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Abstract. Radar-based retrievals are often employed to charl  Introduction
acterize the microphysical properties of cloud hydrometeors,

i.e. their phases, habits, densities as well as their respectivehere is a body of literature in atmospheric science that
size and orientation distributions. These techniques are basegsiders cloud microphysical parameterizations as one
on a synergetic use of different cloud observation sensor(Syf the main sources of error in operational climate and
and microphysical model(s) where the information extractedyeather forecast models (e.g. Cantrell and Heymsfield, 2005;
from both sensors and models is combined and converteg srcher and Koop, 2005). Microphysical processes deal with
into microphysical cloud properties. However, the amountsmgj| spatial and temporal scales (smaller than a few cen-
of available information is often limited, which forces cur- timeters and up to an hour) which are not directly resolved
rent microphysical retrieval techniques to base their algo-in global circulation models (GCMs). Therefore, the param-
rithms on several microphysical assumptions which affecteterization of microphysical processes at scales resolved in
the retrieval accuracy. GCMs (down to 100 kilometers and down to a few hours)
By simultaneously combining Doppler and polarimet- js hased on many assumptions which are currently not opti-
ric measurements obtained from fully Doppler polarimetric qg| at providing accurate descriptions of cloud microphysi-
radars, it is possible to create spectral polarimetric parameq) properties. Parameters characterizing microphysical pro-
eters. Although these parameters are easily contaminatégesses are cloud particle phases, their main orientations, their
with unwanted echoes, this work shows that, from a correchapits as well as their size distributions. A better understand-
radar signal processing based on filtering and averaging techng of such small scale processes and their characterization at
nigues, spectral polarimetric parameters can be correlated 'Rrge scales are of great importance in order to improve mi-
microphysical cloud properties. In particular, preliminary crophysical parameterizations. This can be achieved from the

determined from the sole use of such spectral polarimetriGensors (Shupe et al., 2008).

parameters. Therefore, such additional spectral polarimetric
information offers an opportunity to improve current micro-
physical retrievals by reducing the number of microphysical
assumptions in them.

Radar sensors are commonly used to observe and retrieve
microphysical properties within all types of cloud. An elec-
tromagnetic signal, transmitted from the radar through the
atmosphere, is scattered by hydrometeors in a way that de-
pends on the microphysical properties of the cloud. Thus,
the backscattered signal (or better, the backscatter cross sec-
tion) contains microphysical information of the hydrome-
teors being probed at different ranges along the radar line
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radar signal, which is defined as the distribution of hydrom-fully polarimetric radar signals. It is expected that, based
eteors radial velocities weighted by appropriate backscatteon these parameters, more cloud microphysical information
Cross sections. is obtained, potentially reducing the number of assumptions
Typical radar-based retrievals only use the zero, first ancemployed in cloud retrievals. The use of spectral polarimet-
second moments of the Doppler reflectivity spectrum, i.e. theric parameters within cloud microphysical retrievals is there-
reflectivity, the mean Doppler velocity and the Doppler width fore investigated in this paper.
respectively. However, these radar quantities contain infor- In the following section, spectral polarimetric parameters
mation coming from a mixture of several microphysical pa- are defined and associated with microphysical cloud proper-
rameters (as mentioned above) which are difficult to differ-ties. Small variation of particle motion and change in orien-
entiate without the synergetic use of other sensors and microation produced by micro turbulence can make spectral po-
physical model information. Retrieval techniques are basedarimetric parameters very noisy. The second half of this
on many type of synergies. For example, ice crystal sizesection describes how to process them so that they become
distributions and ice water contents within ice clouds canstatistically coherent in space and time for their use in micro-
be retrieved from dual-frequency radar techniques (Hogan ephysical retrieval techniques. An example of a microphysi-
al., 1999) or from radar-lidar observation algorithms (Dono- cal retrieval that uses spectral polarimetry is tested in Sect. 3,
van and Lammeren, 2001; Wang and Sassen, 2002; Tinedn several ice/mixed-phase cloud microphysical properties
et al., 2005). Other synergies are also tested such as Radgtabits and orientations). In the same section, an illustration
Reflectivity — Infrared Radiometry (Mace et al., 1998) and, based on a case study is provided in order to demonstrate
more recently, radar reflectivity — air temperature techniqueghe potentiality of such a technique under mixed-phase cloud
(Hogan et al., 2006; Protat et al., 2007). Because the scope @jonditions. Finally, in Sect. 4, a summary of the retrieval
application is often limited to specific cloud conditions (for technique is presented.
example optically thin clouds when using radar-lidar tech-
niques), it is finally worth mentioning that new types of algo-
rithms treating radar-only, lidar-only and radar-lidar parts of 2 Spectral polarimetric parameters
the clouds are nowadays under study (Delanoe and Hogan,
2008). However, several output uncertainties arise in suchrhis section describes how spectral polarimetric parameters
types of retrievals due to sensor calibration issues, assummre defined and processed in this work. Some illustrations
tions on non-retrieved microphysical properties (such as iceare provided using spectral polarimetric measurements ob-
particle shape and orientation), simulation errors, and microtained with the S-Band TARA radar (Transportable Atmo-
physical inhomogeneity within the large radar resolution vol- spheric Radar — Heijnen et al., 2000) — see Fig. 1. The main
ume being probed. TARA specifications used for microphysical measurements
Assuming a small vertical wind speed, and taking into ac-can be found in Table 1. Unlike most other atmospheric
count the horizontal wind component, it is possible to asso+adars, TARA is based on the FM-CW principle (Frequency
ciate particle fall velocities obtained by the radial velocity Modulated Continuous Wave). This technology brings the
measurements with particle size distribution(s) of the cloudadvantage of using a low transmitted power while possessing
particle habit(s). Then, adding spectral information further sensitivity comparable, or even higher, than pulse radar. It
improves the identification and partitioning of cloud particles also provides better flexibility in terms of frequency modu-
present within the same radar resolution volume (Matrosoation and sweep time (period of the frequency modulation),
et al., 2002; Shupe et al., 2003; Deng et al., 2008; Dela-making the radar tunable for different spatial and time resolu-
noe et al., 2007). Additionally, particle shape/orientation cantions. TARA is composed of two large antennas, one contin-
be linked to the polarimetric information coming from the uously transmitting while the other continuously receives the
medium being probed when radars are equipped with polaribackscattered signal. Both the transmitter and the receiver
metric capability (Russchenberg, 1992), which also enhanceare equipped with polarizers that can change the polarization
the microphysical characterization of cloud particles. In Ma-angle to either ® or 90 (where G corresponds to an hor-
trosov et al. (2000), for example, polarimetric information izontal polarization state). All polarimetric measurements
is employed to infer the shape of cloud particles assumingcan be performed quasi simultaneously. TARA is therefore a
spheroidal shapes and microphysical homogeneity within thédoppler fully polarimetric atmospheric radar profiler and can
radar resolution volume. Notwithstanding their limitations, combine several measurements in order to obtain the differ-
these findings suggest that Doppler and polarimetric infor-ent spectral polarimetric parameters described in Sect. 2.1.
mation significantly improve cloud retrieval algorithms men-  Doppler and polarimetric measurements are not optimal
tioned previously by reducing the number of microphysical at the same elevation angle. On the one hand, Doppler in-
assumptions. formation extracted from off vertical measurements is af-
In this paper, it is proposed to go a step further by buildingfected by the horizontal wind component which often has
spectral polarimetric parameters which simultaneously com-a higher order of magnitude compared to vertical wind and
bine both polarimetric and Doppler information contained in particle fall velocity combined, the latest being the parameter
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Table 1. Standard TARA specifications used for cloud microphysics measurements.

