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Sensitivity analysis of attenuation in convective rainfall
at X-Band frequency using the Mountain Reference Technique
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UMR 5001 (Université Grenoble Alpes, CNRS, IRD, @kle-INP), Grenoble, France

Abstract. The RadAlp experiment aims at improving quantiafprecipitation estimation (QPE) in the Alps thaid X-band

of propagation and attenuation of microwaves im.rdlMe first derive four attenuation — reflectivigpZ) algorithms _ /‘[Mis en forme : Police :Non Italique

constrained or not by path-integrated attenuat{®ha) estimated from the decrease in return ofcdel® mountain targets
when it rains compared to their dry-weather ley#is so-called Mountain Reference Technique - MRV§. also consider
one simple polarimetric algorithm based on theilgaff the total differential phase shift betwebe tadar and the mountain
targets. The central idea of the work is to implatthese five algorithms all together in the frarelvof a generalized
sensitivity analysis in order to establish usefrlgmeterizations fopRE.attenuation correctioihe parameter structure and
the inherent mathematical ambiguity of the systéegmations make it necessary to organize the ation procedure in a
nested way. The core of the procedure consisi$ @xgloring with classical sampling techniques $pace of the parameters
allowed to be variable from one target to the otiedt from one timestep to the next, (ii) computing a cost functiorFC
quantifying the proximity of the simulated profilesd (jii) selecting parameters sets for which \eegi CF threshold is
exceeded. This core is activated &series of values of parameters supposed to bé, fexg. the radar calibration error for a
given event. The sensitivity analysis is perforrfarda set of three convective events using thel@ation PPl measurements
of the Météo-France weather radar located on tapeofMoucherotte Mount (altitude of 1901 m aslpllowsthe estimation
of critical parameters for radar QPE using radaa déone. In addition to the radar calibration grtiis includes time series

of radome attenuation and estimations of the ocieffts of the power-law models relating the speafienuation and the

reflectivity (A-Z relationship) on the one hand athet specific attenuation and the specific difféidrphase shift, (A-lfy - { Mis en forme : Police :Non Italique

relationship) on the other hand. Itis notewortigtthe A-Z and A-lg relationships obtained are consistent with theseveld _ h { Mis en forme : Police :Non Italique

from concomitant drop size distribution measuremeatt ground level, in particular with a slightly mbinear, A-Kgp \\\{Mis en forme : Police :Non Italique

relationship @A = 0.275-K3528 Ky ). X-Band radome attenuations as high as 15 dB vestémated, leading to the \{M's en forme : Police :Non Italique
Mis en forme : Police :Non Italique

o U )

recommendation of avoiding the use of radomeseforate sensing of precipitation at such frequency.
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1. Introduction

Estimation of atmospheric precipitation is impottam a high mountain region such as the Alps far #ssessment and
management of water and snow resources (drinkirtgrwiaydro-power production, agriculture and tom)isas well as for
networks and snowpack monitoring systems, rematsisg using ground-based weather radar systema hagh potential
that needs to be exploited but atseumber-ofseverdimitations that need to be surpassed. A firstrdiina is related to the
choice of the altitude of the radar setup with @mpmmise to be found between maximizing the vigipdf the radar system(s)
at the regional scale and increasing the repretbegmnass of the measurements made in altitudle respectcomparetd
precipitation reaching the ground, especially dyigold periods. A second dilemma is the well-knalettection / resolution

versus attenuation compromise, which is acute father radar frequencies. S-Band and C-Band freieeearound 3 and _ - { Mis en forme : Police :Non Italique

WEISUS alttiMativll LTSS, VAL Is abiit _utiie!l atlal IEWEIL s, o7bdalll At rbdlid TR\l o d

5 GHz, respectively) are traditionally preferrecantinental-wide weather radar networks (Seratfiah &/ilson, 2000; Saxion
et al. 2011, Saltikoff et al. 2019) for their appriate precipitation detection capability and theioderate sensitivity to
attenuation. In Europe, MeteoSwiss has the longfastding experience in operating such a C-Bandheeaadar network in
high-mountain regions (Joss and Lee, 1995; Gerrediah 2006; Sideris et al. 2014; Foresti et al&0Implementation of
radars operating at the X-Band frequency (~9-10)3tds also been proposed in the last decadessieaineh and operational
applications at local scales, e.qg., for precigiatinonitoring in urban areas and/or in mountairreg®ns (Delrieu et al. 1997;
McLaughlin et al. 2009; Scipion et al. 2013; Lerdfet al. 2014, to name just a few). The reneweet@stferin the X-Band
frequency, known for long to be prone to attenumtfe.g., Hitschfeld and Bordan 1954), is based hen gromises of
polarimetric techniques (e.g. Bringi and Chandrased001; Ryzhkov et al. 2005) for attenuation oofice (Testud et al.
2000; Matrosov and Clark, 2002; Matrosov et al.20@atrosov et al. 2009; Koffi et al. 2014, Ryzhketval. 2014). Météo-
France has chosen to complement the coverage afpésational radar network ARAMIS (for ApplicatidRadar a la
Météorologie Infra-Synoptique) in the Alps by meafiX-Band polarimetric radars. A first set of tareadars was installed
in Southern Alps within the RHYTMME project (RisqueHydrométéorologiques en Territoires de Montagees
Méditerranéens) in the period 2008-2013 (Westetlad. 2012; Yu et al. 2018). An additional raddQUC radar, hereinafter)
was installed in 2014 on top of the Mount Moucher¢1901 m) thatleminatesoversedhe valley of Grenoble. The RadAlp

experiment (Khanal et al. 2019; Delrieu et al. 202@ contribution to research aimed at improwjogntitative precipitation

estimation (QPE) based on the Météo France MOU@rrammplemented by a suite of sensors installetherGrenoble

valley floor at the Institute for Geosciences amyiEbnmental research (IGE, 210 m asl). This inekithe IGE research X-

The present article aims to show that mountainrnstaan be useful for the parameterisation of Qig&rithms for weather
radar systems operating at attenuating frequentie®untainous regions. It is part of a seriesasftibutions devoted to the
Surface Reference Technique proposed for spaceladae configuration (Meneghini et al. 1983; Margand Amayenc,
1994; and more recently Meneghini et al. 2020)igttansposition to ground-based radar configaratiwith the Mountain
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Reference Technique (Delrieu et al. 1997, Serral. @000, Delrieu et al. 2020). Figures 1 anduaitate our point. Figure 1
shows a map of dry-weather mountain returns ofMI@UJC radar. The configuration of the radars operatethe RadAlp
experiment is recalled in the insert; note thaydhe MOUC radar data is used in the current stlithe measurements are
taken at an elevation angle of 0° which correspdndbe lowest PPI of the volume-scanning stratfgthe MOUC radar.
The reflectivity data are averaged ovépar-hourperiodeffeurhours one PPl is performed at the 0°-elevation angirev
five minutes. We have selected 22 mountain targeteesponding to compact groups of gates in suneesadials (3-6
typically; the radial spacing is 0.5°) and rangg< Q gates; the gate extent is 240 m) presentimgjarity of dry-weather
reflectivity values greater than 45 dBZ. The pdibsveen the radar and the targets are free of bé@okages and present as
few noisy gates (due to side lobes) as possibladdition to the reflectivity map, the top grapliim. 2 display the co-polar
correlation £zzpyy) and the total differential phase shi#G'W,,) maps at41500 UTC on 21 July 2017 before the convective
event that occurred that day between 15:30 and018TC. ThelWy, map is essentially noisy at that time and the red
colour in thespy, Map, corresponding to values close to 1, highdigoime small rain cells, in particular one in thetl of

the radar domain close to Target 22 (Grand Veyrmint). The middle row maps correspond to the aenge of intense
precipitation over the city of Grenoble at 16:05QITA peak of 40 mm-hin ten minutes was recorded at that time by the
raingauge located on top of the IGE building. Thg¥,, map displays marked increasing radial profileths North-East
(NE) direction. Thespp, map allows a good delimitation of the whole raattern and clearly shows the dominance of the
mountain returns over the rain returns for moghefBelledonne and Taillefer targets. The moskisiyi observation on the
reflectivity map is the dramatic decrease of theintain returns of Targets 1-10 in the NE sectorcihiesults with no doubt
from the rain cell falling over the city of Grenetat that time. This is a clear example of whal béltermed as “along-path
attenuation” hereinafter. On the bottom row of FAgwhich corresponds to the measurements madé:@@ UTC, one can
observe a similar strong along-path attenuatiothénNE direction in thézW4, map, associated with a second 40 m h
rainrate peak at the IGE site (see eventually gdgraph in Delrieu et al. (2020), their Fig. But more impressive is the
general decrease of returns from all the mountaigets, associated with a rain cell occurring atrddar site. This is an
example of so-called “on-site attenuation”, relaedhe formation of a water film on the radomemndined with along-path

attenuation in the immediate vicinity of the rade.

