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Abstract. One of the key parameters that must be includetieranalysis of atmospheric constituents (gasds an
particles) and clouds is the vertical structure tbé atmosphere. Therefore high-resolution vertipadfile
observations of the atmospheric targets are redjdoe both theoretical and practical evaluation asdinputs to
increase accuracy of atmospheric models. Cloud nadlectivity profiles can be an important measoeat for the
investigation of cloud vertical structure in a nesmful way. However, extracting intended meteaggaal cloud
content from the overall measurement often demandsffective technique or algorithm that can redercer and
observational uncertainties in the recorded datahis work a technique is proposed to identify aegarate cloud
and non-hydrometeor returns from a cloud radar oreasents. Firstly the observed cloud reflectiytpfile must
be evaluated against the theoretical radar seitgitiurves. This step helps to determine the rasfgeceiver noise
floor above which it can be identified as signabaratmospheric echo. However it should be notatlttie signal
above the noise floor may be contaminated by thé@ine non-meteorological targets such as inséitds, or
airplanes. The second step in this analysis statilst reviews the continual radar echoes to deteerthe signal de-
correlation period. Cloud echoes are observed tteimporally more coherent, homogenous and havegetode-
correlation period than insects and noise. Thip stéically helps in separating the clouds frorsents and noise
which show shorter de-correlation periods. Thevabtwo steps ensure the identification and remafahon-
hydrometeor contributions from the cloud radareetivity profile which can then be used for infegiunbiased
vertical cloud structure. However these two steps iasufficient for recovering the weakly echointpud
boundaries associated with the sharp reductiotoundcdroplet size and concentrations. In the fgtap in order to
obtain intact cloud height information, identifietbud echo peak(s) needs to be backtracked alangither sides
on the reflectivity profile till its value falls oke to the mean noise floor. The proposed algoribtantially identify
cloud height solely through the characterizatiorhigh resolution cloud radar reflectivity measuratsewith the
theoretical echo sensitivity curves and observe estatistics for the cloud tracking (TEST). Theshnique is

found to be more robust in identifying and filtegimut the contributions due to insects and noisélwimay
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contaminate a cloud reflectivity profile. With thagorithm it is possible to improve monsoon trgpicloud

characterization using cloud radar.

1.0 Introduction

Cloud vertical structure (CVS) associated with thensoon cloud systems is a key parameter needs to b
understood specifically in the light of its conting seasonal features. This allows in unravetimgrole of CVS
for better characterization of various types optcal monsoon cloud systems viz., deep, shallowective clouds
and stratiform cloud systems. The high-resolutiertival profiling measurements of cloud radar aseful resource
in understanding of clouds and its evolution. Fernnore this technique will aid in the statistichhracterization of
CVS associated with the Indian Summer Monsoon (I8N its intra-seasonal variability. The cloud raslgstem
uses short millimeter-wavelengths of 3.1 and 8.5 mhich correspond to frequency is ~94 and ~35 GHz
respectively. These wavelengths allow the deteatiosmall cloud droplets and ice particles moresg#n at high
spatial and temporal resolutions that is usedfer important information on microphysical and dgrieal structure
of cloud (e.g., Lhermitte, 1987; Frisch et al., 398ollias and Albrecht, 2000; Sassen et al., 1998gan et al.,
2005). Cloud radar, especially 35 GHz, is not csgysitive to hydrometeors (cloud particles and daops) but
also to air-borne biological targets such as bénts insects, and waste plant materials e.g., dmele pollen or dust
(also known as “atmospheric plankton” or atmosph#iota” or simply “insects”; Lhermitte, 1966; Tewe et al.,
2006). Although insects are probably the principahtaminants because of their size and dielecwitstant,
spiders, spider webs, and other organic materele lbeen detected in the atmosphere through thefusss and
other means (Sekelsky et al., 1998). Furthermoeetdueduced scattering efficiency in the Mie regicloud radar
observations at 95 GHz are found to be less seediti insects than observations at 35 GHz (Khandwvetl al.,
2003). Cloud radar signals frequently encounter tfota, within a couple of kilometers altitud®esé to the Earth
surface, confined mostly to the Atmospheric Bougdayer (ABL). These echoes from the insect inAtB: have
reflectivity values comparable to those from theuds and precipitation, and thus they contaminateraask the
true cloud returns (Luke et al., 2008). The idécdiion and removal of returns from such non-metitegical
targets (biota and receiver noise) is one of tirag@tasks that is required to perform before usiegmeteorological
(cloud and precipitation) returns received by tlwd radar data, for the research and analysisogerpr he current
work focuses on identifying and filtering non-hydreteor echoes in order to significantly improve tuality of
cloud radar data. This allows for the improved eloterization of the tropical CVS.

