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Abstract. Cloud radar reflectivity profiles can be an impmit measurement for the investigation of cloudiwakt
structure (CVS). However, extracting intended meglagical cloud content from the measurement ottemands
an effective technique or algorithm that can redercer and observational uncertainties in the edrdata. In this
work, a technique is proposed to identify and s&jgacloud and non-hydrometeor echoes using the 2olapler
spectral moments profile measurements. The paidt \lume radar target based theoretical radaritsetys
curves are used for removing the receiver noiser flmd identified radar echoes are scrutinized raaeg to the
signal de-correlation period. Here, it is hypothkedithat cloud echoes are observed to be temponaltg coherent,
homogenous and have a longer correlation period Hieta. That can be checked statistically usingsedond
sliding mean and standard deviation value of réflgg profiles. The above step helps in screen olaiuds
critically by filtering out the biota. The finalriportant step strives for the retrieval of cloudghé The proposed
algorithm potentially identifies cloud height sglehrough the systematic characterization of Zafgitity using the
local atmospheric vertical structure knowledge desito the theoretical, statistical, and echo nigatdols. Thus,
characterization of high resolution cloud radateetfvity profile measurements have been done thiehtheoretical
echo sensitivity curves and observed echo staifticthe true cloud height tracking (TEST). TESDw superior
performance in screen out cloud and filtering gotated insects. TEST constrained with polarimetri@gasurements
found more promising under high density biota wher@d EST combined with LDR and Spectral Width perfor
potentially to filter out biota within the high tawlent shallow cumulus clouds in the convective rutary layer
(CBL). This TEST technique is promisingly simplergalization but powerful in performance due to fle&ibility
in constraining for identifying and filtering oute biota and screens out the true cloud contertcesly the CBL
clouds. Therefore, TEST algorithm ensure to hawehbst low level clouds that are strongly linkedthe rain

making mechanism associated with the Indian Suniiegrsoon region's CVS.
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1.0 I ntroduction

Short wavelength (millimeter-wave) Doppler radar®e well known as cloud radars for their high
sensitivity that is required to sense the cloudptts or ice crystals to infer cloud propertiesigh resolution (e.g.,
Lhermitte, 1987; Pazmany et al., 1994; Frisch ¢t18195; Kollias and Albrecht, 2000; Sassen etl899; Hogan et
al., 2005). The atmospheric radar echoes in thé&allyt clear boundary layer are mainly either fradnagg
scattering through refractive index irregularitige to turbulence in the atmosphere (wind profilerg., Ecklund et
al., 1988; Gossard, 1990) or particle scatternognfhydrometeors and biota which is air-borne lgalal targets
such as birds and insects, and waste plant mateigl, dry leaves, pollen or dust (also known ambspheric
plankton” or atmospheric “biota” or simply “insettéhermitte, 1966; Clothiaux et al., 2000; Tescletel., 2006).
Although insects (hereafter biota) are probably fhiecipal contaminants because of their size aitiectric
constant, spiders, spider webs, and other orgaatenals have been detected in the atmosphereghnhe use of
nets and other means (Sekelsky et al., 1998). éumibre due to reduced scattering efficiency inNfie region,
cloud radar observations at 95 GHz are found ttebg (~5 dBZ) sensitive to biota than observatian35 GHz
(Khandwalla et al., 2003). Cloud radar signalg/fiently encounter this biota, within a couple dbkieters altitude
close to the Earth surface, confined mostly toAtraospheric Boundary Layer (ABL). These echoes fthmbiota
in the ABL have reflectivity values comparable tmse from the clouds, and thus they contaminatensask the
true cloud returns (Luke et al., 2008). Though rilagure of shallow clear air radar echoes was €icaibtful, but
later, these echoes over land in the CBL were gréodde contaminated by particle scattering frootebrather than
to refractive index gradients (e.g., Gossard, 19@ssell and Wilson, 1997). Importantly the natofeclear-air
echoes are a nuisance for radar based studies brelG&ds since they may contaminate the true clecib (e.g.,
Martner and Moran, 2001). However, these clearethoes can be advantageous in understanding and
characterizing the CBL (e.g., Chandra et al., 2@00;3; Greets and Miao, 2015). But in order tasdithe potential
purpose of cloud radar for studying clouds, onedeee identify and preserve the true cloud echoes thiota
contamination that is mostly confined within thenaspheric boundary layer (ABL). The ABL shallowirMdevel
cumulus clouds are strongly linked to the rain mgkinechanism at lower region of the cloud vertstalcture and
hold a key factor in predictability of cloud feettlk in a changing climate (Tiedtke, 1989; Bony let 2006;
Teixeira et al., 2008) but their representationagnunresolved in large scale modeling. This givgss to the need
of most possible unbiased and systematic obsenadtgiudy of shallow cumulus cloud to unravel itsrphological
as well as characteristic features. Therefore ctiveent work focuses on identifying and filteringpta echoes in
order to significantly improve the quality of clowddar data. This allows better characterizatiorihef tropical
Indian Summer Monsoon's (ISM) Cloud Vertical Sturet(CVS).

Review of previous studies shows that differenthtégues have been attempted to remove non
hydrometeor echoes, for example, static technifprethe ground clutter (Harrison et al., 2014; 206turn signal-
level correction (Doviak and Zrni'c, 1984; Torrexl&rni’c, 1999; Nguyen et al., 2008), dynamicsfilhg (Steiner

