REVIEW REPORT

Review of amt-2017-401

By Viswanathan Bringi, Merhala Thurai and Darrel Baumgardner

Manuscript Title —Raindrop Fall Velocities from an Optical Array Probe and 2D-Video Disdrometer

Response to Reviewer # 1

GENERAL COMMENTS

In the manuscriptthe Authors analyzed three precipitation events occurred in USA (Colorado and
Alabama) that differs forthe climatology of the colocations and forthe wind conditions. The aim of the
studyis to evaluate the wind influence on the raindrops terminal fall speed measured by two different
type of devices, namely the Meteorological Particle Spectrometer (MPS) and the 2D video disdrometer
(2DVD). The manuscriptis well organized however I think that the aim of the studyandin particularits
practical applications should be specified in the Introduction section. As stated also by the Authors more
case studies should be added or atleast the analysis should be extended to largerdrops (see for
example comment6and 9 below). Furthermore section 2 needto be enlarged withinformation
regarding the data processing (see comment 3below) and more analytical comparison should be done
to confirm the consistency of fall speed measurements from the two devices (see comment 1 below).
Finally  have some specificcomments, that are shown below.

We appreciate the reviewer’s comments and our response is given in italics while the
modifications to the manuscript are highlighted as below.

General: The first sentence in the Introduction gives three applications with three pertinent
references. We believe these are also “practical” references. For example, the modeling of
collisional processes is in part based on assigning a unique terminal fall speed for a given mass
of raindrop. Same is true for retrieval of DSD from vertical pointing profilers. We have also
added in a new reference to Yu et al. (2016) in AMT who also suggest that ambient flow and
turbulence may play a role in modifying drop fall speeds.

We have added the following sentences to clarify this point in the Introduction:

‘In these and other applications itis nearly universally accepted that there is a unique
fall speed ascribed to drops of a given mass or diameter and that it equals the terminal
speed with adjustment for pressure (e.g., Beard 1976). ©
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“ Thus, there is some evidence that rain drops may not fall at their terminal velocity
except under calm conditions and that the concept of a fall speed distribution for a drop
of given mass (or, diameter) might need to be considered which is the topic of this
paper. The implications are rather profound especially for numerical modeling of
collision-coalescence and breakup processes which are important for shaping the drop
size distribution.”

Our response to SPECIFIC COMMENTS.
SPECIFICCOMMENTS

1. Line24-25: inthe manuscriptthe consistency of fall speed measurements from the two devices
isprovided only qualitatively(i.e. “excellent visual agreement”) some quantitative results should
be providedforall the diametersin the overlapping region.

We have added a new Table 1 that compares the mean and standard deviation from MPS and
2DVD forboth sites in the overlap diameter range 0.7 to 2 mm.

2. Line 109: please clarify which are the “otherfactors” that gives the threshold of 0.7 mm forthe
drop diameter. The 2DVDis able to measures drops with D< 0.7 mm. Usually the minimum
detectable diameterfor2DVD is considered 0.2 mm or 0.3 mm. In this case the overlapping
betweenthe twoinstruments can be enlarged. Please provide aclarification of this threshold or
considerthe option of enlarging the overlapping region.

In line 107 we have given three references that discuss 2DVD accuracy. In particular,
Bernauer et al. (2015) carefully document the accuracy of sizing and fall speed for solid
precipitation. The main problem for D < 0.7 mm is that the drop image in Camera A has
to be “matched” to the corresponding drop image in Camera B which is difficult given the
resolution of 170 microns. This has been mentioned in second para of Section 3. But we
have added the “mis-match”problem in original line 109.

“Considering the horizontal pixel resolution of 170 um and other factors (such as
‘mis-matched” drops), the effective sizing range is D> 0.7 mm. To clarify the
“mis-matched” drop problem: itis very difficult to match a drop detected in the top
light-beam plane of the 2DVD to the corresponding drop in the bottom plane for
tiny drops resulting in erroneous fall speeds.”

The smallest calibration spheres that are provided by the manufactureris 0.5 mm and
these are extremely difficult to drop in the sensor area and to collect them below.
According to Bernauer et al. accurate sizing with errors <5% is only possible for D> 1
mm based on solid (snow) precipitation. In our experience for rain drops which are
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smooth shaped the threshold is lower at 0.7 mm which is what we have quoted in our
paper. While the mid-point of the first “bin” of the 2DVD sizing is 0.25 mm, the accuracy
is very questionable as calibration is not possible. Hence we cannot enlarge the
overlapping region. The whole point of our paper is to use high resolution MPS and
lower resolution 2DVD to cover the entire size range with good-to-excellent accuracy.

Line 114-115: As reportedin numerous papersinthe literature, the 2DVD measures anumb er of
spurious drops that can are usually removed from the data using properfiltercriterion, such as
the one based on the relation between measured and theoretical fall velocities. Please note that
in my experience most of the spurious drops have small diameters (D<2 mm) and therefore are
withinthe range of diameters analyzed in this study. Did the Authors use any kind of criterion to
filter outthese drops? If yes whichis the impact of the filtering on the results. If not, how can
the Authors be sure that those drops are real drops and not spurious ones? | think that the
Authors should clarify this pointin the manuscript because itis crucial forthe validity on the
results obtainedinthe study.

We clearly state in original lines 114-115 that ...” The only fall velocity threshold used for
the 2DVD is the lower limit set at 0.5 m's ™ in accordance with the manufacturer
guidelines for rain measurements.” We do not use any velocity filter in our analysis as
doing so would be counter to the detection of sub- or super terminal fall speeds. Please
see our response above to point (2) specifically the threshold of 0.7 mm which we use to
eliminate mis-matched or “spurious” drops. Our confidence of sizing and fall speed
measurement using 2DVD for D>0.7 mm is reinforced by the agreement with MPS in the
overlap region (please see new Table 1). Finally, the use of a DFIR wind shield appears
to have reduced the occurrence of “spurious” drops.

Line 119: How do the Authorsidentify the different raintypes?

The identification of rain types was based on CSU-CHILL radar data as described in the
quoted reference (Thurai et al. 2017).

Line 131: | suggestto change the word “excellent” with the word “good”. The MPS
underestimates the fall velocities for 0.7 mm < D < 1 mm with respectto 2DVD, while the 2DVD
overestimates the fall velocities for1 mm< D < 2 mm with respect to the Gunn and Kinzerfit.
Furthermore a more quantitative agreement should be performed.

Please see new Table 1 for a quantitative comparison between MPS and 2DVD in the
overlap region. The agreement between the two instruments is, in our opinion, excellent
for both sites given the quoted accuracies in fall speed measurement for both
instruments.