Review of previous studies shows that differenthtéqgues have been attempted to remove non
meteorological echoes, for example, static tectesgior the ground clutter (Harrison et al., 201@9@), return
signal-level correction (Doviak and Zrni'c, 1984riles and Zrni'c, 1999; Nguyen et al., 2008), dyiedfiltering
(Steiner and Smith, 2002), and operational filtgrifAlberoni et al., 2003; Meischner et al., 1997The
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aforementioned studies were mostly confined with tse of single polarization radar. However a neasibility
has been developed using dual-polarization infalomab identify the non-meteorological clutter eebdZrnic” and
Ryzhkov, 1998; Mueller, 1983; Zhang et al., 200§)th the advent in Doppler spectral processings fiossible to
have improved clutter mask (Bauer-Pfundstein ands@iif, 2007; Luke et al., 2008; Warde and Tor&0)9;
Unal, 2009). As mentioned one of the non-meteoiolgchoes is due to the insects and air-borni lzsind these
unwanted echoes are problematic for studies inmglwneteorological information such as wind measem@m
(Muller and Larkin, 1985) and true cloud returnsaffuher and Moran, 2001). As a consequence, obsamgabf
insects were done using variable polarization andtipte frequency radars operating initially in tieentimeter
wavelength (Hajovsky et al., 1966; Hardy et al.6@:9Mueller and Larkin, 1985). At millimeter wavalgth radar,
Bauer-Pfundstein and Gorsdorf (2007) showed effedtDR filtering of insects while Khandwalla et £003) and
Luke et al. (2008) showed that dual-wavelengthoréliers are more effective than the linear deppédion ratio
filters. Dual-polarization also offers a wide vayi®f methods (e.g., Gourley et al., 2007; Hurtaahal Nehorai,
2008; Unal, 2009; Chandrasekar et al., 2013). Fuegjc classification techniques for the identifica and
removal of spurious echoes from radar are alssé(le.g., Cho et al., 2006; Dufton and Collier1 20 From the
above summary, it is therefore evident that moshefstudies either concentrate on the polarimeajmabilities of
radar or off-line spectral processing of radar datélter out echoes contaminated by non-mete@ickl targets.
The importance of the current work presented hieeih the development of an algorithm that usdslsdigh
spatial and temporal resolution reflectivity measnents. These high spatial and temporal resol{#émém and 1
sec) measurements enable the characterizationrezfular echoes associated with the spurious nattimadar
returns due to insects. This method is simple ayekdot require spacious complex spectral data #asdciated

complicated analysis) or expensive advanced duakipeetric or dual-wavelength techniques.

2.0 System, Data and M ethodology

This investigation employs vertically oriented obvsions of IITM’s Ka-band scanning polarimetriciea
(KaSPR) for the study of vertical cloud structur€aSPR has been providing high resolution (25 m Arsgc.)
resourceful measurements of cloud and precipitattantropical site (Mandhardev, 18.04r973.8689 E, 1.35 km
AMSL) on a mobile platform since June, 2013. Itsinm@chnical features are given in Table 1. KaSPRBspss
sensitivity of above -60 (-45) dBZ at 1(5) km, sttherefore sensitive to the cloud droplet. Acangdio T-matrix
computations, single 0.1 mm size of target at ~3%& @Gnay have the reflectivity ~ -60 dBZ whereas neae
million (63) of 0.01 (0.05) mm size is requireddive the same reflectivity. Furthermore in one secif there are
500 (pulses per second) hits on the target inddarrscattering volume, the mean of those 500 sangila range
bin (height) will be affected by the mean charastis of target such as composition, orientatimmnber density
and kinematics associated with it. Therefore gaer to assume that the atmospheric or meteogalbgirgets (in
this case cloud particle) are distributive in natand passive in the sense that their motion amdientation are in
resonance with the kinematics of the backgroundspiere. By comparison birds and insects are paigets in

nature and active in the sense that they can chthegemotion, direction and orientation withinewf seconds. This
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leads to the irregular nature of intermittent ourspus radar returns characteristic of atmosphgiota due to the
much smaller de-correlation time associated withthThis study utilizes the high resolution profifecloud radar

reflectivity factor (Z) to construct the cloud Viegl structures by filtering out the returns frolne thoise and insects.