and Smith, 2002), and operational filtering (Alb@ret al., 2003; Meischner et al., 1997). The afueationed
2
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studies were mostly confined to the use of singlanzation radar. However, a new possibility hae developed
using dual-polarization information to identify tm®n-meteorological clutter echoes (Zrnic” and Fgzh 1998;
Mueller, 1983; Zhang et al., 2005). With the advenDoppler spectral processing, it is possibléave improved
clutter mask (Bauer-Pfundstein and Gorsd@07; Luke et al., 2008; Warde and Torres, 2008allJ2009). As
mentioned, one of the non-hydrometeor echoes idatige insects and air-borne biota and these utedagchoes
are problematic for studies involving meteorologicdormation such as wind measurements (Muller aadkin,
1985) and true cloud returns (Martner and Mora®120As a consequence, observations of biota wene dsing
variable polarization and multiple frequency radaperating initially in the centimeter wavelengHejovsky et al.,
1966; Hardy et al., 1966; Mueller and Larkin, 1988} millimeter wavelength radar, Bauer-Pfundstaind
Gorsdorf(2007) showed effective LDR filtering of biota wiKhandwalla et al. (2003) and Luke et al. (2008)
showed that dual-wavelength ratio filters are meffective than the linear depolarization ratio fit. Dual-
polarization also offers a wide variety of methddsy., Gourley et al., 2007; Hurtado and Nehor@D& Unal,
2009; Chandrasekar et al., 2013). Fuzzy logic iflaason techniques for the identification and @l of spurious
echoes from radar are also in use (e.g., Cho,e2@06; Dufton and Collier, 2015; Chandra et @13). From the
above summary, it is therefore evident that moghefstudies either concentrate on the polarimegafabilities of
radar or computationally intensive spectral proeces®f radar data to filter out echoes contaminabgdnon-
hydrometeor targets. The importance of the cumenk presented here lies in the development ofigorithm that
uses solely high spatial and temporal resolutioihectivity measurements. These high spatial andptawad
resolution (25 m and 1 sec) measurements enablehagcterization of irregular echoes associatetth tie
spurious nature of radar returns due to biota. Teghod is simple and does not require spaciouplaspectral

data (and associated complicated analysis) or ekpgeadvanced dual-polarimetric or dual-wavelerngttniques.

20 System, Data and M ethodol ogy

This investigation employs vertically oriented Dé&ppspectral moments profile observations of IITM’s
Ka-band scanning polarimetric radar (KaSPR) forshaly of vertical cloud structure. In details, &S employs
an improved variation of the well known Linear Fueqcy Modulated (LFM) pulse compression technigitree
KaSPR pulse compression technique is amplitude t@gadow) (using a Tukey taper with 0.7 taper ¢ioédnt;
Window function) on the transmitted LFM pulse ahd tompression is implemented in the digital sigmatessor
system using a least mean squared filter (Mudukuédral., 1998) to achieve much improved (lowengeaside
lobes, compared to un-tapered LFM pulse compressida matched filter. Thus, KaSPR uses the 3.3uise
length with 10X LFM chirp compression with effa@irange resolution of 50 m (i.e., compressed 38 Qis) and
sampling in range (range gate spacing) at evem 2f&th pulse reception frequency of 5 kHz. So, téar data set
used for this work has the range samples at eveny 2vith start range gate available are at 942 nb AGaSPR
has been providing high resolution (25 m and 1)sexsourceful measurements of cloud and precipitatit a
tropical site (Mandhardev, 18.0429 73.8689 E, 1.3 km AMSL) on a mobile platform since Jun@l2. Its other

main technical features are given in Table 1. Ka®®BBsesses a sensitivity of ~ -60 (-45) dBZ at k{B) it is

3
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therefore sensitive to the cloud droplet. Accordiod -matrix Rayleigh computations, single 0.1 mige ©f target
at ~35 GHz may have the reflectivity ~ -60 dBZ wdaes, near 63 (1000000) of 0.05 (0.01) mm sizegsired to
give the same reflectivity. Furthermore in one seci there are 5000 (pulses per second) hits ertalget in the
radar scattering volume, the mean of those 500(plesmat a range bin (height) will be affected bg thean
characteristics of target such as composition, ntat@n, number density and kinematics associatét i
Therefore, it is safer to assume that the atmospluer meteorological targets (in this case cloudtipa) are
distributive in nature and passive in the sensé their motion and/or orientation are in resonamdth the
kinematics of the background atmosphere. By coraparbirds and insects are point targets in natudeaative in
the sense that they can change their motion, @reend orientation within a few seconds. This kad the
irregular nature of intermittent or spurious radeturns characteristic of atmospheric biota dugnéomuch smaller
de-correlation time associated with them. This wtutllizes the high resolution profile of cloud edreflectivity

factor (Z) to construct the cloud vertical struesiby filtering out the returns from the noise aiata.

Figure la represents the height profiles Bhtoment (radar echo peak power) based Z on 27 8p4 2t
2303 UT with various theoretical radar sensitiityise-equivalent reflectivity, NER) curves (S0-3be range
profile correction with the start range sensitiviglue of reflectivity, i.e.,XZar range Where r is range or height and
Z is reflectivity, for S1, Z is -60 dBZ, for exahe). These different NER or sensitivity curves atiized to qualify
the observed radar returns that are indeed abevRER, the inherent radar receiver noise level. fBoeiver noise
level is the inherent thermal noise associated widttronic components in the receiver chain asd af other
sources which are taken into account through theerfigure (Table 1) and it remains approximatepstant over
the length of the pulse returns. However, rangeection is intuitive in the radar equation due lie tlecrease in
echo signal strength with increasing height (fortical orientation). In order to determine the mofange in every
range bin, SO to S5 are computed and overlaid ofilds allows for identification and characteripatiof the signal
that overlays the background system noise levelidaussed earlier, the signal at any level may lntributions
due to either volumetric meteorological cloud par@tes and/or strong non-meteorological/non-hyarawor point
targets (e.g. biota). In Figure la the echoes af k& and below 2 km can be marked as cloud anthbio
respectively as it exceeds the profile S5. Theenwaiations around 15 dB are mostly confined itwieen SO and
S2 with S1 as mean NER. Contrasting echo textsseaated with the cloud and atmospheric biotaiidemt from
the height-time-intensity (HTI) plot of Z in Figurb. This is a weak cloud case having reflectivity38 dBZ at
~3.7 km altitude with the presence of intermittemdtn homogeneous echo texture from the biota b&dnvkm
altitude. Near similar weak cloud case of -38+2 d85.4 km altitude is confirmed as cloud with gharp increase
in relative humidity of ~ 80% at that altitude bgllocated GPS-RS measurements but is not shown(beee-igure
A?2). Biota echoes are observed to be confined hessely below 1.7 km and fall in the reflectivignge of -50 to
-20 dBZ. The observed standard deviation (S.D)vigys more than 2 dBZ and in directly inferring darelation
period of ~4-5 sec (returns due to biota are olegkte vanish at an interval of ~3-8 sec; see thetgart of the
HTI plot). On the de-correlation period, it is hypesizing here that the running mean and standavrihiibn of ~4