The article is organised as follows. In the theoattpart (section 2), we find useful to revisit in some detail the physics of
propagation and attenuation of microwaves in réite. derive (section 2.2) four attenuation — ref\dtti (AZ) algorithms
constrained or not by path-integrated attenuat{®ha) estimated from the decrease in return ofciel mountain targets
when it rains, compared to their dry-weather levéls also considesreasimple polarimetric algorithm based on the profile
of the total differential phase shift between theéar and the mountain targets (section 2.3). Thetstre and interdependencies

of the parameters are discussed in section 2.4 [€hds to the description of the principles of demeralized sensitivity
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analysis proposed for studying the physical motlebad (section 3.1). The results obtained arstiiied and discussed item

by item in sub-sections 3.2.1-3.2.5. Concludingasks and future work are presented in section 4.

2. Theory

2.1 Basic definitions and notations

Let us express the radar returned power préfite? (r) [mW] as:

Py =—CHDZEARGIP(r) = (C/r?) Z(r) AF(r)______
(2.2)

whereZ&Z(r) [mmP m?] is the true reflectivity profile4Z&=AF (r) [] is the attenuation factor at range r [km] &ds the _ - { Mis en forme : Police :Non Italique

radar constant. We suppose the measured reflgqtinfile Z-Z.(r) to depend both on the attenuation and on a pessibl~ \[ Mis en forme : Police :Non Italique

radar calibration error denoteddC:
Ly =P =2 AEGYdE L, (r) = P(r) r?/C = Z(r) AF(r) dC
(2.2)

In addition to the running range, let us consider the ranggr, corresponding to the blind range of the radaresyst
eventually extended to the range where the refliggtineasurements start to be free of spuriousctietes due e.g. to side

lobes.

The attenuation factetE&AF(r) is expressed as the product of two terms:
AFGR)=AFG)AF(r) = AF(ro) AFGrAF (1o, H1)
(2.3)

whereAEGAF(r,) is the on-site attenuation factor which, as disedsin the introduction, may result from two main
sources: attenuation due to a water film on themagand along-path attenuation due to precipitdadimg between the

radar site and rangey.

As a classical formulation (e.g. Marzoug and Amayer994), we express the two-way attenuation fasaa function of the

specific attenuation profild=A(r) [dB knml] through the following equation:

ARGy =—AEGHAF() = AF(ro) exp(—046fAls)ds) [ A(s) ds)
(2.4)
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Fe—go—furtherFurthermorewe have to introduce relationships between thiamraneasurables (specific attenuation and

following notations:

A=a ZPaE = a,, 70z
(2.5)

R=—ap APRAR = ap, APRA
(2.6)

R=—ap; ZPRZR = ap, 7Rz
2.7

The order used for the variables in equations ZZ52meaningful since the specific attenuatiorfifgras derived from the

measured reflectivity profile, while the rainratefile can be derived in a second step either fthenspecific attenuation

Let us now consider another particular range, d=hetr,,, where estimates of the attenuation factor maguaélable. We

use the following notation:

A () =AF () AAFz AF 1, (1) = AF (1) dAF,
(2.8)

whereAF{#)AF(r,,) is the true attenuation factor at range,, and the term4£;dAF,, represents a multiplicative error
term. As illustrated in the introduction, such direstimates of the attenuation factor can be nbthin mountainous regions
fremusingthe MRT.

We frequently use hereinafter the notion of patlegnated attenuation (PIA), in units of dB, defireed

PHAGHPIA(T) = —10 togrglog,o (AFGHAF(r))
(2.9)

Note that sincetE+)AF(r) is comprised between 1 (no attenuation) and Odftdnuation), the PIA subsequently takes values
in the range of 0 (no attenuation) up#o (full attenuation). The PIAs at ranges, andsx;r,,, are denoted@A;PIA, and

PIAPIA,,, respectively, in the following.
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2.2 Formulation of the attenuation-r eflectivity algorithms

The following mathematical developments are inspiog the works on rain-profiling algorithms in déite measurement

configuration (e.g., Meneghini et al. 1983; Marzpémayenc 1994). The attenuation-reflectivity alguns (A-Z algorithms) _ - { Mis en forme : Police :Non Italique
proposed in this section rely on two basic equatidime first one is the analytical solution of {avhen the power-law model
(2.5) is supposed to represent perfectly, the Aldti@nship. By taking the derivative @f2=z G AFPAZ (1, r) with respect _ — { Mis en forme : Police :Non Italique
toranggr, one obtains: - ‘[ Mis en forme : Police :Non Italique
ARz (e )y [ dr = ARPaz (e d(AFPAZ (1o, 1)) /dr = AFPAZ (1o, #1)(—0.46 @by 2aY22za,, by, Z(1)PAZ)

(2.10)
Substitution of the true reflectivity by the meastlireflectivity through (2.2) and integration beémer, andr yields: { Mis en forme : Police :Non Italique

ARYZ ) AFPAZ (g, 1) = 1 — 0.46 erz-baz-SZGrsay baz SL(ro, P-AFG)-dEY2aZr) / (AF(ro) dC)4?

with:
(2.11)

SZ(ro,1) = [, Zm(s)*A2ds.

The second equation is obtained by integratingd)2ub to ranges,r,,, and by introducing the attenuation factor estimate

available at this range, yielding:

AL ARG 22(AF (1) [AF(10))PA2 + 046 axzbar-SZzang baz SZ(ro, %x azr,)/
(AF(ry) dC)PAz = 1 (2.12)

We develop irthe-next-sub-seetionAppendix faur formulations of attenuation corrections fosupposedly homogeneous
precipitation type, i.e. we assume taga,; andb,;b,, coefficients to be constant along the propagapath. Each
formulation filters out one of the four parametess €€ AFE Gy -andAEG)-PIA,, dC, a,; andPIA,, respectivelyNote
that due to the mathematical expression of thevateng equations there is no possibility to fileert theb,;b,, parameter,
which will be assumed to be constant, close tolaevaf 0.8(Ryzkhevat X-Band (Ryzhkoet al. 2014), and to present a low

6
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sensitivity in the system of equatioi®e resulting expressions of the reflectivity apeécific attenuation corrected profiles

are listed hereafter:

== ‘[ Mis en forme : Police :Non Italique

G L AR (r N dC\PA 0.46-arrb (s (2 1'1)
7716 AR Y A - YA Al &=,

<
A AR

1/baz

Zpznp(1) = Zn(r) / [(AF(FO) dc)bAZ — 0.46 apz bpz SZ(ry, r)]

Anznb (1) = anz Z0A%(1) / [(AF(ro) dC)P42 — 0.46 apz bay SZ(1o, 1))