Figure 1a represents the height profiles of Z onARPY 2014 at 2303 UT with various theoretical radar
sensitivity (noise-equivalent reflectivity, NER) rees (S0-S5; the range profile correction with start range
sensitivity value of reflectivity, i.e.XZgan range Where 1 is range or height and Z is reflectivity; S1, Z is -60
dBZz, for example). These different NER or sengiticurves are utilized to qualify the observedaiactkturns that
are indeed above the NER, the inherent radar receivise level. The receiver noise level is theeieht thermal
noise associated with electronic components inréieeiver chain and it remains approximately coristaer the
length of the pulse returns. However, range caords intuitive in the radar equation due to tleemrase in echo
signal strength with increasing height (for verticeentation). In order to determine the noisegem every range
bin, SO to S5 are computed and overlaid on Z. &Haws for identification and characterizationtbé signal that
overlays the background system noise level. Asudised earlier, the signal at any level may havéribonions due
to either volumetric meteorological cloud parti¢elmand/or strong non-meteorological point targets. biota). In
Figure la the echoes at ~3.7 km and below 2 knbeamarked as cloud and insects respectively acéegls the
profile S5. The noise variations around 15 dB amstiy confined in between SO and S2 with S1 as niER.
Contrasting echo texture associated with the cland atmospheric biota (hereafter insect) is evideomh the
height-time-intensity (HTI) plot of Z in Figure 1bThis is a weak cloud case having reflectivity38 dBZ at ~3.7
km altitude with the presence of intermittent, immmogeneous echo texture from the insects belowr.@ltitude.
Near similar weak cloud case of -38+2 dBZ at 5.4 &titude is confirmed as cloud with the sharp é&ase in
relative humidity of ~ 80% at that altitude by amlated GPS-RS measurements but is not shown heextlechoes
are observed to be confined most densely belovkrh.7and fall in the reflectivity range of -50 to -2BZ. The
observed standard deviation is always more thand2de-correlation period of ~4-5 sec (returns adu@nsects is
found to vanish at an interval of ~3-8 sec). Twosstvity (S1 and S5) tests have been performed qmofile to
guantify as the meteorological cloud returns. Alkttests have been affected due to the presenceorof
meteorological echo due to insects even thougtethes mostly present in the ABL. Reflectivity vaduassociated
with the cloud boundaries are very faint and aréced to be fall within or close to system noiseofl by 2-5 dB.
The profile S5 seems to be better in screeningtmutloud echoes by 10 dBZ higher level than systezan noise
floor but this can eliminate significant portion thie weakest reflectivity area at the cloud eddguie 1d). Apart
from clouds, insects also show higher reflectiviglues than S5. Figure 1d is similar to Figure-kbegt, it is
completely screened out for cloud by applying tgpithreshold of radar system sensitivity profild, &d S5. In
addition to this, in case of Figure 1c, contigusasof four reflectivity profiles have been cons@tkefor computing
running mean and standard deviation. The methdoWed to generate Figure 1c is the main objectivihis paper
and is outlined by the flowchart in Figure 6. Thigthod will be fully explained in the following g&m. In this
case, insect reflectivity values are similar tosth@f the cloud but their altitude levels are digantly different.

The contribution due to insects can therefore Imeoked by fixing with S5 and leaving the contribatidue to
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clouds untouched (Figure 1d). Thus, for the sinmdtaus presence of cloud and insect echoes at asame
altitude this NER method fails to identify the cdtitions separately. This NER method also failemdwver there
exist sharp reflectivity changes, usually seen wgtbud boundaries/edges. This issue therefore deésnéme
development of a robust algorithm that exploresftinelamental difference between cloud and inseatme so that

it could be identified and separated out theseofaautomatically.

In order to make the algorithm more robust for ingrit automatically, a close re-inspection of Figlb
infers that cloud returns are much more regular et homogeneous when compared to insect’s retwirish
appears to be spurious or intermittent in occureiiberefore, the NER criterion works reasonablif fee the case
of homogeneous, isolated stable cloud layers bubibustness will be in question whenever therevigerous and
quick changes associated with cloud edge andfactstie (will be explained in the discussion of @d+2 in Figure
5). An additional criterion makes the current aigon robust for complete revival of cloud infornati from the Z
observations by utilizing the de-correlation pesiad insects (close to 3-5 sec). During this timterival significant
changes are not seen within the cloud. To exphligefact, in the next section the same weak lovelleloud case

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

Figure 2 takes the same case as in Figure 1 biinednbelow 4 km and 80-300 s, (left panel). Figare
reveals three main type of radar echo region narfiglyonsistent radar returns characterized bystheoth and
gradual change(s) associated with cloud partiees 8.7 km height), (2) sharp (gradient) and spugiradar returns
(at altitude below 2.7 km) due to point target(s)l a(3) receiver noise floor. In order to locate #bove echo types
easily, various sensitivity or NER (i.e., SO-S5jvas have been utilized. The second type of echsdsciated with
a characteristic point target (which has sharpectiflity gradient feature due to the target’s lditspatial as well as
temporal spread associated with the radar scagtedume). The third type, noise floor, is seenbt confined
mostly in between SO and S2. The right panel iufei® corresponds to HTI plot where the echo texpertinent
to the above mentioned three echo types can bdyclesualized. The cloud echoes spreads in thiudé region
of approximately 300 m (3.6-3.9 km) with consistemtooth and gradual evolution with its weakest anbfoken
structure during 165-190s. In contrast to thisdghserved irregular point or rounded texture oéats echo spread
is seen to be limited temporally around 3-7 secamts$ spatially below four range-bins size (i.e160 m) with
strongest reflectivity at its center. This indicathat one second temporal resolution might be gomligh to see
the insects as point or rounded echo texture. Wiaa density is more in the lower altitude leyéiss difficult to
clearly identify the boundary of one point targebni another. Such a scenario, though rare, can tead
misidentification as clouds. The coexistence ofudl@nd transient high density flocks of biota addmplexity
which becomes almost impossible to discriminateweleer, this issue is observed to be rare and ldrtibelowest

