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1. Introduction

Polarimetric systems are now deployed in most Eemopountries and others are planning
to upgrade their network with such capabilitiesorrthe research point of view, there is a
consensual agreement on the usefulness of polayimred multi parameter radar.

Exchanging experiences and findings within the ORER®MMunity is paramount for
optimizing and standardizing the introduction ofidpolarization across Europe. This report
provides an overview of the current know-how andacpces of several European
meteorological services which are introducing openally polarimetric radars in their
networks.

Polarimetric variables provide very useful inforroaton the state of the radar system
which can be used for early detection of hardwarere as well as to assess the uncertainty
in the measurements. Section two of this reportcriess the polarimetric variables
monitoring practices at Météo France, the UK Meficef and DWD. It also provides a
discussion of the long term monitoring of the pmteatric radars of the French radar network.
Such results are indicative of the polarimetricaradliata quality that can be currently
achieved.

Polarimetric data quality is highly dependent oe thardware and in particular of the
guality of the antenna and the radome. Ideally, wbical and horizontal channels of the
radar system should have identical antenna diagré®estion 3 describes the efforts
performed by DWD in order to characterize the proee of the antenna and the radome.

Radar data contain information that characterizerophysical processes. However, the
measurements are subject to uncertainties duefferedit error sources, e.g. precipitation-
induced attenuation, differences in the verticalfipg of reflectivity, clutter and artifacts, etc.
Section 4 describes the polarimetric variables ggsimg chain developed by Météo France
and currently operational in order to correct farstnof these errors.

It has repeatedly been proven in the literaturd thalarimetry can greatly improve
guantitative precipitation estimation, QPE. Howethex use of polarimetry operationally for
QPE is still limited. Section 5 shows the main fessaf a study of different polarimetric QPE
algorithms performed by Météo France using opematiadata. Conclusions and outlook are

discussed in section 6.
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2. Data Quality Monitoring Procedures: The UK Met Office, Météo France

and DWD Experience

2.1. Polarimetric monitoring indicators at Météo France

Météo France developed an in-house polarimetri@bkes processing chain. It provides
several monitoring variables that are essentiatatdrs of the quality of the radar system and
its data.

Daily-averaged pny value in rain. It is calculated from average, values per elevation
angle after the bright band is determined. To lmtuged in the computation, measurements
must be below the bright band and have a reflagtfactor between 20 and 40 dBZ. A value
of 0.99 is expected.

Daily-averaged azimuth-dependent ®4,, curve for each elevation and for all
elevations put together

Daily-averaged azimuth-dependent 4 bias curve for each elevation and for all
elevations put together This is calculated from the median of rain-clhsdigates with g
value between 20 and 22 dBZ, where the expectedaue is 0.2 dB (see Tabary et al.,
2011). Several constraints are imposed (regarditemwation,pn,, number of valid points
etc.) to minimize the uncertainty of the measuremen

Daily-averaged Z bias at 90° elevation in precipitation A 90° scan every 15’ is
included in the scanning strategy of all Météo Eeapolarimetric radars. The expected value
is 0 dB. This value is obtained from the medianhef range gates between 2 and 6 km which
can be assumed to be precipitation. At the endaoh elay the weighted average of all the
valid 90° elevation scans is calculated.

Solar monitoring variables following the method desribed in Holleman et al. (2010).
The method provides the daily azimuth and elevagiotenna position biases with respect to
the theoretical sun position, as well as the daibeiver Z, bias and the average sun power

Psun for horizontal polarization.

2.2. Polarimetric monitoring indicators at the UK Met Office

The UK Met Office has proposed several procedwasdnitor the dual polarization data
quality of operational weather radar.
Noise measurement.The noise measured from areas with no reflectigitypuld be

constant and small. This gives a measure of theiveicsensitivity. This test can be carried
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out continuously except during wide-spread rairentv Cyclops (Met Office digital
receiver/signal processor) produces a long rangserend standard deviation for each ray
which is well suited to this task. This informati@an be used to build a histogram of
reflectivity in dB without the range correction feach scan. The noise is expected as a peak
in the region of -90 dBm to -110 dBm. The paransetdra Gaussian curve fitted to this peak
are used to characterise the noise.

Antenna pointing monitoring with sun observations. Observations of the sun can be
used to check the azimuth calibration of the ra8ach observations may be made at sunrise
and sunset when the sun is near the scan eleVatitmn 10° of the horizon). However, rain
in the same direction of the sun can invalidateabservations, so most results are achieved
only under dry conditions. The present sun spilentifications is based on the final 10% of
data in each scan. Cyclops also sends back therdmgg noise, which would be better suited
for this work. A sun spike, when detected, showdabits theoretical azimuth. Therefore, the
azimuthal error should be constant and small.

prnv Value in rain. The co-polar correlation coefficiepty is ideally 1 and the modal value
should be above 0.99 in practise. The modal valyg,ccan be linked to the accuracy qf Z
and ®g,. Histograms ofpn, are used to extract and monitor the mode and ghead. The
mode should be close to 1, and in any case ab&% &nd the spread should be small.

Z4- bias at 90° elevation in precipitation.At vertical elevation the targets should appear
circular, and 4 should be zero. If this is not the case, the catiibn between the two
channels must be wrong. Average the reflectivigyrira vertically pointing scan across all
azimuths. Any slight asymmetry in the targets wdhcel out in the averaging process. The
result should be constant and small. Any offseluis to channel calibration problems.

Receiver Z; bias estimation using the sunData collected near sunrise or sunset should
show a sun spike. ¢Z should be zero in the sun spike. Monitoring thileves for the
calibration of the receiver path to be checked peeelently from the transmit path. The
present sun spike identification routine is basadtte furthest 10% of the scan. Cyclops
provides a long range noise field in the ray headehich is suitable for detecting and
processing sun spikes. Statistics gfid pixels belonging to a sunspike are compilednftbe
entire range of the scangZmeasured from these pixels should be zero. Anyadex
indicates a problem in the radar receive path.

Azimuth-dependent Zy bias curve for each elevationThe differential reflectivity 4
should be constant across all azimuths. Azimuttesdds in 4, should be compensated for,

and may be due to beam blockages, clutter or radatte@muation. The accumulation of
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statistics (mean and standard deviation) a8 a function of azimuth can be used to monitor
spectral properties. WhilegZwill in general not be zero, by restricting itassmall range of
reflectivity (i.e. 20-22dB2Z) it should be constamd not show any azimuthal trends. This test
requires widespread light to moderate rain oveng time period.

®yy0 bias The initial phasedgp, should be constant. This value is used to cortieet
differential phas&yg, , which may be used for calibration of the reflaty. It is possible that
long term variation in®q,, Might be due to mechanical effects, for examplasseal
temperature changes could cause a slight chanbg.dmue to differential expansion between
the channels. These effect are monitored throughatreraging of the mean and standard
deviation of®y,, across all azimuths in vertically pointing scaviariations in azimuth could
be attributed to anisotropy in the radome or bytetuand would have to be accounted for in
calibrating®qp.

LDR system limit The LDR system limit is a measure of the chansahtion, and ideally
should be as low as possible (at least < -35 diB)uaneous transmission assumes that both

channels are perfectly isolated, and if this isthetcase then biases may occurdn Z

2.3. Long Term Monitoring Results of the Météo Frace radar network

Horizontal reflectivity (4)

A procedure to calibrate the horizontal reflectivif French polarimetric radars using the
polarimetric consistency relationship (Gourley et2009) has not yet been introduced into
operations at Météo France. Two techniques aresilyrused to monitor the stability and
calibration of the radar horizontal reflectivitieslectronic calibration and monthly radar —
rain gauge comparisons. Recent work has also beeducted to include results of sun
monitoring (Holleman et al. 2010). The procedurasists of measuring the power received
from sun hits (which roughly yields an increasesalB in power above the noise floor) and
via a complex model, making a daily estimate of power, % bias, and antenna pointing
bias.

The receivers of the Météo France radars are eldctlly calibrated every 72 hours. The
calibration is performed by using a single stalefenrence source of 100 mV that is injected
into both the horizontal and vertical channels.signal should have a particular value given
the calibration constant provided by the manufastuAny deviation from this value is
attributed to changes in the receiver gain, andctidration constant used to calculate the
reflectivity at each channel is adjusted accordgindgi should be noted that the signal is
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injected into the receivers only and thereforeiatens in the antenna gain, rotary joint losses
and transmit/receive tubes (hereafter referred td/R tubes) losses are not monitored by this
technique.

Figure 1 shows the results of a one year (Octobe® 2- October 2010) monitoring of the
daily average of the solar power superimposed thighresults of the electronic calibration for
four polarimetric radars that are representativalbbehaviours encountered in the network.
The blue curves (scale given on the left-hand sideach graph) represent the sun power at
horizontal polarization (in dBm) while the red cesv (scale on the right-hand side)

correspond to the electronic calibration resutsi8Z).

