IITM, Pune, India
Date: 25 Nov 2017

Dear Dr Gianfranco Vulpiani, AMT Handling Editor@J-Copernicus

We are thankful to you for your quick decisionaur initial submitted work 'publishes as
is' on 18 Aug 2017. We have been critically worked and coming now with extensive revision
by accommodating all comments of the AMTD thredeeers. The point-to-point comment and
responses with the detailed implementation aregoespseparately for the three referees that are
followed after this cover letter. The track-chamwgard file of the MS that reflect all the review
response actions is also prepared.

We happy that through this revision, our MS maintproved on

* Proposed TEST algorithm performance under clout hiibta presence (figure 13-14) is
answered thoroughly (thanks to AR1 concern). Furtieing LDR (thanks to AR2) and
SW (thanks to AR3), TEST is now able to work unigigh number concentrated biota
and within cloud biota cases which was actuallywtleakness of TEST earlier.

» Inferring biota and cloud De-correlation periodsaftks to AR3 and AR1) are now
supported (figure 15)

* More relevant technical details (AR3) and pertinefierences (AR1) are provided.
» Potential of the current work is highlighted nowRA).

In fact, we are grateful to you, the Editor(s) atidEditorial team for their services/help
and untiring timely support and cooperation. We als equally thankful to all the three
Anonymous Referees, for their hearty services mdeeing experience and knowledge based
comments, those were valuable in improving theityuahd the focus of the paper.

Thanks-in-advance.

Sincerely Yours,
Madhu Chandra Reddy Kalapureddy
(email: kalapureddyl@gmail.com

PS:

1. This covering letter include Author respongesdmments at Page 2-7 for AR1, Page 8-14
for AR2 and Page 9-22 for AR3.

2. modified Manuscript with figures : AMT2017b25-MS pdf extension
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Authors Responses
To the Interactive comments on manuscript titled “Simple insect removal algorithm for 35- GHz cloud radar
measurements”, M C R Kalapureddy etal. =~ Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-254, 2017

At the outset, we are grateful to the Editor(s) and all Editorial team for their
services/help and untiring timely support and cooperation. We are also equally
thankful to all the three Anonymous Referees, for their hearty services in
rendering experience and knowledge based comments, those are valuable to us
for improving the quality and the focus of the paper.

The point-to-point AR1 responses of the authors are as below:

Anonymous Referee #1AR1)

AR1-Comment: The study presented a technique which uses higipdeal and spatially
resolved reflectivity profiles to extract the cloadhoes from the clutter (mainly from the biota).
The proposed technique suggested as a simple divierdf solution for clutter removal,
compared to earlier sophisticated techniques basetlial polarization and spectral techniques. |
think manuscript has several shortcomings, relabetechnique and assumptions, poor job of
literature review, references and lack of solidaosions. In its entirety, | would recommend
rejection of this paper in its present form.

Response: Thank you! We request AR1 now to review the latesmodified version of the
paper where we re-written the whole introduction pat the manuscript (MS) and cited all
possible concern references that come under the g@of the paper and responded also to
other valuable referee points. Furthermore, clariy on the technique/algorithm and its
main application region has now been clearly comehtough the revision process in the
current modified version of the MS at first Para of section 2 (pg 3) and added basis for
TEST (Line 292-295, pg 4-5), including new figure§fig 13 to fig 15) show the potential of
TEST in screening out clouds by filtering out biota Further weakness of TEST under
challenging conditions like within cloud and high @nsity biota has been overcome using
extra measurements like LDR and SW. This can be seeat the last two paragraphs of
Results and Discussion. Thus, the main conclusiarf the paper is how simplest way one
can remove the biota contribution and preserve truecloud hydrometeor echo and its need
for the study of important shallow cumulus/ABL clouds before the actual cloud radar echo
weighted measurements consider for any research algation purpose. The above revision
asked necessary modification to the last sectiony@®mary and Conclusions) from page 11
onwards.
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AR1-Major comments The screening technique authors have implemensdgusimple
measures of reflectivity (or SNR) thresholds asdvdriability to filter out the clutter has been a
usual practice in the cloud radar community asragdgpost-processing exercise. The challenge
of separating insects from the cloud clutter idicift due to the lack of clear demarcation
between their properties as seen by cloud radare Miten than otherwise, the screening process
requires more than one variable, which capturestekaure, distribution width, and physical
properties of these echoes. With this motivatimme of the earlier studies have devoted their
efforts to address this problem using differenthtegues (fuzzy-logic, spectral technique or
polarization properties).

Response:Separating biota from cloud is difficult and challenging but not impossible by
the cloud radar if one effectively makes use of adwcing radar and signal processing
technique (e.g., chirping and DSP) that enables tave the provision of high spatial and
temporal resolution radar measurements (1 paragraph of System, Data and Methodology)
that can demarcate the cloud echo from insects foexample through reflectivity texture
(e.g., TEST). With our knowledge, TEST, it is firstof its kind effort to consider both
reflectivity variance (i.e., dBZ texture) and its rate of change through running average for
every 4 seconds. The above point pragmatically woirkg as to identify the time coherence
or de-correlation periods associated with clouds ahbiota echo signature (see newly added
figure 15 and its description at pg 11). Moreoverthe de-correlation can be evidenced
through direct third Doppler power spectral moment; spectral width measurements that
clearly show biota exhibits less velocity varianceéhus the relatively quicker time de-
correlation at the pulse scale. In Fig. 2, the zooed portion of Fig 1, the rounded echo
confirms the presence of non-hydrometeor informatia by their duration of maximum 10
sec which is too small for a cloud to form and thersuddenly disappear. So the vertical
extension and the time duration of the echoes arbé two key factors to discriminate cloud
from non-meteorological information. Merits and deimerits of TEST has been brought out
exclusively with Figure 13 and 14 that are making se of LDR and Spectral width
measurements besides to Z to enhance the propose&ST algorithm capability under
tough conditions like cloud under heavily dense irests clutter.

AR1-Comment The authors haven't clearly appreciated and adéddese insect removal to the
detail that it was needed. They have demonstrdtedalgorithm with several minutes of data,
which doesn’'t warrant the techniques robustnesapy for other conditions. Authors have
made several assumptions about the insect layeh,déeir decorrelation timescale without
presenting any evidence about the location of thel®v boundary layer clouds, where the
insect clutter is very critical. Previous studiegg(, Geerts and Miao 2005; Chandra et al., 2010)
have utilized the long-term observations of ingttoes to study the convective boundary layer,
where they have shown that the insect decorreldiines may vary from few seconds to few
minutes depends on boundary layer organization.alittieors would have shown the distribution
of the cloud base locations (from the closest osgier data) to justify their presumed insect
layers below~2km. | suggest authors to utilize the supplememtaservations (such as
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ceilometer, microwave radiometer) to present tloeiclproperties and refine their insect-cloud
algorithm based on the locations of cloud layertidep

ResponseUnfortunately the suggested useful complemented datvas not available at and
around the radar site. However using some availabl&PS RS observations from the radar
site, the presence of weaker clouds have been prawith auxiliary Figure A2 (please also
see the response to the comment 2 of AR#3). Furthewe consider the reviewer’s well
suggested point on the inclusion of shallow boundgrayer cloud case with insects clutter
(Figure AR1 and AR2) when both have near same reftéivity values (added Figures 13-14).
In fact, thanks to the reviewer that now it is cledy illustrating the potential of TEST that
lies mostly to the ABL, where shallow cloud evolveswhere the affinity of biota are
predominant. Below are two examples of such lowvel/ shallow cumulus clouds with biota
clutter where the fine performance of TEST is evidet.
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Figure AR1: HTI plot of cloud radar measured (a) Reflecti(i#y, (b) noise removed Z, (c) TEST filtered Z, (d)
Spectral Width (SW), and (e) LDR at 0612 UT on £p 8015.
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For demonstration, few typical cases of several mines have been presented at the
beginning but for robustness and application of ths algorithm as suggested has been
demonstrated with Figure 12 that makes use of sewar contiguous vertical looking
measurements files in a day for more than 6 hoursutation. In fact, we are thoroughly
using this algorithm for all our cloud radar data (2013-2016) for quality cloud study. Thus,
the current work is verified in all kind of atmospheric and environmental conditions
around the radar site but only around monsoon seass of 2013-2016. The typical cases are
those (presented in the MS) where the texture diffences of reflectivity (with 2-Dim. and
HTI plots) and predominant statistical behavior canbe clearly seen between insect and
cloud. It is evident from that analysis that the Iota is confined below 2-2.5 km AGL. For
further confirmation of removal of biota, HTI plots for each file in each day have been
made automatically within the algorithm for visual re-assurance of the intact cloud vertical
structure. Further, presence of biota has also beewonfirmed using the polarimetric
parameters (using earlier published references) fnrm the same radar data, see Figure 11,
Figure 13 & 14. We have fixed the maximum low leveheight as 2.6 km AGL for biota
contribution based on reflectivity texture with our manual exposure to all the radar data
(i.e., AGL+1.36 km=3.9 km AMSL). In this reference CBL/ABL depth is not important
for the current idea of the paper and importantly for the hilly, less vegetation radar
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0 100 200 300 400 0 100 200 300 400 O 100 200 300 400
Time (sec.)
Figure AR2: TEST performance in filtering biota echoes that are co-present with low clouds.
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location.

AR1-CommeriAs an alternative solution to the computationafifensive spectral techniques
for the insect clean-up (e.g., Luke et al., 20@&)pmputationally efficient technique to minimize
insect clutter have been implemented based on flagy algorithm (e.g., Chandra et al., 2013),
which takes into account both the physical propsrof clouds and different radar moments.
This technique can be applied with different levefscomplexity based on the supplemental
observations (Microwave Radiometer/Ceilometer) ymve in addition to radar moments. |
suggest authors go through this technique for rdetails.

ResponseYes, We agree about the computationally intensivepsctral technique. Hope you
may agree with us that spectral technique is memorgnd labor intensive too!. Importantly,

this paper proposes a ‘simple’ algorithm that makesuse of only off-line radar spectral
moments profile viz., LDR, Spectral width and Z. Sgtematic characterization of Z
variability using the local atmospheric vertical stucture knowledge besides to the
theoretical, statistical, and echo tracing tools a& the key components of this study.

AR1-CommentThe basis of the present technique is that thea®dity distribution could be
effective in separating insects from clouds, whichy not be the case always. There could be
instances when the range of reflectivities fromghallow passive clouds could be similar to the
insects (refer to panels, al and a2 from the Rgad in Chandra et al., 2013). This study has
taken into account not only the physical properbésloud (e.g., liquid water path) but also
texture signatures in the reflectivity field, thariability of the scatterers inside the radar range
resolution from the spectrum width variable-one tbé main predictors in insect-cloud
separation.

ResponseYes, we have mainly considered the texture signaterwith Z. For much clairty,
TEST algorithm flowchart Figure 6 at pg 6 and its &planation modified slightly at pg 7
(point 4). Agree, Our experience with one second dar data is that most of the insects
density might be contributed either one or non inset in the radar beam in a second. The
above figure AC1 mentioned case has been explainad Figure 13 in MS. (Figure AR2 is
complementing to figure 13).