seconds sliding window reflectivity profiles wonk identifying all non-hydrometeor returns. Furthers the time
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coherence of radar returns at every range sampldeahecked for every 4 seconds as window pedandfér the
echo power de-correlation time or degree of colmregeriod associated with biota return based orStbeof Z
value. Two sensitivity (S1 and S5) tests have hmmformed on Z profile to quantify as noise flobigta and the
meteorological cloud returns. All the tests haverbaffected due to the presence of non-meteorabgiho due to
biota even though these are mostly present in Ble. AReflectivity values associated with the cldaamundaries are
very faint and are noticed to be fall within or s#oto system noise floor by 2-5 dBZ. The profilesg®ms to be
better in screening out the cloud echoes by 10 kigAer level than system mean noise floor but ¢his eliminate
significant portion of the weakest reflectivity arat the cloud edge (Figure 1d). Apart from clodmista also shows
higher reflectivity values than S5. Figure 1d imitar to Figure-1b except, it is completely scragpat for cloud by
applying typical threshold of radar system senijtiprofile, S1 and S5. In addition to this, in easf Figure 1c,
contiguous set of four reflectivity profiles haveedn considered for computing running mean and atdnd
deviation. The method followed to generate Figuceislthe main objective of this paper and is oetirby the
flowchart in Figure 6. This method will be explaihkelow and results and discussion section cont&rkorough
information. In this case, insect reflectivity vatuare similar to those of the cloud but theirtade levels are
significantly different. The contribution due tookd can therefore be removed by S5 curve thresigphaid leaving
the contribution due to clouds untouched (Figure THus, for the simultaneous presence of cloudaoid echoes
at around same altitude this NER method fails &miily the contributions separately. This NER meiladso fails
whenever there exist sharp reflectivity changesiallg seen with cloud boundaries/edges. This igbeeefore
demands the development of a robust algorithm dkplores the fundamental difference between clodl tdota

returns so that it could be identified and separaté these factors automatically.

In order to make the algorithm more robust for fngrit automatically, a close re-inspection of Rigudb
infers that cloud returns are much more regular &gk homogeneous when compared to biota’s retuiish
appears to be spurious or intermittent in occueberefore, the NER criterion works reasonabli} foe the case
of homogeneous, isolated stable cloud layers bubibustness will be in question whenever therevig@rous and
quick changes associated with cloud edge andfactstie (will be explained in the discussion of @di+2 in Figure
5). An additional criterion makes the current aitjon robust for complete revival of cloud infornti from the Z
observations by utilizing the de-correlation pesiaf biota (close to 3-5 sec). During this timesmtl significant
changes are not seen within the cloud. To expligefact, in the next section the same weak lovelleloud case

has been chosen further to understand the cohepenioel associated with cloud and biota.
3.0 Results and Discussions

Figure 2 takes the same case as in Figure 1 bdinedrbelow 4 km and 80-300 s, (left panel).Theeatld
new NER curves in gray color (S04,S14 andS54; Bhge correction for the point clear-air target (owed below
3 km) with the start range sensitivity value ofleefivity, i.e., PXZgar range Where 1 is range and Z is reflectivity, for
S14, Z is -60 dBZ, for example). Figure 2 revehtee main type of radar signal region namely @jsistent radar
returns characterized by the smooth and gradualge{a) associated with cloud particles (at ~ 3.7haight), (2)
5
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sharp (gradient) and spurious radar returns (ati@ét below 2.7 km) due to point target(s) and r&eiver noise
floor. In order to locate the above signal typesilgavarious sensitivity or NER (i.e., SO-S5) cesvhave been
utilized. The second type of signal is associatéith & characteristic point target (which has shaafbectivity

gradient feature due to the target’s limited spagwell as temporal spread associated with tHarracattering
volume). The third type, noise floor (not radar@tiut signal generated in the receiver chain ofddar), is seen to
be confined mostly in between SO and S2. The npgirtel in Figure 2 corresponds to HTI plot where ¢lebo

texture pertinent to the above mentioned three ggtes can be clearly visualized. The cloud eclspesads in the
altitude region of approximately 300 m (3.6-3.9 kwi)h consistent smooth and gradual evolution wihveakest
and/or broken structure during 165-190s. In cantti@a this the observed irregular point or rountiedure of biota
echo spread is seen to be limited temporally ar@s7dseconds and spatially within two (four) ramgees (range
samples) size (i.e., < 100 m) with strongest réiftég at its center. This indicates that one setdeamporal

resolution might be good enough to see the biotaoa® or rounded echo texture. When biota derisityore in

the lower altitude levels, it is difficult to cldmridentify the boundary of one point target fromogher. Such a
scenario, though rare, can lead to misidentificaig clouds. The coexistence of cloud and transiight density
flocks of biota adds complexity which becomes alimuwgpossible to discriminate. However, this isss®bserved

to be rare and limited to lowest altitudes only.

To investigate the similarities and contrastingtdess associated with various contributions to dloeid
reflectivity profile, it is important to explore fther the case of Figure 1. Statistical echo cafmreperiods
associated with three types (cloud, biota and hdiaee been computed for their identification aegagation. Both
the cloud at ~3.7 km narrow region and biota returalow ~ 1.5 km in Figure 3 are evident aboventiagimum
noise level. Both cloud and biota parts of the &fifgs are expanded to allow for review of the mégigure 3b and
3d) and standard deviation (S.D @rFigure 3c and 3e) of Z for every set of conseeufi5 profiles. Figure 3b
shows the patterns of the seven mean cloud refigcprofiles are organized and more consistentarelated to
one another during 105 seconds, this is in comparis less organized reflectivity profiles due iota that are
much less consistent or correlated with one andthfigure 3d. Moreover, the corresponding sevenwofiles show
differences for cloud that is less than &.figure 3c). By comparison differences in profidise to biota are more
than 4.0c most of the time (figure 3e). It is seen thatttean cloud reflectivity peak values gradually agtérom
3.7 to 3.8 km where the corresponding standardatievi values are less thaw.1 In order to further test the
minimum de-correlation time associated with clond &iota, the averaging time is reduced to a sétmfofiles (5
sec) with the same data (see Figure 4). In this ab, Figure 4c depictsfor all the seven mean cloud reflectivity
profiles are below 1.5 dBZ with peak s<1This manifests that volumetric distribution na&wf cloud particles is
statistically more homogeneous or show less digpersHowever, Z values associated with biota shamdom
behavior with significant dispersion >&.5dBZ (Figure 4e). This high dispersion in the Zues infers that the echo
due to biota de-correlates quickly within ~5 sectim interval (see Figure 4d-4e). It is seen fi@igure 3 that for
vertical levels from 0.9 km to 1.5, the sharp peimkseflectivity profiles and strong dispersion ®f3c dBZ are