L L L JU

H6): o __________ e ‘[ Mis en forme : Police :Non Italique
Aazin () = @y ZyF2 () [ [(AF (1) dO)Y*2 = 0.46 45 bay SZ(ry )] (2.14)
This formulation is equivalent to the solution pospd early by Hitschfeld and Bordan (1954), heheetoposed name AZhb. - { Mis en forme : Police :Non Italique
It can be termed as a “forward algorithm” sinceydifle measured reflectivities between rangg and the running range r_ - { Mis en forme : Police :Non Italique
are used for the correction at rapge r. The miigrstsetween the two terms of the denominator indg#hat the denominator_ - -| Mis en forme : Police :Non Italique
is not prevented to tend towards 0 when the SZ tatime term increases. This solution is subseqyémtbwn to be unstable _ - { Mis en forme : Police :Non Italique
and highly sensitive to calibration errés;inadequate values of the A-Z relationship coeffitseando on-site attenuation. - { Mis en forme : Police :Non Italique
222A7C algorithm (independent of dC»): ~ _ _ ____________________________ - ‘[ Mis en forme : Police :Non Italique
N \[ Mis en forme : Police :Non Italique
Fhe-attenuation-constraint-(2-11)-is-now-used-ressdCas:
A= 1046a b SZ(r 2 \ [ (AL (+ \Paz AE (3 \Paz\) 1Hbaz (2.15)
“ [ Vs v 4 ASEZRE- YA AACE LR Y Tm\Um/ 77 (==
which-s-introducedin-23Dteyield:
A?g 7 = T m 7 i (2:16)
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= ’[ Mis en forme : Police :+Titres (Times New Roman)

248) - ‘[ Mis en forme : Police :+Titres (Times New Roman)

Zazc () = Zn(r) [AF(rg)®Az — AF(ry)42]"**% / {046 an; bay [AF(ry)PAZ SZ(r, 1) + AF(ry)PAZ SZ(ro, 1]}/ "4
(2.15)

Anze(t) = Zp()°A2 [AF(r)PA2 — AF(ry)PA2] / {0.46 by [AF(rg)PAZ SZ(r, 1) + AF(r)PM2 SZ(ro, )]}
(2.16)

however present in the expression of the reflegtpiofile.

22.3AZeAZa algorithm (independent of ez }asz):

Zaza(t) = Zin(r) SZ(to,tm) /P87 / {dC [AF(rg)PAZ SZ(r, 1) + AF(r)"a2 SZ(r,1)] /7 (2.17)

Apza(t) = Zy(r)P27 [AF(r)?A2 — AF(ry,)P2%] / {0.46 bay [AF(re)P42 SZ(r, 1) + AF(r)PA% SZ(ro, 1]} _ - Mis en forme : Police :+Titres (Times New Roman)

(218) - { Mis en forme : Police :+Titres (Times New Roman)
a — [drbaz (AL \Paz AL (r b\ /[0 46 | C7 (3 ] (2 10)
VAL [Aad ASELIANE V) RN PANAR A4 o TmJ] &=
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255  AERZ(r)-=AEG) ARG oY HAE )

ZFortm) ==

260 Zo{r}=Z (Y SZ(r o Ybaz /) (Jr (AL (- \baz C7 0 o \ 4 AL \baz C7(o
AZea\ ) wm\l ASE IR 7T |EEEEAE V) UoTm T T Um) AN

o U U U U

265
270 : Police :Non Italique
: Police :Non Italique
interesting property of these algorithmsxploited in particular by Testud et al. (208@H Ryzhkov et al. (2014However, h {Mis en forme : Police :Non Italique
the reflectivity profiles provided by the two algbms are different and, in particular, the refieity profile of the,AZo, _ - {Mis en forme : Police :Non Italique
algorithm depends gn dC while the reflectivity pieobf the, AZC algorithm depends egzan;. B - { Mis en forme : Police :Non Italique
275 N \[ Mis en forme : Police :Non Italique
224AZ0algorithm (independent of PFAg)PIAG), B - { Mis en forme : Police :Non Italique
N \[ Mis en forme : Police :Gras
280 AEGgYxz = (0466 b ST r )+ (AR () dCyP2z )]/ dobaz (2.23)
285 (2:24)
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Z o (N =7 (N [ (0A6a b SZ(r x \ 1 (AL (s \ do\Baz \i/baz (')')r.:)

AZO\TT Zm\ )7 C VAL VAL Uommy) T U mUm) 7Y J ==,

A =g (pNPaz | (0 A6 aq b S7(r a0 \ 4 (AL (o \ dr\baz 2 'm)

TAZT VAZ Em\ 7O VAL VAL Uo7m) T 1 mum/ YT J \&=Y,
b

Zazo(®) = Zum(¥) /{046 ap7 baz SZ(r, 1) + (AF(ryy) dC)Paz }7/°4% (2.19)

Apno (1) = apz Zm(1)% / {046 gz by SZ(r, 1) + (AF(ryn) dC)PA% } (2.20)

: Police

:Non Italique
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The + signs in the denominatorsesfeqs 218; 152.19,2.21,2.22,2.25-and-2.26afk indicators of the inherent stability of

== ‘[ Mis en forme :
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2.3 Formulation of a simple-polarimetric algorithm

In addition tothe present-studyAZ algorithmsvea r-efconsiden PIA

profile, denoted Az 6)PlAgqp (1o, 1), derivedfrom the profile of the total differential phadgfson propagation, denoted
Pl FPap (1o, 1) [T

Paplrsrr®ap (1o, 1) = 2 fKaplsdds [ Kop(s) ds
(22729

wherekzK g, is the specific differential phase shift on progan [° km']. Assuming a power-law relationship between the

specific attenuation and the specific differengladse shift on propagation, with:

10
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(22822
and-using Egs24-and-2.9-yields
Pl (=Pt f K2 s) ds (2.29
We obtain:
PlAcap(ro, 1) = 2ank J| KAk (s) ds (2.23)

1 Police :Non Italique

H A srofile—could-be-derived
V+ 444 pro othabe-a &

ofv \[ Mis en forme :
N

Police :Non Italique

i i fles).16, (2.18,

idenitica2.16) and 2.20 betweep andr. {Mis en forme : Police :Non Italique

N

2.4 Analysis of the parameters of the consider ed physical model

Equations 2.11, 2.12 and2®23form a system of equations with seven parametensrknowns), namely the coefficients of

: Police :Non Italique

calibration error €£dC), the on-site attenuatiof®t4,)(PIA,) and the path-integrated attenuation at raggé€PiA; )

Estimation, (PIA,,). We focus in this article on the ided the—rairrate—profiles—will-requiretwo—additionahrmeters,
e-g.constraining this system of equations vilib two-parametersaf,br)PIAs derived from the Mountain Reference

== { Mis en forme :

Police :Non Italique

From a physical point of view, the parametd€s PIA, andPIA ,, are mutually independent and a priori independétie

coefficients of the?, — A — Ky, _power-law models:

*___We will assume the radar calibration error to bestant for a given precipitation event, with poksiariations from

one event to the next.

