV,¢"* again via pre-calculated (2009)
Iopk-up tables (_red curve in Fig. 3), scattering cpmputations For éach ray segment the RDSD is estimated from at-
with the determined RDSD parameters are carried out in or-

. . . tenuated reflectivity and differential reflectivity measure-
der to compute the expected differential propagation phas(?nents which means that the median volume diameter will

Tqlp . _
AW for the ray segment. The optimum shape param be underestimated, blue curve in Fig. 3. This in turn re-

dp.c . L
eter "« for the ray segment is found by minimising it- g 5 jn an underestimation ¢f7™ red curve in Fig. 3,
and an overestimation of the concentration sinég =

eratively the difference among the measured and the com
puted differential propagation phase of the ray segment, i.eio(zhh,att—zgﬁfm)/lo(mm—l m-3). At X-band this may yield

min(IA‘I’Q‘,ﬁ? —A‘I‘Q‘,};”’D- The range of possible shape pa- for ;=0 to an underestimation of 0.3mm f@), and an

However, Eqgs. (10) and (11) introduce uncertainties due to
the variability of the microphysics of precipitation, Bringi
etal. (1990), and due to the estimatioriay,, Georgiou et al.
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Fig. 4. IDRA precipitation measurements from the 14 November 2009 at 09:00 UTC. Shown are RB)'shef reflectivity Zpn a1t (dBZ),

(b) the differential reflectivityZgy a1t (dB), (c) the linear depolarisation ratio LDR (dB) a(d) the differential propagation phadgy (°). (e)

and(f) show the 2-way cumulative attenuation at horizontal polarisation and the differential attenuation, respectively, derived by the method
of Chandra et al. (1990).

overestimation ofv,, up to a factor of 100. For the compu- Fig. 4d, shows cumulative values of up t&®2#er the range
tation of the attenuations, Egs. (8) and (9), this may yieldof 15 km in some sectors.
in turn to an over- or underestimation. In any case, the Using the measure@nnatt, Zar,att and Wqp, the attenua-
RDSD parameters are estimated again after the first run ofions were determined by the method of Chandra et al. (1990)
this method from the attenuation corrected reflectivities. Theintroduced in the preceding section. The resulting cumula-
presented method is applied in the next section to IDRA meative attenuation at horizontal polarisation and the differential
surements in order to assess the accuracy of the estimateadtenuation are shown in Fig. 4e and f.
attenuations. Therefore, they are compared to the attenua- For a comparison, the attenuations were also derived by
tions derived by the phase constraint method with imposedhe method outlined in Gorgucci and Baldini (2007). This
self-consistency of Gorgucci and Baldini (2007). method relies on a first estimation of the attenuations by the
application of the phase constraint method of Testud et al.
(2000). Then the self-consistency equations

3 Application to IDRA data ahh= alzﬁ}]zf,HKgé (12)
Figure 4 shows a precipitation measurement of IDRA from and
the 14 November 2009, 09:00UTC. IDRA is located in ah—v=azzﬁﬁzaf1(g§ (13)

the centre of these plan-position indicators (PPI), that from
Fig. 4ato dillustrate the measured weather radar observablesre imposed as outlined in Gorgucci and Baldini (2007), re-
reflectivity Znn att (dBZ), differential reflectivityZqr, art (dB), sulting in an adjustment of the estimated attenuations. The
linear depolarisation ratio LDR (dB), and differential prop- reflectivitiesznn, and zgr in Egs. (12) and (13) are in linear
agation phasdqp, (°). The presence of propagation effects units, and the coefficients of these self-consistency equations
is not evident in the reflectivity and the differential reflectiv- for the frequency of IDRA can be found in Table 1. In the
ity measurement. However, the measured differential phasepllowing comparison of the attenuations, the subsatigic
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14— oo Lo oL Table 1. Coefficients for the self-consistency Eqgs. (12) and (13)

o o 7 e derived for a frequency of 9.475 GHz for a set of 1500 normalised
raindrop-size distributions with varying,,, Dg, 1, raindrop axis
ratios and temperatures.

ay by c1 dy
495%x10~3 0.463 -1.321 0.539

(dB/km)

ap by c2 dp
758x107% 0.378 0.416 0.64

1-way
hh, SCPC

rameters from attenuated reflectivities. Depending on the

‘ ‘ actual values of the reflectivities, the resulting opposite er-
al_gg ((;)é?km) rors of Dg andN,, do show non-linearities, Fig. 3. One may

015 | hh, RDSD | think of additional iterations within the RDSD method to im-

' prove the estimated attenuations. However, this would yield
’ an increase of the processing time. Instead, at X-band it is
suggested to perform the attenuation correction prior to the
estimation of the RDSD parameters.

(dB/km)

4 Conclusions

h-v, SCPC

1-way

The purpose of this contribution was the evaluation of a
method to estimate the RDSD parameters and in the same
vein to perform a correction for attenuation for polarimet-
ric weather radar data at X-band, Chandra et al. (1990).
The focus was laid on the estimated attenuations by com-
paring them to a phase-constraint attenuation correction
_ _ - . method with imposed self-consistency, Gorgucci and Bal-
Fig. 5. Scatter plots comparin@) the specific attenuations at hor- dini (2007). Small attenuations were underestimated by the
izontal polarisatiomﬁgway, and (b) the differential attenuations RpSD method compared to the SCPC method whereas large
o~ estimated by the methods of Chandra et al. (1990) (RDSD)attenuations were overestimated by the RDSD method. The
and Gorgucci and Baldini (2007) (SCPC) for 35317 range bins ofattenuations estimated by the RDSD method result from scat-
two PPI's measured by IDRA. The dashed black line correspondqering computations with RDSD parameters that are esti-
tox =y. The redline is a power-law fit. mated from attenuated reflectivities. This may result in an
) ) ) underestimation of the median volume diamefgy but an

denotes attenuations derived by the self-consistency methogverestimation of the concentration, that may explain the
of Gorgucci and Baldini (2007), and the subscipkp de-  pserved deviations of the estimated attenuations. Since the
notes attenuations derived by the method of Chandra et agpsp method is only applicable for a limited differential re-
(1990)' ] flectivity range, no attenuation estimate is provided for weak

Flgulre S showsltwo scatter plots comparing the attenuazng for strong rain. For X-band, this suggests to apply the at-
tionsey, > andey,_,” estimated by the two methods pre- tenuation correction and the RDSD estimation separately, i.e.
sented above from IDRA data. The data comprise 3531%irst correct the reflectivities for attenuation using a phase-
range bins from two PPI's measured the 25 May 2009,constraint method, followed by the estimation of the RDSD
20:23UTC, and the 14 November 2009, 09:00 UTC, Fig. 4.parameters. However it must be stressed, that the results of
The red lines in the scatter plots are power law fits mx"  the comparison of the attenuation correction methods in this
to the data withmnh =1, nph=0.67, andmn_y =0.22,  contribution can not be regarded as absolute. As a next step,
np—y = 0.58. The general tendency shows that for smallwe shall take advantage of the operational C-band weather
attenuationsyy, " < 1.1 dB/km ande; ' < 0.03dB/km,  radar of the Royal Netherlands Meteorological Institute at De
the RDSD method is underestimating the attenuations comBilt that is situated in the vicinity of IDRA in a distance of
pared to SCPC method, whereas larger attenuations are ovespproximately 25 km. The analysis and comparison of simul-
estimated. This non-linear correlation between the estimatetineous measurements of precipitation events shall enable us
attenuations that is most notably in Fig. 5b may be attributedo estimate the performance of attenuation correction meth-

to the uncertainties introduced by estimating the RDSD pa-ods.
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