We have replaced the fit to Gunn-Kinzer data with the 9" order polynomial fit given in
Foote and du Toit (1969) as opposed to using the exponential fit of Atlas et al. (1973) in
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both figs. 1a and 3a. The latter fit is not as accurate for the small drop end (e.qg., it does
not pass through the origin). We have added in Section 2.1:

“Also shown is the (Foote and du Toit 1969) (henceforth FT fit) to the terminal fall
speed measurements of (Gunn and Kinzer, 1949) at sea level and after applying
altitude corrections (Beard, 1976) for the elevation of 1.4 km MSL for Greeley.”

The pressure adjustment to the Gunn-Kinzer fit to account for the altitude (1.4 km MSL)
of the Greeley site is in excellent agreement with the 2DVD measurements. The slight
underestimation of the MPS fall speeds relative to the fit of Foote and du Toit to the data
of Gunn-Kinzer in the range 0.7-1.5 mm (max deviation of 0.5 m/s or 10%) is puzzling
given the excellent agreement for the Huntsville site (sea level). We have added
sentence below.

“However, the altitude-adjusted FT fit is slightly higher than the measured values
as shown in Table 1.”

Figure 1b and Figure 2b: | suggestto plotthe fall velocity histogram also for otherdrop
diameters (letsay 0.7 mm and 1.5 mm forexample) so the readers can have more casesto
evaluate the agreements between 2DVD and MPS.

Done as suggested...see new panel c in figs. 1 and 3.

Line 187: similarly tocomment5, also here the word “excellent” is not appropriate due tothe
overestimation of MPS with respectto Gunn and KinzerfitforD <0.5 mm.

As noted in our response to (5) above, after replacing the Atlas et al fit by the Foote and
du Toit fit in Fig. 3a the agreement between MPS and the latter fit is considered to be
excellent.

Figure 3a: can the Authors provide an explanation of the differencesinthe mean fall velocity
between GunnandKinzerfitand MPS measurementsforD> 1.5 mm?

Please see our response to (7) above. The differences in Fig. 3a are no longer an issue.

Figure 5: what about large drops? Which is the effect of wind on large drops? | suggestto use
the 2DVD data to made the same analysis forlargerD.

We have added new panels Fig. 5e,f which show the effect of wind/gusts for 3 mm

drops. The trend is similar to 2 mm drops. We cannot show larger drops due to very low
number of samples.

Page 4



TECHNICALCORRECTIONS 1. Line 286: probably “wind range” should be “wide range”.

Corrected. Thank you for pointing this out.
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Interactive comment on “Raindrop Fall Velocities from an Optical Array Probe and
2D-video Disdrometer” by Viswanathan Bringi et al.

H. Leijnse (Referee) hidde.leijnse@knmi.nl Received and published: 11 December
2017

Response to Reviewer # 2

This paper describes results from two measurement campaigns with a Meteorological Particle Sensor
(MPS) and a 2D-Video Disdrometer (2DVD). The analyses presented in this paperare focussed on the fall
speeds of droplets measured by the differentinstruments, and whether these deviatefromresults from
laboratory experiments (superor sub-terminalfall speeds). Observed sub-terminal fall speeds are then
linked to turbulence intensity. | think thisis an interesting paper. It contributes to the scientific
discussion onthe puzzling super-terminal smallraindrops by showing results where these were not
observed. However, the paperwould benefit from aclearerdescription of its aims, and, if possible,
strongerconclusions. Asfaras | understandit, there are three main messagesinthe paper: 1) thereis
no evidence of super-terminal raindrops (contrary to Montero-Martinez etal., 2009 and Larsenet al.,
2014); 2) thefall velocities of real drops closely follow the relations found by Gunn and Kinzer (1949)
downto very small drops; and 3) thereis a cleareffect of strong turbulence onthe mean and the
standard deviation of fallspeeds of drops of a given diameter. If thisisindeed the case, then | think this
should be more clearly stated in the introduction, and should be discussed more elaborately in the
conclusions. So | think that afterrevisions, this paperis suitable for publication in Atmospheric
Measurement Techniques. Specificcomments are given below.

We thank the reviewer for the positive comments. Our response is in italics while the text
modifications are highlighted and in quotes.

We have added in the Introduction the following:

“In these and other applications itis generally accepted that there is a unique fall speed
ascribed to drops of a given mass or diameter and that it equals the terminal speed
with adjustment for pressure (e.g., Beard 1976).”

We are reluctant to draw firmer or more elaborate conclusions than what is stated in our paper
since, (a) the database is rather small (3 cases but from two different climatologies), (b) we do
not have a direct measurement of turbulence and (c) we cannot quantify if the DFIR wind shield
is affecting the sensor area in some subtle way. These questions will be addressed in the future.

In Section 3 last para we have clarified as follows:

“One caveat is that the response of the DFIR wind shield to ambient winds in terms of producing
subtle vertical air motions near the sensor area is yet to be evaluated as future work. Analysis
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of further events with direct measurement of turbulent intensity, for example using a 3D-sonic
anemometer at the height of the sensor, would be needed to generalize our findings.”

Specificcomments

1

In the introduction it should be more clearly stated what the exact aims of this paperare.

We have added the following in the Introduction:

“Thus, there is some evidence that rain drops may not fall at their terminal velocity
except under calm conditions and that the concept of a fall speed distribution for a drop
of given mass (or, diameter) might need to be considered which is the topic of this
paper. The implications are rather profound especially for numerical modeling of
collision-coalescence and breakup processes which are important for shaping the drop
size distribution.”

2.

On lines 66-74, the use of a DFIR is discussed along with its effects on the local windfield. For
studyingthe relation between turbulence intensity and raindrop fall speeds, how does this
double fence affectthe turbulencejustabove the instrument? | canimagine that by reducing
the average wind speed, the turbulence is also reduced. On the other hand, as stated on line 74,
the fence itself also generates up- and downdrafts. | think that the effects of the use of a DFIR
on the results presentedin this paper should be discussed and, if possible, quantified.

As mentioned in the text we do not have a direct measurement of turbulence at the
height of the sensor. Rather we use the wind/gusts from the anemometer at 10 m high
tower as a proxy for turbulence. Regarding the DFIR perturbing our results, there is
unfortunately not many articles describing the DFIR affect on the ambient flow other than
the quoted reference of Theriault et al. (2015). Most articles are related to the “catch
efficiency” of snow gages located inside the DFIR relative to gages with standard wind
skirts. In the future we will locate one 2DVD inside the DFIR and one outside as well as
collocated 3D-sonic anemometers both inside and outside...but this is another field
project for which we have to acquire funding. Unfortunately, we cannot quantify the
effect of the DFIR in this paper.

In Fig.1(especially panela) the MPS seems to detect slightly (but systematically) lower fall
velocitiesthanthe 2DVDin the Greeley data. Thisis not the case for the Huntsville data (Fig. 3).
Please give an explanation forthis.