associated with the return from biota. This isilatited mostly to the observed intermittent poimgét nature of
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biota echoes plausibly due to the rambling or meend motion of biota within the radar sampling wole.
Moreover, the inherent radar system noise (randomature) dispersion is observed to be in betwkercioud and
biota (1.5-3.0c dBZ). It is evident from the top panels of Figid that cloud reflectivity profiles show relatiyel
consistent trend and correlation among the contigunean profiles computed from the set of 15 Zilpsothan
computed from the 5 profiles. This may be mainlg do the homogeneities or in-homogeneities assatiaithin
the chosen data sets those are independent tandremather. Therefore, in order to preserve thetirea sequence
of observations for the study of cloud evolutiormad| as to recover underlying smooth trends perttrto natural
clouds, a four-point moving or running averagepgled on the time series of Z data instead ofvitegi a simple
average. The four seconds is the optimal movingameetime for yielding the best cloud results (Fegd) by
characterizing the cloud to biota echoes coheremtdoherent property during the moving averageéoper By this
four point running average, biota echo become iapafit due to its short de-correlation period (~€) sehereas
those echoes de-correlating over longer periodgcatel the presence of clouds. To understand theedegf
dispersion, along witk the absolute deviations in mean and median vdlaes also been analyzed. Their relation
with ¢ is seen to be as mean absolute deviation slightigller thanc as ¢/1.253 where as median absolute
deviation smallest as/1.483. This work makes use of the statistical maathc but using above relation one can
relates the present results with other statistieatral tendencies of data distribution. Next,fthering of noise and
biota from the presence of cloud using the clouthraeflectivity profile will be explored. The segration has been
carried out using theoretical radar echo sensjtistitrves and statistically computed echo de-caicgigperiods and
finally tracking the cloud echo peak to its adjdcsides till it is close to the S1 profile for tkkloud height. The
above set of tasks, Theoretical Echo Sensitivitg abserved Echo based Statistics for cloud heightking
(TEST), is repetitively performed on the cloud nadameasurements under an algorithm whose flowatemtbe

seen in Figure 6. The algorithm used in this werkamed as TEST and can be summarized below:

1. Wherever the moving mean Z values in the profieequal to or above the S5 can be qualified asiabou
biota echo. This step ensures removal of the systage floor.

2. Those altitude regions of the qualified echo arentliurther scrutinized to identify clouds using the
minimum thickness of greater than 100 m (to st¥riatfoid biota that are found to extend less thaange
gate each of 50 m) and mean standard deviati@mwhkls dBZ.

3. In order to keep the identified cloud’s structuirgact, the identified cloud peak(s) are trackedkban
either side (towards upper and bottom heights)ouaround (preferably 1-2 dBZ) the mean noise pEofil
S1.

4. In order to remove the isolated echo floor, thomse @obable not cloud but the existence is duehéo t
abrupt disconsolation at the subsequent runningageeby the restrictions of step 2, frequency cafir
profile has been constrained as height levels wlleee Z frequency count falls below 5% of total

measurement duration used to drop those isolateaksc



249 First two steps ensure the identification and remha¥f non-hydrometeor contributions from the clotatiar
250 reflectivity profile which can then be used forenfing unbiased vertical cloud structure. Howeverse two steps
251 are insufficient for recovering the weakly echoiclgud boundaries associated with the sharp redudticcloud
252 droplet size and concentrations. For having intdetid height information(step 3), identified cloedho peak(s)
253 needs to be backtracked along the either sideti@meflectivity profile till its value falls clost the mean noise
254 floor for radar receiver. It is interesting to edhat the cloud echo regions are always stromggiahove the mean
255 noise fluctuations i.e., S1. Therefore at the dafe of the curve, SO to S1, always appears asdarggion in the 2-
256 dimentional reflectivity plot wherever there is @gence of cloud, no matter weak or strong (juktvbd km in the
257 left panel of Figure 1 and 3). This causes sharymbary gradients between cloud and noise in thiécaéprofiles

258 of Z and hence with the correspondingrhis can be used as a visual criterion for detedaf cloud.

259 Figure 7 is similar to Figure 1 but it representauti layer pre-monsoon cloud system for the pkd@00-
260 1205 UT, 29 May 2014. Various labeled altitude oagi (biota, noise and cloud) of the vertical refiety structure
261 show typical mean features that can be broadlysifled the returns into cloud and non-cloud (biated noise)
262 portion. Furthermore, Figure 7 shows the typicaiiaty of cloud layers existing within the verticstructure of
263 tropical cloud as well as morphological featuregipent to pre-monsoon thunderstorm activity. Tireus layer at
264 12-14 km shows gradual structural change having pefectivity values of ~ 5 dBZ. Here, the higHleetivity

265 values contribute to form single deep convectivaidlby merging with the cloud layer that existiater heights.

266 Figure 8a and 8b reveal the reflectivity time seassociated with the labeled non-cloud and clardgm
267 of Table 2 respectively. Noise and biota shows ghaBZ fluctuations around the 4-point-running meetftectivity
268  whereas for biota the max fluctuation is 3-5 dBal¢bsolid line). It can be understood that noistugs increase
269 gradually with altitude withs values ~ 2.3 whereas sharp boundary gradientciatsd with biota and ragged
270 shallow cloud regions (cloud 1&2 in Figure 7) aww highers values > 3 dBZ. Stable or layer cloud regions
271 (cloud 4 & 5 in Figure 7) show significantly stamdaleviation below & (dBZ). Further, it is interesting to examine
272 the time series plots for the contrasting variatibetween the biota and noise and cloud regiortskigiures 8a and
273 8b. The range of dBZ variability is 4-10 for bi@ad 2-4 for noise and for cloud that is less thavithin an interval
274 of 5-10 seconds. The corresponding variabilitytandard deviation (S.D) is observed to be 4X6r biota, 1.5-3.5
275 o for noise and ~ I for cloud (<lo for cloud peak) except for weaker cloud region$hese statistical

276 characteristics of all types of observed cloud eshtave been tabulated in the Table 2.