Avesnes Power a ) Montancy Power b )

Sun Power [dBm]
Zh [dBZ]

Sun Power [dBm]
Zh [dBZ]

A AprFanhi

091007 091208 L\:-Jﬁlstellﬁty-;‘é?ndéfoem 100803 091007 091206 mu‘bua—‘tellﬁ;?";i-’f\nd&iyoﬂcd 100803

Nimes Power C) Trappes Power d )

Sun Power [dBm]
Zh [dBZ]
Sun Power [dBm]
p i
Zh [dBZ]

0 0
091007 091206 100204 100405 100604 100803 051007 091206
Bate fyymmdd[

Figure 1 Results of one year monitoring (from 2009:0-07 to 2010-09-30) of the received sun power
(blue curve) superposed with the results of the regver calibration (red curve) of the polarimetric weather

radars

To first order, most radars appear to be stablecerding to the electronic calibration and
sun monitoring indicators - withitil dB as the examples of Montancy (Fig. 1b) and Nime
(Fig. 1c) show. Most radars in the network exhédgun power of —108 dBm withitil dB.
The daily measurement standard deviation is rou@kydB. There are some exceptions,
namely Toulouse, Nimes (Fig. 1c), and Trappes. (EYy, which exhibit a sun power of —103
dBm, —-104 dBm, and —-105 dBm respectively. Diffeemn@robably result from different
waveguide attenuation losses (due to different rratbesign), different radome types and
quality, etc.
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An interesting feature of such monitoring is thagirovides a useful tool to detect hardware
failures rapidly in the radar system. For exampleulouse (not shown in the graph due to
space constraints) suffered from severe degradafitine data which led to a complete stop
of operations in March 2010. Investigation showhdttone of the flexible waveguides
connected to the antenna feeds had broken and watkeintruded. These problems were
visible in the monitoring data as sudden jumpshim sun power which disappeared after the
problem was fixed in May 2010. The correlation betw the sun monitoring and the
electronic calibration curves is - in some casestriking. This is for instance the case for
Trappes (Fig. 1d), where a regular increase of B lakes place between June and October
2010. Such drift have been found to be very wetradated with changes in the ambient
temperature of the radar receiver room. Indeedppesa is one of the few radars in the
network where the receiver room is not air-condigid. The jump in sun power in Avesnes
the 20" April 2010 is simply an artefact caused by a cleaimgthe exploitation mode. Other
smaller fluctuations like the ones visible in Mamtg do not have a clear origin.

Differential reflectivity (%)

There are two elements that may cause a biasgon1J the transmission and reception
chains, including inaccurate assessment of thesoss each polarimetric channel and 2) the
structures close to the radome and/or the radomself itfSugier and Tabary, 2006).
Consequently, thegZbias has a potentially azimuth- and elevation-ddpat variability that
must be compensated.

Holleman et al. (2010) have shown recently thatrétar receiver differential bias can be
monitored through the sun signatures. Since thetsamsmits an un-polarized signal, the
expected mean value of;20f the sun spike is 0 dB. This may not be the @aggeriods of
intensive solar activity, but evidence of that hasbeen found in the data. The measurements
were rather stable with roughly 0.1 dB daily vadanThe differential bias of the entire radar
system, including transmission and reception, Gambnitored by observing the mean value
of Zg in precipitation when raising the antenna to 90%hat case, the expected mean value
is also 0 dB. The difference between the syrbias and the 90°bias can be attributed to
the transmitter’s bias.

Figure 2 shows the results of a one year (Octob@® 2- October 2010) monitoring of the
Zgr from sun hits (red curves), superimposed with 9068 Z;, bias (blue crosses) and the
results of the electronic calibration (grey curfrem some of the radars in the network. The

vertical scale spans 10 dB, from -5 dB to +5 dB.
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From the comparison between thg B0° curve and the ¢ from sun hits it can be
concluded that in general the radars transmittees fairly stable and that most of the
variability on Z; thus stems from variability of the receivers. Brmis of %, temporal
stability, which is the first requirement to en\gsaoperational quantitative use af,Zs0me
radars appear to be quite good (i.e. thejr fHictuations, revealed by either the sun
monitoring indicator or by & 90°, are less that0.2 dB) as shown by the examples of
Avesnes (Fig. 2a), Montancy (Fig. 2b), and Nim&g.(2c). As for the reflectivity curves,
the Z; monitoring provides a good tool for early diagsostor example, a T/R tube failure
occurred in August 2010 in the Abbeville radar tegliin a sudden increase i, Dias (not
shown in the graph due to space constraints). dineand regular increase of the sup ahd
Zgr 90° of 1 dB over 3 months (June — October 2010)Taappes (Fig. 2d) is still under
investigation. A potential explanation could residghe temperature of the room where the
receivers are located affecting differently thetieat and the horizontal receivers. Overall,
Figure 2 is quite encouraging but also shows thatet is still some work needed on the
calibration and maintenance procedures to achiestalality of £0.2 dB on 4, which is

required to envisage quantitative use gfié real-time operational applications.

Avesnes Zdr bias a) Montancy Zdr bias b )
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Figure 2 Results of one year monitoring (from 2009:0-07 to 2010-09-30) of the Zdr from sun hits
superposed with the 90° elevation Zdr and the restd of the receiver calibration of the polarimetric

weather radars.
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Figure 3 shows the annual monitoring (October 2609ctober 2010) of the azimuth-
dependent & bias curves. In ideal conditions such curve shtelch flat one with a value of
0.2 dB. What is actually observed is a sinusoiita Variation centred on a value which is in
good correlation with the ¢ bias at 90° (see Fig. 2). The form of the curvatisibuted
primarily to the radome structure (Sugier and Tal2006). Indeed, there are three types of
radomes in the network, which are distributed #ei:

* Avesnes (Fig. 3a), Blaisy, Cherves, Momuy, Montafkiy. 3b) and Montclar;
» Abbeville, Toulouse and Trappes (Fig. 3d);
* Nimes (Fig. 3c);

Due to the stringent conditions that are imposeel ,number of retrieved curves is limited.
It varies from 6 curves (Nimes) to 43 (Trappes)rdlourves could be obtained by extending
the Z, interval of eligible %, values (currently set to [20;22] dBZ, see secfdhabove) but

that would be at the expense of the quality ofzldias estimation.

Avesnes Zdr_bias 010 a) Montancy Zdr_bias 012 b )

Zdr [dB]
Zdr [dB]

0 50 100 150 200 250 300 350 “"6 50 100 150 200 250 300 350
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Nimes Zdr_bias 018 C) Trappes Zdr_bias 015 d )
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Figure 3 Results of one year monitoring (from 2009:0-07 to 2010-09-30) of the Zdr azimuth bias of the

polarimetric weather radars

Phase-based parameter®d4 and Kyp)
An accurate estimation of the system differentinage @q,0) is essential for a good
attenuation correction. The attenuation is considido be directly proportional t®y, and

therefore errors in the correction @, result in under- or over-estimations of the path-
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integrated attenuation (and differential attenugtioAs for Z;, it has been shown (e.g.
Gourley et al. 2006) thabg,, may have a dependency with azimuth either becatisee
radome or because of rotary joints. After seveealry of operations, it also appears thah
may experience drifts or abrupt changes (e.g. viofig the replacement of a wave guide).
This is the reason why decision was made in tharpoétric processing chain to estimate the
system differential phase ray by ray in real-tiraed not to use to pre-calculated static value).
Figure 4 shows the evolution of tkdgy, curve during a one year period (October 2009 —
October 2010) for 4 polarimetric radars represergabf the network situation. Notice that
the vertical scale spans over 70° for all radarestvbgp, curves present a sinusoidal shape
with 6 periods, which is the number of radome’sglanThe comparison between Figs. 3 and
4 shows that there is a good correlation betweerobiserved temporal drifts oR,And®gpo
The aforementioned lack of stability of the radaifoulouse was readily noticeable since the
dgypo variability of this radar actually spanned aroud®2 Some of the retrievebl, curves,
such as some of the curves shown for Trappes feigare clearly non-physical. The data
selection process and the quality control of thaeeed @4y, curve will have to be improved

in the future to avoid such non-physical retrievals
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Figure 4 Results of one year monitoring (from 2009:0-07 to 2010-09-30) of thé@dp offset of the

polarimetric weather radars.
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The topic of Ky, estimation has been of interest for several yaadsvarious increasingly
complex algorithms have been proposed to cope both the phase noise aig, (see for
example Hubbert and Bringi (1995) or Wang and Chasekar (2009)). To evaluate
gualitatively the impact of the length of the fili@ our simple algorithm, a numerical model
was developed. In this model, rain cells are chareed as having a Gaussian shape profile
along range. The expectedat C-band is derived from this rainfall rate pl@fusing the
Beard and Chuang equilibrium drop shape distrilbutithen®g, is obtained by integrating
the Ky, profile along the path. A Gaussian phase noisé witstandard deviation of 3° is
added to simulate a realistg, profile. The Kk, estimation methodology is then applied to
the resultant profile. In addition, the impact dfetquantization ofdg, and of Ky, are
considered.

The results show that the error due to quantizaai@nnegligible. They also show that the
relative error can be on the order of 100% or higheareas with light rain since in those
areasDdy, is of the same order of magnitude of the phassen®arrow precipitation cells are
largely underestimated by the estimator. Phaseenmiay result in negative estimated,K
(and therefore negative rainfall rate estimatetie average absolute error in the estimation of
the rainfall rate is on the order of 3 mm/h. Whemaarower filter of 13 range gates is applied,
narrow precipitation cells are well estimated. Hoere the average absolute error in
estimation of the rainfall rate is doubled to 6 rhnThese results are in good agreement with
those previously reported in the literature suctaggucci et al. (1999).

The current K, estimation may be limiting for QPE at short sptaweed resolution (e.g.
250mx5"). However, for the hourly accumulations lee#ed, the fixed filter length of 25
gates seems to be a good compromise between thetomeainimize the error due to phase
noise and the need to estimate correctly rain @dlsiarrow as possible. Indeed it will be
shown by the comparison with rain gauges that eoner filter gives worse results than the

current operational filter.

2.4. First monitoring results of the DWD radar network

DWD is currrently replacing the radar network wiiEC's DWSR5001/SDP/CE radars. In
the end of this replacement project a homogenewith fespect of the radar type) radar
network of 18 dual-polarization weather radars Wwél available. Parallel to the replacement
of all old radars a DWD project called “Radarmassnen” has been launched mid 2010. The
goal of this project is to make use of the new ghadarization systems. Primary focus is the
implementation of operational usable QPE and HM@orthms. The quality of those
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algorithms are of course very much dependent omytiadity of the basic dualpol moments.
So quality control of those moments are an import@aspect in this project. DWD's

operational maintenance concept foresees thatetwesgstems will be maintained only every
9 months. Therefore monitoring methods which foousthe data quality and the system
health become crucial to guarantee a high avaitiabil the systems.

Similar to the methods presented in the previousicse methods to monitor the receive
and transmit are implemented for the new DWD duadystems. Detection and analysis of
sun spikes from the operational scanning and theysis of a calibration scan at 90°
elevation are implemented to date in 5 systems fasd preliminary results of about 3-4

months of operation of the monitoring are introdugethis section.