Please see new Table 1 fora quantitative comparison between MPS and 2DVD in the overlap

region. The agreement between the two instruments is, in ouropinion, excellent for both sites
given the quoted accuracies in fall speed measurement for both instruments.
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We have replaced the fit to Gunn-Kinzer data with the 9" order polynomialfit given in Foote and
du Toit (1969) as opposed to using the exponentialfit of Atlas et al. (1973) in both figs. 1a and
3a. The latter fit is not as accurate forthe small drop end (e.g., it does not pass through the
origin).

The pressure adjustment to the Gunn-Kinzer fit to account for the altitude (1.4 km MSL) of the
Greeley site is in excellent agreement with the 2DVD measurements. The slight underestimation
of the MPS fall speeds relative to the fit of Foote and du Toit to the data of Gunn-Kinzer in the
range0.7-1.5 mm (max deviation of 0.5 m/s or 10%) is puzzling given the excellent agreement
forthe Huntsville site (sea level). We have re-worded the sentences in Section 2.1 as follows:

“‘Panel (a) demonstrates the excellent “visual” agreement between the two
instruments in the overlap size range (0.7-2 mm) which is quantified in Table 1.
However, the altitude-adjusted FT fit is slightly higher than the measured values
as shown in Table 1.”

4. Onlines208-215, the correlation between Eonthe one hand, and the mean and standard
deviation of the raindrop fall speeds onthe otheris discussed. | agree thatthis correlationis
there. However, judgingfromFig. 4, | think there isalso some correlation with the rainrate R
(especially the peak at 10 UTC). Please elaborate on the role of the rain rate for these
correlations.

The reviewer is correct in that there is a correlation with rain rate (as shown in the figure below
forthe reviewer’s benefit) but this can be misleading in that heavy rain can and does occur
during calm conditions and the opposite also occurs. So it is difficult to come to a firm co nclusion
unless we look at many cases which is reserved for future work.

Figure 1: The mean fall speed versus rain rate for 30 Nov 2016 Huntsville for 1.3 and 2 mm
drops.

Page 8



On lines 224-225, the observed near-linear decrease of the mean fall speed with turbulence
intensity (oratleastits proxy E) is mentioned. How significantis this relation?

Notsure if whatis meant by “significant” relation. We can do a linear fit and compute
correlation coefficient butthis won’t add much to what s already fairly obvious. We do not wish
to quantify thisas E is only a proxy for turbulence.

On lines 247-254, the results presented by Montero-Martinez et al. (2009) are compared to
those presentedin this paper. What could be the explanation for this difference? Could it be
somethingsimilartowhatis discussedin the next paragraph (lines 255-262) about the findings
of Larsenetal. (2014)? Please elaborate on this.

We can only speculate why Montero-Martinez et al. found strongly skewed distribution
for 0.44 mm drops. The instruments they used, 2D-C and 2D-P, were designed for use
on aircraft and not as fixed disdrometers. The airspeed clock is about a factor of 10
higher in their implementation. The calibration method is not discussed in any detail by
them whereas the MPS can be calibrated as often as needed with a special device.
They did not use any wind shield as far as we can ascertain.

The Larsen et al. study used a 2DVD which has “mis-matched”drop problem not present
in the 2D-C,P probes.

On lines 272-281, the relation to the findings of Stout et al. (1995) are discussed. Isthere an
empirical relation between Eand the rms velocity fluctuations due to turbulence? If soit would
be interestingtosee whetherthe 35% reductionin mean velocity is observed at similarrms
velocity fluctuations-to-terminal fall speed ratios (0.8).

We do not think there is a way to relate our estimate of E based on 3-s wind data to what a 3D-
sonic anemometer would measure in terms of velocity fluctuations at much higher sampling
rate. This fora future project where we would locate a sonic anemometer next to the 2DVD/MPS
inside the DFIR.

Technical comments

In Figs 2b and 4b, would it be possible to use a second y-axis for Rinstead of presenting R/100on
the existing y-axis?

Done as suggested.

2. 0On line 275, “greaterthat” should be “greaterthan”.

Corrected. Thanks for pointing this out.

Interactive comment on Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-401, 2017
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Review of AMT-2017-401 By V. Bringi, M. Thurai and D. Baumgardner Manuscript Title
— Raindrop Fall Velocities from an Optical Array Probe and 2D-Video Disdrometer.

Response to Reviewer # 3

This manuscriptreports onraindrop fall velocity measurements by using two diff erentinstruments: a
MPS (Meteorological Particle Spectrometer) which measures dropsinthe 0.1-3 mm range, and the
wildly used 2DVD (two-Dimensional Video Disdrometer), which measures sizeand fall velocity of drops
between0and 10 mm. The MPS and 2DDVD were used to measure fall velocity of dropsinthe 0.1-2 and
largerthan 0.7 mmdiameterrange. The overlapping region 0.7-2mm diameter was used to cross-
validate the two measurements. Three different case studies were analyzed in ordertorelate the
properties of the drop fall velocity to different precipitation systems (one stratiform, one squalllineand
one super-cell case with low and high turbulence associate for the firsttwo and the third case,
respectively). The paperislinearand quite easy toread. | have only one majorcommentthatcan give a
contribution, in my opinion, to the generalization of the results. Itis reported below together with minor
comments that, once addressed, will allow the publication of the paperon the Atmospheric
Measurement Techniques journal.

The authors appreciate the above general comments and our response is given below in
italics whereas the text modifications are highlighted.

Major comment.

- Section 2.2: in the Section 2.1 the authors investigated astratiform case, whilein the Section 2.2a
squallline and asuper-cell case. The squall line case reported generally low rainfall rate and turbulence
(comparable tothe values registeredin the stratiform case). It could be useful, in my opinion add (or
substitute) aconvectiveevent, asorta middle point between a convective and tornadiccase, inorderto
have a general overview of the characteristics of drop fall velocityin a broaderrange of precipitation
systems.

In Section 2.2 it is clearly stated that...” About 3 h later several squall-line type storm cells
passed over the site from 0700-0900 UTC again with strong winds but considerably lower E
values 2-4 m® s? and maximum R of 80 mm h™. After 1000 UTC the E values were much
smaller (< 0.5 m? s?) indicating calm conditions. The peak R is also smaller at 30 mm h™ at
1000 UTC.” Hence, Fig. 4b already depicts high and moderate-low rain rate conditions.
Perhaps the reviewer overlooked the rain rate scale (where we plotted R/10) which has now
been changed, the values now on the right Y-axis without any scaling.
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Minor comments.

- Line 141: what does it mean that the finite bin width causes aspread of 0.5 m/s? Can the authors
explain better? The sameisreportedin other parts of the text.