277 Figure 9 demonstrates the application of the wadsented here and illustrates the significant difiees
278 between the uncorrected (Figure 9a) and corrediigure 9b) reflectivity profiles. The peaks in dteency
279 distribution of uncorrected cloud reflectivity pilek at just below -50 dBZ, in between -50 and a#d just above -
280 40 dB are the predominant contributions from ndm@&dle panel of Figure 9a). These noise regidas beverely
281 the corresponding histogram frequency distributidrthree different altitude levels that are asgediawith the
282 Johnson’s tri-modal cloud distribution (extremehtipanel of Figure 9a). In order to infer the disttion of cloud
283 reflectivity values in the various altitude regiopertinent to tri-modal cloud vertical structurelolinson et al.,
8



284 1999), the observed vertical structure is subdivigeo warm or low (<3.6 km), mixed or mid (3.6 kmaltitude
285 <8.6 km) and ice or high (>8.6 km) phase and/orllel®uds. The plots of uncorrected reflectivity tdisution

286 clearly shows skewness towards lowest values tdatifity (below -50dB, -40 dB and -30 dB for lomid and
287 high level respectively seen with right panels ajufe 9a). This is mainly due to the predominantenaise
288 contribution except for the low cloud regions whéne contribution of biota is also included. Afegpplying the
289 TEST algorithm the corrected reflectivity distritaut peaks at -42dB, -35 dB and -22 dB for low, @il high level
290 respectively (right panel of Figure 9b) reflects thctual scenario of the cloud system. This methaimple and
291 has potential to bring out the statistically sigraht micro- and macro-physical characteristicsnfrmeteorological

292 information (i.e., cloud) and hence for better eleéerization of the cloud vertical structure oveegion.

293 In order to test the merit of the current algoritbmfiltering out the non-hydrometeor contributiwith Z
294 profile, the parametric thresholds on Pulse-Pd®) (rocessed Z and few polarimetric variables f@efof the cloud
295 radar measurements have also been consideredde pfausual Fast Fourier Transformation (FFT) pssc&he
296 FFT process is capable to provide only polarimgtacameter, i.e., linear depolarization ratio (LDRigure 10 is
297 similar to the Figure 1 that illustrates FFT (t@m)d PP (bottom) processed Z profiles on 28 Aug iitdare 15
298 minutes apart from one another (0415 and 0400 Wpewtively) which causes some dissimilarities & dbserved
299 three layer cloud structure between the two ploppér and lower panel). Minimum range of the néiiser in the Z
300 profiles (2-D plot in the first panel) is seen te grater for PP than FFT processing. The TEST #lgorperforms
301 in a similar way for both the FFT and PP procesBquofiles and is able to isolate the cloud struetas best as
302 possible.  Figure 11 explores further the polariioetcapability of the KaSPR in separating out the
303 meteorological/hydrometeor contribution with Z bsging critical threshold on the PP-polarimetric mgaments
304 that correspond to the bottom panels of Figure Tie top panels of Figure 11 stand for HTI plots tbfee
305 polarimetric parameters namely, LDRy, andKpe. Computation of LDR is inherently limited to theoss polar
306 isolation of the radar system that is -27 dB folSR&. Hence, high LDR values above -17 dB are mas#y with
307 biota and low LDR values below -17 dB are seen wiitiud. Low to lower LDR values (i.e., <-17 dB &5-dB) are
308  strictly confined within the peak values of co-poteflectivity (> -10 dB) of cloud altitude regions 8-10 km.
309 Except the inherent limitations associated with LEf#ese results are in agreement with earlier tedaesults (e.g.
310 Bauer-Pfundstein and Gorsdorf, 2007 and Khandveitlkl., 2003). The LDRpy, and Kop threshold values are set
311 below -17 dB, 56and -18 km™ respectively, can be used to filter out biota frva corresponding Z profiles that
312 are shown at lower panels of Figure 11. The thresheed fordy, and Kye are subjective depending on the
313 observed case for better filtering of biota. Thpekarimetric threshold methods are although sudakssfiltering
314 out the non-hydrometeor contributions but they boeind to sacrifice the weaker portion of the cloudere
315 polarimetric computations are not perfect. Thusapmetric method is incapable to preserve the wealortions of
316 the whole cloud regions where the TEST method ike@d to perform better (bottom right panel of Figgd0). This
317 further proves the efficiency of the proposed TES8d@thod. This has implemented in the post-processirggh

318 resolution reflectivity measurements. The methodettgped here is far simpler and provides a supeatution to



319 filtering out signal due to noise and biota andspree cloud data in the form of pure hydrometedlectvity

320 measurements which can be used to infer the traecteristics of clouds.

321 Figure 12a demonstrates further application of ¢herent work on filtered cloud reflectivity profde
322 (bottom plot) by considering the six hours evolntaf variety of tropical cloud systems. On 21 MN2A 3, a typical
323 convective cloud system present during pre-monseesson was observed. This event is composed o thre
324  systems, first three hours (00:00-03:12 UT) shotratiform cloud confirmed from bright band occurcenat an
325 altitude of 4 km AGL, convective system around 0%0D, which is a cumulus congestus initially , adsbve it
326 cirrus (ice) cloud in the altitude range of 13-IM.KThe screened out reflectivity profile can therefbe utilized to
327 fully characterize the tri-modal cloud episode hsven in Figure 12b. The mean reflectivity profiléthvstandard
328 deviation bars reveals the nature of important pldsnge regions associated with cloud verticaktire. The
329 change in cloud processes in the cloud verticaktire is closely associated with the phase ofccleater that is

330  strongly linked with the predominant change of tenagure.