Some key aspects of the sun-spike detection impiatios

A we also have implemented the methodology followidglleman et al., 2009.
Typically 30 sun spikes (season dependent) canxbacted from the operational
scanning every day (solely based on the time staintipe ray). As a radar monent we
consider directly the measured SNR in H and V. €hdata are analyzed for range
bins in the free atmosphere (~ 10 km above thease)f Peak power in dBm are
computed for H and V, and the results are usedtopate the differential power of
for the receive chain of the radar system. Thishw@tappears quite robust also for
situations with precipitation present.

A Pointing accuracy of the antenna is computed agggin H and V. The difference is
used to monitor the beam squint of the antennaudacceptable beam squint may

result from a feed-misalignment.

Some key aspects of the analysis of the 90° célioracan
A Sweep averagedgZand @qp is computed from the calibration scan. The scan is
performed at the end of the volume scan. The etialugs done only for data in the
far field ( ~ > 600 m above the radar site).
A Mainly stable results are found so far. Some teatpee dependencies have been
found so that a/c of the receiver is an aspecayjogttention to.
A Zg and @g, appear to be insensitive to the hydrometeor typ® dhe presence of a
bright band (Neuhaus example).
An example result from Neuhaus is shown in Figur@tere we find an overestimate of

about 1dBm . Solar power seen by the radar is @itier of 100 dBm.
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Figure 5: Example from the Neuhaus Radar. The peakolar power seen by the radar compared to solar

flux measurements (in dBm). Each data point of theadar power represents the result of the analysisf

sun hits from the previous three days. This explamthe lag between the sun and radar data.

A typical result from the calibration scan is showrigure 6.
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A0Grad UZDR precip. *
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Figure 6: The result from the calibration scan at90° elevation (8 weeks). Mean ¢ is computed only
for RHOHV > 0.9 and a SQI > 0.5. The correspondindRHOHV and SNRh data are shown. The drop in
Zg4 on 27.1.2012 relates to the failure of the air calitioning (temperature drop by about 20 K). Low Z

values in the beginning of February are still a maer of investigation. The Z, offset has been adjusted on
15.2.2012 and is rather stable since then.
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The corresponding differential power in Neuhausedasn the calibration scan and the
analysis of sunspikes is shown in Figure 6. Thia irice example showing a good match of
the receiver path. Note that this plot covers aiogerof more than 3 months. The
correspondingbyp is shown in Figure 7. The failure of the a/c caluae~ 2° change i®gp.
The Z; offset at the same time changed by 0.2 dB. Theoreéor the initial increase iqp

around 13.1.2012 is still a matter of investigation

UPHIDP, SQI » 095
UPHIDP, ZH > 20 dBZ

differential phase [deg]
o

10 I I H H H H
03.12 17.12 312 14.01 2801 11.02 2502 10.03

Figure 7: Neuhaus: Differential phase based on thealibration scan at 90° elevation. Two criterion to
extract the data are considered. One requires a RHBV and SQI >0.95, and the other one requires a2
20 dBZ.

The intercomparison between the radar sites ubBgun as a reference suggest an overall
bias (overestimate) between 0.5 and 1.5 dB. Ehshown in Figure 8. The large bias of the
Essen date at the end of this time series isastilhtter of investigation. The increasing bias of
the Hohenpeissenberg system (MHP) at the endeofintiie series is related to specific tests
that were carried during a training week for DWidar technicians.

In addition to the previous mentioned methods i8e perform a single-point calibration
using the internal test signal generator twice y.dResult of this have not been analysed in
detail so far. A more detailed analysis of thenitaring results is a matter of on-going work.

A more generalized view on the new system will egaexith longer time series.
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pHP ——

power difference sun - H [dB]
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03.12 1712 3112 14.01 280 11.02 2502 10.03

Figure 8: The power differences from sites with thenew radar systems. Reference power is the sun.
Following sites are shown: ESS = Essen; OFT = Offtral; NEU = Neuhaus; MEM = Memmingen; MHP
= Hohenpeissenberg. The reason for the large excima of the Essen data the end of February is still
under investigation. The Hohenpeissenberg data durg that time also shows a large bias there was a
technician training. So specific tests were perfored so that the operational data during that time inot

reliable.

3. Onsite antenna performance verification: measuments with and

without radome

3.1. Introduction

The German Meteorological Service DWD is curremdplacing all radar systems with
new dualpol radar systems using the STAR mode tgoan(Simultaneous transmit and
receive). One of the key components of a radaesys the antenna. For dualpol applications
the antenna should have an identical performanckoth polarizations meaning that the
antenna patterns in both polarizations should ma@@mmonly the compliance with the
specifications of the antenna is proven througleram patterns which are usually provided
by the antenna manufacturer as cuts through the ptanes of the antenna including the strut
plane. In the course of DWD's acceptance testiseoéhtenna it appeared that for example the
proof of the match between the main beam for bolarzations is limited with the existing

equipment on the antenna manufactures test rangearticular the mechanical antenna
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pointing accuracy at the antenna manufacturers apfgeared not sufficient to show the
compliance with specifications. DWD therefore tebis antennas on the radar manufactures
test range making use of the capabilities of the redar system. Those tests are carried out
during factory acceptance tests (FAT) for the rayatem delivered.

Onsite antenna tests are a unique effort as pdbVéD radar replacement project. They
have two main goals. One is to prove that the tmasitenna assembly procedures guarantee
the same antenna performance as shown during FA&.s€cond aspect is related to the
combined performance of the antenna and the radwimeh in the end determine the
operational data quality of the new dualpol ragatem.

In an effort to prove parts of the radome perforogandedicated antenna pattern
measurements with and without radome were carrietl at the Hohenpeissenberg
Meteorological Observatory in spring 2011. Theaiistl radome has a random panel design
which is optimised for dualpol applications. Thesige is aiming at electrically seamless RF
performance. The layout of the design is basednom@edance matching procedures which
includes laboratory measurement of the electromagfield due to the scattering effect of
the radome panels.

This uniqgue measurement campaign is the first ambroto quantify onsite the
performance and the effect of a radome on the Hfopeance of the antenna. The more
thorough description of the measurement campaigongsimented in Frech et al. (2012). Here

we summarize the main aspects and findings.

3.2. Antenna and radome requirements

In the following we summarize the requirements ke tantenna and radome HF

performance:

Antenna:
Following specifications for the new dualpol antanvhere established:
A peam width in Hand V (BW) < 1°
A absolute difference of beam with in H and V < 0,03°
pointing difference of the H and V beam, the sdechbeam squint must be < 0.08°,
antenna gain in H and V > 45 dBi,
gain difference in Hand V < 0.1 dB,
side lobes < -30 dB (< +/- 10° off the main beam)43 dB (> +/- 10°). The angular

distance is relative to the main beam location,

S S S S
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A main beam cross-polar isolation $< -32% dB,
A the difference of the power distribution in H andst be $< -5$ dB in a range < +/-

10° around the main beam in any angular direction.

Radome:
Following specifications for radome where estatadsh
A one way (dry) attenuation < 0.27 dB.
A Additional beam squint caused by radome < 0.02°.
A the increase of the first side lobe level due torddome < 0.5 dB
A variation of ZDR (in el and az) < 0.1 dB (radomenuniacturer specification: < 0.0005
dB).
A change inbdp < 1°.
A variation of®ddp (in az and el) <1° (radome manufacturer's sjpetibn: < 0.03°).
A difference in one-way attenuation between Zh and €v0.1 dB (radome
manufacturer's specification: < 0.005 dB).
A variation of RHOHV (in az and el) < 0.005° for ROHY 0.99; this means for
situations with precipitation).
A variation of LDR (in az and el) < 1.5 dB.
Clearly, the specifications of the radome (in matr in the main beam) and their proof
are difficult to achieve, since the numbers areradbteyond the measurement accuracy of the
radar system (in particular the radome manufaduseecifications). Plus, there are always

some uncertainties related to the test range dondit

3.3. The measurement setup

The basic approach to obtain an antenna patteto @ace a transmitter at the radar
frequency in the far field of the receiving radatemna. The location of the transmitter has to
be chosen such that there are no obstacles inathe furthermore, the site has to be selected
that minimum scattering at the orography along gaih may occur. A favourable source site
may be a tall tower or a mountain with e.g. a yabdong the transmit path. The onsite
antenna pattern measurements are acquired using'®d@ar software package MURAN.
During SAT we have chosen three different soures st three different azimuthal locations.
The analysis from all three source sites will beduso assess a possible radome induced

azimuthal variability of radar moments.
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3.4. Results: Copolar and crosspolar measurement thiand without radome

The copolar antenna pattern without radome is shiowFigure 9, and the corresponding
copolar pattern with radome is shown in Figure Q@alitatively there is an increase in
copolar signal strength in some locations to leatlsve -43 dB, but the difference between
the two measurements seems not significant. Thesmonding cross-polar power results are
shown in Figure 11 (without radome) and Figure(@h radome). It is obvious, that the
cross-polar levels are increased significantly hy tadome. This increase is mainly seen in
between the struts up to levels of about -50 dRerdtseems to be no significant increase of
cross-polar power in the strut plane and in thennbaiam region. The typical four cross-polar

peaks located around the center of the main beamieely visible (Zrnic et al., 2010).

_10 L
H [dB] 20 F
_30 L

10 -40

-15 50 +
2008
-25
-30
-35
-40

-B0 F

Figure 9: Copolar H plot, source site is a TV towerData are taken without radome.
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Figure 10: Copolar H plot, source site is the TV taver. Data are taken with radome.
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Figure 11: Cross-polar HV plot, source site is thel'V tower._-Data are taken without radome; HV

means transmit in H and receive in V
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Figure 12: Cross-polar HV plot, source site is th@V tower. Data are taken with the radome in place.