altitudes only.
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To investigate the similarities and contrastingtiess associated with various contributions to ¢loeid
reflectivity profile, it is important to explore fiher the case of Figure 1. Statistical de-cori@fatimes associated
with three types of echo have been computed fadr tHentification and separation. Both the cloud~8.7 km
narrow region and insect returns below ~ 1.5 krRigure 3 are evident above the maximum noise |&@th cloud
and insect parts of the Z profiles are expandedlltw for review of the mean (Figure 3b and 3d) atahdard
deviation 6; Figure 3c and 3e) of Z for every set of conseeufi5 profiles. Figure 3b shows the patterns of the
seven mean cloud reflectivity profiles are orgadized more consistent or correlated to one anathgng 105
seconds, this is in comparison to less organizédctivity profiles due to insects that are muchsleonsistent or
correlated with one another in figure 3d. Moreovke corresponding sevenprofiles show differences for cloud
that is less than 1.5 (figure 3c). By comparison differences in profithge to insects are more than 4.tost of
the time (figure 3e). It is seen that the meamdlceflectivity peak values gradually extend frori@ 8 3.8 km
where the corresponding standard deviation valuedess thand.  In order to further test the minimum de-
correlation time associated with cloud and bidta, averaging time is reduced to a set of 5 proftiesec) with the
same data (see Figure 4). In this case also, Fudepicts for all the seven mean cloud reflectivity profilase
below 1.5 with peak <d This manifests that volumetric distribution n&wf cloud particles is statistically more
homogeneous or show less dispersion. However, HAesabssociated with biota show random behavior with
significant dispersion >1db5(Figure 4e). This high dispersion in the Z valirgfers that the echo due to biota de-
correlates quickly within ~5 second time interveéd¢ Figure 4d-4e). It is seen from Figure 3 thatéstical levels
from 0.9 km to 1.5, the sharp peaks in reflectiptpfiles and strong dispersion of » are associated with the
return from biota. This is attributed mostly to thigserved intermittent point target nature of insahoes plausibly
due to the rambling or meandering motion of insegtkin the radar sampling volume. Moreover, thiedrent radar
system noise (random in nature) dispersion is @kskto be in between the cloud and biota (1.563.0t is evident
from the top panels of Figure 3-4 that cloud refiéty profiles show relatively consistent trenddanorrelation
among the contiguous mean profiles computed fras#i of 15 Z profiles than computed from the &ifws. This
may be mainly due to the homogeneities or in-homeiies associated within the chosen data setsthos
independent to one and another. Therefore, in dadpreserve the real time sequence of observat@rite study
of cloud evolution as well as to recover underlyamgooth trends pertinent to natural clouds, a fmint moving or
running average is applied on the time series d&f instead of deriving a simple average. The $egonds is the
optimal moving average time for yielding the belstud results (Figure 5) by characterizing the claadnsect
echoes coherent to incoherent property during theimy average period. By this four point runninvgrage, insect
echo become incoherent due to its short de-coioalgteriod (~4 sec) whereas those echoes de-conglaver
longer periods indicate the presence of cloudsufderstand the degree of dispersion, along withe absolute
deviations in mean and median values have also &eglyzed. Their relation with is seen to be as mean absolute
deviation slightly smaller thas asc/1.253 where as median absolute deviation smadles{1.483. This work
makes use of the statistical mean antiut using above relation one can relates the ptessults with other
statistical central tendencies of data distributidfext, the filtering of noise and insects frone ftresence of cloud

using the cloud radar reflectivity profile will bexplored. The segregation has been carried oug uboretical
6
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radar echo sensitivity curves and statistically pated echo de-correlation periods and finally tiagkhe cloud
echo peak to its adjacent sides till it is closeh®S1 profile for the cloud height. The abovedfe@asks, Theoretical
Echo Sensitivity and observed Echo based Statifiicsloud height Tracking (TEST), is repetitivgdgrformed on
the cloud radar Z measurements under an algorithos&flowchart can be seen in Figure 6. The algoriised in

this work is named as TEST and can be summarizeavbe

1. Wherever the moving mean Z values in the profieeequal to or above the S5 can be qualified aglabou
insect. This step ensures removal of the systeserftmor.