The bin width for the histograms is £ 0.1 mm about the center value of 0.5 mm , for example in
Fig. 1b all fall speeds that fall in the range 0.4 to 0.6 mm are included in the histogram. The
spread of 0.5 m/s is just V(0.6 mm)-V(0.4 mm) . In Section 2.1 we have clarified as:

“The finite bin width used (0.9-1.1 mm) causes a corresponding fall speed “spread” of
around 0.5 m st which is clearly a significant contributor to the measured coefficient of
variation.”

Please see new Table 1 which quantifies the finite binwidth spread in Column 1.

- Lines 211-215: whatis the explanation that the authors give to the decrease of fall speed duringthe
mostintense wind and rainfall rate? Does it can be related to the presence of ascending flow?

In Section 3 we refer to Stout et al. (1995) who have simulated the effects of turbulence to
cause a decrease in fall speed relative to still air conditions. The effect is due to increase in the
non-linear drag due to both vertical and horizontal gusts. We defer to the explanation in Stout et
al. (1995) but we introduce this reference earlier in Section 2.2.

- Lines 224-225: similarto the previous comment. How do they justify the decrease of fall speed when E
(turbulence) increases?

Please refer to our response above.

- Panel (b) of Figures 2 and 4: the rain rate should be reported on the right y-axis avoiding the necessity
to show itsvaluesscaled ona factor ten.

Done as requested.
- Figure 2a: the y-axis limit should not exceed 10m/s to improve the detail of the plot.

Done as requested.
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Interactive comment on “Raindrop Fall Velocities from an Optical Array Probe and 2D-video
Disdrometer” by Viswanathan Bringi et al.

Anonymous Referee #4 Received and published: 18 December 2017

Response to Reviewer # 4

GERNERAL COMMENTS This isan excellent paper, addressing the issue of in-situ measurements of rain
dropsovertheirfull size range, with focus on the drops’ fall velocities. Especially the characteristics of
very small dropsstill are notinvestigated thoroughlyup to here. The investigation of the relationship
between wind turbulence and rain drops’ fall velocity is convincing and in the future will allow new
refinementsinthe related remote sensing algorithms. The study is presentedin a clear and concise way.
The reviewer likes to point out, that such work does not only address academicinterests, but pointstoa
number of applications, like remote sensing of the atmosphere, as the authors shortly mentionin their
introduction. Otherapplications include knowledge of channel characteristics for satellite
communications at EHF frequency bands. Thus the studyis very relevantforthese fields of science and
applications. The workis based onthe combined analyses of datafrom 2 instruments at same site, the
Meteorological ParticleSpectrometer (MPS) and the2D-video disdrometer (2DVD). Field measurement
of raindrops still may be considered as challenge, with quite afew solutions being around, but none of
the instruments may claim to be perfect. The presented results dorise afe w relevant questions, which
are givenin below specificcomments. Summarizingitis said, that this papergivesan excellent
contribution, bringing new aspects for the relevant fields of science and applications.

We appreciate the very positive comments by the reviewer. Our response is in italics
below and modifications to the text are highlighted.

SPECIFICCOMMENTS

*** Line 98 / 99: “All possible corrections have been applied, including the removal of artifacts due to
splashing,...” Careful preprocessing, verification and validation of datais of utmost importance for the
presentstudy. The results presented require correctness of challenging measurement processes. Some
of the result given actually leave afew questions open, asaddressed in belowcommentto Fig 1la and
Fig3a. To be sufficiently self-contained, thus the paper might shortly describe the mentioned correction
algorithms. .

We havereplaced the sentence: “All possible corrections have been applied, including the removal of
artifacts dueto splashing, and oversizing that results from out-of-focus droplets (Korolev 2007).” With

“There are a number of potential artifacts that arise when making measurements with optical array
probes (Baumgardneretal., 2017): droplet breakup on the probe tips that form satellite droplets,
multiple droplets imaged simultaneously, and out-of-focus drops whose images are usually larger than
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the actualdrop (Korolev, 2007). The measured images have been analyzed to remove satellite droplets
whose interarrivaltimes are usually too short to be naturaldrops, multiple drops are detected by shape
analysis and removed, and out-of-focus drops are detected and size corrected using the technique
described by Korolev (2007).”

*** Line 157: “The histogram from MPS for the 0.5 mm sizes shows positive skewness” Can the authors
give an explanation / discussion / assumption?

The histogram in Fig. 1b for 0.5 mm size is skewed towards higher values ...the tail extends
from 2.6 to 4 m/s . Given that the mean is 1.8 m/s and 0=0.65 m/s, there is a finite occurrence of
super-terminal fall speeds that exceed mean+1c or 2.45 m/s. Such super-terminal speeds have
been noted by Montero-Martinez et al using 2DC,P probes for similar sized drops in fact with
much longer tail or skewness than our observations.

*** Fig. 1a and Fig. 3a: Mean fall velocities from the MPS are read from these figures approximately as:
Fig.1a: D=0,7 mm,v = 2.55 m/s

Fig.3a: D=0.7 mm,v =3.05 m/s

That represents an exceedance by more than 16 % (Fig. 3a overFig. 1a), in spite of the lower pressure in
Greely (Fig 1a) leading to the expectation of faster drops than in Huntsville (Fig 3a). The authors please
could discuss this.

We refer to new Table 1 from which we now have:
Greeley site D=0.7 mm mean MPS=2.6 m/s
Huntsville D=0.7 mm mean MPS=2.6 m/s

We have also added new histograms for 0.7 and 1.5 mm from both sites (new Fig. 1c and 3c).
The 0.7 mm histogram from Greeley is slightly skewed (Fig. 1c) whereas the Hunsville
histogram is more symmetric. For small drops (< 1 mm) the pressure adjustment is not
significant (see Fig. 1a) and this is reflected by Table 1 data.

*** Fig. 3a: Mean fall velocities from the MPS are read from this figure approximately as:
D=1.5mm,v="5.28 m/s

D=1.6 mm,v=6.31m/s

D=1.7mm,v=6.5m/s

D=1.8 mm,v=5.93 m/s

These values differsignificantly from the fit to Gunn-Kinzer, further from the expected monotonic
behaviour. The authors please could discuss this.

Page 13



We have added a new Table 1 which quantifies the measurement comparison between
MPS and 2DVD in the overlap region for the 2 sites. The agreement in the mean fall
speed is excellent for both sites. The mean values quoted above by the reviewer are not
accurate but we do appreciate the effort involved to read values of a graph. In particular
at D=1.7 mm, from Table 1 the mean is 6£0.3 m/s (and not 5.93 m/s as quoted above).
At D=1.8 mm, interpolation gives 6.25 m/s which is monotonic behavior. Table 1 also
gives the expected values using the Foote and du Toit (1969) 9™ order polynomial fit
(FT ) to Gunn-Kinzer which is more accurate than the exponential fit of Atlas et al
especially for the smaller drops. We list belowthe FT fit value and mean MPS from
Table 1 for Huntsville site.