The average copol (H) and cross-pol power (HV) #mel corresponding range in the
measurements from all three source sites is shovagures 13 and 14. There is a significant
increase in side lobe levels beyond the first Bides compared to the measurements without
radome. The typical roll-off of the side lobes 3t I3een and the copolar signals remain on
average on a constant level. At some azimuthaltipasi copolar levels are above the
specified -43 dB level From an operational perspecthe levels of the first side lobes are
important as they determine the level of cluttehosc at low elevations. Based on the
specification, the first side lobe must not be éased by 0.5 dB due to the radome. Here in all
but one case, this is achieved. In V, we find ammdase of 0.9 dB (from -34.3 to -33.4 dB).
This might be a measurement artifact, but the lamg@ber of measurements and the small
variability from measurement to measurement suggesteffect related to the radome.
However, the overall performance of the antennawa assembly with respect to the
influence on the copolar antenna pattern in thenrbeam area is still very good. The main
beams match within less than ~ 1 dB down to -3(fatBa given polarization state (see also
below).

25/57



OPERA-3 Deliverable : OPERA_2012_03
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Figure 13: Variability (quartiles) of copolar power H with and without radome in the main plane.
Shown are also the antenna specifications.
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HV no radome
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Figure 14: Variability (quartiles) of cross-polar power HV with and without radome in the main plane.

Shown are also the antenna specifications.

Largest variations are usually seen near minimaravisight differences in azimuthal
position can cause large variations. For data withadome, side lobe peaks usually show

small variations which suggest quasi-constant athimlulocations of those peaks between
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measurements. Those variations are larger for thasarements with radome. Though we
have only three source sites with at three diffeemimuthal positions, we might argue that
the increased variability seen here can be atgttd the radome. In doing so, we can relate
this to an azimuthal dependence of the antennarpatiused by the radome. This may be
explained by different panel and flange combinatitimt are seen by the antenna aperture at
given azimuthal positions. Depending on the paosil@nation variable scattering effects can
be expected.

In the main beam area the observed variabilityhef ¢ross-polar results is likely to be
dominated by test range effects. Outside the maambarea we observe a similar behavior as
for the copolar measurements: the variability & tnoss-polar measurements is on average
larger for measurements with radome. In the stlabe (denoted as +/- 45°), the antenna
pattern is dominated by the presence of the stanis,the influence from the radome appears

negligible (Figure 15 and 16).

W +45° with radome
WV -45° with radome
H +45° no radome
H -45° no radome
W +45° no radome

0 T T T T T
H +45° with radome
H -45° with radome

10 F

V -45° no radome

20 B

dB

-30

40 |

-50

35

Figure 15: Average copolar power H and V in the suit plane, with and without radome. Shown are

also the antenna specifications.
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HV +45° with radome
HWV -45° with radome
10 L WH +45° with radome
WH -45° with radome
HV +45° no radome
20 L HWV -45° no radome
WH +45° no radome

WH -45° no radome

dB

Figure 16: Average cross-polar power HV and VH in e strut plane, with and without radome.
Shown are also the antenna specifications.

3.5. Measurements of differential phase and differgial power

A good match of the phase and power patterns isoftapt to obtain good quality
differential phasebdp and differential power ZDR. Especially across thain beam, where
most of the energy is located, variations of dédféral phase and power should be small. A
variability of the differential measurements wolildit the accuracy of radar moments under
real weather conditions. In addition, some valigbcan be expected due the presence of
struts and errors in feed alignment (Mudukutorealet 1995). In order to investigate the
antenna performance for these aspects, SAT tests lteeen performed where the transmit
antenna has been used in STAR mode (transmittlimgarly polarized in signal in H and V
with a fixed phase difference).

In the analysis of the pattern data we computettase difference differential as function
of radial distance in the main beam. The centerep radial distance is defined as the
location of the SNRh peak power. For a given radistance interval we compute the
statistics of the data from all angles. This is e@lamdividually for all data with and without
radome. The results based on the three sourceasiethen averaged to obtain the overall
distribution of the phase difference in the mairarbearea. For the differential phase the

results are shown in Figure 17.
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Up to about a radial distance of 1°, variationsddferential phase are small for the
measurements without radome. At about 1° we fimdean difference of -2° relative to the
peak value in the main beam center. This corresptm@&NR values of about -15 dB below
the main peak. Differences start to increase froouair = 0.7° on, which also coincides with
increased variability as seen in the 1st and 3martde values. Up to this value the phase
difference is quasi-constant over the main beane. kasurements with radome on average
show a somewhat larger increase in phase differenttee main beam area. Also the 1st and
3rd quartiles indicate a larger range suggestingnareased variability in differential phase
due to the radome.

The largest variability in differential phase isifa around r ~ 1.8° where we find the first

minium in received copolar power (below -30 dB NFh).
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4 -20
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4 SNRh with radome  —s—
SNRh no radome —e—
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-40
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Figure 17: The differential phase without and with the radome as a function of radial distance
relativeto the main SNR peak. Shown are the mediaand the 1st and 3rd quartiles, respectively basedo
the pattern data from the three source sites. Thepper panel shows the full range, whereas the lower

panel shows a narrowed range in phase in order tes the differences in the main beam area.

The results for differential power are shown indf&g18. On average, differential power is
essentially 0 dB up to a radial distance of r =°0vhich roughly corresponds to the 3dB
beam width. This is found for the measurements it without radome. With increasing
radial distance r, the power difference increasgsto ~ 0.7 dB at r = 1°. The increase is

larger with radome where we reach a power diffezeot about ~ 1 dB at r = 1°. If the
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scattering volume is not beam-filling or heterogare the observed differential power
variability may affect the resulting data qualityZDR (likely more than for the differential

phase measurements).
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Figure 18: The differential power without and with the radome as a function of radial distance
relativeto the main SNR peak. Shown are the mediaand the 1st and 3rd quartiles, respectively basedo
the pattern data from the three source sites. Thepper panel shows the full range, whereas the lower

panel shows a narrowed range in differential powein order to see the differences in the main beam aa.

3.6. Beam squint and beam width

Beam width and beam squint are important charatiesiof an antenna. We compute the
beam width from the 3-D data by extracting the fmraof the -3 dB isoline relative to the
peak of the main beam. All the computed beam widtie all below 1°. The results show
that the beam widths in V are on average somewngél than th beam widths in H: without
radome 0.90° (H) versus 0.93° (V), with radome 0.@&8 versus 0.91° (V).

In order to compute the beam squint, we initialgtedmine the position of the V peak
relative to the main peak position in H. Then waafR-D surface to the SNR data from which
the peak positions in H and V are calculated. Thizga are used to compute the beam squint.
The uncertainty of the beam squint is determinedhayuncertainties of the surface fit. It
should be noted that we the results actually reptethe one-way beam squint. The beam
squint with radome is always smaller than 0.04%ergas two measurements without radome

show a somewhat larger squint, but still belowdpecified 0.06°.
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3.7. Summary

We find that the beam width, shape and squint dadegrade due to the radome. This in
turn also means that the gain of the antenna shunildeteriorate. The first side lobe level is
raised in one polarization plane compared to measents without radome. The side lobe
levels are raised significantly by the radome b# main beam, but the resulting levels are on
average still within the specifications. The STARd® tests indicate that the inhomogeneity
of differential phase in the main beam is largee thuthe radome. The larger inhomogeneity
appears related to different panel combinations $gethe antenna aperture considering the
three source sites. This in turn implies some athalwariability of the radar moments which
still has to be quantified. The differential poweeasurements indicate a very good match up
to the -3 dB level of the main beam. The poweledince for the measurements with radome
becomes larger with increasing radial distancet¢up dB). Here we may be left with a larger
ZDR bias due to the radome especially for situatioith non-beam filling targets. The large
variability of the cross-polar data between thersewites at low elevations also implies that
the achievable LDR in a stratiform rain situatiomyrbe quite variable depending on the

propagation of the transmitted and received sigoftke radar system.

4. Processing algorithms

The raw polarimetric variables are affected by eber of errors that must be corrected.

They can be expressed as:

Zr?bs(r) = Zh(r) +Azh +0’Zh —2J.or Ah(r)dr _ 2Aradome
Zg,bs(r ):Zdr(r )+AZdr +07z4 —ZJ.Or Adp(r )jr—zpé%dome
WZﬁS(r) = gpdp(r)+5co(r )+gpdg +0,

qg,p(r)zzj';de(r)dr

obs

phv (r) = phv(r ) +Uphv

In these equationsy represents the standard deviation of the observaiaused by the
system fluctuation errors, residual ground clutégc,, A« represents the uncertainties in the
calibration of the various channels, including thess-coupling error due to the simultaneous
transmission and reception of the vertically andzuomtally polarized signals (Hubbert et al.,
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2010), A is the specific attenuation, ¢ is the specific differential attenuation. The
superscripradomestands for the attenuation caused by the radégés the backscattering
copolar differential phase, adel,, is the system differential phase offset. In additio these
sources of uncertainty one should not forget onqggaeffects like partial beam blocking, etc.
The polarimetric pre-processing chain attemptsotoect for the contributions of the different
sources of uncertainty and provide the best esomaif Z,, Zg,, pnv and Kyp, Which contain
the microphysical information required to performteauation correction, identify the echo

type, and quantify the precipitation rate.

4.1. Polarimetric variables processing at Météo Frace

The inputs of the polarimetric pre-processing chaia the raw polarimetric variables
computed from digitised | and Q data by an in-hodseeloped radar processor, Castor2
(Parent-du-Chatelet et al. 2001). The processanghes horizontal reflectivity ¢ differential
reflectivity Zy, co-polar correlation coefficienp,, and differential phaseby, in polar
coordinates (resolution 240m x 0.5°), as well as ghlse-to-pulse reflectivity fluctuatios)
(Sugier et al. 2002) in Cartesian coordinates (ogism 1 knf).

The polarimetric chain processes each PPl separaetept for the bright band
identification, which is based on the examinatidrseveral consecutive volume scans. The
raw polarimetric data undergoes the following pesieg steps in sequential order:

* Azimuth-dependent Zj bias correction based on a-priori calculated curves (see
Section 2.2).

» Signal-to-Noise Ratio (SNR) estimation and correain of Zyg and py, for low
SNR biaseqGourley et al. 2006).

* Pre-classification of each polar pixel in either Gdar Air (CA), Ground clutter
(GC) or Precipitation (PR) according to the results of a fuzzy logic alganth
using the % texture,c, andpy, as described in Gourley et al. (2007a).