2. Those altitude regions of the qualified echo arentfiurther scrutinized to identify clouds using the
minimum thickness of greater than 100 m (to sirietvoid biota that are found to extend less thah 2-
height bins each of 25 m) and mean standard dewiatlow 1.5.

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

It is interesting to note that the cloud echo ragiare always stronger and above the mean noiseidtions i.e.,
S1. Therefore at the left side of the curve, SBlpalways appears as a void region in the 2-dioread reflectivity
plot wherever there is a presence of cloud, noenateak or strong (just below 4 km in the left daofeFigure 1
and 3). This causes sharp boundary gradients betelead and noise in the vertical profiles of Z amehce with

the corresponding. This can be used as a visual criterion for detraif cloud.

Figure 7 is similar to Figure 1 but it representaulti layer pre-monsoon cloud system for the md800-
1205 UT, 29 May 2014. Various labeled altitude oegi (biota, noise and cloud) of the vertical refiéty structure
show typical mean features that can be broadlysified the returns into cloud and non-cloud (biated noise)
portion. Furthermore, Figure 7 shows the typicafietst of cloud layers existing within the verticsiructure of
tropical cloud as well as morphological featuregipent to pre-monsoon thunderstorm activity. Tiveus layer at
12-14 km shows gradual structural change havind peflectivity values of ~ 5 dBZ. Here, the higHleetivity
values contribute to form single deep convectiweidlby merging with the cloud layer that existfoater heights.

Figure 8a and 8b reveal the reflectivity time seassociated with the labeled non-cloud and clartdgn
of Table 2 respectively. Noise and biota shows 2aB fluctuations around the 4-point-running meeftectivity
whereas for biota the max fluctuation is 3-5 dBIgbsolid line). It can be understood that noiskiga increase
gradually with altitude withs values ~ 2.3 whereas sharp boundary gradientciatst with biota and ragged
shallow cloud regions (cloud 1&2 in Figure 7) aldmw higher values > 3. Stable or layer cloud regions (cloud 4
& 5 in Figure 7) show significantly standard deioatbelow 2. Further, it is interesting to examine the timdese
plots for the contrasting variations between trgeats and noise and cloud regions with Figuresnga8b. The
range of dBZ variability is 4-10 for insects and 2er noise and for cloud that is less than 1 witén interval of 5-
10 seconds. The corresponding variability in stashdizviation (S.D) is observed to be 4d.6or insects, 1.5-3.6

7



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-254 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 22 August 2017 Techniques

(© Author(s) 2017. CC BY 4.0 License.

244
245

246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278

Discussions

for noise and ~ & for cloud (<1c for cloud peak) except for weaker cloud regiofibese statistical characteristics
of all types of observed cloud echoes have beandtda in the Table 2.

Figure 9 demonstrates the application of the wadsented here and illustrates the significant difiees
between the uncorrected (Figure 9a) and corredtéglie 9b) reflectivity profiles. The peaks in drency
distribution of uncorrected cloud reflectivity pile at just below -50 dBZ, in between -50 and a#d just above -
40 dB are the predominant contributions from ndim&ldle panel of Figure 9a). These noise regiaas beverely
the corresponding histogram frequency distributadrthree different altitude levels that are asgediawith the
Johnson'’s tri-modal cloud distribution (extremehtiganel of Figure 9a). In order to infer the wlsition of cloud
reflectivity values in the various altitude regiopsrtinent to tri-modal cloud vertical structureJoinson et al.,
1999), the observed vertical structure is subdivioito warm or low (<3.6 km), mixed or mid (3.6 kmaltitude
<8.6 km) and ice or high (>8.6 km) phase and/or lleleuds. The plots of uncorrected reflectivity tdisution
clearly shows skewness towards lowest values tdatefity (below -50dB, -40 dB and -30 dB for lomid and
high level respectively seen with right panels ajufe 9a). This is mainly due to the predominantenase
contribution except for the low cloud regions whére contribution of insects is also included. Aféplying the
TEST algorithm the corrected reflectivity distritant peaks at -42dB, -35 dB and -22 dB for low, m@idi high level
respectively (right panel of Figure 9b) reflecte tictual scenario of the cloud system. This meteample and
has potential to bring out the statistically sigzaht micro- and macro-physical characteristicsrfrmeteorological