Radar Parameter value comments

central radar frequency 3.298 GHz wavelength=9.09 cm

transmitted power <100W can be lowered in steps of 10 dB depending on the
meteorological situations

Antenna elevation angle a5 from the horizontal

Measurements value comments

range resolution 10-30m

Maximum unambiguous range 5110-15330m Corresponding max. height=3613-10840m

Doppler resolution ~3cms1

Maximum unambiguous Doppler velocity 7.5 mis(Nyquist velocity)  22.5m s~ using the dealiasing technique

transmitter receiver 2.1 Definition and microphysical interpretation
t ‘ Every spectral polarimetric parameter is based on the mea-
sured radial Doppler velocity spectrum. As previously men-

tioned, the radial Doppler velocity is a combination of the
radial wind speed coupled with the intrinsic cloud particle
fall velocity. On the one hand, the radial wind depends on
the dynamic of the atmosphere and the radar elevation. On
the other hand, the fall velocity spectrum is related to the
microphysical properties of the ice crystals, i.e. particle size
distribution, density, and particle area projected normal to the
vertical airflow (Mitchell, 1996).

The primary description of how the radar target backscat-
ters the transmitted radar signal is given by the so-called scat-
tering matrixS (Bringi and Chandrasekar, 2001). For radars
equipped with linear polarizatio is defined such that

r 1 i 1 i
il B R B B R &)
EV r Svh va Ev r Ev
with E" = E{f\r + EV, the scattered field in the linear ba-

sis (ﬁ,,\?r>. The subscripts h and v stand for the horizontal

and vertical polarization states of the electric field, respec-
Fig. 1. The S-Band TARA radar. The transmitted and received tively while the superscripts andi refer to the scaterred
signals are sequentially switched from vertical to horizontal polar-and incident waves, respectively. For a reciprocal medium,
ization states in order to measure the full scattering matrix. Syh equalsShy, Which reduces the scattering matrix to three

elements. This reciprocity property holds for meteorologi-

fint t within mi hvsical retrievals. Th iicle fall cal targets and quasi monostatic radars like TARA. The ma-
of Interest within microphysical retrievais. the particle fall ., ajements can be obtained from any Doppler fully po-

;’.eloﬁ'ty dte r IVQ%fI’O;]T’I the Dfoppller spec;trulrln IS th?_refore P~ |arimetric atmospheric radar. From the Doppler information,
imally retrieved when performing vertically pointing mea'aLhe spectral scattering matrix elements, i.e. scattering matrix

furtﬁmen(tjs, t?e ho;'ZFmrt]?l Wg?hcompor;.epglbelrg)g otrr:hogt?]n er Doppler bin, are computed. Each spectral polarimetric
ho de ralar_ lnt_e 0 ds_lg _?n €N neg Iglt €. on | €o te_::parameter is derived from the spectral scattering matrix ele-
and, po a”Z? '0?]. 'r\]/irs' yf_rtl}easutrhemen S "r?' PO ?”r:ne fl rpents and related to specific cloud properties.
gﬁiizu;?irgr?tgj Lvyé(;omi?:olrs r;)rrz migtogf-fse[():tisgcv?hfanagsro The spectral horizontal/vertical reflectivity parameter
. ) sZ the subscriptX referring to either the vertica
formed close to the horizontal plane. As seen in Table 1, xx () ( P 9 Y

trade-off at 45 d levation is taken in order t timi r horizontal @) polarization state of the receiver and the
rade-oft at 25 degree elevation IS taken in order to opimiz€, o hsmitter channels, respectively) is expressed as
the combination of both.