« Calculation and correction of the system differental phase ®gpo. Pypo IS
calculated dynamically for each ray.

» De-speckling of PR pixels The spatial homogeneity of the precipitation is
considered on a gate by gate basis in order tonpallg re-classify misclassified
echoes.

» Bright band identification following the method described in Tabary et a0@),

which is based on a combination@f, and model-produced freezing level height.
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A temporal filter propagates the information frooas to scan and time to time. If
the identification is successful, this algorithnoyides the bright band base altitude
and the bright band thickness, otherwise defatitude and thickness are used.

 Filtering of @, in precipitation with a moving median filter. A median filter is
applied to the £12 consecutive range gates suringradgate classified as PR. This
corresponds to a filtering length of 6 km. If thare less than 13 gates (i.e. 50% of
the total number of gates in the window) classifeesl PR the median is not
calculated. In that case, the filterég, value is obtained as a linear interpolation of
the surrounding valid filtered gates.

» Calculation of Ky, based on a 25 PR range gates linear regression pvke
filtered ®g, curve.

« Precipitation-induced attenuation correction Both A, and Ay, are considered
linearly proportional to®g, The coefficients at C band were determined
empirically using data from the Trappes Radar Geerley et al. 2007b). The
values that have been found ayg;=0.03 dB/° andy,=0.08 dB/°. For S-band,
coefficients provided in Bringi and ChandrasekadO®) are:yq,=0.04 dB/° and
v»=0.004 dB/°. The coefficients at X-band radar wesdracted from joint S-
band/X-band measurements (see Tabary et al. 2§@8).04 dB/° andy,=0.28
dB/°.

* Precipitation classification using a fuzzy logic deeme Precipitating echoes are
currently divided in weak, moderate and strong ,ralry and wet snow, ice,
graupel, hail, rain-hail mixture and big drops.

The polarimetric chain therefore provides the fellog output variables: £ and %
corrected for attenuation,yZand 4 not corrected for attenuation, the Path Integrated
Attenuation (PIA) and the Path Integrated Differ@nAttenuation (PIDA),phy, Kap, filtered
and non-filtered offset correctebp, 6, Zyr texture, and echo type classification. All these
variables are in polar coordinates with a resofutb240 m x 0.5°. In addition the echo type
classification, the PIA and the,Zorrected for attenuation are also expressed kmi

Cartesian coordinates.
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5. Quantitative Precipitation Estimation

5.1. Overview of existing polarimetric QPE algorithms

Polarimetric QPE algorithms are either based Qro# Z;, on Ky, or on a combination of
two or three of those parameters. The first faroiflyalgorithms are the ZR relationships
(Z=aR). In that case, the benefit brought by polarimésrthe correction for attenuation
using®q, (Gourley et al. 2007b), which leads to better tesihan iterative approaches using
An-Zy relationship (Hitschfeld and Bordan 1954). Theapagtersa and b are typically
determined empirically using long series of disdeten data. The most widely used-R
relationships are the Marshall-Palmer (1948)200, b=1.6) and the one used by the WSR-
88D radars (a=300, b=1.4) (Fulton et al. 1998). Mashall-Palmer Z-R relationship is the
base of the current Météo France radar rainfad pabduct.

A second class of estimators consists in relatipssbf the type R=&n™* Z4°* where a,

b; and g are three constants (see Gorgucci et al. (19948xample). The performance of that
class of algorithms is dependent upon the abilityptovide Z; estimates with minimal
standard deviation and bias. Tabary et al. (20hajvsthat a 0.2 dB bias ingZresults in a
15% increase on the retrieved rainfall rate biasorbler to minimize the impact of noise on
Zgr estimates, some spatial averaging / integrationbeaperformed. This is what is done by
the so-called Z-¢ algorithm proposed by lllingworth and ThompsonQ&p This algorithm
attempts to adapt theefactor in the Z-R relationship to the actual dsige distribution, which
is proportional to the square root of,Nhe normalized drop concentration. The fadtos
considered constant with a value of 1.5. The allgoriderives the \ of an area by obtaining
the areal & that best fits into one of the a-prioki-Z4, curves calculated from a particulay.N
The scatter of the points around the best fit mtesithe error in the derived valueaoénd,
subsequently, in the retrieved rainfall rate.

The use of Ig retrieval algorithms of the type R=fgl§ has been widely reported in
literature (see for example Sachidananda and Z&r@8y). Below a wavelength-dependent
threshold on the precipitation rate (typically 2 rhihat X-band, 5 mm hat C-band and 10
mm H' at S-band), the range variation ®f, becomes comparable with the measurement
phase noise (a few degrees for operational scamadays) and the ¢ estimations become of
poor quality. Consequently, R=f{}} algorithms are usually used in combination witRZ
relationships. Note that R=fg¥) algorithms are immune to radar calibration errgartial

beam blocking, attenuation by precipitation or watome, ... That feature makes this class
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of algorithms particularly attractive at wavelerggguch as C or X band. Moreover, thg-K
based estimator is less sensitive than thbased to changes in the DSD since it depends on
its 4" moment (vs. 6 for Z,, Ryzhkov and Zrnic 1996).

The ZPHI algorithm aims at correcting radar dataditenuation and taking into account
DSD fluctuations in rainfall estimation. It has begescribed in detail by Testud et al. (2000)
and its superiority over conventional (ZR) rairerastimation techniques has been objectively
demonstrated using rain gauges (Le Bouar et all)200

Finally, attempts have been made to combine allplarimetric variables together in
order to exploit at most the polarimetric infornoati Rhyzkov et al. (2005) used a
combination of the different algorithms and Vulpiat al. (2009) used a neural network to
retrieve the DSD parameters from polarimetric datagan (2007) developed a variational
scheme which uses a forward model gf ahd®q, and iteratively retrieves the coefficieat
in the Z-R relationship by minimizing the root meaguare (RMS) error between the
measured and the forward-modelled polarimetricaldeis. This algorithm also corrects for
attenuation by including its effects in the forwambdel and provides an estimation of the

rainfall rate error.

5.2. Algorithm evaluation methodology at Météo Frane

A modular method has been developed to evaluat®@®te algorithms. The first step is the
estimation of the instantaneous rainfall rate miors that have been classified as rain, dry or
wet hail and big drops using one of the variousilgms implemented. The other regions of
the radar domain are assigned a No Data Availdi#e (alue. The reason for allowing the
presence of hail is that several studies (e.g. fijadtaal. 2010) have shown that discrimination
between hail and heavy rain at C-band is not tfiaad robust algorithms are still under
development. It should be noted though, that lsa@ irare phenomenon, so including that
hydrometeor type in the analysis should not bias résults too much. The outputs of the
algorithm are then transformed from polar to Caatescoordinates using a Cressman
interpolation scheme. The Cressman radius is s66@m up to 50 km and then increases
linearly with range. The pixels that were classifiégs noise or clear air by the polarimetric
chain are then re-classified as valid pixels withia rate of 0 mmh

By analysing the displacement of the precipitatteiis from one scan to the next one (5’
later), 2D advection fields can be determined aselduto over-sample the data (Tuttle and
Foote 1990 and Tabary 2007). The 2D advection felsubsequently used to advect the 5’
radar rainfall rate maps by 30 s increment stepsielv images are thus created (one every 30
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s) from the original image and added to each otbeyield the 5’ rainfall accumulation.
Finally the hourly rainfall accumulation is obtathéoy adding the twelve 5’ rainfall
accumulation images. If one 5’ accumulation pixetlassified NA within the hour, then the
hourly accumulation for that pixel is consideredo®w missing. That very strict criterion was
introduced in order not to bias the evaluation lissu

In order to ease the interpretation of resultsy ame elevation angle is used to generate
the radar QPE maps, which thus differ from whabperationally produced (Tabary 2007).
The selection of the elevation angle is a comprerbistween minimizing beam height over
the ground and minimizing partial beam blocking gndund clutter effects. The percentage
of beam blockage is simulated using a digital terrmap (Delrieu et al. 1995). As an
additional criterion, when necessary, regions Wwihm blocking exceeding 10% are excluded
from the comparison. The evaluation is carriedraurly on a day-by-day basis. For practical
reasons, the last hour of each day (from 23:00itimight UTC) is not considered.

The hourly rainfall accumulation Cartesian mapsawmt#d by the QPE algorithms are
compared against hourly rain gauges. The MétéocEraain gauge network consists of
tipping bucket gauges with a bucket resolution @& fim, i.e. the minimum hourly rainfall
accumulation that can be measured is 0.2 mm. All gauge data are routinely quality-
controlled. An automatic control analyses the cehee respect to the 6° measurement and
the daily measurement. The spatial coherence ofidilg measurement is also analysed, and
an expert corrects the values of the hourly measemé when required. Additional expert
analysis take place regularly. Nevertheless, ra@muggs, like any other measurement
instrument, suffer from uncertainties. Ciach (20@8empted to quantify the measurement
error committed by tipping bucket rain gauges of thipe used by Météo France. Ciach
(2003) found that the relative error of the measunet was inversely proportional to the

rainfall rate and could be modelled as:

on(AT,G)=e(AT )+ﬂA_T)

G
with e, andR, being model coefficients depending on the timdesf@ of the measurement.
For the hourly accumulatiog andR, were found to be 0.002 and 0.19 mm respectively.
The radar-rain gauge comparison is done by matcl@agh rain gauge with the
corresponding radar pixel. The fact that the radtieval is an areal measurement whereas
the rain gauge is a point measurement introducex@a degree of uncertainty. Emmanuel et

al. (2011) attempted to model such representatsgererror. They assumed that it is
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proportional to the variance of the rainfall fielith the constant of proportionality dependent
onAT. For the one hour accumulation they found:
0s=0.140rin

The main issue of the methodology is to estimate wariance of the rain field. The
approach by Emmanuel et al. (2011), and the ondoll@wved here, was to consider the
variance between the rain gauges in the area asadh&l variance of the rain field.
Admittedly there are questions about the reprebditya of such methods since what is of
interest is the variance of the rain field at tfieepscale (1 krf), whereas what is actually
calculated is the rainfall field variance of theearunder study and the reliability of such
estimation depends on the density of the rain gaggeork at disposal. Nevertheless, such
methodology still provides a qualitative measuremaithe representativeness error. The
combination of the measurement error of the raingga and the representativeness error
provides the confidence interval of the rain gangeasurements estimated later on in this
paper.