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

In order to test the merit of the current algoritbmfiltering out the non-meteorological contrilmutiwith
Z profile, the parametric thresholds on Pulse-PRR) processed Z and few polarimetric variablesilpsoof the
cloud radar measurements have also been consitteptaice of usual Fast Fourier Transformation (Fpiidcess.
The FFT process is capable to provide only polarimearameter, i.e., linear depolarization rati®R). Figure 10
is similar to the Figure 1 that illustrates FFTpt@and PP (bottom) processed Z profiles on 28 Aatyzbut are 15
minutes apart from one another (0415 and 0400 WYpeetively) which causes some dissimilarities i dbserved
three layer cloud structure between the two ploppér and lower panel). Minimum range of the ndliser in the Z
profiles (2-D plot in the first panel) is seen te grater for PP than FFT processing. The TEST dlgorperforms
in a similar way for both the FFT and PP procesdqiofiles and is able to isolate the cloud struetas best as
possible. Figure 11 explores further the polariioetapability of the KaSPR in separating out theteorological
contribution with Z by using critical threshold ¢ime PP-polarimetric measurements that corresporidetd®ottom
panels of Figure 10. The top panels of Figure ahdfor HTI plots of, three polarimetric parameteasnely, LDR,
dgpandKpe. Computation of LDR is inherently limited to theoss polar isolation of the radar system that 'sdB
for KaSPR. Hence, high LDR values above -17 dBraostly seen with insect and low LDR values beloW €B
are seen with cloud. Low to lower LDR values (i17 dB to -25 dB) are strictly confined withiretipeak values
of co-polar reflectivity (> -10 dB) of cloud altitle regions, ~ 8-10 km. Except the inherent linviasi associated

with LDR, these results are in agreement with earkported results (e.g. Bauer-Pfundstein and d®df,s2007 and
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279  Khandwalla et al., 2003). The LDRyy, and Kop threshold values are set below -17 dB? 56d -18 km™

280 respectively, can be used to filter out biota frtive corresponding Z profiles that are shown at topanels of
281 Figure 11. The threshold used fbg, and Kyp are subjective depending on the observed cadeefter filtering of
282 insects. These polarimetric threshold methods #tewh successful in filtering out the non-metdogacal

283 contributions but they are bound to sacrifice theaker portion of the cloud where polarimetric cobagions are
284 not perfect. Thus, polarimetric method is incapablereserve the weaker portions of the whole cleegions
285 where the TEST method is noticed to perform betettom right panel of Figure 10). This further yes the
286  efficiency of the proposed TEST method. This haslé@mented in the post-processing of high resolutatectivity

287 measurements. The method developed here is fatesimupd provides a superior solution to filtering signal due
288 to noise and biota and preserve cloud data indhe bf pure meteorological reflectivity measurensewhich can
289 be used to infer the true characteristics of clouds

290 Figure 12a demonstrates further application of ¢herent work on filtered cloud reflectivity profée
291 (bottom plot) by considering the six hours evolntaf variety of tropical cloud systems. On 21 M1 3, a typical
292 convective cloud system present during pre-monseemson was observed. This event is composed of thre
293 systems, first three hours (00:00-03:12 UT) shotratiform cloud confirmed from bright band occurcenat an
294  altitude of 4 km AGL, convective system around 0%0D, which is a cumulus congestus initially , aafgbve it
295 cirrus (ice) cloud in the altitude range of 13-1M.KThe screened out reflectivity profile can therefbe utilized to
296 fully characterize the tri-modal cloud episode hsven in Figure 12b. The mean reflectivity profiléthwstandard
297  deviation bars reveals the nature of important ptdsange regions associated with cloud verticakctire. The
298  change in cloud processes in the cloud verticaksire is closely associated with the phase ofctlwater that is

299 strongly linked with the predominant change of tenagure.
300 4.0 Summary and Conclusions

301 High resolution vertically oriented reflectivity mgurements of cloud radar are solely potentialnerstand the
302 cloud vertical structure after segregate the metegical and non-meteorological contributions with Theoretical
303 noise equivalent reflectivity curves are used taaee the system noise. The simple statistical magaof continual
304 radar echoes show the contrasting different chariatt of signals like high dispersion (more ti2a) is associated
305 with the highly spurious and intermittent echoesnsfects and low dispersion (less thar) lis associated with
306  coherent nature of echoes of cloud hydrometeorsfandoise it is 1.5-3.&. Furthermore, these characteristic
307 features are mainly used to demarcate the returood hydrometeor to those from insects and ndiening
308 mean and standard deviation of reflectivity prdfillor ~4-5 seconds that works well to filter out abn-
309  hydrometeor returns. In this way, the de-corretaperiod associated with biota helps in identifyary filtering
310  out the insect returns. The proposed TEST algoriéivaluates the observed cloud radar reflectivitfiles with
311 combined theoretical radar sensitivity curves aatistical variance of radar echo and then trabksctoud peak at
312 either side to obtain the complete cloud heighfilerdn case of azimuth and elevation radar suiaece scans (PPI
313 and RHI, for example), there is a regular changthéradar sampling area that disables to haveusivel set of
9
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measurements required to perform the TEST methaodl.tflds method is advantageous and easily adapfable
better characterization of any high-resolution ieaitprofile measurements. The robustness of TESAlso proved
through polarimetric methods and found that it veorkuch better, particularly in the weak cloud regiat the
cloud radar frequencies. Such scrutinized refl@gtiprofiles has been further utilized to investeyahe important
CVS pertinent to the various phases of the Indiami@er Monsoon with the aim of improved predictibtence,
the proposed TEST algorithm is able to extract plssible unbiased meteorological cloud verticalicitre
information with the cloud profiling radar. This a@vles carrying out the pragmatically effective ezsk

investigations on the seasonal and epochal tropieall characteristics.
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Figure Captions