AR1-CommeniThe authors would have shown the technique denaiimireffectively with few
figures. | feel that there are some figures (Fig8meand 8b, Figure 11) which don’t serve any
purpose. Some of the references (cited in the |6¥$98) related to the clutter removing
techniques implemented at other frequencies (CasdBwere not necessary.

ResponseYes, optimal usage of Figures has been tried. Theigpose of Figure 8a and 8b in
this paper is vital since it is inferring the Timeseries characteristic difference between
smooth meteorological cloud returns with its countgart, noise or biota. Height time
variant natures of noise and biota irregularities (more than 1 dB around mean, Z or its SD)
are intermittent whereas such time variability is imited to less than 0.5 around mean Z for
cloud. Also it is evident from the Figure 8 that irsects de-correlation period is always less
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than 4-5sec.Thus, height time variant nature of Zad corresponding SD gradient is the key
for biota identification. Similarly, Figure 11 demonstrate the important polarimetric

capability of the radar as well as to confirm the pesence of cloud and biota using
polarimetric variables.
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Authors Responses
To the Interactive comments on manuscript titled “Simple insect removal algorithm for 35- GHz cloud radar
measurements”, M C R Kalapureddy etal. =~ Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-254, 2017

At the outset, we are grateful to the Editor(s) and all Editorial team for their
services/help and untiring timely support and cooperation. We are also equally
thankful to all the three Anonymous Referees, for their hearty services in
rendering experience and knowledge based comments, those are valuable to us
for improving the quality and the focus of the paper.

The point-to-point AR2 responses of the authors are as below:

Anonymous Referee #2(AR2)

AR2-Comment:l think the NER algorithm should be removed frdwstpaper. There are much
more general ways for thresholding between signdl“aalt and pepper”. | should be done by
the radar software. so that it adapts automati¢althe processing parameters.

Response:NER curves are potential part of the used algorithmrequired to identify the
cloud peak at first place and then backtracked forto its weakly echoing boundary regions.
Thus, NER curves are required for complete recovergf cloud structure (see latest figure 2
for point and volume target NER curves). Moreoverthe developed algorithm is the part of
our automatic off-line data processing software forthe quality control of the cloud radar
data. And it will also be useful for those who wanto use it in the post processing data set.

AR2-Comment:l think the TEST algorithm for filtering insect lemes from the radar data is
helpful if it is used in combination with LDR-filteng and or dual frequency filtering. The author
comes to this conclusion in the lines around 28% laagree to it. In the rest of the paper the
algorithm is described as a standalone alternatiMeDR or dual-frequency filtering. It should
be clearly said that this does not work as in negivith much insects the insect signatures are as
smooth as butter. There they are volume fillingéss.

Responselt has been found with our numerous examples that DR threshold alone is not
able to remove all the biota (e.g., added Figure 1®ut inauspiciously affecting the weak
cloud portions that are not sufficient enough to esite the cross pol. channel weakest
returns due to the cross-pol. isolation restrictionof the antenna on the LDR values (see
figure 10 and 11 and related discussions at pg 8Yherefore, TEST+LDR filtering is
definitely helping for the cases when biota densitis more (added Figure 14, pg 37 and its
discussion at pg 10) or biota echo co-exists insidlee cloud (Figure 13). Still, pure cloud
returns are noted to be not possible even by TESTHRR besides that this combination was
also severely affecting the weak cloud portions. s, the TEST alone is found to fulfill the
requirement significantly of both biota removal aswell as recovery of weaker cloud
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portions using NER curves excepted to cases of higilumber density of biota or biota
existing within the cloud. The NER curves hold the&key again here. However, after TEST
process, to eliminate further those portions of Z alues which are possible biota
contamination within cloud inferring from the both LDR and SW thresholds for the
preserving the true cloud returns (see Figure 13ppg 36).

AR2-CommentThe theoretical background of the algorithm shdagdexplained more general:
actually the signal from insects has a longer deetation time than signal from volume filling
targets.

Response:That could be apparently true if one have high dent/ insect presence with
course resolution observations. For our case, ingedensity is observed to be moderate and
that the echo de-correlation time found to be verynuch shorter than cloud duration. This
can be evidently seen with added figure 13, figur&4 and figure A3. Most importantly we
demonstrated now with Figure 15 that cloud de-corrkate longer than biota those discussion
can be seen at page 11 before section 4.

AR2-CommentThe signal from volume targets is a sum of magpas with statistical phases
and amplitudes which causes noise with normaliligion (central limit theorem). Therefore
even if the volume is filled with stationary targdtroplets falling with different speeds, some
exiting the volume, some entering) each line oth& un-averaged complex spectra is normal
distributed noise with zero mean and a varianceesponding to the power in the doppler
spectrum. The doppler spectra are the abs-squétee afomplex spectra and therefore they are
still noisy. Due to squaring the distribution iarisformed from normal to exponential. After
averaging over 1 s this noisiness has smoothetyuitsqrt(nave). In contrast the signal from a
single insect is not noisy at all if its SNR isgar But there is another reason causing variance in
the biota signals. Typically the insects are adedhrough the radar beam, entering with
apparent downward velocity and leaving with appatgward velocity. The pass through time
depends on beam width (deg), height, and wind spgbidcauses a spiky spectra. if there are not
too many insects, then there is a maximum in theanee spectrum of biota signals at 1/(pass
through time). For this reason the variance spetwotivolume targets is white and for biota with
moderate densities it has a maximum at the frequencresponding to the 1/(pass through
time). The TEST-procedure extracts the variances@duby biota by cancelling the high
frequency variance of the volume targets by 1 secaveraging and by cancelling the low
frequency variance with high pass filtering theiaace of reflectivities. The remaining medium
frequency componets of the variance spectrum isimted by the beam passing of the single
insects, and therefore it can be used for recaggpisithe signal is from biota or clouds. Without
understanding the author found that the test metvm#ts in many cases. In cases with too high
or too low wind speed this simplified filtering méail.

Response:The proposed algorithm makes use of time series 6" moment profile data

from the Doppler spectra. So, it is essentially offine processing of & moment time series
data for running average of below 5 seconds windowso, there is much concern on biota
(insects/birds) number density within the radar sarple area than wind speed (observed to
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be insignificant under light and moderately dense risect condition) as for as TEST
performance on off-line moments data is consideredThus, no need to involve the
atmospheric wind or biota velocity details with TES'. To give more clairty further on it,
we have chosen two contrasting wind speed day whelew level jet (LLJ) shows strong
(weak) winds at altitude of ~ 2 km AMSL derived fran radar using VAD/VPP method (see
belwo figure AR3) and found that TEST filtering working well during both high and low
wind speed as well (see below figure AR(4, 5) foegformance of TEST).

2013, Sep 24
12:15 UTC

s
n

L5\

— XVAD
=-==KavvP
=-==X\VP

— Radiosonde

Height (AMSL, km)
o B

1.5F

0 5 10 1§ 150 200 250 300 350
Velocity (ms™) Direction (°)

——XVAD

2013, Sep 10
12:43 UTC ——Radiosonde
VAD
6F 6F -==XVVP
===KaVVvP

Height (AMSL, km)
> -

12

0 2 4 6 8 10 0 100 200 300
Velocity (ms™) Direction (°)

Figure AR3: VAD/VPP based wind profiles from KaSPRvolume mode observations on 10 (weak ABL wind) & 24
(strong ABL wind) Sep.2013.
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Some minor notes:

AR2-Commen#5: sensible 8A T> sensitive

Response:Suggestion has well taken. However it cannot be seaow due to re-writing of
Introduction.

AR2-Comment6: to our experience the reflectivities of biota below 0 dBZ, reflectivities of
rain are above 0 or 5 dBZ.

ResponseOkay! Correction made accordingly at line no 70.
AR2-95: T-matrics A T> Rayleigh
ResponseThank you! Suggestion is implemented at line no 256

AR2-Commen®6: | would change the sequence from large to sindtbplets with .1 mm : -60
dBZ 64 droplets with 0.05: -60 dBZ 1e6 dropletswit01: -60 dBZ

ResponseThank you! sentence is modified now at line no 259.

AR2-Comment: guess the author wants to say that hydro met@@volume filling targets in
most cases. For a single spectral component oa saygle drop D size Z = N D"6/V, where V is
the radar volume which about 1000 to 25 000 m"2ddmg on height, and N is the number of
droplets in the radar volume. In case of singlggaN=1 and therefore Z_single target = D"6/V
or Z_volume traget » D"6/V. As D can be inferrednfr the terminal falling velocity which is
roughly the doppler velocity at least for largeoplets, it can be found by analysing data that
hydrometeors are volume filling in the majority chses. Sometimes large droplets in the
beginning of a rain event are rather single targets

Response:Yes, we assume that the hydrometeors are mostly wohe filling / distributed
targets. Agree that single big rain drop case couldbe point target but that yields very
strong reflectivity where identification of cloud is much easy or exclusive in that sense that
cloud echo can mask the weaker insect echo.

AR2-Commen®8: is the PRF of this radar really adjusted tchsadow value. this would allow
for a maximum range of 300 km which is not usefuvértically pointing mode. a prf of 7 to 10
khz is more adequate in vertical mode. this allewauch larger velocity range. but this is not
relevant for the scope or this paper.

ResponseYes. Thank you! We used near 5 kHz ie., prt is arcud 201 micro seconds with
maximum range of 30 km. Necessary change made atéi 260.

AR2-Comment: cannot understand or even guess the mening of tbentence.
126: ..more than 2 m/s and the de-correlation
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Response:Thanks you for letting us the missed clarity in wrting. The mistake has been
corrected at line no 290 and such needed claritynd correction can be seen with
subsequent part of the MS. Regarding de-correlationwe are inferring indirectly with our
time series echo coherence pertinent to biota andoaid using running average with a
hypothesis (see line no 291-295) and subsequentlgegenting a shallow cumulus cloud
presence with biota (figure 13a) case and provindné de-correlation time of biota and cloud
echoes using ACF with figure 15.

AR2-Commentl37: This method will be fully explained in thelfaving section 4A™T> It seems
it is in the rest of this section and then in teet®n Results and discussion beginning in line 214

ResponseAgree and implemented at line 321. Thank for the aoection suggested.

AR2-Commentl39: fixing &A T> thresholding
ResponseYes, Implemented at line no 323.

AR2-Commen227: This is not true for cyrus clouds. The hawery soft top.

Response:Hope AR2 means it cirrus clouds, even those cloudgve soft top they have to
come above the noise floor so it is equally applibke to cirrus clouds as well.

14|Page



Authors Responses
To the Interactive comments on manuscript titled “Simple insect removal algorithm for 35- GHz cloud radar
measurements”, M C R Kalapureddy etal. Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-254, 2017

At the outset, we are grateful to the Editor(s) and all Editorial team for their
services/help and untiring timely support and cooperation. We are also equally
thankful to all the three Anonymous Referees, for their hearty services in
rendering experience and knowledge based comments, those are valuable to us
for improving the quality and the focus of the paper.