sZxx (v) =(Sxx (v)Sxx (V). (2)
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where <> denotes the time average of the Doppler spectraspectral polarimetric processing steps are first applied based
andv represents each radial Doppler velocity bin. In particu- on the work of Unal and Moisseev (2004) and Unal (2009).
lar, sZx x (v) is related to the particle size distribution of the This first standard processing uses spectral polarimetric tech-

medium being probed. niques in order to strongly reduce part of the spectrum hav-
The spectral differential reflectivity ratioZpg(v) is de-  ing non-meteorological spectral polarimetric properties and
fined as the ratio between the two copolar signafsy g (v) correct for possible spectrum aliasing. It guarantees an op-
andsZyvy (v), such that timum trade-off by keeping most of the atmospheric echoes
. while removing as much noise and clutter as possible for any
$Zpr(v) = SZun(v) _ (Shh(U)Sw(”)). (3)  atmospheric situations. An illustration of this processing is
SZyv(v)  (Sw(®)Sy, () provided in Fig. 3a—c.

The main advantage of this parameter is that it is indepeny 2 1 smoothing

dent of any absolute radar calibration. It is, above all, linked

to the shape and orientation of the hydrometeors, a.g. theiThe Doppler spectra computed from the raw signal are very

axis ratio assuming spheroidal shapes. Differences in somgoisy (see Fig. 3a), which make them difficult to study. The

simulatedsZpg outputs are illustrated in Fig. 2 for differ- signal is first smoothed in order to remove most of the statisti-

ent spheroidal particle shapes and orientations present in theal variations while keeping the main slope of each spectrum

radar resolution volume and for different particle microphys- (see Fig. 3a).

ical properties. As mentioned previously, optimui#p g

measurements are obtained at a 45 degrees elevation angle2.2  Correction for spectral aliasing and

in order to benefit from both, the polarization diversity mea- non-simultaneous polarimetric measurements

surements from non-spherical hydrometeors, and the falling

particle velocity information obtained from the Doppler mea- For the TARA radar, a sequence of measurements at different

surements. Still, typicadZp g (v) values lower thant2 dB polarization settings is used in order to obtain all the spec-

are mostly found within cloud observation when used in tral scattering matrix elements. Increasing sequence length

radar profiling techniques which make€pg(v) strongly ~ consequently reduces the maximum unambiguous Doppler

affected by noise. velocity of the radar. For some atmospheric situations with
The ratio between the cross-polar and the co-polar specStrong convection, this can lead to Doppler spectrum alias-

tral reflectivity is referred as the linear depolarization ratio ing- Moreover, the target's dynamical properties also affect

sLpg.x(v), X being either the vertical or horizontal polar- the polarimetric accuracy of the radar data because of the
ization state of the copolar reflectivity signal: non-simultaneity of the measurements carried out at differ-

ent polarization settings. The data are, therefore, corrected

sZnv(v)  (Shv(v) S, () for spectral aliasing and non-simultaneous polarimetric mea-

sLpr,x(v)= sZxx(W) (Sec() Sz () ) surement using the method of Unal and Moisseev (2004).
A consequence of these corrections is also the reduction of

sLpr,x(v) is mainly related to the tumbling effect of noise and clutter echoes, which are not satisfying the spectral
falling cloud particles. Note that this parameter has alsopolarimetric signature expected from meteorological targets.
been used to characterize particle habits within ice cloudssuch unwanted echoes are indeed reallocated to a different

(Matrosov et al., 2000). Doppler velocity interval than the one where meteorological
The last spectral parameter, the spectral complex copolagchoes are present (as can be seen in Fig. 3b for the signal
cross-correlation coefficieRpco(v),is defined as present below-8 ms1 or above +8 mst.
Shh(v) 3y (v) -
$Pco(v) = ( w > (5) 2.2.3 DoublesL pg Clipping

2 2\
V{ISnnl#) (1w %) Polarimetric filtering using thresholding techniques is ap-

As shown in Eg. (5), the spectral complex copolar cross-Plied on the spectral linear depolarization ratiosp g, i (v)
correlation coefficient is associated with the correlation be-2Nds L,y (v), based on the work of Unal (2009). For both,
tween the copolar horizontal and vertical spectra. Battaglia/alues above-5dB are considered as non-meteorological
et al. (2001) demonstrated thad,, and thereforepeo(v), is  €cnoes and are discarded from the Doppler spectra. Figure 3c

sensitive to the particle habit as fof. pg_« (v). shows an example of theZyy spectra obtained after thresh-
’ olding onsLpg,v (v) andsLpg,u (v). In this specific case,
2.2 Standard spectral polarimetric processing the velocity interval where meteorological echoes are present

is constrained between abou®.7ms ! and—3.6ms?1.
The radar signal coming from the TARA receiver can be
depicted as a mixture of wanted echoes (from meteorolog-
ical targets), unwanted echoes (clutter), and noise. Standard
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Fig. 2. Simulations ok Z gy i (v) ands Zy vy (v) obtained for different microphysical configurations. For all simulations, a mix of two particle
types is considered. All particle shapes are approximated with spheroids and they all follow an exponential distfgutmmnesponds to
the Median Volume DiameteNyy is the intercept parameter (related to the particle concentratiorygisdhe spectral broadening parameter
(related to the atmospheric turbulence within the volume considef@dylixing of aggregates and columns obtained for an increase of the
column crystals diameter(b) Mixing of aggregates and plates obtained for an increase of the plate crystals diagegtelixing of
aggregates and plates obtained for an increase of the plate crystals concentration.
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Fig. 3. TARA processing steps performed oZyy (v): (a) raw data and smoothed dai@) correction for spectral aliasing and non-
simultaneous polarimetric measurements (the smoothed data from Fig. 3a is added in order to correctly see the changes performed afte
dealiasing) andc) doubles L p g clipping. After(c), only a few noise data (dots in the spectra) are kept.