1 Frangais (France)

and provided an empirical model based on the cosganf the measurements of two X-Band radar systierthe

French Southern Alps, one equipped with a radondetla® other one being radomeleSom this article, we take

into account a dependence PIA,_on the measured reflectivity in the vicinity obttadar site, denotet}. Based on

11
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Figure 5 in Frasier et al. (2013), we have fittecbarse power-law model for X-band radome attennadn their
experimental data, yieldinelA;, = 0.0126 Z° with PIA} in dB andZ, in dBZ. Based on their Fig. 6 which shows
important variations between the theoretical angigoal results proposed in the literature, we hdeéned a large

range of lower and upper limits for théA, draws conditioned orZ, via the PIA; _model (see Table 1). With n =

5, the crude model proposed yields upper limithePIA, sampling range of 4.8, 9.2, 14.6 and 20.8 dEfovalues

of 20, 30, 40 and 50 dBZ, respectiveln. the following simulationsPI1A, will be allowed to vary from one target to

the next, i.e. in different directions, and fronedime step to the next.

e The accuracy of the MRT-deriveRlA ,, was studied in Delrieu et £1999) by comparing MRT estimates with direct — { Mis en forme : Paragraphe de liste, Avec puces + Niveau :

+ Alignement : 0,63 cm + Retrait: 1,27 cm

1

measurements obtained with a receiving antennapsiet the mountain range . They showed that (Bdielg strong

mountain returns (typically greater than 45-50 dBHpws to mitigate the impact of precipitationliiad) over the

target (negative bias), (ii) that a refined estiorabf the so-called dry-weather baseline is rezgiio account for the

possible modification of backscattering propertéshe mountain surfaces before and after the eaedt(iii) that
the time variability of the dry-weather returnsidet the minimum detectable PIA. These elements wecounted
for in the present study by selecting strong mauantargets, studying their dry-weather time vaiiifbisee also
Delrieu et al. 2020) and subsequently definingrétmge of variation of théAF,, multiplicative error (Table 1).
e
The prefactors and exponents of the-calledZ—A—K—Rrelationship& — A — Ky, power-law modelsare mutually
dependent since they are determined by the shapsitdand size distributions of the hydrometeas their electromagnetic

precipitation type to another. In addition, evendaiven precipitation type, the actual-A—K—Rrelationshipg — A —
Kg4p_valuespresent an inherent variability with respect @ power-law models, associated with the greatkrsser proximity

reflectivity—the—3-67—order PSD-momentfor-the—rainrate)—As-an—ultimate. AsugtHer complexity, when for a given

propagation path various types of hydrometeorsaceessively encountered (e.g. rain, melting piedipn, snow), it would
be desirable to apply the appropriate coefficiémtshe different precipitation types provided one is able to determine them.
As amajorsimplification in the present work, we will be @idering a homogeneous precipitation type (conveatinfall).

Because of the mathematical form of the equatiofad and the likely mutual dependence ofethpenentsexponeraind

relationships to be constant for all the considensshts while the prefactors will be allowed toy#or each single target and

time step-Fhe-guestion-of- thB-A-conversion-isleftaside-in-this-study.

There has been several studies deriving A-ZA&nrdKq,_relationships at X-Band using different approadhekiding model

calculations and also the direct use of observatidata (e.g., Bringi and Chandrasakar, 2001; Gmigand Chadrasakar,

12
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2005, Park et al. 2005, Schneebeli et al. 2012rddat et al. 2014, Yu et al. 2018). Estimationtheke coefficients and their
ranges of variation were obtained in our study fmepssing the drop size distribution (DSD) datéectéd with a PARSIVEL
2 disdrometer located at the IGE siféne dataset includes 337 rainy days during theodehipril 2017 — March 2020. The

raw DSDmeasurementsave a time resolution of 1 min. They are binndd BP diameter classes with increasing sizes from
0.125 mm up to 6 mn¥arious filters have been applied to discard anoomldata and, in particular to detect non-liquid

precipitation, thanks to the falling speed specifae volumetric concentration spectra have beenpated at a 5-min

resolution.DSD spectra with 5-min rainrate less than 0.1 mimvire discarded from the analysis. A dataset ofiahé600

DSD spectra was thus obtained corresponding tgek of precipitation occurring in liquid phasetie Grenoble valley. As
for the scatteringmodel, we used the CANTMAT version 1.2 softwaregoamnme that was developed at Colorado State
University by C. Tang and V.N. Bringi. The CANTMAsbftware uses the T-Matrix formulation to computdar observables
such as horizontal reflectivity, vertical refleétiy differential reflectivity, co-polar cross-cefation, specific attenuation,
specific phase shift, etc, as a function of the D®B radar frequency, air temperature, oblatemestels and canting models

for the raindrops as well as the incidence angth®®lectromagnetic waves. The results presergegirhwere computed for

the X-band frequency, a temperature of 10°C, thar@®@nd Chung (1987) oblateness model, a standavidtibn of the

canting angle of 10° and an incidence angle oh@fifontal scanning, like for the MOUC radar data).

Figure 3 illustrates the fittings of the— Z_relationships that can be obtained from a clabdamarithm of base 10

transformation of the two variables. One can nb## the scatterplot is well conditioned for deriyia power-law model in

the sense that it does not present any particulaature. The least-square regressions of A owandZof Z over A as well as

the least-rectangle regression are displayedustitite the impact of the regression techniguéemtodel coefficients. Note

that the least-rectangle fit should be preferredtesi for these calculations based on DSD datafvtbevariables can be

considered on an equal footinthe determination coefficient is high and the t essions performed give subsequently
parameter sets close to each otlkeom the fittings in Fig. 3, we have chodep = 0.8 as a fixed value for this exponent

anda,; = 1.0 10™* as the central value for tisampling of the prefactor in the following senstthanalysis. Although the

scatter of the points around the power-law modghsests a possible range of variation of [-5, 5 fiB]the DSD-derived

values, we have limited this range to [-3, 3 dBbim simulations on the basis of the much biggeoligion volume of the

radar and the assumption that the prefactor istanhthroughout the reflectivity profile (Table 1).

Figure4 gives the results obtained for the- K4, relationship. It can be seen that the scatteidithe logarithmic of base
10 transformed variables (Fida) presents a significant curvature. Due to thgomant weight given to low and medium
values in the regressions, the fitted power-law eedre clearly unsatisfactory for the highest @ajwhich are of interest in

the present study since they correspond to conseptecipitationWe have therefore tested two other fitting teqhes based

on the natural values of the two variables (Hik). A linear fit with a O-forced intercept yieldg = 0.32 Ky, which is

consistent with linear relationships proposed i literature in similar climatological contexts,vever with a somewhat
13
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higher value of the multiplicative coefficient: €.9.245 in Schneebeli et al. (2012) and 0.276uneYal. (2018). However,

we note that this linear fit is not satisfactorytiwa significant underestimation of thg values forKy, >3 ° knil. The

fitting of a non-linear power-law model (NLPL) pres to be more satisfactory witly = 0.30 K. Since the exponents

estimated with the log-transformed data are clo€9, we have decided to perform several simuiatisith fixed values of

bk in the range [0.9 — 1.2] (see Table Rggarding the prefactany, we have considered a central value of 0.3 amhger

of variation of [-3, 3dB], that is minimum and memxim values of 0.15 and 0.6, respectively.

Additional tests have been performeihcluding for instance the influence of the aihydrometeor temperature, the

precipitation type (e.qg. stratiform versus conweztiainfall), the DSD integration time step, 6Bmncerning the last factor,

we have compared the results obtained for the 2améh5-min time steps and we hdwand no significant influence on the

coefficients of the power-law models, while thevatues were significantly downgraded for the 2-tiine step (not shown
here for the sake of conciseness). As for the pitation type, we carried out a rough classificataf the 337 events into

stratiform and convective types, by consideringeaent as convective if a rainrate threshold of 10 It was exceeded for
at least one 5-min time step during the evAatone would except from the scatterplots in Figsd 5, significant differences

appeared between the stratiform and conveetiveKq,

This is an argument for keeping the exponeft constant in our simulation procedur@egarding the sensitivity on

temperature, one possible extension of the pregerk could be to consider the temperature timeesesvailable for each

preeipitation-event. This would most likely resuitan increase in the variability of the A-Z aAd- Kq,_relationships. As a

classical concern, one may however wonder how ¥eeage temperature in the radar resolution volumadcbe estimated

(Ryzhkov et al. 2014). We chose herein to relytenability of the simulation procedure to deviateni the central values of

the parameters and their ranges of variation défind able 1 to be large enough.
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t | i) " th H f nroviney th. 1 1 n’l:‘;mf&%eg,f
—(2048de-a-sy p ,