The point-to-point AR3 responses of the authors are as below:

Anonymous Referee #3(AR3)

AR3-Gen. CommentMillimeter-band radars are very sensitive to detanall targets such as
cloud droplets and also insects and other biolbgiagiculates (biota) present in great number in
the lower atmosphere. Polarization measurementnigfficient mean to discriminate cloud
echoes from non meteorological scatterers thateshar common very low reflectivity.
Unfortunately most radars are not equipped withapzhtion measurements. This short paper
proposes for these standard radars a simple tagh@ible to separate meteorological and non-
meteorological echoes. It uses only successivécaereflectivity profiles acquired by a 35-GHz
radar operated at vertical incidence with a 50 sglength and one second temporal sampling.
Because of the high spatial and temporal resolutiwost of the time only one or no biota target
is present in the pulse resolution volume. In astircloud echo is due to millions droplets that
fulfill the pulse volume. As a consequence signafiability at a given range between two
vertical profiles is much more important for bictaatterers than for cloud echoes. Signal
variability is given here by the standard deviatadrthe reflectivity over the time of five profiles
that corresponds to the typical duration of thetdiechoes crossing the antenna beam. The
threshold value that separates distinctly biotanfadoud is obtained from statistical analysis of a
large radar observation set. Indeed this value |ldhbe adjusted for a radar having different
characteristicsThe topic of this study enters the scope of thenjal and responds to a real issue
for anybody who wants to extract physical quartitieem radar signal. The work is put into
perspective with past equivalent investigationstlgh a large panel of bibliographic references.
The work based on well chosen graphics is convin@and above all the methodology is
validated with polarization measurements providgdha same radar. In conclusion this paper
that presents a good scientific interest is suitdbt publication in Atmospheric Measurement
Techniques Journal. However this recommendaticulmrdinated to the authors consideration
of the following comments.

Responsewe are grateful to the reviewer's learned summary fothe work and thankful for
intimate resonance with the central idea of the pagr. In fact, above concise summary is so
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Height {(km)

fascinated that it has been adopted with little chages at the last section of the Manuscript!.
We do agree on the underlined reviewer statement #t with little adjustment to TEST, it
will be able to work with other radar (please see &low figure AR6 where we drop our 1
sec Z measurements of KaSPR (MS figure 7) to evedysecond and 16 second interval

Time resolution sample reduced to 4s

Height ;I)roﬁles of KASPR for 2014I(]529-120022pf
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Figure AR6: KaSPR 1s (see figure 7 in MS) resolutioZ profiles are re-sampled at 4s (left three pans) and 16 S.
Biota echo seen differently at different time inteval sampling.

Table AR1: How under above resolutions need to tad& for TEST to perform on biota

Temportal 1 sec (KaSPR; MS 4 sec 16 sec

Resolution figure 7)

higher than S1 curve 3-4 dBZ 3-4 dBZ 3-4 dBZ

by
¢ (dB) threshold to 5-7 dBZ 15dBZ 20 dBZ

filter biota
ZpagL (dBZ) -45 -45 -45
oneL (dB) 0.5-0.9 0.5-0.9 0.5-0.9
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Main review points

AR3-Comment1) Lines 48 to 50 give the list of the source ohsmeteorological echoes which

comprises insects and other biological particul@ibésta). The title refers only to insect and in
the text the word insect is nearly always usednBf/the insects is the main source of biological
echoes it is a restrictive term. | propose to ngglace the word biota introduced by the authors.

ResponseAgreed and implemented! Insect word replaced with iota for the whole MS.

AR3-Comment:2)- In figure A2 strong vertical gradient of huntydis associated with the
presence of cloud echoes. We may deduce that &isogsrefractivity index gradient exists
which can be a potential source of Bragg or spe@dhoes. For information an explanation that
this type of echoes, observable with UHF and VHRdboadars, has a very low probability to be
detected by millimeter-band radars will be welcome.

Response: Yes, . ; ;
indeed it is welcome Rayleigh, Non-Rayleigh and Bragg scattering versus radar wavelength
at cloud radar to see 09(33cm) [ umeeeeeen Brlagg scattbring (Ave) ’ ‘ ' ‘ '
clouds at Bt:agg scan:ering (Max)
unsaturated ------------ R'izyleigh/Mnle Boundary
| d | d Ridar Senslitivity

elevate clou T 28(10cm) [ | ]
layers that is evident | < 1 Kollias et al., BAMS 2007
at relatively cooler | & SSEem¢ | ]
(T ~ -10C) height | & 94@32cmt ! A
level. This may be| % :
something that with | 1
increasing  altitude | = 1 p

. 35(086cm) f 0 o HAF D e e - - A
even relatively less (D-agem) y
RH close to above
75-80% is sufficient 84 (032 em) L. ~ | ]
enough to consider 60 -50 -40 -30 20 ;1}30Z 0 10 20 30 40
as Cloud pOSSibly Low: Cumulus Staatus Drizzle Heavy Drizzle

Middle: Alto-Cumulus ~ «Alto-Stratus
due to the Ilower High: Thin Cirrus ~ Thick Cirrus Precipitating Cirrus
Precipitation: Stratiform  Convective

saturation  vapor Figure AR7: Atmospheric radar echo scattering Vs ralar wavelengths (taken from
pressure Kollias et al., BAMS 2007)

associated with

predominant ice than water above the zero degree atherm levels?! ..Speculating!
Furthermore! Possible sensitivity of the 35 GHz clod radar (~ -36 dBZ; dashed circled
region with aside pasted figure AR7 (ref: figure 6of Kollias et al., BAMS 2007)) to the
strongest refractivity index gradient observed to le contributing mainly from huge water
vapor gradient (of ARH >75% and AT < 2'C within ~400 m atmospheric slab centered at
~5.2 km altitude; see Figure A2 of the MS) with Alb-Stratus cloud could have been close
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correct guess to this happens. This further confirma the sensitivity of the cloud radar to
detect weaker shallow depth clouds.

AR3-Comment:3)- The sensitivity of the radar is -60 dBZ atrh kange (line 95). This value
seems to me very optimistic according to the ratlaracteristics. Give some details on the radar
calibration.

Response: Yes, KaSPR operated in zenith FFT mode with below anfiguration:
50 m range resolution, 25 m range gate spacing, D:pulse compression ratio (0.75* 10 i.e.,
75% efficient pulse compression), 5 kHz PRF, 128 HFlength/14 coherent averaging, 20
post averaging will have the minimum detectable rééctivity at 1 km is

dBZ= -20log(50) — 10log(0.75*10) — 10log(14) — 16(d20) +4.4 = -56.3
Where difference between the calibration constantrad noise floor (+55.4 — 51 = +4.4)

So, the minimum detectable reflectivity at 1 km is56.3 dBZ (it could be -53.3 dBZ only if a
3dB threshold above Pn/(FFT length¥incoherent integration) that yields a false alarm ate
of less than 1%).

AR3-Comment:4)- May be the high radar sensitivity is due te thse of pulse compression
(Table 1). If this mode is used give the effectivtse length, the code moments number and the
lower range gate available for the data set presentthe paper.

ResponseYes, used the 3.3 ps pulse length with 10X pulsengpression (i.e., compressed to
0.33 us in the digital signal processor of the sysn). So, the radar data set used for this
work has the effective pulse length of 50 m and legt range gate available is at 942 m
AGL.

In details, KaSPR employs an improved variation ofthe well known Linear Frequency
Modulated (LFM) pulse compression technique. The K&8PR pulse compression technique
is amplitude taper (window) (using a Tukey taper wih 0.7 taper coefficient; Window
function) on the transmitted LFM pulse and the compession is implemented in the digital
signal processor system using a least mean squarélier (Mudukutore et al., 1998) to
achieve much improved (lower) range side lobes, cqared to un-tapered LFM pulse

compressed with a matched filter Ref: Mudukutore, A., Chandrasekar, V., & Keeler, R(1R98). Pulse
compression for weather radaiSEE Transactions on Geoscience and Remote Sensing, 36(1), 125-142.

DOI: 10.1109/36.65532F hese details are added now in section 2 at pg 3tgara.

AR3-Comment5)- The term point target is used line 102 for-moeteorological echo. In fact a
scatterer is named punctual echo when it is alorike pulse volume. In that case echo duration
is related to the time taken by the target to ctbegadar beam, to its radar cross-section and its
position relative to the beam axis. All these fagtexplain the signal variability of biota echoes.
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ResponseYes, agree. In fact the word 'point’ used for thosdiota target echo that can be
seen as point/round discontinuous returns (e.g.,dure 2 and figure 13 a). Further with
NER curves it has shown they follow point and volum radar equation (see modified figure
2 and below figure AR8).

AR3-Comment:6)- In fig.1, and others equivalent figures, agear{r) correction of the radar
signal of the form r2 is used (line 109). It isr@at for volume echoes such as cloud echoes, for
point targets it is inadequate. The range corradbo such backscatters has the form r4.

ResponseYes, agreed. Suitable modification has been madethvithe text and figure ARS8
as pasted below. The suggested range correction fitve possible point target is assumed to
be confined mostly below 3 km altitude. These curgeare also added now and shown as
gray dashed curves with their start point are almos maintained. It is interesting to note
that the maximum value of mean noise floor (s14; dded grey lines) is well within s5
(green) curve that was chosen in this work to firsgualify the signal above the noise floor
either for cloud or insects echo which has been seled for further process to find the time
coherence or correlation periods in the next stage keep only the cloud. Thus this point
has already taken care.
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Figure AR8: Radar Sensitivity curves are now usingange correction to the radar backscattering base@n
the volume (r"*2 form) and point radar equation (r*4 form).

AR3-Comment:7)- When there is an echo at a certain rangesitival at the receiver output is
the sum of the receiver noise voltage and the thtebackscattered wave. It is therefore
necessary to remove the noise power in order tahgebackscattered power. It is evident that
this has not been done for the presentation shawse figures such as fig.1.

Response:Yes, the only spectral moment's profile data has lem used in this work (that
ensure through signal to noise ratio check for hawg only backscattered power). This has
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stated now clealry at the start of section 2. In f&, under weak or no sensible atmospheric
targets within the radar sample volume of any radarrange gate, the radar spectral
moments computation software tracks to pick up theclose by background random noise
floor peak from the Doppler power spectrum. Actualcloud radar spectra under clear-air
condition will have only noise floor at all FFT birs and even at all range gates. It is also
quite obvious the case where there was no sensilibrgets in the cloud radar probing
region. Under such void of sensible cloud radar tayet range gates, the moment's
estimation code quite possible to pick up a randomoise peak relatively closer to within the
Doppler Spectra FFT/velocity bins based on spatiadnd temporal continuity information.
This might have been the reason to have noise Z sates from the zeroth moment profile.
Good thing with this mean background noise is thait is helping to retrieve weaker cloud
boundaries some extent using theoretical NER curves

AR3-Comment:8)- Line 111: Receiver noise is made of thermabex@enerated within the
receiver chain and also of other sources whichaken into account through the noise figure of
Table 1.