2.3 Additional processing applied for microphysical first tested on high signal-to-noise-ratios in order to satisfy
retrievals current retrieval techniques which are based on second order
polynomial approximation (as described in Sect. 3).

The additional processing ensures a total noise and spec- After applying all the processing steps mentioned in
tral fluctuation removal (which have not been removed from S€¢ts: 2.2.1-2.2.3Zpg(v) still remains affected by strong
the standard processing) in order to use spectral polarimetr§'9”a| quct_uanons.and remaining clutter. In order to improve
for cloud microphysical retrievals where high correlation be- Microphysical retrieval techniques based on spectral polari-
tween spectra in height and time is required. This additionaiMetric parameters, further filtering is applieds@p g (v) us-
processing is still in an experimental phase and is thereford"d additional clipping and statistical estimators.
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2.3.1 Additional clipping spectra is created at each time and range bins of the reflectiv-
ity profile. Each set is composed of 15 consecutive spectra

The threshold values obtained for this additional clipping arebeing averaged from the same initial time over an increas-

obtained from a sensitivity analysis performed on the specing averaging time (from 1.5 s to 22.5s). For the sake of

tral polarimetric parameters. This analysis was carried outclarity, the spectrum 1Nz, = 1) is not averaged (initial 1.5 s

over a set of different ice/mixed-phase clouds probed withresolution) and the spectrum 184, = 15) is averaged to a

the TARA radar. It was found that, within ice cloud sys- maximum time amount of 22.5s. The analysis is performed

tems (precipitation and ice/mixed-phase clouds), the clippingon each spectrum as well as its parabolic fit. Two different

onsLpg,n(v) andsLpg,v (v) could be rescaled te 15 dB statistical parameters, the standard deviation std and the cor-

without affecting the meteorological echoes. relation factor Rd, are used as described below.

sZpgr(v) within microphysical retrievals requires a very

high correlation between the Doppler spectra obtained in

HH andV'V polarization states and, therefore, a total noise The Standard deviation Std

and clutter removal is needed. The remaining noise and clut- . i

ter still present in the Doppler signal can be removed by an‘l_'he parabolic fit is flrst used to compute the standard devia-

additional clipping based on spectral polarimetric correla-0n at each averaging step,

tion, using the spectral copolar cross-correlation coefficient

vmax .
speo(v).  Within ice clouds, Battaglia et al. (2001) simu- Ly |sZDR(U)—SZ§§R(v)|2

lated different polarimetric parameters for different ice parti- vmin

cle habits and radar elevations. At 45 degrees elevation angle vmax| , it 2

(standard TARA elevation when working with spectral po- \/ Ly w

larimetry), typicalspco values above 0.9 were simulated. In vmin

this work, clipping is performed ajpco(v) =0.94 in orderto \yhere s corresponds to the total number of Doppler veloc-
d|scarq thg remaining noise gchoes- ity bins andsZ™ . (v) is the parabolic fit of each averaged
Dealiasing, as described in Sect. 2.2.2, can produce aQz,r spectrum (Fig. 5a). Std is related to the amplitude of
overestimation ofpco(v) in the remaining noise data region thes 7, » fluctuations. An example of std evolution for an in-
inherentin the cross-cqrrelation com_pL_Jtation (Eq. 5). This iscreasing averaging time is provided in Fig. 5b together with
not the case when looking at the variationspéo(v) 0n €on-  the modulus of the std gradient. Within clouds, the variation
secutive Doppler bins (in consecutive velocities at one speyf std with time can be linked to the particle shift to neigh-
cific time), i.e.Aspco(v). Thus, a third filtering is applied in - ,5ing Doppler bins due to the presence of micro-turbulence
parallel onAspco(v), values above 0.01 being removed from yyithin the same resolution volume. Because of the random-
the spectra. In conclusion, only part of the Doppler spectrunyess of the Doppler shifts, the standard deviation of the signal
satisfying the three thresholds el pr,x (v), spco(v) @and  ysyally decreases as the time averaging increases as shown
Aspeo(v) is kept. An example of such additional clipping is in Fig. 5p. As previously mentioned, the modulus of the std
provided in Fig. 4. For this specific example, the Doppler gragient (i.e. the slope) is also monitored. Low fluctuations
velocity interval of useable data is further constrained from ¢ {he slope ensure homogeneity of the signal over time. In

1 1

—4ms-to-1.8ms-. this work, Naymin (corresponding to a minimum averaging
- ) time) is set when the std coefficient and the modulus of its

2.3.2  Additional averaging gradient become lower than 0.15 and 0.015 respectively, cor-

. . , o , responding to the polarimetric accuracy of the TARA radar.
This use of additional Doppler velocity clipping doesn'’t re- Navmin iS equal to 5 (7.5s averaging time) in the example
move the statistical variations present in §#pr Doppler disblayed in Fig. 5.