— | Mis en forme : Paragraphe de liste, Avec puces + Niveau : 1
+ Alignement : 0,63 cm + Retrait: 1,27 cm




450

455

460

3. Sensitivity analysis

3.1. Principle
465
The parameter structure analyzed in sub-sectiorle2l4is to organize theptimizatiensensitivity analysiprocedure in a

nested way:

470 to be constant
. For each event, we assume the radar calibratiom &rbe constant. A simulation is performed focleaombination of the
bazbazbaz, bax andd€dC values listed in Table;li.e. 1 x 6 x 13 = 78 simulations.
The

For each mountain target and each time stepsithalation“cor€’ is implemented as followsr-each-mountain-target-and — { Mis en forme : Retrait : Premiére ligne : 0 cm

475 eachtimestep
o TheZm{rZy (r) and®g(r Py, (r) profiles between the radar and the mountain tangepre-processed. For each of

the successive radials composing the target, tolades determination of gates affected by cluttehe region of
the mountain target and along the propagation pétifs is done by considering both dry-weather mealnes
exceeding various thresholds (25 dBZ for signiftazotter, 45 dBZ for a gate belonging to the maimtarget) and
480 by using the profile of the copolar correlation ffiméent (p5py,) (Delrieu et al. 2020). The medidh;(+Z,, (r) and
Papfrdgy, (r) profiles over the series of radials are then cdegpuThe MRTPHA;PIA,, is evaluated as the

difference of thez;Z,,, mean values between the dry-weather baselineherziitrent time step, the mean being taken

15
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over all the gates composing the target. #jng value is estimated as the range of the first gatevhich four
successive values (corresponding to a range eod@®0 m) exceeds @ py,, value of 0.95. This last value is set as
a threshold between precipitation and clutter prexipitation (from the statistics presented in Kleet al. 2019).
The ZyZ, value is computed as the productlgécdC (correction for the radar calibration error) ate tmean
reflectivity of the selected four successive gafi¢sey are located within the first 2 km rangehextwise thezyZ,
value is set to 0. The reader is referred to Khanal. (2022) for the most recent descriptiorheffairly sophisticated
procedure used for theg(=d 4, (r) regularization based on thewtotal differential phase shift profilés,, (r) for

all the radials associated with a given targeteNbat a target is selected at a given time stefhéfollowing steps
of the simulation iP4PIA,, > 1dB and if a good quality index of thez{+d4, (1) regularization is obtained
(Khanal et al. 2022).

The Latin Hypercubes Sampling technique

(with ~=-200N = 1000 in the following) filling uniformly the parametspace composed of four parameters: the

prefactorsyza,; andegzasg, the on-site attenuation factdfGyAF(r,) and the multiplicative errgéd=,dAF,, - { Mis en forme : Police :Non Italique

listed in Table 1. It is noteworthy that the randdraws are made on the dB-transformed ranges afigters so that
there are as many values below and above the teatte, e.g. as many values between 0.15 andD{Beone
hand and between 0.3 and 0.6 on the other harttidefza,x parameter.

After discarding unphysical parameter sets (e.gseéheading—tePlAgfor which PIA, > -PIA;PIA ), the five
algorithms are implemented for all the remainintssé cost function (CF) is evaluated in order teasure the

convergence / proximity of thiése-simulated profiles for each parameter SéteSeveral formulations of the cost

function were tested and we proposefilowing EFone hereinafter, whictvas found to be appropriate:

CF = Mean(R?*(P1Aznp (o, 1), P1Apz¢ (1o, 1)),
R?(PIA oz (To, 1), P1Az0 (o, 1)),
R?(PIApzpb (To, 1), PIAgap (o, 1)),
R?(PIApzc (o, 1), P1Aazo (Yo, 1),
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RZ(PIA ¢ (1o, 1), PIAgap (o, 1),
R*(PIA a0 (o, 1), PlAgqp (1o, 1))

(3.2)

where, Mean stands for “the mean value of’ &ifER? is the

,,,,,,,,,,,,,,,,,,,,,,,,, R3 is the Nash-Suteliffe—efficient 'fLeL = ‘[ Mis en forme : Police :Non Italique

1970)determination coefficiebetween the two profiles indicated between brackéie NSE-criterion-or-efficiency, h { Mis en forme : Police :Non Italique

eonvergence-ofthe fourAZ reflectivity T Ipeofilesthatconsidered in this expression of the cost fanaredifferent
from-each-ether(unlikethe PIA profiles betweengesr, andr. Sincethe specific attenuation profilestheAZcare

identical for theAZC_andAZa_formulations (egs. 2.1&8ndAZe«-algerithms;-see-section22..18), only the PIA profile
of the first is considered in eq. 3Due to the inherent instability of theZkbAZhb algorithm, we consider the first

PIA-constrained algorithmdn the following, we have selecte@;CF, = 0.8 as the'satisfactionthreshold, i.e.

the CF valudo be exceeded to consider a given parametesseptmal”.

: Police

:Non Italique

parameter setsvill-be-used-hereinafter—FHEIORS (NOPS)can be computed for a given target and time stepsammed up
for all the targets and time steps of an eventfana@ series of events to yield a measure of the dvquallity of agiven
simulation invelvingfor given fixed parametersy{,+bs+6€b,;, bak, dC) and randomly drawn parametersyfse

: Police

:Non Italique

of the cost functiotfieq. 3.1)and the“satisfaction thresholdCFy;, are essentially subjecti This choice reliesn the { Mis en forme :

Police

:Non Italique

experience-gained duringin the implementingimplementatioof the simulation frameworkFwoThree elements can be

: Police

:Non Italique
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:Non Italique

ambiguity(i.e. the fact that several combination of paramseiacluding non-physical values, may lead todbevergence of
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the solutions of the different algorithmej the physical model at hand@his-ambiguity-is-indeed-guitetarge—for thé
algerithms-considered-alenein-particular, (iBysral satisfaction thresholds were testitth regare-tolow sensitivity othe
déaandAE(rpresults in terms of the quantiles of the statistilistributions of the estimatquarameters.

3.2. Results

3.2.1 llustration for a given target and time step

Figure35 gives an example of result of the core procedaréairget 13 (T13) on 21 July 2017 16:05 UTC. s tase with
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shows in this example the dramatic impact of ati¢ion as regard to both the underestimation ofitiseprecipitation cell\\\\\\
AN
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:Non Italique

and the non-detection of the second one. Bighc displays the raw and processeg;d, profiles. For such a strong B
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attenuation case, one can see that the raw phafdidittle noise and no significant “bumps” thatilcbsign a differential phase \\\\{ Mis en forme :

Police

:Non Italique

shift on backscatteringi{;5y,,) contamination (Tromel et al., 2013). Finally, Rgl5dallows comparison of the PIA profiles \\{ Mis en forme
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derived from the AZC-A# algorithms (identical solutions), the AZ0 algoritrand from theb @, profile. Although there
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are some differences, the overall consistency keivige three profiles is good.
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3.2.2 Time series of optimal parameter values
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Figure46 presents the time seriesafantiles of the distributions ttie input variables artthe estimate@dptimal parameters

obtained for the best simulation of the 21 July26anvective event. Theeeendsampling strategy making use&fZ, (see
Table 1) is considered féH Ay in-this-exampl®lA,. We will come back in sub-section 3.2.5 on thetiefeship between
PIAGPIA, (Fig. 4669 andZyZ, (Fig. 4a69. Thetime-series-ofthenedians oPMAPIA, and® g5y (1o, 1y ) _(Fig. 6b)
give an indication on the evolution of the stomtensitywhich wasgreaterintensbetween 15:30 and 17:00 UTC with medians

of about 20 dB and 60°, respectively. The intertjigaranges of these two variables are quite laagea result of both the
variation of the radar-target distances (from 15wd0 km) and the precipitation variability asumdtion of the azimuth,

dB) between 16:00 and 17:00 UT@e-draw-the-atteptionThe time seraftheprefactorsa,k (Fig.Feader—te—the—iemePs
valdesbd)andte-the-singtlara,, (Fig. 6e) have a similar behaviour with rathebltamedian values, that are close to the

centralvaluesebtai

in-mere-detailin sampling intervals derived frdme einalysis of the DSD datsup-sectior8-2 5-