ResponseXYes, correction implemented at line no 275-276.

AR3-Comment:9)- Give more details on the computation of thening mean and standard
deviation (line 136) of the successive verticalfies of reflectivity. In particular it is importan
to precise if these quantities are computed bejoedter noise removal.

Response:Mean and standard deviation of the successive vettl profiles of reflectivity
(after noise removal) are computed. In fact, we uskoffline spectral moments data for this
entire work. It is first attempted to find out the noise floor wsing sensitivity (NER) curves
and found that S5 curve is near 3-db higher than tb maximum observed noise floor of the
KaSPR. Once noise is removed only those echoes attowed which are higher than S5
curve to segregate cloud and biota. Biota point retns are mostly confined below 3 km
altitude with significant shift of mean noise floorjust below 1.5 km towards higher (S14
curve; based on the point target NER i.e.,rX Zsart range) but this still lies well within S5
curve (see above figure at the response of AR3 corant 6) to allow for further process to
refine them using standard deviation or time cohenece to determine cloud or not. Then de-
correlation time of cloud and biota have been founaut using running mean and standard
deviation of different time interval. Cloud being an meteorological echo changes gradually
and so having de correlation period more 40-110 se8ut for insects being spurious in
nature it de-correlated quickly, within 4-10 sec. Fom this computation 4sec has been taken
as a key segregator between biota and cloud.

AR3-Comment:10)- Line 161: Receiver noise is not en echo buwigmal generated in the
receiver chain.
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Response:Admitted the mistake, correction implemented at 1 paragraph of Results and
Discussion, line no 342, 361, 362, and 364.

AR3-Comment:11)- A statistical de-correlation time is intro@gicline 174. | do not understand
very well how it is computed. | think it is relateéd the standard deviation of the reflectivity.
Give the formula that links de-correlation time anedflectivity standard deviation. In figures 3
and in the text the unity used for the standardadi®n is not given.

ResponseXYes, it is related to the 4-point running mean andtandard deviation. (here SD is
for Z thus its unit dBZ apply). It is hypothesizing here (provided now in MS at page 290-
295) that the running mean and standard deviation fo~4 seconds reflectivity profiles (i.e.,
sliding interval of 4 seconds) works in identifying all non-hydrometeor returns.
Furthermore, the time coherence of radar returns atevery range sample can be checked
for every 4 seconds as window period to infer thecho power de-correlation time or degree
of coherence period associated with biota return.n order to prove this, the below figure
AR9, is worked out to find the correlation where Iét panel represents the typical HTI plot
of Z measurements for low level/ shallow cumulus eld in the presence of biota and right
panel shows the simple auto correlation function (8F) having lag (0-300 sec) correlation
corresponding to the reflectivity time series of shllow cumulus cloud (base, mid, top) and
biota heights at 1.5 and 2.6 km. From the ACF analjs it is clear that biota shows quicker
(~4 seconds) de-correlations periods than cloud @0-170 seconds). It is also to be noted
that clouds may show varied de-correlation periodabove 30 seconds but insects mostly de-
correlate very much less than 10 seconds. Hencegthypothsis for TEST proves here with.
These discussions and newly added figures (13-1%¢ &an be seen with MS at page 4, 10-11
and 37-39 .
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Figure AR9: Shallow cumulus cloud present with bioa (HTI plot) and (right panel) is AFC based 0-
300 lag correlation for cloud and biota.
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AR3-Comment:12)- lines 218 to 219 ...biota that are foundttered less than 2-4 height bins
each of 25 m... : vertical spreading of a pointceishexpected to extend over half pulse. How do
you explain this large spreading that can apprdagiilse lengths. Is the use of a compressed
pulse that produces this increase.

Response:Yes partially. In fact, the used pulse width is 3.3 ps with 10X LFM chirp
compression with sampling in range (range gate spexg) at every 25 m. So, the
uncompressed range bin width of ~500 m that becont® m after 10X pulse compression. It
is quite possible that biota movement can confineometime in-between two range gates
then the biota echo spreading can confine maximumfd00 m. This could be the reason.
However, small correction has now made in the MS #t biota echo extends maximum of 2
range gate intervals of each 50 m or 4 range gatpacing of each 25 m. See these detials
with MS at line no. 368-370, pg 6, and line no.38-439 page 7 and modified first Para of
MS Section 2.

AR3-Comment:13)- | suppose that the radar has Doppler capatiécause line 263 and 264

PulsePair and Fourier Transform are cited. Dopppectra width contains information at the

pulse scale on the de-correlation time of the eshtiecould have been used instead of the
reflectivity standard deviation. Did you try to &we this quantity to discriminate echo type.

Response: Yes, KaSPR having Doppler capability and the ' moment velocity
variance/Spectral width measurements are availableThanks to referee that TEST results
has now been able to cross checked and found tHass spectral width values (~0.3 fa-9)
confirmed the shorter coherence time / short tempa correlation associated with biota.
Thus TEST, used running mean and S.D from set of grofiles, is working to ensure the
biota and cloud through their de-correlation time kess than 5 sec. interval. Therefore, TEST
is simple but potential because that makes use dahgle Z parameter but critically through
to track its change both at spatial and temporal leels. However, TEST output Z needs to
further constrained with SW and LDR thresholds that are found be advantageous to have
best possible cloud only radar returns mainly withn cloud region. New Figure 13 and the
relevant discussions have been added in this regatd the MS at page 10-11.

22 |Page



[y

Kaustav ChakravartyJha KAmbuj*, Prasad KalekarHari Krishna Devisetty Andrew L
Pazamanfand GovindarPandithurd

Madhu Chandra R. KalapureddyPatraSukany&®, Subrata K Dds Sachin M Deshpande - {Comment [m1]: Author's last name change

preference and affliction request considered now

3savitribai Phule Pune University, Pune 411007.dndi

{ Deleted: insect

Multiple 1.15 i

Deleted: s

Indian Institute of Tropical Meteorology (IITM), DMomi Bhabha road, Pashan, Pune 411008, Maharhsfia, «— - - { Formatted: No Spacing, Line spacing:

+Correspondence to: Madhu Chandra R. Kalapuredgsalapureddyl@gmail.com

particles) and clouds is the vertical structure tbé atmosphere. Therefore high-resolution vertipedfile

observations of the atmospheric targets are redjdoe both theoretical and practical evaluation asdinputs to
increase accuracy of atmospheric models. Cloud nadlactivity profiles can be an important measneat for the
investigation of cloud vertical structure in a reszeful way. However, extracting intended meteagidal 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 and separatedc
and non-hydrometeor returns from a cloud radar oreasents. Firstlythe observed cloud reflectivity profile must
be evaluated against the theoretical radar seitgitiurves. This step helps to determine the rasfgeceiver noise

- - { Deleted:

U

floor above whichit can be identified as signal or an atmosphectwe However it should be noted that the signal

above the noise floor may be contaminated by thd@ne norRaydrometeortargets such as insects, birds, or - { Deleted: meteorologic:

airplanes. The second step in this analysis statilt reviews the continual radar echoes to deieerthe signal de-
correlation period. Cloud echoes are observed téeborally more coherent, homogenous and havengeto

«correlation period thajiotaand noise. This step critically helps in separathegclouds fronpiotaand noise which _ - { Deleted: de-

show shorter de-correlation periods. The abovesteps ensure the identification and removal ofmgirometeor . { Deleted: insects

contributions from the cloud radar reflectivity fite which can then be used for inferring unbiasedtical cloud
structure. However these two steps are insuffidentecovering the weakly echoing cloud boundagssociated
with the sharp reduction in cloud droplet size aodcentrations. In the final step in order to abtaitact cloud
height information, identified cloud echo peak(geds to be backtracked along the either sides emeftectivity
profile till its value falls close to the mean rmifloor. The proposed algorithm potentially ideptdfloud height
solely through the characterization of high resohutloud radar reflectivity measurements with tineoretical echo
sensitivity curves and observed echo statisticgHercloud tracking (TEST). This technique is foundbe more
reflectivity profile. With this algorithm it is psgble to improve monsoon tropical cloud charactgi@n using cloud

radar.
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sensitivity that is required to sense the cloudtdts or ice crystals to infer cloud propertiehigh resolution (e.g.

Lhermitte, 1987; Pazmany et al., 1994; Frisch et18195; Kollias and Albrecht, 2000; Sassen etl&8l99; Hogan e ‘\
I

al., 2005). The atmospheric radar echoes in théallst clear boundary layer are mainly either frddnagg “f, “\\

scattering through refractive index irreqularitéese to turbulence in the atmosphere (wind profilerg., Ecklund et‘\‘, ‘:‘

[
al., 1988; Gossard 1990) or particle scatterimgnfihydrometeors and biota which is air-borne bigalgtargets ':, 1\

{ Deleted: 1 }

Deleted: Cloud vertical structure (CVS) associated
with the monsoon cloud systems is a key parameter
needs to be understood specifically in the lighitsof
contrasting seasonal features. This allows in
unraveling the role of CVS for better
characterization of various types of tropical mars
cloud systems viz., deep, shallow convective clouds
and stratiform cloud systems. The high-resolution
vertical profiling measurements of cloud radar are
useful resource in understanding of clouds and its
evolution. Furthermore this technique will aictlire

b
o
[
I
oo

W\
Teschke et al., 2006;). Although insects (heredfteta) are probably the principal contaminantsaose of their 4‘. \

|
size and dielectric constant, spiders, spider waid,other organic materials have been detectdubiratmosphere',

through the use of nets and other means (Seketsidy, 4998). Furthermore due to reduced scattezffigiency in ';‘I
|
the Mie region, cloud radar observations at 95 Gifiz found to be less (~5 dBZ) sensitive to biotanth 4'.

such as birds and insects, and waste plant matexigl, dry leaves, pollen or dust (also known ambspheric

plankton” or atmospheric “biota” or simply “insett®Vilson et al., 1994; Lhermitte, 1966; Clothiaekal., 2000;

observations at 35 GHz (Khandwalla et al., 2008)Joud radar signals frequently encounter this bietidhin a

l
f,n
couple of kilometers altitude close to the Earttfate, confined mostly to the Atmospheric Boundaayer (ABL). ||
|

{
These echoes from the biota in the ABL have rdflégtvalues comparable to those from the cloudsl tus they !