0.7 mm FT fit=2.9 m/s MPS=2.6 2DVD=2.5

0.9 3.65 34 3.3

11 4.3 4.2 4.1

13 4.9 4.9 4.9

15 5.45 5.4 5.4 (see newhistogram in
Fig. 3c)

1.7 5.9 6.0 5.8

1.9 6.3 6.5 6.3

For 0.7 and 0.9 mm sizes the MPS and 2DVD mean values are systematically lower
than the FT fit

by 7-10%. For comparison, Yu et al. (2016; new reference added in revised text) found
that their high speed camera measurement of fall speeds in the interior stair-case of a
building also were systematically lower by 5% (for sizes in the range 0.4 to 1.6 mm)
relative to the same FT fit as used here (their fig. 7).

TECHNICALCOMMENTS:

*** Line 230: “(of) versus Eisshowninpanels6 (b,d).” It probabaly should read as “(of) versus E is
shownin panels (b,d) of Fig 5.”

Done...thank you for pointing this out.

Interactive comment on Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2017-401, 2017.
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Interactive comment on “Raindrop Fall Velocities from an Optical Array Probe and 2D-
video Disdrometer” by Viswanathan Bringi et al. Anonymous Referee#5

Response to Reviewer #5

We appreciate the reviewer’s comments and our response is given in blue bold italics.
The modifications to revised manuscript based on earlier 4 reviews (major revision) are
attached and highlighted. The modifications of the manuscript based on this last review
are very minor but included also.

This manuscript is a summary of observations of the fall speeds of small raindrops near the
ground, in a field setting. It is comforting to see that the observations are generally consistent
with the familiar Gunn and Kinzer laboratory measurements in conditions not strongly affected
by wind and turbulence.

In the latter situation the measured fall speeds tended to be less, and therein lays a puzzle that
warrants more discussion in the manuscript. Certainly turbulence in the low atmosphere could
increase the spread of the drop fall speeds, but it does not produce a significant vertical mass
flux. If the turbulence were isotropic (which may not be the case here) Stout et al. did find
indications of reduced fall speeds. However, it's not clear why there would not be a similar
neutral effect on the overall raindrop flux. If the drops are falling at normal terminal speeds in
the free atmosphere and at reduced speeds near the surface there would have to be an
accumulation of rain at some level above the disdrometer. Of course there might be intermittent
episodes of “super-“ and “sub-terminal’ fall speeds but the duration of the latter in the
observations is a substantial fraction of an hour. | do not have an explanation but invite the
authors to offer one, or at least discuss the subject.

Response to General Comments: What the reviewer is assuming as best as we can
ascertain is related to the sedimentation of raindrops i.e., time rate of change of mass
equals negative of the height derivative of mVt. This neglects other important processes
such as evaporation and source/sink terms for coalescence-breakup. Plus the fall speeds
increase at lower pressure aloft. We do not feel we can offer any more explanation and
hence no modifications to the manuscript have been made.

My other comments are relatively minor:
There are instances of singular-plural subject-verb disagreement in the manuscript.

The manuscript has been revised substantially in response to Reviews 1-4 which is now
attached to this response.

L15ff: “micron” is not an Sl unit (and compare with L57).

We have changed ‘microns’ to ‘um’ throughout the text.
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L41: The authors might add the very useful fall speed relationship from Uplinger (Uplinger WG.
1989. A new formula for raindrop terminal velocity. Preprints, 20th Conference Radar
Meteorology, 389-391).

In our revised manuscript we have used the fit of Foote and du Toit (1969) to replace the
fit of Atlas et al. (1973). The figure below compares the Foote and du Toit fit to Uplinget
(1977). Since the agreement is excellent we feel no need to use the latter fit and hence no
modifications have been made to the manuscript.

Foote—DuToit
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6 et
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.
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L81-103 (maybe 105-115 as well): What about possible edge effects on the measurements?

Under the conditions listed in L199-207, a 1 mm drop at terminal fall speed would approach the
instrument at an angle of <22 deg from horizontal. Viewing the measurement plane from that
angle, there’s a lot more edge than when the approach is vertical.

The 2DVD and MPS instruments were collocated inside a DFIR wind shield so the drop
trajectories are different as opposed to un-shielded case. Note also that the DFIR
reduces the wind speed at the center of the fence by nearly a factor of three relative to
the environment wind speed. The edge effect under strong horizontal winds can be easily
noted by partial filling of the 2DVD’s 10X10 cm sensor area which is not the case as
shown in figure below, i.e., the 2 mm drops uniformly fill the sensor area during the high
wind period of the squall lines (0600-1000 UTC) in Fig. 4.
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Each point is the location of drop in the 10X10 cm sensor area of the 2DVD. All drops in
the range 1.9-2.1 mm during the time segment 0600-1000 UTC on 30 Nov 2016 are shown.

L89: How does the “true air speed clock” work in this situation?

We understand the question posed by the reviewer although the effect that the reviewer
is referring to will depend on the trajectory of the drop with respect to the diode array.
We use the fin (wind vane) to minimize the angle issue, i.e. if the array is completely
perpendicular to the trajectory of the drop, the horizontal motion of the drop will have no
impact. If, however, in the worse case the drop trajectory is parallel to the array, there
can be a potential for oversizing but the error will still be quite small since the amount of
time that it takes to capture the image slice is very small compared to how far across the
array a droplet travels horizontally during that time. In other words, the captured image
appears as if it is going through at an angle, but the maximum width will still be the same
as the drop.

We note that in our paper the MPS was configured without a wind vane as it was sited
inside the DFIR wind shield. The diode array was oriented perpendicular to the
environmental mean wind direction for both Greeley and Huntsville site.
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Sample of drop images recorded by the MPS. Schematic of drop whose trajectory is
parallel to the diode array.

L162: The expression in parentheses is not what is really meant.

We have deleted the expression in parenthesis as it is not necessary. Thank you for
pointing this out.

L230: “...panel 5 (b,d).”
Corrected. Thank you.

L251-252: If these (1 and 5) are fall speeds, include the units. Fig. 3a: Any clue what caused the
MPS hiccup after 1.5 mm size?