interval where meteorological targets contribute. These fluc-

tuations arise from the dynamical and microphysical inho-

mogeneities of the atmosphere. Such variations can producgorrelation factor Rg4

incoherent behaviors across consecutive spectra in time if the

Doppler spectra are not averaged. By averaging over time &/hen averaging over a time period longer th&gy,min
numberN,y of initial non-averagedZpg spectra, it is pos-  (i.e. over a large number of specth,), multi-modal sig-
sible to remove higher-order variations. At each range anchals with coherent maxima at specific Doppler bins can oc-
time, the number of initial spectra to average (correspond-cur. Beside, Doppler shifts and spectral broadening of the
ing to a specific averaging time) is determined. It is basedfull Doppler spectra can also appear when averaging over a
on a statistical analysis 8Zpr slopes, i.e. the main trend time period longer than 23 9V, > 15 spectra averaged), as
within eachsZpg spectrum which is obtained from a sec- shown in Fig. 6. These stationary spectral processes over
ond order polynomial fit in order to reduce the higher-ordertime are related to real microphysical or dynamical variations
fluctuations of the signal. For the analysis, a set of Dopplerwithin the cloud being probed and can occur in less than a
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Fig. 4. Additional clipping performed ofa) sL pg,v (v) (at 15dB),(b) spco(v) (at 0.94) andc) Aspco(v) (at 0.1). This additional clipping
gives the opportunity to constrain the Doppler velocity window (frethm s~ to —1.8 ms1 in this example).
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Fig. 5. Example of statistical analysis performed wsthp g parabolic fit on 15 consecutive spectra for a specific initial time and range bin
of a TARA measurementa) Representation of theZ p g spectra obtained with their parabolic fit for different numbers of spectra averaged
(i.e. different averaging times}b) Evolution of the standard deviation coefficient and the modulus of its gradient with the number of spectra
averaged(c) Evolution of the correlation coefficierRy for Nay, min =5 (average on 5 spectra), where std is found below 0.15 dB.
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sZ,,,, depending on number of averaged profiles chosen in order to remove any microphysical and dynamical
‘ ‘ ‘ ‘ fluctuations in the averaged Doppler spectrum.
/"’V-\\ —5 An example is given in Fig. 7 for consecutive spectra ob-
-10r ? l,' - =157 tained, before (middle row) and after (bottom row) averaging
’ -==25 over a specific time amount (specifi¢,, value) determined
~150 35]] from the statistical analysis. Each spectrum from left to right
T —20 [ | is obtained within an ice cloud event at 1.5s interval.
'}',I —250 .'I | 3 Application for ice cloud microphysical retrievals
J 1 y
—30r J ." ";, A Compared to other spectral polarimetric parameters,
35 y ; *‘5.‘:"‘1 . sZpr(v) can provide straightforward information on
i A particle orientation dominating the signal for a specific
_a0- ‘ ‘ ‘ ‘ N Doppler interval (positive when horizontally aligned parti-
-5 -4 -3 -2 -1 cles dominate the signal, negative when vertically aligned
doppler velocity (m.s %) and close to zero when particles do not exhibit any specific

orientation). sZpg(v) is therefore chosen in this paper
Fig. 6. Broadening effect of Zgy gy (v) when an increasing number to introduce the potentiality of spectral polarimetry for
of spectra is averaged. microphysical retrieval purposes as well as to categorize the

microphysical diversity within the medium being probed. In

. his section, particle habit(s) and orientation(s) are retrieved
few seconds. They do not strongly affect the std analysis butrom TARA observations within ice/mixed-phase clouds. It

they can drastically change chDR slope, and therefore, is important to note that this method is still in a preliminary
the coherency of two consecutive Doppler spectra. The cor-

. . . : stage and is therefore only described in order to illustrate
relation factorRy is computed in order to monitor the spectral . : : : .
L o the potential of using spectral polarimetric parameters in
coherency of the parabolic fit over time:

microphysical retrievals. At the TARA working frequency

;(sZ?}R,NaV_mm © (528, o)) (2085 @ (5250, )) of 3.3 GHz, only cloud ice crystals and falling drops (drizzle
Ra= - - 2 ] > (7) and rainfall) are detected within the measurements, cloud
it it it it .
\/ 2 (2B N )~ (7B o)) (7B = (7B v )) water and supercooled water droplets being too small (mean

diameter smaller than 20 um) to be discerned by the radar.
If we assume that most ice crystals grow rapidly to a recog-
nizable non-spherical shape larger than 25pum due to high
S?_upersaturation with respect to ice (Lawson et al., 2001),
the evolution of Ry as well as the modulus of its gradi- ARA can be used to provide direct ice crystal observations

ent. For a reliable microphysical retrieval, high coherencyWIthOUt being affected by the supercooled water phase in

o .mixed-phase cloud regions.
within nearby averaged spectra should be observed.  This The microphysical retrieval algorithm investigated here is

guarantees that measurements are performed within a h

. . . . 35ased on different spectral and integrated polarimetric pa-
mogeneous resolution volume in terms of microphysical an

meso-scale dynamical cloud properties. In previous Work,][glrlg atgrt?\'etrs]?é '?gglgx))’ $Peo(v) andLpg. The retrieval
Dufournet (2010), showed that more than 10 % decorrelation P '
of the sZpg signal could strongly affect the output of the 3 4 Partitioning of cloud particle type
microphysical retrieval technique, and mainly the concentra-

tion of oriented ice particles. A 10% threshold is therefore aos previ0u5|y mentioned, most radar resolution volumes

adopted within this paper. Averaged spectra showing morean contain different hydrometeor types which evolve within
than 10 % decorrelation are discarded. In the example takethe same cloud volume. The probability of particle mixing
in Fig. 5¢, all spectra averaged wit, greater than 12 (av-  within the radar resolution volume is even more important
eraging time above 18 s) are not considered coherent and cagt far distances from the radar as the radar volume expands
not be averaged. with distance. Most current retrieval algorithms assume the
At this stage of the processing, a final averaging time (ormicrophysical homogeneity of the medium being retrieved.
number Nay Spectra to average) can be obtained. It cor-Thus, cloud particle mixing can lead to wrong character-
responds to the minimum averaging time for which all the jzation of parameters, including particle number densities,

three thresholds mentioned above (i.e. on std and the modushapes and phases which, in turn, affect the microphysical
lus of its gradient, an®q) are satisfied. In Fig. 5, for exam-  retrieval outputs.

ple, Nay=>5, corresponding to an averaging time of 7.5s, is

In EqQ. (7), Navmin is fixed andNgy varied from 1 to 15.