331 Finally, Figure 13 and Figure 14 are cases of nwatthy to discuss the merits and demerits of th&TE
332 algorithm for shallow cumulus clouds present withté. In fact this is the concluding figure of thwerk where
333 besides to the Reflectivity based TEST (first caldni.DR (second column) and SW (last column) meas@nt of
334  the same cloud radar are also considered. Secengdanels in figure 13 are differing from first orily filtered out
335 for noise using sensitivity curve S5 and to alldeud and biota presence with the radar measuremémeshigher
336 level biota is noted to be much organized just al@% km. Shallow ABL cloud regions show LDR valse20 dB
337  whereas insects shows varied LDR values in theerafig25-to -5 dB. Thus, LDR alone is not suffidiém remove
338 all insects (figure 13e). Smaller echo coherenec®g@eassociated with biota are further confirmethwéss spectral
339  width values (<0.3 fs? figure 13f). Higher spectral width values, of threler of ~ 1 ris? of the cloud indicates
340 the random motion of the smaller particles of clauthin the radar scattering volume are affectedttry ABL
341 turbulence. The discussed TEST algorithm (fig 1i8gble to screening out the cloud and filter dnat biota part
342 significantly. Further, TEST fails to isolate rélaly stronger biota returns exits within the clodde to the missing
343 of strong reflectivity gradient (both in short intals of height and time scale) which fails to giveeded high
344 standard deviation values to filter out those.ollder to ensure those as biota and then to istilate returns, the
345 LDR values larger than -14 dB and SW values muchllemthan 0.5 fs? have been chosen here. Identified
346 isolated biota returns outside the cloud by TESA thre above critical thresholds with LDR and SW fatend to be
347  similar significantly excepted at few places. Ifeirs that, using threshold value alone either iR or SW
348 measurements threshold value fails to filter oubiglta returns due to either persistent low LDFhigh SW values
349 associated with those biota. However, it can ba séth figure 14 (similar to figure 13 but a typiazase of high
350 number density of biota noticed on 10 Sep 2013ndu€i738-0742 UT) that TEST alone unable to remdeéab
351 (figure 149) but using LDR it becomes much prongsifigure 14f). Furthermore, in case of weakly tugnt cloud
352 portions, they posses near comparable lower SWesahs that of biota, under such condition it is glacated to

353 screen out clouds using SW along (see figure 1giilar way, LDR alone is observed to be difficulffiltering all
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biota and screen out weak clouds. However, thesediverse and independent radar parameters, Doppéstral
width and power based polarimetric LDR measuremaftkaSPR will be an additional measures on the

identification of cloud to non-hydrometeor echoéthe radar.

It infers from all the above discussions, that bieta presence has been confirmed more than oneoway
considering LDR that infers the liquid body preseitthe atmosphere (cloud particle, bird or inseschall spectral
width values infers less velocity variance or sdregithin radar sampling volume. Small velocity \arte
associated with biota is obviously due to the smlesence of air-borne biota that usually takes e of
dynamics of the atmosphere (initially for flight by the convective updrafts and later by advectarhorizontal
flight at higher levels). Moreover, the velocityrepd due to biota is very limited to smaller valban volumetric
small cloud particles those are in general reltilight weight, high in number density and morenarable to
small scale local turbulence or entrainment proedsish gives rise to higher spread or dispersionadbcities to
have high spectral width values observed with clpadicles associated with shallow cumulus cloudngidering
all these facts, It is interesting to note that ¢benbined TEST, LDR and SW yields best cloud alewilts than
any other combination where both cloud and biotaxists within radar sampling height. Clouds shaghtspectral
width values ~ 1 fis. Lower spectral width values pertinent to biotteirthat velocity variance of scatters within
radar scattering volume is predominantly due tophesence of airborne biota (without much flightneaver).
This could be the reason to have much smaller tiolerence or degree of correlation of Z value Witha is much
smaller (e.g., 4-5 seconds) than clouds. Thus tgokeo de-correlation times are small or quickehattransmitted
pulse scale. In order to confirm the precise deetation periods associated with the observedabéotd cumulus
clouds (figure 13a) that are assumed to be vertimdhr transact across ABL, simple auto correlafigmction
(ACF) has been used with the time series data afrfesponding the biota at 1.59 and 2.66 km anddclevels at
lower/base, mid and top (single range gate (solig) las well as averaged to its top and bottomeayede (dashed
line). The ACF's lag, 0-300, correlations for theucd and biota are clearly seen with figure 15. §Htom the ACF
analysis it is clear that biota shows quicker (eéomds) de-correlations periods than cloud (~ 4D-dgconds).
Moreover, it is interesting to note that singlegdtilevel (solid line) observations are showingatigkly weaker
correlation than averaged (dashed line) one, thisiich significantly seen with cloud echoes thatfioms that
clouds are have high degree of phase coherencelynb&icause of clouds are wide spread (both tintespace) in
nature, that becomes additive to have high coroelahan single level whereas for quickly de-catielg biota or
random noise there is no much difference betweemthThus, clouds show varied de-correlation psritobove 30
seconds but biota mostly de-correlate very much fliean 10 seconds. Hence, the hypothsis proposetEBT is

proved here with.
4.0 Summary and Conclusions

Millimeter-band radars are very sensitive to deseeétll targets such as cloud droplets and alsaisnsad
other biological particulates (biota) present iaagrnumber in the lower atmosphere. Polarizatioasmeement is an
efficient mean to discriminate cloud echoes froom-hgdrometeor scatterers that share in common iesy
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389 reflectivity. Unfortunately not all radars are goped with polarization measurements. This papgrgses for these
390 standard radars a simple technique able to separateorological and non-meteorological echoes.sésuonly
391 successive vertical reflectivity profiles acquitegla 35-GHz radar operated at vertical incidendd &i50 m pulse
392 length and one second temporal sampling. Becausge dfigh spatial and temporal resolution, mogheftime only
393 one or no biota target is present in the pulseluésa volume. In contrast, cloud echo is due tdlioris droplets
394 that occupy the pulse volume. As a consequencelsigmiability at a given range between two veltjpafiles is
395 much more important for biota scatterers than foud echoes. Signal variability is given here bg standard
396 deviation of the reflectivity over the time of foprofiles that corresponds to the typical duratibbhe biota echoes
397 crossing the antenna beam. The threshold valuesémarates distinctly biota from cloud is obtaifredn statistical
398 analysis of a large radar observation set. Inddesl value should be adjusted for a radar havindemtint
399 characteristics. This study responds to a reakissuanybody who wants to extract physical queagtifrom radar

400 signal. The methodology used is validated with ppédion measurements provided by the same radar.