Seme—e*pianaﬂens—a{e—req&%at—ﬂms—stage—m%ble 1). This is reassuring asthe cheice-made-in-the-present
simulation-exereiserelevanfer

relationships—Estimations-were-obtained-from taralatgprocessing cﬁqe—dmp—aze—distﬂbu&ien—éDSD}—da&a—eeﬂeeteeﬁWit
a-PARSNEL 2 disdrometerlocated-at-the {GE-siiese DSD-derived relationships deduced from infsittrophysicarhe
Maorch ’){\’)n Tho rawn n%easuremenmndha“e a gme

\with in ing-sizesfrem 0125 mrpulram Various filters
- - -
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wview-—Coupled-with-the-ebservatithat the interquartile ranges are quite large, @aflg those of they,;a,, parameterwe
believe. This is an indicatiahat the mathematical ambiguity (Haddad et aP5)®f the system of equations at hand remains

larger interquartile ranges for the;a,, parameter). Introducing thenstraintsrelated-to-thpolarimetric algorithnmand the
associated constraints on the coefficients oftheK,, relationshigpallowed to reduce it dramaticallfnot shown for the sake

of conciseness).

Figure 7 presents additional results for the 2¥ 20117 event with the evolution of the medianshat évent time scale of

estimated’IA,_(Fig. 7a), prefactor of the A-Z relationship (Fith) and prefactor of the — K, relationship (Fig. 7c) as a

function of the calibration error, for two valueftie b,x_exponent (1.0 and 1.1). For convenience, the biridZ = - dC is

used in Fig. 7 to represent the dBZ value to beddd the measured reflectivities for correcting¢hlibration error. We note

that the calibration error has a significant impacithe median and interquartile rangePb¥,, with, logically, stronger on-

site attenuations for negative dZ values. The ptefa, expressed in dB relative to the centraleslin Fig. 7, show a slighter

and opposite trend to increase as dZ increasesl¥denote the marked influence of thg_exponent on the two prefactors

with an offset of about 0.9 and 0.65 dB on the mesliof a,; and a,y, respectively, for dZ = 0.

3.2.3 Estimating the radar calibration error

In order to increase the robustness of the reshkéssimulation procedure was performed for threvective events that

occurred successively during summer 2017. Tablee8emts some characteristic features of these vewtt all of them the
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melting layer (ML) altitude, determined with the°2&evation XPORT radar data by using the procedakeloped in Khanal
et al. 2019, was situated well above the altituiiin® Moucherotte Mount radar, hence, there is nocehtamination of the
considered radar data. The first two events weherantense and similar in terms of total rain amtceand maximum rainrate
at the IGE site, as well as in terms of #4el,;PIA ,, statistics based on the 22 mountain targets. fiing bne was a bit less
intense. To our knowledge, there was no occurrefibail reported in the area of interest for thésee events.

We propose to consider the total NOPS obtained fiiven simulation and for a given event as a guatiterion to judge the

relevance of a set of fixed parameters (0, bsk). Figure 78 shows theNOPSevolution ef NOPSfor the three events

separately and all together as a function of tkedfivalues oflC-listed-in-TFable-1-—TFhe-eptimal-vatuesiGf the other fixed
parametersire-considered-in-theseresults-with, =being bAZ = 0.788 andbM—bAK = 1.1-_in this figureWe note that
the various curves are rather flat near their optmvaluese-g-—w

edlThe overall sensitivityefto the

d€-parametercalibration errds clear however in the considered [-2, 2 dB] mnglg. with a ratio of the maximum to the

minimum,NOPS values 02-041.4for the all-events curve. Although the global fesuend to indicatea—very-—slight _ {Mis en forme : Police :Non Italique

underestimationan almost perfect calibratifrthe measured reflectivitiggoptimal dZ value dZ* in the following - of 0.25
dBZ), one can note that thestimatd€ dZ* values vary from one event to the neite_with -0.5 dBZ for th@1 July 2017
eventis—differepntfrom, 1.0 dBZ fothe ethertwo8 August 2018 eveaind theresults—suggest-on-the—contrary—a-slight
overestimation-of 0.5 dBZ fdhe reflectivities-in-that-case31 August 2017 evaile find it difficult to know whether such
variations in the electronic calibration of theaaérom one event to the nesarie-bearehysically realistickr-any-easean
in-depth-analysis-ofBy eliminatintpedata fromtime series-shewedsteps with significant on-site attéonawe checkethat
on-site attenuation could not be held responsiinéisresuit. thesdZ variations.

3.2.4 Linearity of the A—HKz3zA — Kgj, relationship

Figure-8Similarly, Fig. Shows thesimulation-results evolution of the NOPS critermymputedor the series-eb,-vatues
listed—in-three events all together as a functibrihe dZ and,x (Table ) values We note a slight superiority of the
simulationsimulationwith byz=—11b, in the range [1.05-1.15jompared to the one withzb,x = 1.0 in terms of the
NOPSmaximum valuef theNOPS computed-over the three-events-all- tegetfidis observation is also valid for each of the
3threeevents separately (not showipr clarity in plotting). The simulation witkbzzb,x = 0.9 is clearly below the other
twoones Forbazb,x = 1.1 and for the optimal dZ value of each evehe log-transformed distribution afza,x computed

over the three events is nearly symmetrical wittaegrage value of 87528and an interquartile range séarlyabouf-1, 1

dB]. Hence, we obtain in this study quite a rembléeagreement between the radar and DSD-dedvedi;A — Ky,
relationshipsfer-convectiveprecipitatianwith 4A = 0.275-K328 Kij; and4A = 0.30 £21Kj,, respectively.Similarly,

22



715

720

725

730

735

740

745

the optimal A — Z relationship derived from the siation exercise is very close to the one obtamethe DSD measurements

Fig. 3) withA = 1.07 10~* 7080,
3.2.5 Radome attenuation

Coming back to Figuré6, we remind that theeeenesampling strategy making use&fZ, was considered for the random
drawing of PIAGPIA, values inthis-simulation—Witha =30, the erude-model-propesed-in-Fable-1-yields-upper-limitthe
PlAsamplingrange-of 3-0,-5-8-9-2 and-13- 1 dBAmimulationvalues-ef20-30-40-and-50-dBZ respectivddne has to
remark that such close-range reflectivity measurgsare actually affected by radome attenuations Wy explain why
estimatedt4;PIA values aref-the-same-erder-of-magnitudehiglfier time step 17:00 UTC than for time steps betwee
15:30 and 15:55 whil&;Z, values are about 10 dBZ highetis-secondthe latigreriod Fhus-theTheelevance of th&yZ,
variable for detection and quantification of oresattenuatiomay-remainremainimited for a radar equipped with a radome.
Nevertheless,

Figure-910gives two examples of the core procedure impleatinmt in the case of severe on-site attenuatidnotzurred on

21 July 2017 at 17:00 UTC (Fig. 2 bottom graphs)e Tonstraint on thBZAzmaximum value for th€IA, samplingredelas
a function of Z, was relaxedy-consideringt=-10-in the-model-of Table-1,-that-is-upperlimits BiA;samplingrange-of
15.2-and-29-1-dB-fafgthese calculations with a maximutg, vatues-oeflimit set tB0and-40-dBZ+espectively.dB whatever