Units inserted as suggested. The revised figure does not have the “hiccup”.
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Abstract

We report on fall speed measurements of rain drops in light-to-heavy rain events from
two climatically different regimes (Greeley, Colorado, and Huntsville, Alabama) using
the high resolution (50 pm) Meteorological Particle Spectrometer (MPS) and a 3™
generation (170 pm resolution) 2D-video disdrometer (2DVD). To mitigate wind-effects,
especially for the small drops, both instruments were installed within a 2/3-scale Double
Fence Intercomparison Reference (DFIR) enclosure. Two cases involved light-to-
moderate wind speeds/gusts while the third case was a tornadic supercell and several
squall-lines that passed over the site with high wind speeds/gusts. As a proxy for
turbulent intensity, maximum wind speeds from 10-m height at the instrumented site
recorded every 3 s were differenced with the 5-min average wind speeds and then
squared. The fall speeds versus size from 0.1-2 mm and >0.7 mm were derived from
the MPS and the 2DVD, respectively. Consistency of fall speeds from the two
instruments in the overlap region (0.7-2 mm) gave confidence in the data quality and
processing methodologies. Our results indicate that under low turbulence, the mean fall
speeds agree well with fits to the terminal velocity measured in the laboratory by Gunn
and Kinzer from 100 um up to precipitation sizes. The histograms of fall speeds for 0.5,
0.7, 1 and 1.5 mm sizes were examined in detail under the same conditions. The
histogram shapes for the 1 and 1.5 mm sizes were symmetric and in good agreement
between the two instruments with no evidence of skewness or of sub- or super-terminal
fall speeds. The histograms of the smaller 0.5 and 0.7 mm drops from MPS while
generally symmetric showed that occasional occurrences of sub- and super-terminal fall
speeds could not be ruled out. In the supercell case, the very strong gusts and inferred
high turbulence intensity caused a significant broadening of the fall speed distributions
with negative skewness (for drops of 1.3, 2 and 3 mm). The mean fall speeds were also
found to decrease nearly linearly with increasing turbulent intensity attaining values
about 25-30% less than the terminal velocity of Gunn-Kinzer, i.e. sub-terminal fall
speeds.
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1 Introduction

Knowledge of the terminal fall speed of raindrops as a function of size is important in
modelling collisional break-up and coalescence processes (e.g., List et al., 1987), in the
radar-based estimation of rain rate, in retrieval of drop size distribution using Doppler
spectra at vertical incidence (e.g., Sekhon and Srivastava, 1971) and in soil erosion
studies (e.g., Rosewell 1986). In these and other applications it is generally accepted
that there is a unique fall speed ascribed to drops of a given mass or diameter and that
it equals the terminal speed with adjustment for pressure (e.g., Beard 1976). The
terminal velocity measurements of Gunn and Kinzer, 1949) under calm laboratory
conditions, and fits to their data (e.g., Atlas et al., 1973; Foote and du Toit, 1969; Beard
and Pruppacher, 1969) are still considered the standard against which measurements
using more modern optical instruments in natural rain are compared (Loffler-Mang and
Joss, 2000; Barthazy et al., 2004; Schonhuber et al., 2008; Testik and Rahman, 2016;
Yu et al., 2016). More recently, the broadening and skewness of the fall speed
distributions of a given size (3 mm) in one intense rain event were attributed to mixed-
mode amplitude oscillations (Thurai et al., 2013). Super- and sub-terminal fall speeds in
intense rain shafts have been detected and attributed, respectively, to drop breakup
fragments (sizes < 0.5 mm), and high wind/gusts (sizes 1-2 mm) (Montero-Martinez et
al., 2009; Larsen et al., 2014; Montero-Martinez and Garcia-Garcia, 2016). Thus, there
is some evidence that rain drops may not fall at their terminal velocity except under
calm conditions and that the concept of a fall speed distribution for a drop of given mass
(or, diameter) might need to be considered which is the topic of this paper. The
implications are rather profound especially for numerical modeling of collision-
coalescence and breakup processes which are important for shaping the drop size
distribution.

The fall speeds and concentration of small drops (< 1 mm) in natural rain are difficult to
measure accurately given the poor resolution (>170 um) of most optical disdrometers
and/or sensitivity issues. While cloud imaging probes (with high resolution 25-50 um)
on aircraft have been used for many years they generally cannot measure the fall
speeds. A relatively new instrument, the Meteorological Particle Spectrometer (MPS) is
a droplet imaging probe that was built by Droplet Measurements Technologies (DMT,
Inc.) under contract from the US Weather Service specifically designed for drizzle as
small as 50 um and rain drops up to 3 mm. This instrument in conjunction with a lower
resolution 2D-Video Disdrometer (Schoenhuber et al., 2008) is used in this paper to
measure fall speed distributions in natural rain.

This paper briefly describes the instruments used, presents fall speed measurements
from two sites under relatively low wind conditions, and one case from an unusual
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tornadic supercell with high winds and gusts and ends with a brief discussion and
summary of the results.

2 Instrumentation and Measurements

The principal instruments used in this study are the MPS and 3" generation 2D-video
disdrometer (2DVD), both located within a 2/3-scale Double Fence Intercomparison
Reference (DFIR; Rasmussen et al., 2012) wind shield. As reported in (Notaros et al.,
2016), the 2/3-scale DFIR was effective in reducing the ambient wind speeds by nearly
a factor of 2-3 based on data from outside and inside the fence. The flow field in and
around the DFIR has been simulated by (Theriault et al., 2015) assuming steady
ambient winds. They found that depending on the wind direction relative to the
octagonal fence, weak vertical motions could be generated above the sensor areas. For
5 m/s speeds, the motions could range between -0.4 (down draft) to 0.2 m/s (up draft).

The instrument set-up was the same for the two sites (Greeley, Colorado and
Huntsville, Alabama). Huntsville has a very different climate from Greeley, and its
altitude is 212 m MSL as compared with 1.4 km MSL for Greeley. According to the
Koppen-Trewartha climate classification system (Trewartha and Horn, 1980), this labels
Greeley as a semiarid-type climate, whereas Huntsville is a humid subtropical-type
climate (Belda et al., 2014).

The MPS is an optical array probe (OAP) that uses the technique introduced by
Knollenberg (1970, 1976, 1980) and measures drop diameter in the range from 0.05-3.1
mm. A 64 element photo-diode array is illuminated with a 660 nm collimated laser
beam. Droplets passing through the laser cast a shadow on the array and the decrease
in light intensity on the diodes is monitored with the signal processing electronics. A two
dimensional image is captured by recording the light level of each diode during the
period that the array is shadowed. The fall velocity is derived using two methods. One
uses the same approach as described by (Montero-Martinez et al., 2009) where the fall
velocity is calculated from the product of the true air speed clock and ratio of the image
height -to-width. Note that “width” is the horizontal dimension parallel to the array and
“height” is along the vertical. The second method computes the fall velocity from the
maximum horizontal dimension (spherical drop shape assumption) divided by the
amount of time that the image is on the array, a time measured with a 2 MHz clock. In
order to be comparable to the results of (Montero-Martinez et al., 2009), their approach
iIs implemented here for sizes > 250 um. The fall velocity of smaller, slower moving
droplets, is measured using the second technique.
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The limitations and uncertainties associated with OAP measurements have been well
documented (Korolev et al.,, 1991; 1998; Baumgardner et al., 2017). There are a
number of potential artifacts that arise when making measurements with optical array
probes (Baumgardner et al., 2017): droplet breakup on the probe tips that form satellite
droplets, multiple droplets imaged simultaneously, and out-of-focus drops whose
images are usually larger than the actual drop (Korolev, 2007). The measured images
have been analyzed to remove satellite droplets whose interarrival times are usually too
short to be natural drops, multiple drops are detected by shape analysis and removed,
and out-of-focus drops are detected and size corrected using the technique described
by (Korolev 2007). The sizing and fall speed errors primarily depend on the digitization
error (x 25 um). The fall speed accuracy according to the manufacturer (DMT) is <10%
for 0.25 mm and <1% for sizes greater than 1 mm, limited primarily by the accuracy in
droplet sizing.