401 It has been demonstrated that high resolutioncadhyi oriented zeroth moment (reflectivity) measueats
402 of cloud radar are solely assured to segregatehgfizometeor and non-hydrometeor contributions with
403 Theoretical noise equivalent reflectivity curves ased to remove the system noise and importamtlyetovering
404  the weak cloud boundaries that are very closelgdndwithin the mean noise floor (curve S1) of thdar system.
405 The simple statistical variance of continual ragieinoes show the contrasting different characteridtsignals like
406 high dispersion (more thansPis associated with the highly spurious and int#emt echoes of biota and low
407 dispersion (less thars} is associated with coherent nature of echoedoofd hydrometeors and for noise it is in
408 between 1.5 and 34 Furthermore, these characteristic features aielyraolding a key to demarcate the returns
409 of cloud hydrometeor to those from biota and noRenning mean and standard deviation of off-linkeotivity
410 profiles for ~4-5 seconds that works well to filrt all non-hydrometeor returns. In this way, tinee coherence of
411 radar returns at every range sample was checkedvimy 4 seconds as off-line window period to irtlee de-
412 correlation period associated with biota that shpyamise in identifying and filtering out the biotaturns. The
413 proposed TEST algorithm evaluates the observeddctadar reflectivity profiles with combined thedcad radar
414  sensitivity curves and statistical variance of ragleho and then tracks the cloud peak at either wicobtain the
415 complete cloud height profile. In case of azimutld alevation radar surveillance scans (PPl and Rifexample),
416 there is a regular change in the radar sampling &t disables to have exclusive set of measurtsmequired to
417 perform the TEST method. But this method is advgeas and easily adaptable for better charactenzaft any
418 high-resolution vertical profile measurements. Tbhbustness of TEST is also proved through polarimetnd
419 spectral width measurements and found that thaksvoruch better, particularly within the cloud regiat the
420 cloud radar frequencies. TEST constrained using lf&d much promising under high density biota ¢towl
421 whereas superior performance of combined TEST cainsd with both LDR and SW has witnessed with kigh
422 turbulent shallow convective clouds. Such scruédizeflectivity profiles have been further utilizes investigate
423 the important CVS pertinent to the various phasethe Indian Summer Monsoon with the aim of imprbve

424 prediction. Hence, the proposed TEST algorithm bk @o extract the possible unbiased meteorologitalid
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vertical structure information with the cloud ptiofg radar. This enables carrying out the pragnadlticeffective

research investigations on the seasonal and eptopéaial cloud characteristics.
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Figure Captions

Figure 1. (a) Vertical looking cloud radar measured sametereflectivity height profiles on
27 April 2014 during 2303-2308 UT. SO to S5 are tineoretical noise equivalent reflectivity
curves with their respective threshold values iacket. HTI plot of (b) the same reflectivity
profile for the duration of 306 sec (c) screenetretlectivity profile for the receiver noise floor
and the biota (insects) using running average cainsd with standard deviation (d) constrained
with NER (S5).

Figure 2. (left) Same as 1(a) but for 220 profiles. ExtrBRNcurves here in gray color (S04,
S14 and S54) are computed on the basis of the pmiget radar equation (i.e*xZsar range
where r is range and Z is reflectivity, e.g., SB4is -68 dBZ) (right) HTI plot of Z profiles.
Smoothly varying homogeneous cloud layer is atualés of 3.5-3.8 km and sharp, rounded and
spurious kind of echoes below 2.7 km are duedtabi

Figure 3. (a) Same as 1(a) but for 105 profiles. (b) meah(aphstandard deviation of 15 profiles
of Z pertinent to cloud height region (3.5-3.9 kand (d) and (e) same as (b) and (c) but
pertinent to biota height region (0.9-1.5 km).

Figure 4. Same as Figure 3 but for total duration 35 see; rttean and standard deviation
profiles are for every 5 second interval.

Figure 5. Same as Figure 3 but for total duration 10 see; rttean and standard deviation
profiles are for 4-point-moving average.

Figure 6. TEST algorithm flow chart that identifies anddittout the biota and noise echoes for
screening-out the cloud contributions with the Zasweements.

Figure7. (a-c) Same as 1(a-c) but on 29 May 2014 dut@D-1205 UT for the duration of
306 sec. Statistics corresponds to the labels®#Z fbrofile can be seen in Table 2.

Figure 8a. Time series of the mean and standard deviatidd) (&.Z for biota (bottom panels)
and four noise floor regions as per Table 2. Boldidines are the 5-point-running mean over
the actual time series data (lines with symbol).

Figure8b. Same as Figure 8a but for the cloud regionsead gble 2.

Figure 9a. (Left panel) Uncorrected mean reflectivity prefibon 29 May 2014 during 1200-

1205 UT superimposed with curves S1 (dashed re) &#ind S5 (solid green line). Histogram of
Z profile (Middle panel). (left three sub panelsy fltitude regions of low (<3.6 km), mid (3.6

km>=ht<8.6 km) and high (>=8.6 kmlhe right sub panels each peak of histogram argethp

on to the corresponding three peaks with the wkietéical structure of Z. This infers the noise
clearly suppresses the meteorological information.
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Figure9b. Same as 9a but it is corrected by filtering anis@ and biota. The correction applied
to Z profile allows to pop-up the true meteorol@jicloud reflectivity distribution.

Figure 10. Same as 7 but for vertical looking KaSPR measunésnat 0400 UT on 28 Aug
2014using (top) FFT processing (bottom) 15 minutesmpane using PP processing. PP case
will be used further to evaluate the polarimettgoathm performance.

Figure11. HTI plots of (top panel) LDRPgp and Kop parameters pertinent to PP processed data
of Figure 10 and (bottom panels) biota filteredlaetvity after applying corresponding
polarimetric thresholds of the respective top panel

Figure 12a. (Top) Same as Figure 7b (uncorrected) and (bgt@ame as Figure 7c (corrected)
but integrated for duration of 0000-0630 UT takera@ interval of ~ 15 minutes on 21 May
2013

Figure 12b. Same as Figure 9b but excluding middle paneltercorrected Z data of figure
12a.

Figure 13. Cloud radar measurements of reflectivity (Z), LCBpectral Width (SW) with noise
(a-c) and filtered out for noise using S5 curvef)(dFEST algorithm screened output Z for
cltz)uzds (9), g + biota filtering using LDR > -14 dB), h + SW filter for biota using SW < 0.5
m“s< (i).
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Table 1: KaSPR specifications

Radar specifications value

RF output frequency 35.29 GHz

Peak power 2.1 kW

Duty cycle 5 % max.