The spectra averaged ovéfaymin iS taken as reference.
Rg is expressed in percent, and is equal to 100 % for two
identical spectra, i.e. 100 % correlation. Figure 5c display
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Fig. 7. Four consecutive Zp g spectra extracted from an ice cloud region (see reflectivity profile). Each spectrum is measured at 1.5s
interval and averaged (bottom row) over a different averaging time. The set of spectra are represented without (middle row) and with (bottom
row) the additional averaging step. As displayed, the spectra become more coherent when the averaging is performed.

Hydrometeors detected in each radar volume are spectrallguch as windshear or strong updraft, can act upon the air-
classified into different groups based on the similarity of their flow’s orientation, changing the particle’s orientation. Crys-
sizes, shapes and main orientations. Becadgsg (v) isre-  tal orientations play a role in estimating particle fall veloci-
lated to such microphysical parameters (see Sect. 2.1), thiges (Mitchell et al., 1996), which are often used for the deter-
algorithm uses variations detected in the slopebHg (v) mination of the particle size distribution. A good estimation
over the whole spectrum in order to infer changes in parti-of ice crystal’s orientation is therefore required.
cles properties. Parabolic fit @i p g (v) is used for particle
classification in order to discard higher order fluctuations of At the TARA wavelength £10 cm), ice particle orienta-
the originalsZpgr spectrum which would affect the classi- tion can be directly obtained from the mes#ipg value(s)
fication. Within a set of cloud observations performed with measured for each group of particles detected in the same res-
TARA, 16 main particle arrangements, each comprising 1 toolution volume. A fairly simple orientation algorithm is cur-

3 groups of particles, have been extracted from the parabolicently implemented in the microphysical retrieval. Each ice
fit made on the slope of theZpg spectrum, as displayed crystal species is assumed to be composed of either horizon-
in Fig. 8. A categorization numbe¥; is attributed to each tally, vertically or randomly oriented particles. For a Doppler
radar volume for which the retrieval is executed. For the sakespectrum interval (related to a specific group of ice crystals)
of clarity, a schematic representation of ice crystal's orienta-with positivesZp g (v), the predominant ice particles are as-

tion and habit is added on the left hand side of Fig. 8. sumed to be horizontally aligned. This is the case for some
ice crystal groups detected in radar volumes wWih;= 10
3.2 Characterization of ice crystal orientation or above. Conversely, negativ& p g (v) are related predom-

inantly to vertically oriented ice crystals @Ncat < 9). Ice
Ice crystal orientation is caused by the airflow passing arounarystals present in Doppler intervals whe#&p g (v) is close
the particle. This airflow creates low pressure at the crystato zero is quite ambiguous. On the one has@lp g (v) =0
edges resulting in a torque which tends to align the axis ofcan be interpreted as particles having spherical or close to
symmetry of the particle along the airflow’s direction (Brus- spherical shapes producing equal radar cross-sections in hor-
saard, 1976). However, different dynamical mechanismsjzontal and vertical polarization state. On the other hand,
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Fig. 8. sZppg classification based on the slope and values of the spectra. 16 diffégnt configurations are sorted out from cloud
observations. On the left hand side, a spheroidal representation of the ice crystals shape(s) and orientation(s) contained in the same resolutic
volume is displayed for illustration, depending on the Doppler spectral configuration.
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turbulence effects can also cause random particle orienta- The particle habit retrieval technique presented is meant
tion with sZp g (v) fluctuating around zero across the spec- to work within mixed-phase cloud having low riming pro-
trum. In this paper, it is assumed that aggregates, graupel antksses (graupel and hail are not taken into account). Un-
hail can be assimilated to near spherical partict&p(g (v) der such a condition, a simple categorization scheme can
around zero) as aggregation and riming processes reduce pide employed, partitioning particle into the three following
mary habits of the newly formed ice crystal. Due to their groups: aggregates, plate-like crystals and column-like crys-
large sizes, such particles are also less mean ambient wingls. Again, different spectral polarimetric tools are used for
dependent than pristine ice, making them more randomlythe shape/habit categorization. The spectral cross-correlation

aligned. parameter is first investigated in order to distinguish the ag-
gregates from the pristine ice crystals. Figure 9 represents
3.3 Characterization of ice crystal habit: a typical distribution ofspco values over the whole Doppler

spectrum that one can expect for two different microphysi-
More than 60 ice crystal species have been observed withiff! Situations. On the left side, a combination of plates and
natural clouds (Mogano and Lee, 1966). However, this clas-299regates was observed from collocated aircraft measure-
sification can be simplified by merging particle habits into MeNts while only aggregates was present within the right
three categories while still keeping a fairly good approxima- hand side distribution. Higlpco \(alues_, above 0.995, are
tion of the particle shape: pristine ice crystals (comprising:cmfnd wr|1en aggregates predomln?]t.e in the ffull rada{ reso-
plate, dendrite, column and needle-like ice crystals), aggrelution volume (i.e. as assumed in this paper for Doppler in-
gates, heavily rimed crystals (graupel and hail). As for thel€rvals whersZpg(v) close to zero). Conversely, smaller
orientation, particle habits also affect most of the microphys-Pco Values (0.95< spco(v) < 0.97) can be observed and also
ical retrievals, a wrong shape assumption leading to Wrongsmulated from_dlﬁerent prlstln_e ice crystals when the_ r_adar
particle density, wrong axis ratio (if ice crystal shapes is as_a_r;:ennas are t||Ited at Zl@fIfevatlon angle. B.e(r:]a.use fmlxmg
sumed spheroidal), and wrong fall velocity computations.  different particle types affectsoco(v), a weighting factor
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Fig. 9. Typical histograms obtained from spectral cross-correlation coefficients derived from {@Rven pristine crystals (plates in that
case) and aggregates are observed (aircraft observations) in the radar resolution vol(imhevherd mostly aggregates are observed in the
radar resolution volume.