In order to minimize possible Vertical Profile ofefectivity (VPR) effects, which are
uncompensated, the comparison is restricted teesahglow 60 km from the radar. There are
typically between 30 and 50 rain gauges in the @mpn area.

The quality of the algorithms is evaluated using tlormalized bias (NB) between the rain

gauge and the radar rainfall accumulation defireed a

NB= <R> -1

©)

where<> denotes the average, the correlation (corr):

;(Gi _<G>)(R_< 3)
2(a (@) (2 (R~(R)

corr =

the root mean square error (RMS):

Y (R-GJ
RMS=|-=———

and the Nash-Sutcliffe model efficiency coeffici¢Nash):

> (R-G)
Nash1--L

> G-(e)f

Oi
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In addition, the percentage of radar measuremantsded within the confidence interval
of the rain gauge measurements, i.e.
%R [[G’ —Ototi,Gi +Jtoti]
where
O%i =04 +0%

has also been calculated.

5.3. Results of evaluation of two integrated methed

Dataset

The algorithms have been implemented on the Frenbhn@d polarimetric Trappes radar,
located in the region lle de France. The region raaihe Trappes radar is densely equipped
with several rain gauge networks managed by sewethbrities, including Météo France and
water sewage agencies. Overall, there are abouindréd rain gauges recording hourly

rainfall accumulation within a distance of 100 kmrh the radar site.

Table 1 Overview of the 12 episodes used in the dwvation

0°C isotherm ,
_ _ maximum hourly
Date Time height _ ,
rain gauge Type of the rainfall
(DD/MM/YYYY) (UTC) [m above sea _
accumulation [mm
level]
06/04/2005 13.00-24.00 1900 10,8 mixed
18/04/2005 00.00-23.00 1900 3,2 stratiform
24/04/2005 00.00-14.00 2100 16 mixed
26/04/2005 13.00-24.00 2000 8,2 stratiform
14/05/2005 00.00-23.00 2400 10,4 mixed
23/06/2005 07.00-23.00 3900 38,6 convective
26/06/2005 00.00-23.00 4200 50,7 convective
28/06/2005 15.00-23.00 4000 23,6 convective
30/06/2005 10.00-23.00 2900 23,6 convective
04/07/2005 00.00-24.00 2900 16 mixed
28/07/2005 14.00-23.00 3900 32,2 convective

The experimental period took place during the ye@®52 The 11 most intense and

interesting events of this year were selectedHieravaluation of the two algorithms (Table 1).

38/57



OPERA-3 Deliverable : OPERA_2012_03

Notice however, that they are not all convectiveé ooncentrated to the summer. For the
comparison to be meaningful and significant, iingortant to embrace a wide variety of
precipitating systems. During the second part aeJseveral storms affected the Paris region.
The most spectacular event of deep convection hagdpem the 23 June 2005 with a
maximum hourly rainfall measured at a rain gaugblofnm. A second event, the 26 of June,
generated a maximum hourly rainfall of 38.6 mm aaia gauge location. The hundred-year
and ten-year return period of hourly rainfall ire ttegion lle-de-France are about 55 mm and
37 mm respectively. Thus, the validation data satains two very intense events, typical of

rain storms causing flash-floods on small to medsime urbanised catchments of this region.

Evaluated algorithms

Attenuation-corrected conventional estimator (CONV ATT_BY_PDP): This estimator
is exactly the same the conventional estimatorrdeesit before except that it uses attenuation-
corrected horizontal reflectivities (X

Rain gauge adjusted conventional estimator (CONV_RGADJUSTED): This
estimator is a rain gauge adjusted version of dreventional estimator (CONV). The gauge
adjustment scheme that is used is the strict rejtaxh of what is done operationally at
Météo France (Tabary, 2007) evaluated in the Pag®n by Emmanuel et al. (2011), which
makes this estimator a critical benchmark to bed#heé present study. The adjustment scheme
consists in applying one single calibration fadGF) to the entire 5’ radar 1 km?2 Cartesian
QPE map. The calibration factor that is applied tar@loming 5-minute radar QPE of hour
k+1 is updated at the end of hour k (upon recepiorain gauge accumulations for the hour
k) as follows:

i=k i=n
w() P.)+CONSTANT

[ )]

CF =1ZM

i=k

=
1
=

1]
| D

@ (> R,)+CONSTANT

i=k—-M i=

iy

where B are the j=1 ... navailable hourly rain gauge accumulations withadyetsibility
from the radar (i.e. typically located within 80 Knom the radar) for the hour i and;Rire
the co-located radar raw accumulations for the daoue (i). M represents the memory of the
algorithm that is to say the number of hours betbeshour k which are taken into account in
the computation.o; = Z®V¥ represents the weight given to radar and rain gauge
accumulations of hour i. M is set to 40 (hours)n&exmjuently, hourly accumulations of hour k
(resp. k-4, k-16 and k-40) receive a weight of dsfx. 0.5, 0.0625 and 0.0009765625). The

39/57



OPERA-3 Deliverable : OPERA_2012_03

term named CONSTANT in the equation is the term tbites the calibration factor to go
back to unity after each episode. It also avoid=®airstic short-term “yo-yo like” variations
of the calibration factor in case of low rain ratesd / or small-scale rain systems poorly
sampled by the rain gauge network. CONSTANT is s#temalgorithm to 10 mm.

Rain gauge adjusted attenuation-corrected conventiml estimator (CONV_
ATT_BY_PDP _RG_ADJUSTED): This estimator is the attenuation-corrected coneaat
estimator (CONV_ATT_BY_PDP) to which the rain gaugfjuatment scheme describes
above is applied.

ZZDR with attenuation correction (ZZDR_ATT_BY_PDP)

ZPHI (ZPHI)

Evaluation results

Figures 19 and 20 illustrate quite well the perfantes, advantages and drawbacks of the
various estimators on two contrasted cases: a gitagform case with low to moderate rain
rates (18 of April, Fig. 19) and a mixed convective / stfatin Summer case with rain rates
exceeding 10 mm @™ of July, Fig. 20). Each plot corresponds to onehef 6 tested
algorithms and provides, in addition to the ensie¢ of [radar, rain gauge] couple values, the
“all rain rates” NB (first line), the NB for rairates above 1 mni‘h(second line), the “all rain
rates” correlation (third line), the correlatiorr fi@in rates above 1 mni*Hfourth line). The
number of [radar, rain gauge] couples is also etgid on each plot. Notice that the horizontal
and vertical scales are logarithmic.

In the former case (Fig. 19), the conventionalnestor (CONV) appears to be severely
negatively biased (“all rain rates” NB is equal-04, i.e. -40%). The attenuation correction
(CONV_ATT_BY_PDP) does not change anything to thaatige bias given that there is no
attenuation on that case). The gauge adjustmentngchelps reducing a small fraction of that
bias (the “all rain rates” NB of CONV_RG_ADJUSTEDagual to -0.25, i.e. -25%). The
reason why the bias is not fully removed by theggaadjustment scheme is because the
hourly rainfall accumulations are not high enougHhttigger” the gauge adjustment scheme
and the calibration factor (CF) essentially rema&gsal to unity all over thee episode. On that
case, the ZZDR algorithm (ZZDR_ATT_BY_PDP) perfornesnarkably well and the *“all
rain rates” NB is equal to O while the correlatr@mains quite high (0.80), yet slightly below
the correlation obtained with the conventionalreator (0.82). On the basis of that example,
one can illustrate the potential of polarimetry fadar hydrology, nhamely its ability to adjust

in real-time for the Z-R relationship variabilityné provide unbiased QPEs, which is a
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mandatory requirement for subsequent use in anyologic forecasting system. One
requirement for that is that the radar variablesd@d £g) have to be well calibrated. On that
stratiform case with low to moderate rain ratesx@@ewith almost no differential phase shift),
ZPHI is hardly triggered and the negative NB handignoved (ZPHI “all rain rates” NB is
equal to -0.36, i.e. -36%).
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Figure 19 Results obtained for the 18th of April cae (stratiform) with the 6 algorithms.

The second case "{4of July, Fig. 20) reveals again a strong underetion of the
conventional estimator (CONV), which has an “alhreates” NB of -0.42 (-42%). The gauge
adjustment is this time much more efficient anedwal significantly reducing this negative
bias (“all rain rates” NB of CONV_RG_ADJUSTED becomegual to -0.13). At the same
time, the attenuation correction also contributesetiucing the bias, yet in a lower proportion
(“all rain rates” NB of CONV_ATT_BY_PDP is still equao -0.35). The attenuation
correction improves the correlation, especially fin rates above 1 mnthZZDR removes
about half of the negative bias obtained with theventional estimator (“all rain rates” NB of
ZZDR_ATT_BY_PDP is -0.21). ZPHI appears to be cledhly best estimator on that case
with a bias that is close to zero and a correlatiat is increased with respect to all other
estimators. The very good performance of ZPHI omh ¢hae is clearly related to the fact that
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the rather high (according to the Paris regionddess) rain rates observed are leading to

significant differential phase shifts and, subsedjyefrequent triggering of the algorithm.
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Figure 20 Results obtained for the 4th of July casgonvective — stratiform) with the 6 algorithms