Figure1l. (a) Vertical looking cloud radar measured sanerereflectivity height profiles on
27 April 2014 during 2303-2308 UT. SO to S5 are tiieoretical 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) screenetreilectivity profile for the receiver noise floor
and the biota (insects) using running average caingd with standard deviation (d) constrained
with NER (S5).

Figure 2. (left) Same as 1(a) but for 220 profiles. (r)ghiTI plot of Z profiles. Smoothly
varying homogeneous cloud layer is at altitude8.6f3.8 km and sharp, rounded and spurious
kind of echoes below 2.7 km are due to biota.

Figure 3. (a) Same as 1(a) but for 105 profiles. (b) meah(ahstandard deviation of 15 profiles
of Z pertinent to cloud height region (3.5-3.9 kan)d (d) and (e) same as (b) and (c) but
pertinent to insects 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 and dittout the insects and noise echoes
for screening-out the cloud contributions with fneneasurements.

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

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

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

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

1205 UT superimposed with curves S1 (dashed red &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 knhe right sub panels each peak of histogram areethp

on to the corresponding three peaks with the whietécal 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 caise and biota. The correction applied
to Z profile allows to pop-up the true meteorol@gicloud reflectivity distribution.

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

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

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

Figure 12b. Same as Figure 9b but excluding middle panetHercorrected Z data of figure
12a.
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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 ns (50-13000 ns)

Pulse compression ratio 1:10 (1-100)

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

polarization agility
Receiver polarization Simultaneous Co- and Crodarzation
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 12m

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, orFtbere 7.

Insects (1.2-1. 7 Km)  -54.1(-55.0) 4.08 (3.4)
Noise 1 (2.1-2.4 Km) -52.9 (-52.4)  2.33(1.9)
Noise 2 (5.9-6.2 Km)  -44.4 (-44.2) 2.22 (2.3)
Noise 3 (11.1-11.6 Km) -39.1 (-39.1) 2.30 (2.2)

Noise 4 (14.7-15.2 Km) -36.7 (-36.9) 2.29 (2.2)

Cloud 1 (3.7-3.9Km)  -36.2 (-28.3) 5.99 (12.7)
Cloud 2 (4.8-5.1 Km)  -31.8(-22.7) 5.54 (4.5)
Cloud 3 (6.8-7.2 Km) -0.4 (0.3) 2.60 (3.5)
Cloud 4 (9.8-10.2 Km)  -10.9 (-9.9) 2.03 (3.1)
Cloud 5 (12.8-13.2 Km) 3.1 (1.4) 0.86 (1.0)
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Figure 1. (a) Vertical looking cloud radar measured sample ten reflectivity height profiles on 27 April 2014 during 2303-2308 UT. SO to S5 are
the theoretical noise equivalent reflectivity curveswith their respective threshold valuesin bracket. HTI plot of (b) the same reflectivity profile for
the duration of 306 sec (c) screened out reflectivity profile for the receiver noise floor and the biota (insects) using running average constrained
with standar d deviation (d) constrained with NER (S5).
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Figure2: (left) Sameas 1(a) but for 220 profiles. (right) HTI plot of Z profiles. Smoothly varying homogeneous cloud layer is at altitudes of 3.5-
3.8 km and sharp, rounded and spuriouskind of echoes below 2.7 km aredueto biota.
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Figure 6: TEST algorithm flow chart that identifies and filter-out the insects and noise echoes for screening-out the cloud contributions with the
Z measurements.
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profilecan beseenin Table2.

23



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-254 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 22 August 2017 Techniques
(© Author(s) 2017. CC BY 4.0 License.