Z,. Themountainreturns from Target 04 (T04) allow to quantify bain-site attenuation and along-path attenuati@tdu

precipitation falling over the city of Grenoble (NEctor) at that time (left-hand side example)thid range of about 40 km,
we getPHALPIA,, = 47.9 dBdB and$gG5P g, (1o, %——=1Tm) = 129.9°. The mountainreturns from Target 19 (T19)
located in the South-East sector (right-hand ssgem to be essentially affected by the precipitatienditions at the radar
site. At this range of about 27 km, we g&#4;PIA, = 11.9dBdB and ®g{5Pg, (1o, 1y) = 12.2°. This yields
PIAZPIAL [P apGormPap (1o, 1) ratios of 0.37 and 0.97 dB degretor the two targets, respectively. These values ar
clearly (especially the second one) well aboveréimge of expected values for the slope of a supiptieear A—KqA —
Kgp relationship(Sehneebeli-et-al-2013)-whieh in. dddition to the generalized decrease of the maunédurns visible in
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statistical distribution calculated over the optirparameter sets of all the targets for the comsiliéme step, one obtains a
symmetrical distribution with a slightly higher nresalue of 12.6 dB and a rather large interquartilege of 4.5 dB. The
mean value increases somehow (13.5 dB) and thequggile range decreases to 3.2 dB if #ieyPIA, distribution is
computed for targets 9-22 only, i.e. for targetthweduced along-path attenuation. It is worthngthat such statistics are
not improved (e.g., interquartile range reducednié considers a more stringent satisfaction @itefe.g.6£,CFy, = 0.9
instead ofcE;CFy, = 0.8).

4. Discussion and futurework

In this paperarticle we have started to implemengi@bal-appreachsimulation framewotd study the interactions between
X-band microwaves and hydrometeors in a mountaicongext. Emphasis was placed on the attenuatioblgm, which is
known to be severe for the frequency under conaiiter and essentiallyncorrectableimpossible to correniless estimates
of total attenuation are available at a distanomfthe radar. The RadAlp experiment allows us taiodirect PIA estimates
from the Mountain Reference Technique in some §ipatirections and undirect estimates from the pssing of the profiles

to apply and has interesting characteristics (iedepnce on radar calibration, on-site attenuatioipartial beam blockages),
it suffers from several limitations, including (he fact that théZ'Wy, profile is noisy for light precipitation, (i) psible
contaminations by the differential phase shiftgapagatiors;zbackscatteby,, (i) possible impact of non-uniform beam
filling and (iii) the need to specify the relatidng between the specific attenuation and the sigedifferential phase shift
which depends on hydrometeor types, temperatudes@on. In a similar way to the satellite confaion (e.g. the possibility
to use the Surface Reference Technique in additidhe dual-frequency measurements at Ka and Kul8#&or processing
the radar data of the GPM core platform ; Meneghtral. 2020), we have proposed to take advanthg# the MRT and
polarimetric measurements available to perform megaized sensitivity analysis of the physical modfeinterest. In the
simple case of convective precipitatigne. without “contamination” of radar data byosnor melting precipitation)we have
obtained interesting results regardihgestimation ofadar calibratiopthe errorradome attenuation and theefficients-of

theA—ZA — Z andA—KqzA — Kg, relationships. We note that for the estimatedrogtiradar calibration error, the A-Z and. — { Mis en forme : Police :Non Italique
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reassuring regarding the relevancehef use oficrophysical data and scattering models for-tem—QPEparameterization

of radar data processin@/e have deliberately left aside the questiorhefdpecific attenuation - rainrate conversion ia th

article. An interesting validation exercise to le#fprmed consists in using the DSD-derivee-RA — R relationship for the

conversion of the estimated specific attenuatiafilps-then-these. The resultimgdar rainrate estimates will be compared

with the raingauge measurements available. Anatheome of the study is the quantification of X-Baadome attenuation.
Values as high as 15 dB were estimated, leaditigetoecommendation of avoiding the use of radoregeimote sensing of
precipitation at such frequency. As an alternativeyould be desirable to develop specific sensordetect / quantify the
presence of water on the radome walte-sty bt ftet i
forradome-attenuation. (Mancini et al. 201A3.a next step, we plan to extend the procedus&atiform events with MOUC

tor

radar measurements made at times within or aboeenthlting layer. The multi-angle, multi-frequengyglarimetric

measurements of the valley-based radars will bieakin this respect for the characterizationhef ML from below (Khanal
et al. 2019,-20622)2019, 2022), the parameterization of-EsxR relationships for different hydrometeor typasd the

mitigation of the mathematical ambiguity of the ploal model of interest.

Appendix A: Formulation of the attenuation-r eflectivity algorithms

A.1 AZhb algorithm (independent of PIA,,)

This formulation is based on (2.11) only. In otherds, it does not make use BfA,,. By combining (2.11), (2.2) and (2.3),

one obtains a corrected reflectivity profile thrbube following equation:

Zazno (1) = Z () / [(AF(rg) dC)PAZ — 0.46 a5 baz SZ(ro 1]/

Anzn (1) = anz Z2A%(1) / [(AF(ro) dC)*A2 — 0.46 apz bay SZ(1o, 1))

A.2 AZC algorithm (independent of dC)
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The attenuation constraint (2.12) is used to expd€sas:

1/baz

dC = [0.46 apy baz SZ(rg, 1) / (AF(re)®4% — AF(rp,)?47) | (A.3)
which is introduced in (2.11) to yield:

baz _ b b b,
AF %o, 1) = [AF(ro)PA2SZ(r, 1) + AF(rpy)A% SZ(xo, 1)] / AF(r9)°A% SZ (o, Iy) (A.4)

The corrected reflectivity profile is then deriviedm (2.2), (2.3), (A.3) and (A.4) to read as:

YPAZ 1 €0.46 a5y bag [AF(re)PAZ SZ(r, 1) + AF(ry)PAz SZ(ro, 1)}

(A.5)

Zpgc(X) = Z(r) [AF(ro)PAZ — AF(ry,)PAz]

Note that in the previous derivations, the expmssif dC given by (A.3) is used two times, firsttlme expression of

AFRAZ(ry 1) from (2.11) and then in the substitution of dG2rP).

The specific attenuation profile follows from thsewf thg A-Z relationship (2.5):

Apzc(t) = Zy(0)PA2 [AF(rg)PA2 — AF(ry,)P4z] / {0.46 by, [AF(rg)PAZ SZ(r, 1) + AF(ry,)*A% SZ(ro, )|}

(A.6)
A.3 AZa algorithm (independent of a,z)
The attenuation constraint (2.12) is used to exgagsas:
apz = [dCPAZ (AF(ry)Paz — AF(r,)°4%)] / [0.46 bay SZ(ro, Trm)] (A7)
which can be introduced in (2.11) to yield:
AFRAZ(ro, 1) = [AF(rg)PAZSZ(r, 1) + AF(rm)PAZ SZ(ro, 1)] / AF(rg)*A2 SZ(ro, Trm) (A.8)
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Equation A.8 is actually identical to tMK‘Z‘é(rO, r) expression (A.4). From (A.8), (2.2) and (2.3), tieulting corrected

reflectivity profile can be expressed as:

Zpza(1) = Zn(r) SZ(rg, 1) "/A2 / {dC [AF(ro)PA% SZ(r, 11y) + AF(rp)PA% SZ(ro,1)] }1/bAz (A.9)

One can note that,,, (r)_is different fromZ,;¢ (r)_(A.5) and that it depends on dC.