The global results obtained on all 11 episodes sesepted on Fig. 21. The layout of Fig.
21 is exactly the same as Figs. 19 and 20, exdgit in addition to the NB and the
correlation coefficient, values of the Root Mearu&g Error (RMS) are also provided for
each plot (second column) for “all rain rates” fitine) and for rain rates above 1 mm h
(second line). The conventional estimator (CONWagatively biased (“all rain rates” NB is
equal to -0.34). Overall, the gauge adjustmentgpers well (CONV_RG_ADJUSTED) and
allows reducing that negative bias down to -0.08ll (fain rates” NB). The attenuation
correction (CONV_ATT_BY_PDP) improves the correlatiwith respect to the conventional
(CONV) estimator (“all rain rates” correlation goé®m 0.82 to 0.84), while slightly
removing the negative bias (NB going up from -0184-0.24). Finally, the attenuation-
corrected and gauge adjusted conventional estimator
(CONV_ATT_BY_PDP_RG_ADJUSTED) the polarimetriestimators
(ZZDR_ATT_BY_PDP and ZPHI) obtain exactly the sam# fain rates” correlation (0.8)
and a close-to-zero “all rain rates” NB (-0.08 f0ONV_ATT_BY_PDP_RG_ADJUSTED

and ZPHI and 0 exactly for ZZDR_ATT_BY_PDP). The “&din rates” RMS errors are

and two
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ranked as follows (from highest to lowest): 2.02 n{@ONV, Fig. 2l1la), 1.86 mm
(CONV_RG_ADJUSTED, Fig. 21b), 1.75 mm (CONV_ATT_BY_POMy. 21c), 1.71 mm
(ZZDR_ATT_BY_PDP, Fig. 21e) and finally 1.65 mm
(CONV_ATT_BY_PDP_RG_ADJUSTED and ZPHI, Figs. 71d and).2lh terms of RMS
error, ZZDR is thus slightly below ZPHI and CONV_ATBY PDP_RG_ADJUSTED.
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Figure 21 Global results obtained over the 12 evesmibf 2005 with the 6 algorithms

Two further statistics have been produced in otdeassess the specific behavior of the
various estimators under different rain rate regiraad different measurement conditions:
Fig. 22 shows for each estimator the median vafute NB for different classes of hourly
rain gauge accumulations (< 1 mm, 1 — 5 mm, 5 mfQ > 10 mm). All the intense rain rates
measured during the convective events which ocdurrelune and July 2005 are grouped in
the class >10 mm. Figure 23 shows, also for eatheob estimators, the median radar — rain
gauge ratio (1+NB) for different mean hourly attetion (< 1.5 dB, 1.5 - 3 dB, > 3 dB).

The stratification with rain gauge accumulationsg(F22) confirms the overall tendency to
underestimate of the conventional estimator (CONMjjch tends also to become more
negative for high rainfall rates (median radar in gauge ratio equal to 0.46 for hourly rain
gauge accumulations larger than 10 mm').h The correction for attenuation

(CONV_ATT_BY_PDP) tends to make the median radarin gauge ratio curve flatter
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across the hourly rain gauge accumulations range rdimaining negative slope of the radar —
rain gauge ratio as a function of hourly rain gaageumulations is probably to be attributed
to the fact that the exponent of the default Z-Rtienship (Z=282Kk®9) is not appropriate for
the Spring and Summer cases considered in thidatadn exercise. A lower exponent, say
1.4 or 1.5, would lead to a median radar — rainggamatio stable across the whole range of
hourly rain gauge accumulations. The gauge adjudtiveena positive impact when applied to
either conventional estimator (CONV_RG_ADJUSTED) or the attenuation-corrected
conventional estimator (CONV_ATT_BY_PDP_RG_ADJUSTED). ftaction of the
underestimation is removed. However, the gaugesadgnt scheme is unable to make the
radar — rain gauge ratio stable across the rargeoally rain gauge accumulations and a
negative slope of the median radar — rain gaug® nragrsus the hourly rain gauge
accumulation remains. The two polarimetric estinmtappear to be complementary, with
ZZDR_ATT_BY_PDP performing better than ZPHI (and a®djas the two gauge-adjusted
estimators) for low to moderate hourly rain gaugeuaulations (up to 5 mmi‘f and ZPHI

over-performing all other estimators for hourlyraiauge accumulations exceeding 5 min h
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Figure 22 median normalized bias radar — rain gaugeatio (1+NB) stratified according to the various

estimators and to the hourly rain gauge accumulatin. The vertical scale is logarithmic.

The stratification with mean hourly attenuation (R28) evidences a clear underestimation
building up with the conventional estimator (CONY} the mean hourly attenuation
increases. When attenuation is corrected for (CONM_BY_PDP), the median radar — rain
gauge ratio becomes almost independent from thenmwaurly attenuation, which

demonstrates the performance of the attenuatiorecton scheme. The gauge adjustment
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scheme reduces the underestimation but not theetnegdor the median radar — rain gauge
ratio to depart (negatively) from unity with incegag mean hourly attenuation. Finally, on
that statistics, ZZDR_ATT_BY_PDP over-performs ahet estimators up to a mean hourly
attenuation of 1.5 dB Between 1.5 and 3.0 dB, ZZBRT BY_PDP and ZPHI are
equivalent and beyond the 3 dB threshold, as egdeZiPHI becomes the best estimator.

As a conclusion, the results obtained with the twolarimetric estimators
(ZZDR_ATT_BY_PDP and ZPHI), which do not include #tamy rain gauge adjustment and
are based solely on radar data, are very posiBath estimators perform as well, if not
clearly better, than the gauge-adjusted converitiestamator. ZZDR_ATT_BY_PDP appears
to be the best estimator for low to moderate hoxaily gauge accumulations (up to 5 mi) h
and ZPHI is the best one beyond. Those conclusietys however on the very strong

assumption that the polarimetric variableg,afd %g, are well calibrated.
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Figure 23 median normalized radar — rain gauge rath (1+NB) stratified according to the various

estimators and to the mean hourly attenuation. Theertical scale is logarithmic

To assess the sensitivity of ZZDR_ATT_BY_PDP with exipto biases on p&, the
accuracy of which is quite a challenge to guaramtile operational polarimetric radars, two
experiments were conducted in which 1) a positresfd. negative) bias of 0.2 dB (resp -0.2
dB) was added to all p& data (previously corrected for the azimuth-depanhdiéases) the
ZZDR_ATT_BY_PDP was applied to the new datasets. Eselts, in terms of NB and
CORR, are presented in Tab. 2. Except on a few q@8dune 2005, 28 July 2005), the
correlation does not change with the bias. The NBhenother hand is extremely reactive:
typically a bias of +0.2 dB @& too high by 0.2 dB) induces -15% on the estimdtedrly

rainfall accumulations and a bias of -0.2 dB{Zoo low by 0.2 dB) induces +15% on the
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estimated hourly rainfall accumulations. An ofterentioned requirement expressed by
hydrologists with respect to radar QPE is to haggantitative precipitation estimation that
has — compared to rain gauges - no bias and aastha@viation error less than 20%. This
sets a very demanding criterion on the calibrasiod stability of &g.

The sensitivity of the conventional estimator (CON&hd the attenuation-corrected
conventional estimator (CONV_ATT_BY_PDP) with respett biases on £ is
straightforward to compute (with the Z=28%Rrelationship used in this study): a biasaf
dB in Z4 — a typical precision that can be obtained andaguaed by modern radars — leads
to £14% error (same sign as the error gy) @n the estimated rain rate. The gauge adjustment
scheme, provided that there is sufficient rain dhdt it is triggered, may be able to

compensate for that bias, given that it impactsabigall pixels in the radar domain.

Table 2 Impact of a £0.2 dB simulated bias on ZDRrothe ZZDR scores

|DATE No bias on g + 0.2 dB bias on gk - 0.2 dB bias on g
YYYY-MM-DD N COR NB COR NB COR
2005-04-06 0.12 0.85 -0.10 0.84 0.57 0.82
2005-04-18 0.00 0.80 -0.03 0.75 -0.04 0.61
2005-04-24 0.10 0.89 -0.13 0.90 0.30 0.89
2005-04-26 -0.09 0.87 -0.31 0.87 0.28 0.89
2005-05-14 -0.12 0.82 -0.32 0.80 0.02 0.83
2005-06-23 0.05 0.81 -0.15 0.73 0.11 0.72
2005-06-26 -0.08 0.92 -0.20 0.93 0.14 0.90
2005-06-28 0.53 0.87 0.33 0.89 0.90 0.85
2005-06-30 0.16 0.73 -0.03 0.70 0.40 0.73
2005-07-04 -0.21 0.84 -0.34 0.85 0.02 0.81
2005-07-28 0.25 0.84 0.03 0.83 0.55 0.79
GLOBAL 0.00 0.85 -0.17 0.83 0.12 0.82

The impact of a 4 bias on ZZDR_ATT_BY_PDP and ZPHI is a little morammex to
assess as both algorithms ugeaZ two stages : first to compute the concentrapiarameter
of the DSD (Ny) and secondly to convert each reflectivity valoi® irainfall rate. The relative
error on the estimated rain rate is of the oppasge of the bias onZand is equal to +19%

in case of a 1 dB negative bias an @adar too cold) and -19% in the case of a 1 dditpe
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bias on % (radar too hot). This relative error is slightlygher compared to the relative error
obtained by simply using a Z-R relationship.

Regarding ZZDR_ATT_BY_PDP, the same perturbation yamalcan be conducted out.
For a+1 dB bias on &, the ZZDR_ATT_BY_PDP estimator leads to an errothenrain rate
of +23% (same sign as the calibration bias qf), Zvhich makes it the most sensitive
estimator of all with respect to a calibration bagsz;.

Those sensitivity analyses, combined with operatiexperience on what is reasonably
operationally achievable in terms of accuracy atadbikty of polarimetric variables Zand

Zpr are essential to select the most appropriateraégnestimator.

5.4. Results of an extended study on polarimetric BE

Dataset

Data from the year 2010 is analysed. Five differadiars from different regions and with
different characteristics are used. They are corsid® be representative of the entire radar
network. The selection of events is performed objelst using three criteria. Firstly, the
daily average ground temperature close to the radest be high enough so that the radar
beam was below the iso-0° at 60 km. A standard sypmere temperature decrease of —6°/km
is used to estimate the altitude of the iso-0°.08dly, a significant amount of rain must be
present in the vicinity of the radar. The amountraih is determined by calculating the
average daily rainfall accumulation of all the rgauges within a 60 km radius area. Events
with an average rainfall accumulation higher th&nim are considered. Finally, the radar
must be operational for the entire precipitatioerdy Table 3 lists the 29 radar-event couples

that result from the objective selection.