The 3" generation 2DVD is described in detail by (Schoenhuber et al., 2007; 2008) and
its accuracy of size and fall speed measurement has been well documented (e.g.,
Thurai et al., 2007; 2009; Huang et al., 2008; Bernauer et al., 2015). Considering the
horizontal pixel resolution of 170 um and other factors (such as “mis-matched” drops),
the effective sizing range is D> 0.7 mm. To clarify the “mis-matched” drop problem: it is
very difficult to match a drop detected in the top light-beam plane of the 2DVD to the
corresponding drop in the bottom plane for tiny drops resulting in erroneous fall speeds.
The fall velocity accuracy is determined primarily by the accuracy of calibrating the
distance between the two orthogonal light “sheets” or planes and is < 5% for fall velocity
<10 m st In our application, we utilize the MPS for measurement of small drops
withD < 1.2 mm. The measurements from the MPS are compared with those from the
2DVD in the overlap region ofD= 0.7-2.0 mm to ensure consistency of
observations. The only fall velocity threshold used for the 2DVD is the lower limit set at
0.5 ms™tin accordance with the manufacturer guidelines for rain measurements.

2.1 Fall Speeds from Greeley, Colorado

We first consider a long duration (around 20 h) rain episode on 17 April 2015 which
consisted of a wide variety of rain types/rates (mostly light stratiform < 8 mm h') as
described in Table 2 of (Thurai et al., 2017). Two wind sensors at a height of 1 m were
available to measure the winds outside and inside the DFIR. Average wind speeds
were, respectively, < 1.5 m s inside the DFIR and < 4 m s outside with light gusts.
These wind sensors were specific to the winter experiment described in (Notaros et al.,
2016) and were unavailable for the rain measurement campaign after May 2015.

Figure 1(a) shows the fall speeds versus D from the 2DVD (shown as contoured
frequency of occurrence), along with mean and 10 standard deviation from the MPS.
Also shown is the (Foote and du Toit 1969) (henceforth FT fit) to the terminal fall speed
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measurements of (Gunn and Kinzer, 1949) at sea level and after applying altitude
corrections (Beard, 1976) for the elevation of 1.4 km MSL for Greeley. Panels (b,c)
shows the histogram of fall speeds for diameter intervals (0.5£0.1) and (1+0.1 mm), and
(0.7£0.1) and (1.5£0.1 mm), respectively. Panel (a) demonstrates the excellent “visual”
agreement between the two instruments in the overlap size range (0.7-2 mm) which is
qguantified in Table 1. However, the altitude-adjusted FT fit is slightly higher than the
measured values as shown in Table 1. Notable in Fig. 1a is the remarkable agreement
in mean fall speeds between the FT fit and the MPS for D< 0.5 mm down to near the
lower limit of the instrument (0.1 mm). Few measurements have been reported of fall
speeds in this size range.

Table 1: Expected fall velocities for various diameter intervals (bin width of 0.2 mm)
from (Foote and du Toit, 1969) with altitude adjustment, and the measured mean fall
velocities with 1 (standard deviation)

D range (mm) | Expected (m s™) MPS (m s™ 2DVD (m s™)
(Greeley) at 1.4 km Mean + 16 Mean + 1e¢
0.6t00.8 2.6 t0 3.5 2.6+0.6 25+0.8
0.8t01.0 35t04.3 34+0.6 3.3+09
10t01.2 431049 4.2 +0.6 41+0.9
12t01.4 491055 49+05 50+0.8
14t01.6 551t06.1 56+05 57+0.7
16t01.8 6.1 t0 6.6 6.1+0.4 6.2+0.7
1.8102.0 6.6 0 7.0 6.7 +0.4 6.6 +0.8

D range (mm) Expected (m/s) MPS (m/s) 2DVD (m/s)

(Huntsville) at O km Mean + Std_dev Mean + Std. dev
0.61t00.8 2.5103.3 2.6 +0.6 25+0.7
0.8t01.0 3.3t04.0 34+05 3.3+0.7
10to1.2 40t04.6 42 +0.6 41+08
12tol4 461t05.2 49+04 49 +0.7
141t01.6 521t05.7 54+04 54+0.6
16t01.8 5.7t06.1 6.0+0.3 5.8+0.6
1.81t02.0 6.1 t0 6.5 6.5+0.4 6.3+0.5

The histograms in Fig. 1(b,e) show good agreement between 2DVD and MPS for 1 mm
and 1.5 mm drop sizes, respectively, with respect to the mode, symmetry, spectral width
and lack of skewness in the distributions. For the 1 mm size histogram, the mean is 3.8
m s while the spectral width or standard deviation from MPS data is 0.6 m s™. The
corresponding coefficient of variation (ratio of standard deviation to mean) is 15.7%.
The finite bin width used (0.9-1.1 mm) causes a corresponding fall speed “spread” of
around 0.6 m s which is clearly a significant contributor to the measured coefficient of

Page 24



variation. Similar comments apply to the fall speed histogram for the 1.5 mm size shown
in Fig. 1c. The definition of sub- or super-terminal fall speeds by (Montero-Martinez et
al., 2009) is based on fall speeds that are, respectively, less than 0.7 times the mean
value or greater than 1.3 times the mean value (i.e., exceeding 30% threshold on either
side of the mean terminal fall speed). From examining the 1 mm size fall speed
histogram there is negligible evidence of occurrences with fall speeds < 2.66 m s
(sub) or > 4.94 m s (super). Similar comment also applies for the 1.5 mm size based
on the corresponding histogram.
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Figure 1. (a) Fall velocity versus diameter (D). The contoured frequency of occurrence from
2DVD data is shown in color (log scale). The mean fall velocity and 10 standard deviation bars
are from MPS. The dark dashed line is from the fit to the laboratory data of Gunn and Kinzer
(1949) and the purple line is the same except corrected for the altitude of Greeley, CO (1.4 km
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MSL). (b) Relative frequency histograms of fall velocity for the 0.5+0.1 mm and 1+0.1 mm
bins.(c) as in (b) except for the 0.7+0.1 mm and 1.5+0.1 mm bins.