\ﬂ

\l

1

contaminate and mask the true cloud returns (Ltiled. €2008). Though the nature of shallow clearaiar echoes |1
1

\

‘H

|

|
was first doubtful, but later, these echoes owved ia the CBL were proved to be contaminated byiglarscattering c»
from biota rather than to refractive index gradsefe.q., Gassard 1990; Russell and Wilson, 198Moitantly the
nature of clear-air echoes are a nuisance for tealsed studies on CBL clouds since they may congtmithe true
cloud echo (e.g., Martner and Moran, 2001). Howetlerse clear-air echoes can be advantageous ersiadding i
and characterizing the CBL (e.g., Chandra et 811,022013). But in order to utilise the potentiatpose of cloud 0
radar for studying clouds, one needs to identifg preserve the true cloud echoes from biota comtatioin that is
mostly confined within the atmospheric boundaryela¢ABL). The ABL shallow/ low level cumulus clougse e

b
\‘H

strongly linked to the rain making mechanism atdowegion of the cloud vertical structure and heldey factor in ‘

|
predictability of cloud feedback in a changing die (Tiedtke 1989; Bony et al.2006; Teixeira eR808) but their by

L
| \{ Deleted: sensibl ]

ical characterization of CVS associated with
the Indian Summer Monsoon (ISM) and its intra-
seasonal variability. The cloud radar system uses
short millimeter-wavelengths of 3.1 and 8.5 mm
which correspond to frequency is ~94 and ~35 G}z

respectively. These wavelengths allow the detection
W

of small cloud droplets and ice particles with mor

Deleted: sensitivity at high spatial and temporal
resolutions that is used to infer important
information on microphysical and dynamical
structure of cloud (e.g., Lhermitte, 1987; Fristh e
al., 1995; Kollias and Albrecht, 2000; Sassen ¢t al
1999; Hogan et al., 2005). Cloud radar, especgsl
GHz, is not only sensitive to hydrometeors (cloud
particles and rain drops) but also to air-borne
biological targets such as birds and insects, and
waste plant materials e.g., dry leaves, pollenust d
(also known as “atmospheric plankton” or
atmospheric “biota” or simply “insects”; Lhermitte,
1966; Teschke et al., 2006). Although insects are
probably the principal contaminants because of thei
size and dielectric constant, spiders, spider wetus
other organic materials have been detected in the
atmosphere through the use of nets and other means
(Sekelsky et al., 1998). Furthermore due to reduced
scattering efficiency in the Mie region, cloud rada
observations at 95 GHz are found to be less seasiti
to insects than observations at 35 GHz (Khandwalla
etal., 2003). Cloud radar signals frequently
encounter this biota, within a couple of kilometers|
altitude close to the Earth surface, confined mdstl
the Atmospheric Boundary Layer (ABL). These
echoes from the insect in the ABL have reflectivit

representation remain unresolved in large scaleetimad This gives rises to the need of most posgiinbiased and L

systematic _observational study of shallow cumullesidt to unravel its morphological as well as chaastic ‘

features. Therefore, the current work focuses @mtifying and filtering biota echoes in order tarsficantly

improve the quality of cloud radar data. This akdvetter characterization of the tropical Cloudtiat Structure.

I
Review of previous studies shows that differenthigégues have been attempted to remove non ﬂ‘
|

hydrometeor echoes, for example, static technifprethe ground clutter (Harrison et al., 2014; 20@6turn signal- “‘\

values comparable to those from the clouds

{ Deleted: and precipitatio ]

Deleted: , and thus they contaminate and mask
true cloud returns (Luke et al., 2008). The
identification and removal of returns from such non
meteorological targets (biota and receiver noise) i
one of the prime tasks that is required to perform
before using the meteorological (cloud and
precipitation) returns received by the cloud radar
data, for the research and analysis purpose. The
current work focuses on identifying and filtering
non-hydrometeor echoes in order to significantly

improve the quality of cloud radar data. T T1]

level correction (Doviak and Zrni’c, 1984; TorresdaZrni’c, 1999; Nguyen et al., 2008), dynamicfiihg (Steiner ‘{
|
and Smith, 2002), and operational filtering (Alb&@ret al., 2003; Meischner et al., 1997). The afmstioned
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using dual-polarization information to identify tim@n-meteorological clutter echoes (Zrnic” and Fyzh 1998;

Mueller, 1983; Zhang et al., 2005). With the advienDoppler spectral processing, it is possibl&éawe improved
clutter mask Bauer-Pfundstein and Gorsdo#007; Luke et al., 2008; Warde and Torres, 2008alU2009). As
mentioned, one of the non-hydrometeor echoes idaltiee insects and air-borne biota and these utadagchoes

are problematic for studies involving meteorologiicormation such as wind measurements (Muller &ackin,

1985) and true cloud returns (Martner and Mora120As a consequence, observations of biota wene dsing

variable polarization and multiple frequency radapsrating initially in the centimeter wavelengHejovsky et al.,
1966; Hardy et al., 1966; Mueller and Larkin, 1988} millimeter wavelength radarBauer-Pfundstein and
Gorsdorf(2007) showed effective LDR filtering of biota whiKhandwalla 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 ileason techniques for the identification and m@ml of spurious

echoes from radar are also in use (e.g., Cho,e2G06; Dufton and Collier, 2015; Chandra et &013). From the

above summary, it is therefore evident that moghefstudies either concentrate on the polarimetjabilities of

radar_or_computationally intensive spectral proces®f radar data to filter out echoes contamindbgdnon-

hydrometeor targets. The importance of the cumenk presented here lies in the development ofigorishm that

uses solely high spatial and temporal resolutioffectvity measurements. These high spatial andpteal

resolution (25 m and 1 sec) measurements enablehhecterization of irregular echoes associatetth wie

spurious nature of radar returns due to biota. Weshod is simple and does not require spacioupEnspectral

data (and associated complicated analysis) or exgadvanced dual-polarimetric or dual-wavelerigdhniques.

20 System, Data and M ethodol ogy

This investigation employs vertically orient@€bppler spectral moments profi@bservations of IITM's

Ka-band scanning polarimetric radar (KaSPR) forghely of vertical cloud structuré details, KaSPR employs

an improved variation of the well known Linear Fuegcy Modulated (LFM) pulse compression technidilee

KaSPR pulse compression technigue is amplitude f@gadow) (using a Tukey taper with 0.7 taper doént;

Window function) on the transmitted LFM pulse ahd tompression is implemented in the digital sigmatessor

system using a least mean squared filter (Mudukugédral., 1998) to achieve much improved (lowengeaside

lobes, compared to un-tapered LFM pulse compregstitda matched filter. Thus, KaSPR uses the 3.3uise

length with 10X LFM chirp compression with effairange resolution of 50 m (i.e., compressed 38 Q1s) and

sampling in range (range gate spacing) at eveny 2fith pulse reception frequency of 5 kHz. So, ridar data set

used for this work has the range samples at eveny 2vith start range gate available are at 942 nb A&GaSPR

has been providing high resolution (25 m and 1)sessourceful measurements of cloud and precipitatit a

therefore sensitive to the cloud droplet. Accordiod -matrix Rayleighcomputations, single 0.1 mm size of target
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give the same reflectivity. Furthermore in one seti there are 5(1D)(pu|ses per second) hits on the target in the ‘[Deleted 63

radar scattering volume, the mean of those058@mples at a range bin (height) will be affectgdtiie mean {De'eted 1

Deleted: 5

o

characteristics of target such as composition, ntei@n, number density and kinematics associatétl
Therefore it is safer to assume that the atmospheric or onefizgical targets (in this case cloud particleg ar
distributive in nature and passive in the sensé their motion and/or orientation are in resonamgth the
kinematics of the background atmosphere. By comaparbirds and insects are point targets in natodeaative in
the sense that they can change their motion, @reand orientation within a few seconds. This tead the
irregular nature of intermittent or spurious radeturns characteristic of atmospheric biota duthégomuch smaller

de-correlation time associated with them. This wtutilizes the high resolution profile of cloud eadreflectivity

factor (Z) to construct the cloud vertical struetsiby filtering out the returns from the noise anua - { Deleted: insect:

Figure 1a represents the height profile§dimoment (radar echo peak power) baZemh 27 Apr 2014 at _ {Formatted: Superscript

2303 UT with various theoretical radar sensitivibpise-equivalent reflectivity, NER) curves (S0-35e range
profile correction with the start range sensitiwglue of reflectivity, i.e., XZan range Where r is range or height and
Z is reflectivity, for S1, Z is -60 dBZ, for exame. These different NER or sensitivity curves atiézed to qualify
the observed radar returns that are indeed abevilER, the inherent radar receiver noise level. fEioeiver noise

level is the inherent thermal noise associated wiéttronic components in the receiver chaiml also of other

sources which are taken into account through thgerfigure(Table 1, and it remains approximately constant over Deleted: of

the length of the pulse returns. However, rangeection is intuitive in the radar equation due lte tecrease |n {Formatted Font: 10 pt

echo signal strength with increasing height (fartizal orientation). In order to determine the moiange in every {“"matted: Font: 10 pt

o

range bin, SO to S5 are computed and overlaid oft¥s allows for identification and characteripatiof the signal
that overlays the background system noise levelissussed earlier, the signal at any level mag leantributions
due to either volumetric meteorological cloud parfates and/or strong non-meteorologditah-hydrometeopoint

targets (e.g. biota). In Figure la the echoes af k& and below 2 km can be marked as cloud jainte /—{ Deleted: insect:

respectively as it exceeds the profile S5. Theewaiations around 15 dB are mostly confined itwken SO and

S2 with S1 as mean NER. Contrastmg echo texssecated with the cloud and atmospherlc b|ota{|l$ee1t from _ - { Deleted: (hereafter insec

~3.7 km altitude with the presence of intermittemin homogeneous echo texture from tigta below 2.7 km_ _ ,,,{Demted: insects

altitude. Near similar weak cloud case of -38+2 d&85.4 km altitude is confirmed as cloud with #arp increase
in relative humidity of ~ 80% at that altitude byllocated GPS-RS measurements but is not shown(beeeFigure

A2). Biota echoes are observed to be confined most denslely ie7 km and fall in the reerct|V|ty range of0%o - { Deleted: Insect

period of ~4-5 sec (returns dueLa,g gobserved twanish at an interval of ~3-8 sexee the lower part of the _ {Deleted: insect:
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echo power de-correlation time or degree of cohmrereriod associated with biota return based orStBeof Z

value.Two sensitivity (S1 and S5) tests have been peddron Z profile to quantify asoise floor, biota anthe

meteorological cloud returns. All the tests haverbaffected due to the presence of non-meteorabgizho due to

JDiotaeven though these are mostly present in the ABeflectivity values associated with the cloud banes are - { Deleted: insects

very faint and are noticed to be fall within or s#oto system noise floor by 2-5 dBThe profile S5 seems to be

better in screening out the cloud echoes by 10 kiBHer level than system mean noise floor but ¢his eliminate

significant portion of the weakest reflectivity arat the cloud edge (Figure 1d). Apart from clojista also show _ - { Deleted: insects

higher reflectivity values than S5. Figure 1d imitar to Figure-1b except, it is completely scregpnat for cloud by

applying typical threshold of radar system senigjtiprofile, S1 and S5. In addition to this, in easf Figure 1c,

contiguous set of four reflectivity profiles haveeem considered for computing running mean and atand

deviation. The method followed to generate Figuceislthe main objective of this paper and is oetlirby the

flowchart in Figure 6. This method will be explaiheelow and results and discussisactioncontains its thorough _ - [ Deleted: fully

informatio In this case, insect reflectivity values are famto those of the cloud but their_altitude levate h { Deleted: in thefollowing paragrap

significantly different. The contribution duetiota can therefore be removed,by 85ve thresholdin@nd leaving o ‘{[De""te‘“ section
" 7| Deleted: insect:

. . . . . \\\\ B
the contribution due to clouds untouched (Figure Ttus, for the simultaneous presence of cIoudMﬁeﬁchoﬁeg\ N

\\ | Deleted:

thresholding

at around same altitude this NER method fails &niidy the contributions separately. This NER meilatso failsy\

N
g {Deleted:
\

fixing

whenever there exist sharp reflectivity changesiallg seen with cloud boundaries/edges. This igbeeefore

\
\ { Deleted:
\

with

o JC U U U U L

demands the development of a robust algorithmekptores the fundamental difference between clowdibéota | {Deleted: insect
returns so that it could be identified and separatg these factors automatically. h { Deleted: insect
In order to make the algorithm more robust for lingrit automatically, a close re-inspection of Feydb
infers that cloud returns are much more regular @& homogeneous when comparegitgds returns, which  _ - { Deleted: insec
appears to be spurious or intermittent in occueembierefore, the NER criterion works reasonabli} fee the case
of homogeneous, isolated stable cloud layers bublbustness will be in question whenever therevig@rous and
quick changes associated with cloud edge andactane (will be explained in the discussion of ddl+2 in Figure
5). An additional criterion makes the current aitjon robust for complete revival of cloud infornatifrom the Z
observations by utilizing the de-correlation pesiailpiota (close to 3-5 sec). During this time interval sigant _ - { Deleted: insect:
changes are not seen within the cloud. To explugefact, in the next section the same weak lovelleloud case
has been chosen further to understand the cohepenicel associated with cloud gpgdta - { Deleted: insects
3.0 Results and Discussions
Figure 2 takes the same case as in Figure 1 bfihedrbelow 4 km and 80-300 s, (left parjelje added _ - { Deleted:
new NER curves in gray color (S04,S14 andS54; @nge correction for the point clear-air target fowd below
3 km) with the start range sensitivity value ofleefivity, i.e., fxZ tart range WhHere 1 is range and Z is reflectivity, for
S14, Zis -60 dBZ, for exampldjigure 2 reveals three main type of raglanalregion namely (1) consistent radar. - { Deleted: echo

returns characterized by the smooth and gradualgg{a) associated with cloud particles (at ~ 3.7height), (2)
sharp (gradient) and spurious radar returns (dti@ét below 2.7 km) due to point target(s) and r&eiver noise
5



361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396

floor. In order to locate the aboyggnaltypes easily, various sensitivity or NER (i.e., SB) curves have been_ - [ Deleted:

echo

utilized. The second type gfignalis associated with a characteristic point targeti¢tv has sharp reflectivity _ - [ Deleted:

echo

gradient feature due to the target's limited spatgawell as temporal spread associated with tHarracattering
volume). The third type, noise flognot radar echo but signal generated in the recailain of the radaris seen to

be confined mostly in between SO and S2. The nigitel in Figure 2 corresponds to HTI plot where ¢lcbo
texture pertinent to the above mentioned three &giws can be clearly visualized. The cloud eclspesads in the

altitude region of approximately 300 m (3.6-3.9 kwijh consistent smooth and gradual evolution vitshveakest

o L

and/or broken structure during 165-190s. In catti@ this the observed irregular point or rountiedure ofpiota  _ - { Deleted: insect:
echo spread is seen to be limited temporally ar@:iidseconds and spatiajyithin two (four) rangggates (rgrquei { Deleted: below four
samples)size (i.e., < 100 m) with strongest reflectivity its center. This indicates that one second LethPQr\a\ { Deleted: -bins
resolution might be good enough to seefifliea as point or rounded echo texture. When biotaitleissmore in ) { Deleted

the lower altitude levels, it is difficult to clégridentify the boundary of one point target fromother. Such a [ eleted: insect

scenario, though rare, can lead to misidentificatis clouds. The coexistence of cloud and transight density
flocks of biota adds complexity which becomes almogossible to discriminate. However, this isssi@bserved
to be rare and limited to lowest altitudes only.

To investigate the similarities and contrastingtdess associated with various contributions to c¢loeid

: de-correlatior

) o U

associated with three typésoud, biota and noise) hatreen computed for their identification and sepanatBoth | Deleted: times
the cloud at ~3.7 km narrow region goidta returns below ~ 1.5 km in Figure 3 are evidentvabthe mg)ﬁimgm: \\{ Deleted: of echc
noise level. Both cloud arjulota parts of the Z profiles are expanded to allowréiew of the mean (Figure Sibjmd N \[ Deleted: have
3d) and standard deviatio.D oro; Figure 3c and 3e) of Z for every set of conseeuti5 profiles. Figure 3b \{32:2:: ::::z
shows the patterns of the seven mean cloud refigcprofiles are organized and more consistentarelated to

| one another during 105 seconds, this is in comparie less organized reflectivity profiles dueftota that are _ - { Deleted: insect
much less consistent or correlated with one andthigure 3d. Moreover, the corresponding sewgofiles show

| differences for cloud that is less than &.Higure 3c). By comparison differences in profilise tobiotaare more  _ - { Deleted: insects
than 4.0c most of the time (figure 3e). It is seen thattiean cloud reflectivity peak values gradually egtérom
3.7 to 3.8 km where the corresponding standardatiewi values are less thaw.1 In order to further test the
minimum de-correlation time associated with cloud &iota, the averaging time is reduced to a sétmffiles (5
sec) with the same data (see Figure 4). In this a0, Figure 4c depictsfor all the seven mean cloud reflectivity

| profiles are below 1.8BZ with peak <&. This manifests that volumetric distribution natwf cloud particles is
statistically more homogeneous or show less digperéowever, Z values associated with biota shamdom

| behavior with significant dispersion >&.5dBZ (Figure 4e). This high dispersion in the Z valuggiis that the echo
due to biota de-correlates quickly within ~5 sectinee interval (see Figure 4d-4e). It is seen fileigure 3 that for

| vertical levels from 0.9 km to 1.5, the sharp pemkseflectivity profiles and strong dispersion ®f3c dBZ are
associated with the return from biota. This isilatited mostly to the observed intermittent poingéa nature of

| JDiota echoes plausibly due to the rambling or meandenmgion_of piota within the radar sampling volume. -~ % z::::::f ::::z:
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Moreover, the inherent radar system noise (randomature) dispersion is observed to be in betwkercioud and
biota (1.5-3.05_dB2). It is evident from the top panels of Figure 8t cloud reflectivity profiles show relatively
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 assatiatthin
the chosen data sets those are independent tandrenather. Therefore, in order to preserve thktirae sequence
of observations for the study of cloud evolutiorvasl as to recover underlying smooth trends pertirto natural
clouds, a four-point moving or running averagepgleed on the time series of Z data instead ofvilegi a simple
average. The four seconds is the optimal movingameetime for yielding the best cloud results (Fé&g8) by

those echoes de-correlating over longer periodgcanel the presence of clouds. To understand theedegf

dispersion, along witl the absolute deviations in mean and median vdiaes also been analyzed. Their relation
with ¢ is seen to be as mean absolute deviation slightigller thanc asc/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

carried out using theoretical radar echo sengjtisitrves and statistically computed echo de-cdicglgeriods and
finally tracking the cloud echo peak to its adjacsides till it is close to the S1 profile for tiewud height. The
above set of tasks, Theoretical Echo Sensitivity abserved Echo based Statistics for cloud heightking
(TEST), is repetitively performed on the cloud radameasurements under an algorithm whose flowotentbe

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 profieeequal to or above the S5 can be qualified agiaou

Jbiota echoThis step ensures removal of the system noise. flo - { Deleted: insec

2. Those altitude regions of the qualified echo arentliurther scrutinized to identify clouds using the

minimum thickness of greater than 100 m (to strietloid biota that are found to extend less thaare _ - { Deleted: -4 height bins
gateeach of 50)n) and mean standard deviation belowsldz. - { Deleted: 25

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

S1.
4. Jn order to remove thisolated echo floorthose are probable not cloud but the existenatuetothe - { Deleted: Finally, i
abruptgisconsolation at the subsequent running averaghdyestrictions of step frequency counbf Z | Deleted: e

profile has been constrained as height levels where theegudncy count falls below 5% of total \:{De"‘te‘“ discontuation

measurement duration used to drop those isolatenksc +( peleted: computed th

{ Deleted: of Z value above

o U L L

It is interesting to note that the cloud echo regiare always stronger and above the mean noisidlions i.e.,

S1. Therefore at the left side of the curve, SBIpalways appears as a void region in the 2-dioread reflectivity

7
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plot wherever there is a presence of cloud, noenateak or strong (just below 4 km in the left gdavfeFigure 1
and 3). This causes sharp boundary gradients betelead and noise in the vertical profiles of Z drehce with

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

Figure 7 is similar to Figure 1 but it representauti layer pre-monsoon cloud system for the pd@00-
1205 UT, 29 May 2014. Various labeled altitude oegi (biota, noise and cloud) of the vertical refiety structure
show typical mean features that can be broadlysified the returns into cloud and non-cloud (biated noise)
portion. Furthermore, Figure 7 shows the typicaiiets of cloud layers existing within the verticstructure of
tropical cloud as well as morphological featuregipent to pre-monsoon thunderstorm activity. Tieus layer at
12-14 km shows gradual structural change havinds peflectivity values of ~ 5 dBZ. Here, the higHleetivity
values contribute to form single deep convectiwaidlby merging with the cloud layer that existtoater 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 2aBZ fluctuations around the 4-point-running mean iéty
whereas for biota the max fluctuation is 3-5Zdfold solid line). It can be understood that roiglues increase
gradually with altitude withs values ~ 2.3 whereas sharp boundary gradientiagsd with biota and ragged
shallow cloud regions (cloud 1&2 in Figure 7) alstwow highers values > 3dBZ. Stable or layer cloud regions

(cloud 4 & 5 in Figure 7) show significantly standaleviation below & (dBZ). Further, it is interesting to examine

8b. The range of dBZ variability is 4-10 foiotaand 2-4 for noise and for cloud that is less thavithin an interval _ - { Deleted: insect
of 5-10 seconds. The corresponding variabilitytandard deviation (S.D) is observed to be 4¥6r biotg 1.5-3.5 _ - { Deleted: insects

o for noise and ~ Io for cloud (<lo for cloud peak) except for weaker cloud regionshese statistical

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

Figure 9 demonstrates the application of the wadsented here and illustrates the significant dfiees
between the uncorrected (Figure 9a) and corredtéguie 9b) reflectivity profiles. The peaks in drency
distribution of uncorrected cloud reflectivity pilet at just below -50 dBZ, in between -50 and a#d just above -
40 dB are the predominant contributions from n¢is&ldle panel of Figure 9a). These noise regidas beverely
the corresponding histogram frequency distributirthree different altitude levels that are asgediavith the
Johnson'’s tri-modal cloud distribution (extremehtipanel of Figure 9a). In order to infer the disttion of cloud
reflectivity values in the various altitude regiopertinent to tri-modal cloud vertical structureJofinson et al.,
1999), the observed vertical structure is subdivioleo warm or low (<3.6 km), mixed or mid (3.6 kmaltitude
<8.6 km) and ice or high (>8.6 km) phase and/orlleleuds. The plots of uncorrected reflectivity tdisution
clearly shows skewness towards lowest values &atdfity (below -50dB, -40 dB and -30 dB for lowid and
high level respectively seen with right panels ajufe 9a). This is mainly due to the predominantenase
TEST algorithm the corrected reflectivity distritmrt peaks at -42dB, -35 dB and -22 dB for low, il high level
respectively (right panel of Figure 9b) reflects thctual scenario of the cloud system. This meth@imple and
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has potential to bring out the statistically sigzaht micro- and macro-physical characteristicenfimeteorological
information (i.e., cloud) and hence for better elcégrization of the cloud vertical structure oveegion.