Discussions

o o o o o
- - - TT = T T = =
h +4™ L 4™ L .ﬂ.F .ﬂ?l ! I.ﬂ
L E i L J L i L i L -
L - 5 - L £ J L £ J L. E -
o o x A a2
-EI -%-:I -%- g-%- ;-s-: -%
[+ ™ LS J L ad~ L S L A 4~
L~ I I i L wl | o ] |~ i
N F i L J L F L i L J
“5- -=- -=- -=- -O- =
e - = - - = ol =
ok q™ L i~ L i~ L i~ L J~
.- - = - = - = - = E —
I i L J L i L - L [
ci i L J L i L i L J €
o] o o o ) o0
= - - - — gy - -y - o
[= 0 4= L 4= L 4= L 4= | 4=
e[ 10 1 [ 11 1 ] E
- F 4 L - L 4 L 4 L ] F
E= ! i L J L i L i L J
o o o o o o
= e = ] = = - - - - =)
T L 4= L 4= | 4= L 4= L 4=
E - - - - -2 -l =
) ) ) Ir )
. a il [, " L Lo o M| Ll
™ N - = o~ W @
- - -
o
o o o o o
S S S S S
5 4™ L 4™ L 4 L 4 L 4™
L E i L E J L i L i L J
e i - o J L £ L E 4 - E J
-EI -%-:I -%- c\!-%- ;-g-h: -%
- L - L — L - = -
.1.;- =~ L = I 3.«. PN i e J
- - 0 o™ -
N F i L J L L i L J
w I i L J L " L i L J
ol 1= F i1- | 4- F 1o i
c F- - - - = = =]
®s F 4™ L 4™ L 4N L 4L 4™
o [ 4 ] | = I J i -
ctl . L 4 L . L - L {4 ¢
= - = - = - = - = - 0
c o o o = o0
= } 4= L 4= L 4= L 4= | 4=
=) E
2T 1T 1 | 1 I 1 F ] F
H- - = - = - = - = -
L =) =) =) =] =)
o - - = - - = —
=L 4= L 4= L 4= L 4= L 4=
&L
I- - = - = - = - = -
L - -2 - - = -
) ) ) Ir )
[ i u L u . [y 21l A L.,
=+ w w o o~ D HOMNTOE WOMNTWD N
L ) ® < T FowQee Fowong
1 1 1 1 L DU D B B ) L DN I I B )

Figure 8a: Time series of the mean and standar d deviation (S.D) of Z for insects (bottom panels) and four noisefloor regions
asper Table2. Bold solid lines arethe 5-point-running mean over the actual time series data (lineswith symbol).
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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 allows to
pop-up thetrue meteorological cloud reflectivity distribution.
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Figure10: Sameas7 but for vertical looking KaSPR measurements at 0400 UT on 28 Aug 2014 using (top)
FFT processing (bottom) 15 minutes prior one using PP processing. PP case will be used further to
evaluate the polarimetric algorithm performance.
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Figure11: HTI plotsof (top panel) LDR, @4, and K pp parameter s pertinent to PP processed data of Figure 10
and (bottom panels) biota filtered reflectivity after applying corresponding polarimetric thresholds of the

respective top panels.
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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

30



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-254

Manuscript under review for journal Atmos. Meas. Tech.

Discussion started: 22 August 2017
(© Author(s) 2017. CC BY 4.0 License.

16 = -
14 3
12 -
= 10+ - =
£ 3
— - = U
‘© . E 2
X - .
6= -
44 -
2 -
0 - | I . e | -
-40-20 0 20
Z (dBZ)

Atmospheric
Measurement
Techniques

Discussions

High Cloud (>8.5 km)

1500
1000
500

—r:l'lﬁ 0 25 =30
Mid Cloud (4=8.5 km)

2000

Y
=]
=]
=]

° =40 0 e 20
Low Cloud (== 4dkm)

1000
500

8]
=60 =40 =20 0 20

Figure 12b: Screened-out cloud radar reflectivity mean and standard deviation profile with the tri-model cloud

reflectivity frequency distribution.

31



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-254 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 22 August 2017 Techniques
(© Author(s) 2017. CC BY 4.0 License.

Discussions

Height (km)

-10
i i 155s 1
H H ~ =~ 156s
H H 157s H
H H 1585
H H 159s |
160s
28 ] ] ] ]
= 4 4 E 4
= E E E E
2 ] ] ] ]
[a] ] [b] ] [e] ] [d] ]
0.5 bttt | PP B PRI R B R PEEPEEPEETEE B S RS PEEPEET RN I B S R
5 10 15 5 10 15 5 10 15 5 10 15
SD Sb SD SD

Figure Al: Instentaneous height profiles of Z during 1200-1205 UT on 29 May 2014 with centered numer profile notice to be the
strong insect return identified with HTI plot of figure 4b. Bottom panesl correspond to standard devation (SD) from four point
running average.

32



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-254 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 22 August 2017 Techniques
(© Author(s) 2017. CC BY 4.0 License. B ———

Discussions

20160708
[T T T T T T rrrrrT

-==50 (-68)

L = =31 (-60)

b e - 52 (-53)

T = s3(52)

ub ——s5(51)
12
E10F
SN
= L
s |
3 8f
2 8

'.I.I.I.I.I.I.I.I.O
-710 60 50 -40 -30 -20 -10 0 10 20

B 20 40 60 80 100 20 40 60 80 100
4, (dB) Time (Sec) Time (Sec)

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-RSrelative humidity (%) profile had shown aswhile solid linein the middle panel.

33