Next, it can be verified by using (A.9), (2.5) afAl7) (a second time, for the necessary substitutita,;) that the A%
specific attenuation profile is identical to the @2pecific attenuation profile given by (A.6) with:

Anza(1) = Zy(0)°2 [AF(rg)*A2 — AF(ry,)"%] / {0.46 byy [AF(rg)*A% SZ(r, 1) + AF(ry)*a% SZ(ro, 0]}

(A.10)
A.4 AZ0 algorithm (independent of PIA,)
The attenuation constraint (2.12) is used to exqgk&§r, )2z as:
AF(r)PA% = [0.46 ap; bag SZ(ro,I) + (AF(ry,) dC)Paz)| / dCPaz (A11)
which can be introduced in (2.11) to yield:
AFRAZ(r 1) = {046 apg bag SZ(r, 1) + AF(ry)PA2dCPAz } /{0.46 apg bag SZ(r,Tm) + (AF(ry) dC)baz}
(A.12)
The resulting corrected reflectivity profile is:
Zazo (1) = Zun(r) /{0.46 ap; bag SL(r,tm) + (AF(ry) dC)baz }'/°42 (A.13)
And the specific attenuation profile:
Apzo(r) = aaz Zi(r)®4% / {0.46 apy bay SZ(r, 1) + (AF(ry) dC)Paz } (A.14)
A _ ‘{ Mis en forme : Police :+Titres (Times New Roman)
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Table 1: Values and ranges of variation of the attenuatiodlel parameters in the sensitivity analysis

P e T —— :

Parameter Value(s)

1.0-10°
0.3
1.0
AlG-sampling#1 0.316 5548 G 004
eorrespoending-to
PlAy:{0,-10-dB]
AR (rr)-samphing#2 PLAy=0.01262%5 owertmits:
PHdBY-Zr1eBZ} PLAL = 0: Ayt =1
AR )= 10=Pia/10 Upperlimits:
p;qu = nPLA:
A¢ Eg _ pra¥rio
L ) 24
anen—=10-nresults-oHFigs—9-10
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050

Parameters fixed for a given simulation

Parameter Value(s)
baz 0.80
bax 0.9.1.0,1.05,1.10,1.15,1.20
dc -2,-1.25,-1,-0.75,-0.5,-0.25,0,0.25,0.5,0.75,1, 1.25,2

Parameters taken into accountin the Latin Hypercubes Sampling for a given simulation

Parameter Central value Range of multiplicative | Lower and upper limit
coefficient of  the
central value (in dB)
Az 1.010+ [-3.3dB] [0.510+4.2.0 104
asx 0.3 [-3.3dB] [0.15.0.6]
dAF,, 1.0 [-1,1dB] [0.79,1.26]
AF(ro) PIA, = 0.0126Z3* Lower limits:

PIA; [dB]: Z, [dBZ]
AF"(ro) = 107P1/10

PIAS = 0; A(rp)t = 1
Upper limits:
PIAY = nPIA;
A(ry)V = 107P1Ad/10

withn =5
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Table 2. Some characteristics of the three convective evamisidered in this study. The melting layer (MEXettion was
performed with the 25°-elevation angle measuremehtee XPORT radar using the algorithm describedhanal et al.
(2019). The total rain amount and the maximum ed&nare recorded at the raingauge available dGfesite at the bottom

1055 of the Grenoble valley. ThelA;;PIA,, statistics are derived from the MRT by consideatighe 22 mountain targets and the
0° elevation data of the Moucherotte Mount radar.

Date Beginning End Minimum Total rain Maximum Maximum Number of
(UTC) (UTC) altitude of amount rainrate in PIA,, profiles with

the ML (mm) 10 min value (dB) PIA,, greater
bottom (mm ht) than a given
(m asl) value

21 July 2017 15:30 19:00 3000 35.2 42.0 59.8 11(>40dB)

8 August 2017 8:30 14:00 3700 27.9 48.0 63.4 20 (> 40dB)

31 August 7:00 11:30 3200 19.9 15.5 17.5 8(>15dB)

2017

1060

1065
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Figure 3: Results of the fitting of DSD-derived power-law dets for the horizontal specific attenuatiop[dB kni?] as
a function of the horizontal reflectiviff, [mm°® m?] using a classical logarithmic of base 10 transfation of the two
variables. Are given in the insert the number dhfsN, the square of the correlation coefficigRi) (of the logarithmic

regression, the prefactors and exponents of thatireg least-square regressions of the variablerdlinate versus the

the two variables on an equal footing.
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in (b) is the O-forced linear regression with gsl@qual to 0.32 and the blue curve is the noratifieof a power-law
model with a prefactor of 0.30 and an exponent.bf 1
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from the measured reflectivity profile by using &.The purple line in (c) is the raw total differehtnase shift profile
eP@P0, Khanal et al

Figure 5: Implementation of the five algorithms (blue: AZiied: AZC: orangeAZa; green: AZO; purplePIAyqp) for
mountain target T13 during the 21 July 2017 conveatvent at 16:00 UTC using a near-optimal paramsgt (see tex
for details). The results are displayed in termprofiles of [a) reflectivity,,(b) specific attertign, (c) differential phas
rofile in (a) is the measuredemflity profile; the black
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Figure 6: Time series of the input variables and optimabpeeters for the best simulation obtained for thd@y 2017
convective event. The optimal set of fixed paramseter this event is d& 0.5 dB, by, = 0.80_andb,x = 1.1. For each
of the three considered input variablesZ@)(b) PIA, (red) anddy, (1o, 1) (purple), are displayed the median
continuous line) and the 25 and 75% gquantilestéddines) of their distributions over the 22 mainttargetsA similar
representation is proposed for the LHS optimal patars (cPIA,, (d)ask_and (e, except that the distributions are|
established over all optimal parameters of alleesdn (d) and,(e), the dotted horlzontal lines matmaalhe lower and
upper limits conS|der in the LHS of the conad@aﬂamete i :

The time series of
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Figure 7: Evolution of the medians of the distributions ofsite attenuation (a), prefactor of the A-Z relaship (b) and
prefactor of the\ — Ky, relationship (c) estimated for the 21 July 201&réhas a function of the calibration error. The
variabledZ, equal to- dC, is used to represent the dBZ value to be addétetmeasured reflectivities for correcting th
calibration error. The prefactors, expressed inaiB,calculated with respect to the central vadfébeir intervals of
variation:a,z, = 10 log(1.0 107*) anda,g, = 10log(0.3) (Table 1). Like in Fig. 4b, the red curves cor@apto
bak=_1 and the blue curvesbqx=1.1. The dotted red and blue curves in the taplys represent the 25 and 75%
quantiles of the distributions ®1A,.
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Figure 78: Evolution of the total number of optimal paranetets,(NOPS) as a function of the radar calibnagigor for | _ -

three convectlveventseparately (dotted que curves) and aII togetrtdrc{blue curveteHhePMgsamplmgstrategy

all events together The vanawé equal t0~d€ is used to feature the dBzZ value toatided to the measured
-). The other fixed parameters for these simulatioa$gb,, =
0.788 andbyr—=Db,x = 1.1.

57

‘[ Mis en forme : Police :Non Italique




58




45000 —
40000 —
) 35000 —
o
o
Z 30000 —

25000 —

20000 —

1.15
1.10
1.05
1.0

0.9

59




90000 —
80000 —
o
O 70000 1.15
Z 1.10
1.05
1.0
60000 —
0.9
50000 —
[ [ [ | |
-2 -1 0 1 2
Figure 89: Evolution of the total number of optimal paranmetets,(NOPS) computed for the three convectivetewval | - {Mis en forme : Police :Non Italique
together as a function éfz{see-caption-of-Fig--@}. for various values of the exponent of the-KzzA — K,
relationship listed on the right-hand side of tigeife. Like inFig—6Figs. 4b and,%he red curve corresponds to
baxbak = 1.0 and the blue curve @b,k = 1.1.
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Figure910: Implementation of the five algorithms with sefsoptimal parameters (blug: AZhb; red: AZC; orange:

path and on-site attenuation (left), as well asifountaintarget39T 19with on-site attenuation mainly (right). The reisu
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images are displayed the PPIs of the measurectigftg (with the indication of the position of theo targets in red),
the co-polar correlation coefficient and the ravaldlifferential phase shift.
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