In order to test the merit of the current algoritbmfiltering out the nognydrometeoicontribution with 2 _ — { Deleted: meteordogical

profile, the parametric thresholds on Pulse-Pd®) (rocessed Z and few polarimetric variables f@efof the cloud
radar measurements have also been consideredde pfausual Fast Fourier Transformation (FFT) psscdhe
FFT process is capable to provide only polarimgtacameter, i.e., linear depolarization ratio (LDRigure 10 is
similar to the Figure 1 that illustrates FFT (t@p)d PP (bottom) processed Z profiles on 28 Aug 2@itdare 15
minutes apart from one another (0415 and 0400 Wpewtively) which causes some dissimilarities i dbserved
three layer cloud structure between the two ploppér and lower panel). Minimum range of the ndiiser in the Z
profiles (2-D plot in the first panel) is seen te grater for PP than FFT processing. The TEST igorperforms

in a similar way for both the FFT and PP procesZemiofiles and is able to isolate the cloud struetas best as
possible.  Figure 11 explores further the polarifoetcapability of the KaSPR in separating out the

meteorologicdhydrometeorcontribution with Z by using critical threshold ¢he PP-polarimetric measurements

that correspond to the bottom panels of Figure Tite top panels of Figure 11 stand for HTI plots thfee
polarimetric parameters namely, LDRgy, andKpp. Computation of LDR is inherently limited to theoss polar
isolation of the radar system that is -27 dB foSR&. Hence, high LDR values above -17 dB are mas#y with

| Yiotaand low LDR values below -17 dB are seen with dldiow to lower LDR values (i.e., <-17 dB to -25)dBe _ - { Deleted: insec

strictly confined within the peak values of co-poteflectivity (> -10 dB) of cloud altitude regions 8-10 km.
Except the inherent limitations associated with LBtese results are in agreement with earlier tedaesults (e.g.
Bauer-Pfundstein and Gorsdorf, 2007 and Khandvelkl., 2003). The LDRPg, and kyp threshold values are set
below -17 dB, 56and -18 km'* respectively, can be used to filter out biota friva corresponding Z profiles that
are shown at lower panels of Figure 11. The thigsbsed fordy, and Kyp are subjective depending on the

observed case for better filteringJuibta These polarimetric threshold methods are althaugitessful in filtering _ - { Deleted: insect

out the nomaydrometeorcontributions but they are bound to sacrifice theaker portion of the cloud where_ - { Deleted: meteorologic:

polarimetric computations are not perfect. Thusapmetric method is incapable to preserve the weglrtions of
the whole cloud regions where the TEST method fed to perform better (bottom right panel of Figd0). This
further proves the efficiency of the proposed THE88thod. This has implemented in the post-processirggh
resolution reflectivity measurements. The methodetiped here is far simpler and provides a supasadution to

filtering out signal due to noise and biota andspree cloud data in the form of pyngdrometeorreflectivity —_ - { Deleted: meteorologic:

measurements which can be used to infer the tramacteristics of clouds.

Figure 12a demonstrates further application of ¢herent work on filtered cloud reflectivity profde
(bottom plot) by considering the six hours evolotaf variety of tropical cloud systems. On 21 MxA3, a typical
convective cloud system present during pre-monseesson was observed. This event is composed o thre
systems, first three hours (00:00-03:12 UT) shotsatiform cloud confirmed from bright band occurcenat an

altitude of 4 km AGL, convective system around 020D, which is a cumulus congestus initially , afubve it

9
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cirrus (ice) cloud in the altitude range of 13-1%.KThe screened out reflectivity profile can therefbe utilized to
fully characterize the tri-modal cloud episode hsven in Figure 12b. The mean reflectivity profiléthvstandard
deviation bars reveals the nature of important phasnge regions associated with cloud verticaksire. The
change in cloud processes in the cloud verticaktire is closely associated with the phase ofctleater that is
strongly linked with the predominant change of tenagure.

Finally, Figure 13 and Figure 14 are cases of nwetihy to discuss the merits and demerits of th&TE

algorithm for shallow cumulus clouds present withté. In fact this is the concluding figure of therk where

besides to the Reflectivity based TEST (first calyni DR (second column) and SW (last column) measent of

the same cloud radar are also considered. Sec@ngdanels in figure 13 are differing from first orby filtered out

for noise using sensitivity curve S5 and to alldeud and biota presence with the radar measuremenéshigher

all insects (figure 13e). Smaller echo coherenec®mg@essociated with biota are further confirmethwess spectral

width values (<0.3 fas? figure 13f). Higher spectral width values, of theler of ~ 1 rhs® of the cloud indicates

turbulence. The discussed TEST algorithm (fig 1li3dble to screening out the cloud and filter dngt biota part ‘[Formatted: Font: 10 pt

significantly. Further, TEST fails to isolate rél@ly stronger biota returns exits within the clodde to the missing

of strong reflectivity gradient (both in short intals of height and time scale) which fails to giveeded high

standard deviation values to filter out those.otder to ensure those as biota and then to istiase returns, the

LDR values larger than -14 dB and SW values muchllsmthan 0.5 #s2 have been chosen here. Identified
isolated biota returns outside the cloud by TEST the above critical thresholds with LDR and SWfarend to be

similar_significantly excepted at few places. Ifeirs that, using threshold value alone either WBPR or SW

measurements threshold value fails to filter olbiaita returns due to either persistent low LDFhigh SW values

associated with those biota. However, it can be séth figure 14 (similar to figure 13 but a typiazase of high
number density of biota noticed on 10 Sep 2013ndu€i738-0742 UT) that TEST alone unable to remdweab
(figure 149) but using LDR it becomes much prongsffigure 14f). Furthermore, in case of weakly tugmt cloud

portions, they posses near comparable lower SWesahs that of biota, under such condition it is glarated to

screen out clouds using SW along (see figure 1Zimilar way, LDR alone is observed to be difficultfiltering all

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 bita presence has been confirmed more than onebway

considering LDR that infers the liquid body preseitthe atmosphere (cloud patrticle, bird or insesrhall spectral

width values infers less velocity variance or sgresithin radar sampling volume. Small velocity \eate

associated with biota is obviously due to the gmlesence of air-borne biota that usually takes retedege of
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dynamics of the atmosphere (initially for flight by the convective updrafts and later by advect@rhorizontal

flight at higher levels). Moreover, the velocityrepd due to biota is very limited to smaller valhen volumetric

small cloud particles those are in general relétiVight weight, high in number density and morenearable to

small scale local turbulence or entrainment proegsish gives rise to higher spread or dispersioneatbcities 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 vyields best cloud algseilts than

any other combination where both cloud and biotaxists within radar sampling height. Clouds shaghtspectral

width values ~ 1 s Lower spectral width values pertinent to bioteirthat velocity variance of scatters within

radar scattering volume is predominantly due to ghesence of airborne biota (without much flightn@aver).

This could be the reason to have much smaller tiolmerence or degree of correlation of Z value Witita is much

smaller (e.g., 4-5 seconds) than clouds. Thus licke de-correlation times are small or quickehattransmitted

pulse scale. In order to confirm the precise deetation periods associated with the observedabéoid cumulus

clouds (figure 13a) that are assumed to be vertimdér transact across ABL, simple auto correlafiomction

(ACF) has been used with the time series data @frfesponding the biota at 1.59 and 2.66 km anddclevels at

lower/base, mid and top (single range gate (soliel) las well as averaged to its top and bottomeayaje (dashed

: Font: 10 pt, Not Bold

analysis it is clear that biota shows quicker (ed4amds) de-correlations periods than cloud (~ 4D-4dconds).

Moreover, it is interesting to note that singledirtilevel (solid line) observations are showinaatigely weaker

correlation than averaged (dashed line) one, thisiich significantly seen with cloud echoes thatficms that

clouds are have high degree of phase coherencalynigicause of clouds are wide spread (both tindespace) in

nature, that becomes additive to have high coiogldhan single level whereas for quickly de-catielg biota or

: Font: 10 pt, Not Bold

: Font: 10 pt, Not Bold

seconds but bigta mostly de-correlate very much fean 10 seconds. Hence, the hypothsis progoseEE®T is _ — - | Formatted
proved herewith. ~{ Formatted:

Font: 10 pt, Not Bold

o ‘[ Formatted:

Font: 10 pt, Not Bold

o

4.0 Summary and Conclusions
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standard radars a simple technique able to separateorological and non-meteorological echoes.sésuonly

successive vertical reflectivity profiles acquitegla 35-GHz radar operated at vertical incidend& wi50 m pulse

length and one second temporal sampling. Because difigh spatial and temporal resolution, mogheftime only

one or no biota target is present in the pulseluésa volume. In contrast, cloud echo is due tdliaris droplets

: Font: 10 pt

much more important for biota scatterers than foud echoes. Signal variability is given here bg gtandard
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deviation of the reflectivity over the time of foprofiles that corresponds to the typical duratbhe biota echoes

crossing the antenna beam. The threshold valuesépatrates distinctly biota from cloud is obtaifredn statistical

analysis of a large radar observation set. Indéwsl value should be adjusted for a radar havindewint

characteristics. This study responds to a reaki$suanybody who wants to extract physical quagtifrom radar

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

meteorologica

It has been demonstrated thigthresolution vertically orientezieroth momentréflectivity) measurements _ - { Deleted:
of cloud radar are solelassured tosegregate th¢rydrometeorand nonhydrometeorcontributions with it. - 4 Deleted: potential to understand the cloud vertic
- . . - L .y | structure after
Theoretical noise equivalent reflectivity curvee ased to remove the system naisel importantly for recovering* . \\[ oted
\ | Deleted:
the weak cloud boundaries that are very closelgdrdwithin the mean noise floor (curve S1) of thdar system. \{ Deleted:

meteorologica

The simple statistical variance of continual raglelioes show the contrasting different characteridtisignals like > { Deleted: .