Pulse widths (selectable) 3.3 us (50-13000 ns)

Pulse compression ratio 1:10 (1-100)

Range gate spacing (resolution) 25 (50) m

Transmit polarization H or V-pol linear; Pulse-talge

polarization agility

Receiver polarization

Simultaneous Co- and Crodarjzation
linear

Receiver noise figures 2.8 dB min
Sensitivity at 5.0 km -45 dBZ

Tx & Rx loses 1.15&0.3dB
IF output to digital receiver 90 MHz
Antenna diameter 1.2m
Antenna Beam width 0’5

Antenna gain 49 dB
(includes OMT loss)

First side lobe level -19 dBi min.
Cross-polarization isolation -27 dB
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Table 2: Statistical mean and standard deviation of cladhr reflectivity corresponds to the
selected height regions, which are labeled, orFibere 7.

Biota (1.2-1. 7 Km) -54.1(-55.0)
Noise 1 (2.1-2.4 Km) -52.9 (-52.4)
Noise 2 (5.9-6.2 Km)  -44.4 (-44.2)
Noise 3 (11.1-11.6 Km) -39.1 (-39.1)
Noise 4 (14.7-15.2 Km) -36.7 (-36.9)
Cloud 1 (3.7-3.9Km)  -36.2 (-28.3)
Cloud 2 (4.8-5.1 Km)  -31.8 (-22.7)
Cloud 3 (6.8-7.2 Km) -0.4 (0.3)

Cloud 4 (9.8-10.2 Km)  -10.9 (-9.9)

Cloud 5 (12.8-13.2 Km) 3.1 (1.4)
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4.08 (3.4)
2.33 (1.9)
2.22 (2.3)
2.30 (2.2)
2.29 (2.2)
5.99 (12.7)
5.54 (4.5)
2.60 (3.5)
2.03 (3.1)

0.86 (1.0)
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Smoothly varying homogeneous cloud layer isat altitudes of 3.5-3.8 km and sharp, rounded and spurious kind of echoes below 2.7 km are dueto
biota.

22



Height profile 20140427_23030zpfCRh

152l P
- =1 i
: = ! ]
. * m— : _l * E
14k . =) :
: 1] 1
3 = !' -' ""”'III|||||||.||E
12.- - i .
. _"' _' »
[ ; Vo]
-—-10- = - .
E : -/ o =35 0 3
= [ 1 .
- ! : , J 6:10 = ="11:15 16:20 ===21:25 ===26:30 " M:3jmming] mimugh
% 8 i Biota
T [ )
i 3 2 |
ﬁ.- 3 S} 1.4
[ . 4 1.3
] I -
[ A SRy
[ i - 1-2 “|||||||||I‘|'|H',H:|-”;--
4 ~ : .- .f’, ' e
I - X T L
L = 7 1.1} """"'.:::::.
[ ,f ——---:’
: ;‘._" 0.9
s = e
kil 0.8%
-60 50 40 =30 50 45 40 =35
Z{dBZ) Z(dBZ) G
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Figure 6: TEST algorithm flow chart that identifies and filter-out the noise and biota echoes for screening-out the cloud contributions with the Z
measurements.
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Mean profile for 20140529-1200
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Figure 9a: (Left panel) Uncorrected mean reflectivity profile on 29 May 2014 during 1200-1205 UT superimposed with curves S1
(dashed red line) and S5 (solid green line). Histogram of Z profile (Middle panel). (Ieft three sub panels) for altitude regions of low
(<3.6 km), mid (3.6 km>=ht<8.6 km) and high (>=8.6 km). The right sub panels each peak of histogram are mapped on to the
corresponding three peaks with the whole vertical structure of Z. This infers the noise clearly suppresses the meteorological
information.
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Figure9b: Sameas9abut it iscorrected by filtering out noise and biota. The correction applied to Z profile allowsto
pop-up the true meteorological cloud reflectivity distribution.
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Figure 12a: (Top) Same as Figure 7b (uncorrected) and (bottom) same as Figure 7c (corrected) but integrated for
duration of 0000-0630 UT taken at an interval of ~ 15 minuteson 21 May 2013
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35



(*09g) awiy
(1111 00€ 00¢ 00l 0 oo0r 00€ 00¢ 00l 0 oof 00€ 00¢ 00l 0

] : _ L | ) . TR _ | T | 1|
L P AR Wl b G L WL | s b8 El
_ | | k_‘____ ﬁ | A ; 1 b | { Jvi“r 1. m | v __ f.:ﬁuﬁ wm,
e A kR B 4 ! Rl W 4
’ % , | ’ AL Ll :__ S
1 _ 1 ‘ K _ _ Gl
MS+H0T+L8AL yaT+LsaL m 183l
1l Z [ Z | 161 Z N

. ..

fol N

& :n_.__a 1|

¥ ko 1 M
¥ 1

il el | 1

"y 1 B 1
bl o o e e s g 4

1 ' ' f 1
by | i . iR 1 i ]

¢ 0 S 02 &

[ ] [t |
(wy) wybiaH

L L L L I L L L 1 ' L L L L ',

N LS T R
L] ’ 4

14

a-c) and filtered out

Spectral Width (SW) with noise (

36

for noise using S5 curve (d-f), TEST algorithm screened output Z for clouds (g), g + biota filtering using LDR >

Figure 13: Cloud radar measurements of reflectivity (Z), LDR
dB (h), h + SW filter for biotausing SW < 0.5 m?s2 (i).
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Figure 15: Simple ACF inferred de-correlation periods associated with shallow cumulus cloud (base, mid and
top) and biota height levels with thereflectivity measurements of figure 13a.
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Figure Al: Instentaneous height profiles of Z during 1200-1205 UT on 29 May 2014 with centered numer profile notice to be the
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running aver age.
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Figure A2: (Right-middle-left) Same as 1(a-c) but on 08 Jul 2016 during 0531 UT for the duration of 108 sec. SO-S5 are NER curves.
Collocated GPS-RSrélative humidity (%) profile had shown aswhile solid linein the middle panel.
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FigureA3: Sameasfigure 13 but during 1021 UT on 11 Sep. 2015 for the duration of 449 sec.