Ry is created for the particle habit categorization and defined3.4 Case study of 21 July 2007

so that
1 During summer 2007, the TARA radar took part in the

SN Convective and Orographically-induced Precipitation Study
i=0.995 (COPS) with the aim of studying heavy precipitation events
Ry=—F1—"7", (8) . . - ; .
i=0.97 driven by orographic conditions at high resolution scales.
Ni Precipitation processes were observed by means of a syn-
ergetic collection of research remote-sensing and/or in-situ
where N; is the total number of spectral samples pg, systems operated at the ground, on-board aircraft and satel-
intervalsi. This Ry ratio is preferred rather than using the lite. Six main ground-based sites were deployed across the
mean or the standard deviation of the distribution, as suchlCOPS domain. TARA was located on the Hornisgrinde
parameters can give similar values for different microphysi-site (H), on top of a plateau, close to other ground-based
cal situations (see mean and std of the distribution differencesensors. More information on the campaign can be found
in Fig. 9a-b). WherRy, < 2 (threshold determined empiri- in Wulfmeyer et al. (2008). In this paper, Saturday,
cally), pristine ice crystals dominate the radar resolution vol-21 July 2007, is taken as a case study period in order to il-
ume. Aggregates dominate in the other cases with the levelustrate the microphysical approach described in the previous
of aggregation increasing witRy,. sections.

Secondly, the type of pristine ice crystals (plate- or During that day, a frontal zone was affecting the COPS
column-like ice crystals) was investigated from the combi- area with cold air in the north and warm air in the south.
nation of Ry, with the linear depolarization ratibpg. As A wave (with presence of a high pressure ridge) was devel-
mentioned in Sect. 2.1, pr strongly depends on the axis ra- oping and stretching southwest to northeast up to the COPS
tio and canting angle of the particled.pg increases when domain, leading to the formation of a low pressure area over
increasing the standard deviation of the distribution of cant-Bavaria. This system was responsible for upward vertical
ing angle of all hydrometeors, i.e. passing from perfectly tomotion and the formation of a Mesoscale Convective Sys-
randomly oriented ice crystals. As a result, significant dif- tem (MCS) moving northeastwards over the eastern half of
ferences inL pr between plate- and column-like crystals are the COPS area in the course of the afternoon. In terms
expected when a non-random orientation is considered, aosf cloud coverage, widespread clouds, turning to convec-
cording to Battaglia et al. (2001). For the categorization al-tive (enhanced by the orography) and rainy cells were ob-
gorithm, a first threshold guess was employed to distinguishserved in the afternoon. TARA was operated to sample the
plates from columns within pristine ice regions. At 45 de- MCS over the COPS domain. The TARA measurements
grees elevation angle, simulatéghr distributions centered were combined with synchronous aircraft in-situ measure-
around—15 dB suggested the presence of columns whereaments performed with the ATR42 aircraft from Safire, in the
Lpr is mostly below—20dB for plate-like ice crystals. A framework of the Observation Strategy for Mixed-phase Oro-
summary of the crystal habit categorization is provided ingraphic Clouds project (OSMOC) under the umbrella of the
Table 2. European Fleet for Airborne Research activities (EUFAR).

i=0.95
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Table 2. Crystal habit categorization.

Ice particle type present in the resolution volume Categorization parameters

aggregates dominating the Doppler spectra Ncat=0andRy >> 2
Column-like crystals dominating the Doppler spectraRy <2 andLpg ~—15dB
Plate-like crystals dominating the Doppler spectra Ry <2 andLpgr ~—20dB
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Fig. 10. Radial Mean Doppler velocity (top) and Doppler width (bottom) measured by the TARA radar on 21 July 2007.

3.4.1 TARA measurements and interpretation bly enhanced by orography acting on a westerly wind flow,
which could play a role on particle orientation.

TARA started observations at 13:05UTC at 45 degrees ele- Figure 11a shows the reflectivity profiles obtained from

vation angle. Figure 10 represents the radial mean Dopple15:45 UTC onwards during that day. The MCS captured

velocity profiles and the Doppler width profiles as measuredfrom 16:20 UTC to 16:45UTC was taken as case study for

by the TARA radar from 15:39 UTC onwards. The sign con- the microphysical retrieval. During this time slot, a cloud

vention of the radial mean velocity is taken such that valuesyith great vertical extension from 3200 m to 6400 m (nimbo-

are positive when particles move away from the radar andstratus type) was observed. Because of the high reflectivity

negative otherwise. On 21 July 2007, rapid scan images obencountered in this mid-level cloud region (above 10dBZ),

tained with Meteosat Second Generation could be used to esee crystals were very likely present. Just below 3200 m, a

timate the main wind direction, which was found orthogonal bright band was detected indicating the melting of the pre-

to the line of sight of the radar. For this direction, the hori- cipitating ice crystals. Quite heavy precipitation resulted

zontal wind component of the radial mean velocity is consid-from the melting process, with reflectivity values reaching

erably weakened. Also considering that, in the first 4000 m,40dBZ. From a dynamical point of view, analyses of the

low horizontal radial wind velocities of less than 10ms  mean Doppler velocity and Doppler width profiles revealed

were measured by a radiosonde launch on the same site, thRe presence of a strong updraft (Dufournet, 2010) proba-

mean vertical wind component is most probably dominatingbly enhanced by orography acting on a westerly wind flow,

in the radial mean velocity measurements, at the expense afhich could play a role on particle orientation.