:insecs

S N, NS S NS 2 N

L

of cloud hydrometeor to those frghiota and noise. Running mean and standard deviatiasffdine reflectivity - ‘[ Deleted: used
profiles for ~4-5 seconds that works well to filtart all non-hydrometeor returns. In this way, tinge coherence of o { Deleted: insects
radar returns at every range sample was checkedvieny 4 seconds as off-line window period to irtfeg de-

correlation period associated with bidteat,show promisén identifying and filtering out thgiotareturns. The_ _ - { Deleted: helps
proposed TEST algorithm evaluates the observeddctadar reflectivity profiles with combined thedeal radar o ‘[ Deleted: insect
sensitivity curves and statistical variance of ragleho and then tracks the cloud peak at either wicbbtain the

complete cloud height profile. In case of azimutld alevation radar surveillance scans (PPl and Ridexample),

there is a regular change in the radar sampling & disables to have exclusive set of measursmequired to

perform the TEST method. But this method is adwgewas and easily adaptable for better charactenzaf any

high-resolution vertical profile measurements. Thbustness of TEST is also proved through polarimetnd

spectral width, measuremerand found thathat worksmuch better, particularlyithin the,cloud region, at the _ - {Deleted: methods
cloud radar frequencieSEST constrained using LDR found much promisingeammitigh density biota conditior; \\\\\‘[Deleted: it works
whereas superior performance of combined TEST wminsd with both LDR and SW has witnessed with high {De'ete* weak
turbulent shallow convective cloudSuch scrutinized reflectivity profilesavebeen further utilized to investigate - {Deleted: has

J U

the important CVS pertinent to the various phasethe Indian Summer Monsoon with the aim of imprve
prediction. Hence, the proposed TEST algorithmhbke ao extract the possible unbiased meteorologitald
vertical structure information with the cloud piofg radar. This enables carrying out the pragnadlficeffective

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

Figure 1. (a) Vertical looking cloud radar measured sanefereflectivity 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) screenetretlectivity profile for the receiver noise floor
and the biota (insects) using running average cainstd with standard deviation (d) constrained
with NER (S5).

Figure 2. (left) Same as 1(a) but for 220 profilgs«tra NER curves here in gray color (S04,- { Deleted:

S14 and S54) are computed on the bagis of the pmiget radar equation (i.eXZsiar range | Formatted: Font: 12 pt, Not Bold

where r is range and Z is reflectivity, e.q., SB4is -68 dBZ)(right) HTI plot of Z profiles.\;{Formatted: Font: 12 pt, Not Bold

Smoothly varying homogeneous cloud layer is atualés of 3.5-3.8 km and sharp, rounded and{Formatted: Font: 12 pt

spurious kind of echoes below 2.7 km are dueatgpi ] { Deleted:

Figure 3. (a) Same as 1(a) but for 105 profiles. (b) meah(ahstandard deviation of 15 profiles - {Deleted: 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .

(D U S W D U Y

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.

screening-out the cloud contributions with the Zameements.

Figure7. (a-c) Same as 1(a-c) but on 29 May 2014 dut2@-1205 UT for the duration of
306 sec. Statistics corresponds to the labels®® fbrofile can be seen in Table 2.

P { Deleted: insect:

and four noise floor regions as per Table 2. Boliidines are the 5-point-running mean over
the actual time series data (lines with symbol).

Figure 8b. Same as Figure 8a but for the cloud regionead able 2.

Figure 9a. (Left panel) Uncorrected mean reflectivity prefion 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 &ltitude regions of low (<3.6 km), mid (3.6

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

on to the corresponding three peaks with the whetécal structure of Z. This infers the noise
clearly suppresses the meteorological information.

18



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 measungsnat 0400 UT on 28 Aug

2014using (top) FFT processing (bottom) 15 minutesmane using PP processing. PP case

will be used further to evaluate the polarimettgoaithm performance.

Figure11. HTI plots of (top panel) LDRPq, and Kop parameters pertinent to PP processed data

of Figure 10 and (bottom panels) biota filteredlaetfvity after applying corresponding
polarimetric thresholds of the respective top panel

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

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

Fiqure 13. Cloud radar measurements of reflectivity (Z), LOFpectral Width (SW) with noise _ -

(a-c) and filtered out for noise using S5 curvef)(dFEST algorithm screened output Z for
clouds (g), g + biota filtering using LDR > -14 dB), h + SW filter for biota using SW < 0.5

m’s? (i).
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Deleted: Figure 13. Cloud radar measurements pf
reflectivity (Z), LDR, Spectral Width (SW) with
noise (a-c) and filtered out for noise using S&eur
(d-f), TEST algorithm screened output Z for clouds
(9), g + biota filtering using LDR > -14 dB (h)+h
SW filter for biota using SW < 0.5%¥ (i).
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Table 1: KaSPR specifications

Radar specificatior value

RF output frequenc 35.29 GH:

Peak powe 2.1 kW

Duty cycle 5 % max

Pulse widths (selectab 3.3us (513000 ns
Pulse compression rai 1:10 (3-100

Range gate spaci (resolution 25 (50) n

Transmit polarizatio

H or V-pol linear; Puls-to-pulse
polarization agility

Receiver polarizatic

Simultaneous C- and Cros-polarization
linear

Receiver noise figur: 2.8 dEmin
Sensitivity at 5.0 ki -45 dBZ

TX & Rx lose 1.15& 0.3 dk
IF output to digital receiv 90 MHz
Antenna diamet 12n
Antenna Beam widi 0.2
Antenna gai 49 dE
(includes OMT loss)

First side lobe lev -19 dBi min
Cros:s-polarization iolatior -27 dE
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Table 2: Statistical mean and standard deviation of cladar reflectivity corresponds to the
selected height regions, which are labeled, orriyere 7.

Noise 1 (2.-2.4 Km)
Noise 2 (5.9-6.2 Km)
Noise 3 (11.1-11.6 Km)
Noise 4 (14.7-15.2 Km)
Cloud 1 (3.7-3.9 Km)
Cloud 2 (4.8-5.1 Km)
Cloud 3 (6.8-7.2 Km)
Cloud 4 (9.-10.2 Km)

Cloud 5 (12.-13.2 Km)

-52.9 1-52.4)
-44.4 (-44.2)
-39.1 (-39.1)
-36.7 (-36.9)
-36.2 (-28.3)
-31.8 (-22.7)
-0.4 (0.3)
-10.9 +9.9)

3.1(1.4

21

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

- {Deleted: Insect
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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. SOto S5 are
the theor etical noise equivalent reflectivity curves with 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 aver age constr ained
with standard deviation (d) constrained with NER (S5).
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Figure 2: (left) Same as 1(a) but for 220 profiles. Extra NER curves here in gray color (S04, S14 and S54) are computed based on the point
target radar equation (i.€., r*XZgart ranges Where r isrange and Z is reflectivity, e.g., S04, Z is -68 dBZ). (right) HTI plot of Z profiles.
Smoothly varying homogeneous cloud layer is at altitudes of 3.5-3.8 km and sharp, rounded and spurious kind of echoes below 2.7 km are dueto
biota.
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Height profile 20140427_23030zpfCRh
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Figure 4: Same as Figure 3 but for total duration 35 sec; the mean and standard deviation profilesarefor every 5 second interval.
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Figure 9a: (Left panel) Uncorrected mean reflectivity profile on 29 May 2014 during 1200-1205 UT superimposed with cur ves 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 meteor ological
information.
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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 the reflectivity measur ements of figure 13a.
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, and thus they contaminate and mask the true detwdns (Luke et al., 2008). The identificationdan
removal of returns from such non-meteorologicajj¢éts (biota and receiver noise) is one of the ptias&s that is
required to perform before using the meteorolog{cldud and precipitation) returns received by ¢heud radar
data, for the research and analysis purpose. Tirertuvork focuses on identifying and filtering Rbpdrometeor
echoes in order to significantly improve the qualff cloud radar data. This allows for the improved

characterization of the tropical CVS.

Review of previous studies shows that differenthiegues have been attempted to remove non
meteorological echoes, for example, static techesdior the ground clutter (Harrison et al., 201@0@), return
signal-level correction (Doviak and Zrni'c, 1984rfies and Zrni'c, 1999; Nguyen et al., 2008), dyicafiftering
(Steiner and Smith, 2002), and operational filtgri(Alberoni et al.,, 2003; Meischner et al., 1997The
aforementioned studies were mostly confined with tke of single polarization radar. However a negsjbility
has been developed using dual-polarization infaonab identify the non-meteorological clutter eeBdZrnic” and
Ryzhkov, 1998; Mueller, 1983; Zhang et al., 2008)th the advent in Doppler spectral processing fiossible to
have improved clutter mask (Bauer-Pfundstein ands@iisf, 2007; Luke et al.,, 2008; Warde and Tor80Q9;
Unal, 2009). As mentioned one of the non-meteoioldgechoes is due to the insects and air-bornia laind these
unwanted echoes are problematic for studies inmglvineteorological information such as wind measergm
(Muller and Larkin, 1985) and true cloud returnsafther and Moran, 2001). As a consequence, obgamgabf
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 Goérsdorf (2007) showed effedtDR filtering of insects while Khandwalla et £003) and
Luke et al. (2008) showed that dual-wavelengthoréiiers are more effective than the linear depo#ion ratio
filters. Dual-polarization also offers a wide vayieof methods (e.g., Gourley et al., 2007; Hurtaohal Nehorai,
2008; Unal, 2009; Chandrasekar et al., 2013). Fuegjc classification techniques for the identifioa and
removal of spurious echoes from radar are alssé(le.g., Cho et al., 2006; Dufton and Collierl 20 From the
above summary, it is therefore evident that mogshefstudies either concentrate on the polarimeajabilities of
radar or off-line spectral processing of radar datéilter out echoes contaminated by non-metewickd targets.
The importance of the current work presented hieeih the development of an algorithm that usdelsdigh
spatial and temporal resolution reflectivity measnents. These high spatial and temporal resol{#6mm and 1
sec) measurements enable the characterizationregfular echoes associated with the spurious nattiradar
returns due to insects. This method is simple aveb dhot require spacious complex spectral data #4asdciated
complicated analysis) or expensive advanced duakipeetric or dual-wavelength techniques.
requiredof due to the Though the nature of shalitear air radar echoes was first doubtful, butiterd stage,these
echoes over land in the CBL were proved to be coimated by particle scattering from biota ratheantho
refractive index gradients (e.g., Russell and WiJst997). But in order to utilise the potentialabud radar of

studying cloud one needs dTare strongly linkecheoriin making mechanism at lower region of theidlgertical



structure and a factor in predictability of clougeflback in a changing climate (Tiedtke 1989; Bonwl2006;

Teixeira et al. 2008)buteir representationrisebaflsw cumulus cloud its.biota