Table 3 Selected events and elevation angles usedtie data analysis

Radar Elev [°] Date

Avesnes 1.0 12, 14 July 15, 16, 26 Aug 2010

Blaisy 1.0 21, 22 July, 15, 16, 23, 27 Aug 7 Sdjit®@
Cherves 1.0 10 June, 14 July, 8 Sept 2010

Montancy 1.2 28,29 July, 2,5, 12, 14, 15, 16, 24, 27 AQg®@
Trappes 1.5 3,12, 14 July 15 Aug 2010
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Evaluated algorithms
In summary, the 10 algorithms that have been iredud the evaluation exercise are:
+ The Marshall-PalmerZ200R° relationship without attenuation correction;
+ The Marshall-PalmerZ200R° relationship with attenuation correction;
« The Fulton et al. (1998),2300R* relationship without attenuation correction;
« The Fulton et al. (1998),2300R* relationship with attenuation correction;
 The Illlingworth and Thompson (2005) ZzZalgorithm without attenuation
correction;
* The lllingworth and Thompson (2005) ZzAlgorithm with attenuation correction;
« The Beard and Chuang (1987) RslR=29.7Ky, "%
« The Brandes et al. (2002) RyfR=33.8Ky,> "%
« A hybrid Z-Kg algorithm with a 0.5 ° kihK 4, threshold;
« A hybrid Z-Kg, algorithm with a 1 ° kit K, threshold;
The 10 Pol-QPE algorithms are evaluated offline onuenber of selected [radar;day]
couples. The & data of each [radar;day] couple are correctedgusihe last azimuth-
dependent & bias curve (see Section 2.2) that could be condpirteorder to mimic real-time

operations.

Evaluation results

The results are stratified according to three tloleish on the rain gauge hourly
accumulations: > 0.2 mm (all rainfall accumulatiohsreafter referred to as AR), > 1 mm
(moderate and high hourly accumulations, hereaétfarred to as MR) and > 5 mm (intense
hourly accumulations, hereafter referred to as TRje global results obtained with the 10
algorithms are also represented in Figure 24 (Rds. — 24j). The score obtained by each
algorithm is displayed on each sub-Figure for tiree¢ hourly accumulation thresholds 0.2, 1
and 5 mm. Notice that the horizontal and verticales on Figs. 24a — 24i are logarithmic. As
it can be seen in Fig. 24a MP without attenuationmection significantly underestimates the
rainfall rate (NB=-0.32 for AR). The underestimatitn logically more pronounced at IR
(NB=-0.46). Comparison between Figs. 24a and 24wshthat Marshall-Palmer without
attenuation correction and WSR88D without atterwmattorrection have more or less the
same performances.

The application of the polarimetric attenuation eotion greatly improves the results of all

the indicators. The correlation score of the MalsRalmer estimator (Figs. 24a and 24b)
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goes up from 0.79 to 0.84 (AR) and from 0.61 to80(IR) when attenuation correction is
applied. Similarly, the normalized bias is redué®an -0.32 to -0.22 (AR) and from -0.46 to
-0.29 (IR). The RMS is also significantly improved/lSR88D with attenuation correction
appears to outperform Marshall-Palmer in termsoofrralized bias.

The Z-Zy4 algorithm (Figs. 24e and 24f) obtains quite decsrudres, especially when
attenuation correction is activated: in that célse,normalized bias and correlation are equal
to 0.01 and 0.80 (AR) and 0.03 and 0.69 (IR). Thes s better than that obtained by the
WSR88D with attenuation correction, but the cotretais comparable. This may seem a bit
disappointing considering that the latter only uggshowever this result is probably to be
related to weaknesses in the calibration and/orecbon for attenuation of ¢Z It is also
relevant the fact thatgZis only used in moderate precipitation. It is rekable that the RMS
increases when correcting for attenuation. Thisaqulint to errors in the estimation of the
differential attenuation.

The results obtained with the R={({ retrievals (Figs. 24g and 24h) clearly show the
effect of not considering the negative values gf khdeed, the lowest rainfall accumulations
are significantly overestimated. The correlationwaweer, is much larger than what is
achieved with the ZR and #£-Z4 algorithms and exceeds 0.8 whatever rainfall acdation
threshold is considered. Between the twg, l&lgorithms studied, the Beard and Chang
R=f(Kqp) obtains the better scores.

The results of the hybrid algorithms (4K are provided in Figs. 24i and 24j. We recall
here that the algorithm uses, at the 5 time stfenuation-correctedZcorrected into
rainfall rate using Marshall-Palmer below a precdeiined threshold ond§ (0.5 or 1° Krit)
and the Beard and Chuang R=f(Kdp) algorithm abdm threshold. Both Zi estimators
appear to have excellent results, by far the bess among all 10 algorithms. They both lead
to low bias and correlation coefficients above @8 all hourly rainfall accumulation
thresholds (0.2, 1 and 5 mm). The RMS at IR is #isdowest and the Nash is the closest to
one.

Figure 25 provides the variability of the AR (hgurkinfall accumulation above 0.2 mm)
scores according to the 5 radars considered instoidy. Figure 25a shows that Marshall-
Palmer without attenuation correction underestisa@ecipitation for all radars except one.
The improvement, in terms of bias and correlatiaought by attenuation correction on the
Marshall-Palmer and WSR88D estimators is clearlgible on all radars. ZZy with
attenuation correction leads to an overestimatmm(&lmost) all radars. Interestingly, the

variation between radars of the normalized bias @delation is small. On the other hand,
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ZKqp algorithms (Figs. 25i and 25j) yield a larger @a#ion of the scores between radars. The
correlation coefficient is always high.

Figure 26 presents a stratification of the nornealibias according to the hourly rain gauge
rainfall accumulation. Four classes of hourly ppéetion accumulation have been selected:
0.2-1,1-5,5-10and > 10 mm. The overall¢ang of all algorithms is to overestimate
the weakest hourly rainfall accumulations (0.2 sh) and underestimate the most intense
ones (> 10 mm). This tendency is particularly promaad for Marshall-Palmer without
attenuation correction, WSR88D without attenuaticorrection and ¢Zg without
attenuation correction. Even Marshall-Palmer witheratation correction shows that
behaviour. £-Z4 with attenuation correction and WSR88D with ategman correction have
both a normalized bias that is remarkably stablgobeé the first class of hourly rainfall
accumulation (above 1 mm), close to 0-%r with attenuation correction) or negative
(WSRD88D with attenuation correction). The gkiormalised bias curve has a “U” shape,
with the lowest hourly rainfall accumulations beiagerestimated (NB=0.25), the medium
ones (1 — 10 mm) being slightly underestimated (NBE5) and the highest ones (> 10 mm)
being slightly overestimated (NB=+0.06). The largserestimation of the lowest hourly
rainfall accumulation of the Z§§ algorithm respect to the attenuation corrected sialf-
Palmer is due to the influence of the Rsletrieval on the hourly measurement. The g-K
retrieval is activated when instantaneous raimét is higher than 16 mm/h {kthreshold at
0.5°) or 30 mm/h (Kdp threshold at 1.0°) approxiehatand at these rain rates it largely
overestimates precipitation. Overall, £&vith a threshold at 1° kihseems to be the best

compromise.
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NB as a function of rain gauge hourly rainfall accumulation
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Figure 26 Results stratified by hourly rainfall acaumulation

6. Conclusion

After several decades of research, polarimetribrtelogy has now reached a sufficiently
mature status to be introduced in the operatioedlhork of the weather services. In the last
years, several services across Europe have startggetpolarimetric radars. The report has
provided an overview of these early experiences.

There is a wide consensus that polarimetry greatigroves the radar measurements
guality. At the same time, a careful monitoringtieé polarimetric variables is paramount to
assess the radar data quality and for the eargctieh of hardware failures. All the services
responsible for this report have implemented momgptechniques aimed at assessing biases
in Zgr, the systemby, offset andppy in rain and its evolution in time. These paramesesm
to be a good indicator of the overall state of thaar system. The techniques to assess these
biases are mainly based on vertically pointing scand the use of sun hits. Long term
measurements performed by Météo France show thatided there are no changes in the
hardware, those parameters are fairly stable.dtbegn signalled though, a fluctuation on the
Zg: bias which is likely to be dependent on the remeitemperature. Hence, the need for a
good temperature control of the receiver. Experieogeall services show that there is a
spatial variation of & and the systendq, offset that has to be accounted for. This spatial
variation is mainly caused by the radome and ryealbstacles. Although , the use of random
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panel designed radomes may minimize that effes¢eims clear that it has nevertheless to be
monitored.

The use of polarimetry requires a complex data @msing in order to take full advantage
of the microphysical information contained in thelgsimetric variables. Météo France has
developed an in-house polarimetric processing cflde main functionalities of the chain are
the clutter and artefact identification, the biasesrection and the precipitation-induced
attenuation correction, which is more and more viaal¢ when the radar frequency is
increased.

Polarimetry, has shown a great potential in deangaghe error in quantitative
precipitation estimation. Météo France has perfarnmseveral studies to assess the
performance of various polarimetric QPE algorithmaaleating them against hourly rainfall
accumulation from rain gauges. The results showaandtic improve in the correlation and
normalised bias of radar data respect to collocaterdgauges when polarimetric variables are
used. From the studies it is concluded that gibencurrent (insufficient) capacity to estimate
biases in & accurately, the best algorithms are those baseg9 since such parameter is
not sensitive to system miss-calibration or effeftBartial Beam Blocking on the data.

Given the initial experiences by the different virmtradar services it seems now clear that
polarimetry is indeed highly beneficial for opecaual radar networks and it will become the
standard in Europe in the near future. Still, effdrave to be placed in improving the stability
of the radar systems and optimising the data psiegsAside of the benefits of polarimetry
in areas such as data quality monitoring, predipitadetection and quantitative precipitation
estimation it has also the potential to provideeothseful microphysics parameters such as

hydrometeor type and the drop size distribution.
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