the horizontal wind component. Therefore, the radial mean

velocity profile can be used to qualitatively characterize the

vertical wind evolution. On 21 July 2007, analyses of the

mean Doppler velocity and Doppler width profiles revealed

the presence of a strong updraft (Dufournet, 2010) proba-
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3.4.2 Microphysical retrieval results 3.4.3 Ice crystal habit assessment using the COPS
facilities
The microphysical retrieval technique was applied to
the ice/mixed-phase cloud passing over the H site fromAn ATR42 flight was coordinated with the TARA measure-
16:20 UTC to 16:45UTC, where high signal to noise ratio ments on 21 July 2007, in the frame of the OSMOC project,
was detected. The black box in Fig. 11a bounds the retrievalaking advantage of the COPS facilities, i.e. a specific daily
region and a zoom of the reflectivity profile within the same weather forecast dedicated to the COPS area coupled with
box is provided in the same image. Retrievals are displayed dense measurement network providing a detailed nowcast-
in Figs. 11b to e. The mapping of particle type and orien-ing of the cloud overcast. This ATR42-320 aircraft is mod-
tation categorization procedures, explained in Sects. 3.1 anflied for scientific use, and has flying performances suitable
3.2, is represented in Fig. 11b using a simplified color scalefor the study of ice/mixed-phase clouds in complex terrain.
Some of the categorization numbe¥s;;defined in Fig. 8are  In order to satisfy the needs of the OSMOC experiment,
merged with respect to the particle orientation(s) and number sensor configuration focused on microphysical measure-
of species present within each radar resolution volume. Onmments was adopted. For particle habit assessment, the 2D-
the one hand, light yellow pixels, groupingai=12, 14 or  C probe images obtained during in-cloud penetrations were
16 (radar volume containing up to two cloud particle types) analyzed at different flight levels (Fig. 12a). Plate and den-
and Ncat=11, 13 or 15 (radar volume containing at least drites, mixed with small aggregate particles, were mainly
two cloud particle types), represent cloud volumes where afound at cloud top (about 5000 m altitude). For flight legs
least one particle type is horizontally aligned. On the otherperformed at lower altitude, only aggregates at different rim-
hand,Ncar=3, 5 or 7 andVcar=4, 6 or 8 represent vertically  ing stages were observed. This result is consistent with the
aligned ice particles. Aggregates are present within eachetrieved ice particle habits obtained from TARA spectral po-
radar volumes. However, a specific color scaleNgs=01is  larimetric parameters. Graupel was also observed within a
defined when it is assumed that only randomly oriented aghigh riming region, but their retrieval is not yet implemented
gregates fill the resolution volume. Oriented particles werein the algorithm.

often detected in this cloud. A change of orientation with  Finally, plate-like pristine ice at cloud top is consistent
time was also observed around 16:30 UTC. This shift of Oorl-with radiosonde data launched from a site situated 10 km

entation was closely linked to a change in the Doppler widthaway from the TARA radar. From Fig. 12b, cloud temper-
coefficient, which could arise from a strong variation of the atures below—10°C were found at cloud top, which is fa-

amplitude of the horizontal wind, leading to production of yorable for plate-like crystal formation according to Lamb
turbulence and changes in ice crystal orientation. and Scott (1972).
Looking at the relative proportion of oriented and ran-
domly oriented particles, it was noticed that oriented par-
ticles (mainly horizontal alignment) were much more rep-4 Conclusions
resented at cloud top. This trend was reversed as reach-
ing cloud bottom as seen in Fig. 11b. Figure 11c maps thevost cloud microphysical retrieval techniques suffer from a
weighting coefficient defined in Sect. 3.3. Becalgewas  lack of microphysical information provided by current ob-
low at cloud top, oriented particles found in this region were servations, such as radar sensors, for the microphysical char-
pristine ice particles. Combining this information with the acterization of ice/mixed-phase clouds. Several assump-
mean of theL pr distribution found for the same cloud re- tions are required to fill in this lack of characterization,
gion (Lpr ~—21dB as seen in Fig. 11d), horizontally ori- which strongly affects the retrieval accuracy needed for a cor-
ented plate-like particles were most probably located at cloudect and complete cloud microphysical description, including
top. As we go farther downRy, increased, suggesting the particle number densities, orientations and types within the
occurrence of ice crystal aggregation processes. Even somgame cloud volume (Donovan et al., 2005; Matrosov et al.,
strong aggregation areas at cloud bottom, iigh> 4, were  2000). In this paper, we have investigated the use of simulta-
observed. This result is shown in the simplified categoriza-neous Doppler and polarimetric radar measurements for mi-
tion of Fig. 11e. From this figure, good physical consistencycrophysical retrievals within ice/mixed-phase clouds. First
was found between the cloud processes and the precipitatiofesults suggested that some relations might exist between
regimes observed below the melting layer, e.g. strong aggrespectral polarimetric parameters and the cloud microphysi-
gation areas connected to heavy rainfall regimes as explainegal properties, providing a wealth of additional microphysi-
in Dufournet (2010). cal information from a single radar signal that could poten-
tially reduce the cloud microphysical retrieval uncertainties.
Several spectral polarimetric parameters obtained from
TARA radar data have been analyzed. Because spectral
polarimetric parameters are by nature extremely noisy, this
analysis has mainly concentrated on how to process them.
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