The histogram from MPS for the 0.5 mm sizes shows positive skewness with mean of
1.8 m s, spectral width of 0.65 m s and corresponding coefficient of variation nearly
doubling to 35% (relative to the 1 mm size histogram). The finite bin width (0.4-0.6 mm)
causes a corresponding fall speed “spread” of 0.4 m s which contributes to the
measured coefficient of variation. Nevertheless, it is not possible to rule out the low
frequency of occurrence of sub- or super-terminal fall speeds, respectively, less than
1.26 m s or exceeding 2.34 m s based on our data. Examination of the MPS-based
fall speed histogram for the 0.7 mm size indicates negative skewness. As with the 0.5
mm drops it is not possible to rule out the occurrences of fall speeds < 1.8 m s or > 3.4
m s, i.e., sub- or super-terminal fall speeds.

2.2 Fall Speeds from Huntsville, Alabama

The first Huntsville event occurred on 11 April 2016 and consisted of precipitation
associated with the mesoscale vortex of a developing squall line that moved across
northern Alabama between 1800 and 2300 UTC and produced over 25 mm of rainfall in
the Huntsville area. Figure 2(a) shows the ambient 10-m height wind speeds (3 s and 5-
min averaged) recorded at the site. Maximum speeds were less than 5 m s and wind
gusts were light. As no direct in situ measurement of turbulence was available we use
the approach by (Garrett and Yuter, 2014) who estimate the difference between the
maximum wind speed, or gust, that was sampled every 3 s, and the average wind
speed derived from successive 5 min intervals. The estimated turbulent intensity is
proportional to E = (Gusts— AverageWind)%2. Figure 2(b) shows the E values which
were small (maximum E < 0.4 m? s) and indicative of low turbulence. Also, shown in
Fig. 2(b) is the 2DVD-based time series of rainfall rate (R) averaged over 3 mins; the
maximum R is around 10 mm ht,
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Figure 2: (a) 3-s raw and 5-min averaged wind speeds at 10-m height. (b) turbulent
intensity estimates E, and 3-min averaged R.

Figure 3(a) shows the fall velocity versus D comparison between the two instruments
while panels (b,c) show the histograms for the 0.5 and 1 mm, and 0.7 and 1.5 mm
sizes, respectively. Similar to the Greeley event, the mean fall speed agreement
between both instruments in the overlap region is excellent (see Table 1) and consistent
with the FT fit to the Gunn-Kinzer laboratory data. As in Fig. 1(a), the MPS data in Fig.
3(a) is in excellent agreement with FT fit for sizes < 0.5 mm.

The 0.5 and 1 mm histogram shapes in Fig. 3(b) are quite similar to the Greeley case
shown in Fig. 1(b). The mean and standard deviations from the MPS data for the 0.5
and 1 mm bins are, respectively, [2 + 0.62] and [3.88 + 0.44] m s*. The values for the
0.7 and 1.5 mm bins are, respectively, [2.6 + 0.6] and [5.4 * 0.4] m s™. There is
negligible evidence of sub- or super-terminal fall speed occurrences based on the 1 and
1.5 mm histograms. The comments made earlier with respect to Fig. 1(b,c) of the
Greeley event for the 0.5 and 0.7 mm histograms are also applicable here, i.e., we
cannot rule out the occasional occurrences of sub- or super-terminal fall speeds based
on our data.
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Figure 3. (a) as in Fig. 1(a) except for 11 April 2016 event. The dashed line is fit to
Gunn-Kinzer at sea level. (b,c) as in Fig. 1(b,c) except for 11 April 2016 event.

The second case considered is from 30 November 2016 wherein a supercell passed
over the instrumented site from 0300-0330 UTC producing about 15 mins later a long-
lived EF-2 tornado. Strong winds were recorded at the site with 5-min averaged speeds
reaching 10-12 m s between 0320-0330 and E values in the range to 7-8 m? s
indicating strong turbulence (Fig. 4a,b). The rain rates peaked at 70 mm h during this
time (Fig. 4b). About 3 h later several squall-line type storm cells passed over the site
from 0700-0900 UTC again with strong winds but considerably lower E values 2-4 m? s™
and maximum R of 80 mm h™l. After 1000 UTC the E values were much smaller (< 0.5
m? s?) indicating calm conditions. The peak R is also smaller at 30 mm h™* at 1000 UTC.

Figure 4 panels (c), (d) and (e) show the mean and £10 of the fall speeds from the
2DVD for the 1.3, 2 and 3 mm drop sizes, respectively. The MPS data are not shown
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here since during this event it was located outside the DFIR on its turntable and we did
not want to confuse the wind-effects between the two instruments. It is clear from Fig.
4(c) that during the supercell passage (0300-0330 UTC) the mean fall speed for 1.3 mm
drops decreases (from 5 to 3.5 m s™) and the standard deviation increases (from 0.5 to
1.5 m s™1). The histogram shapes also show increasing negative skewness (not shown).
The same trend can be seen for the subsequent squall-line rain cell passage from 0700-
0900 UTC. Similar trends are noted in panels (d) and and less so in panel (e).
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Figure 4. (a) as in Fig. 2(a) except for 30 Nov 2016 event. (b) as in Fig. 2(b). (c) mean
and t10 standard deviation of fall speeds from 2DVD for 1.3+0.1 mm sizes. (d,e) as in
(c) except for 2+0.1 and 3£0.1 mm sizes, respectively.
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To expand on this observed correlation, Fig. 5 shows scatterplots of the mean fall speed
and standard deviation versus E for the 1.3 mm drops (panels a,b), while panels (c,d)
and (e,f) show the same but for the 2 and 3 mm drops, respectively. The mean fall
speed decreases with increasing E nearly linearly for E>1 m? s but less so for the 3 mm
size drops (Stout et al., 1995). This decrease relative to Gunn-Kinzer terminal fall
speeds is termed as “sub-terminal’” and our data is in general agreement with (Montero-
Martinez and Garcia-Garcia 2016) who found an increase in the numbers of sub-
terminal drops with sizes between 1-2 mm under windy conditions using a 2D-
Precipitation probe with resolution of 200 um (similar to 2DVD) but without a wind fence.
The standard deviation of fall speeds (o;) versus E is shown in panels 5 (b,d,f). When
E>1 m? s? the of is nearly constant at 1.5 m s™ for both 1.3 and 2 mm drop sizes and
constant at 1 m s for the 3 mm size. For E<1, the of is more variable and essentially
uncorrelated with E. From the discussion related to Fig. 1(b,c) and 3(b,c), os values
exceeding approximately 0.5 m s can be attributed to physical, not instrumental or
finite bin width effects (see, also, Table 1). Thus, the fall speed distributions are
considerably broadened when E>1 m? s? due to increasing turbulence levels which is
again consistent with the findings of (Montero-Martinez and Garcia-Garcia, 2016) as
well as those of (Garett and Yuter, 2014). The latter observations, however, were of
graupel fall speeds in winter precipitation using a multi-angle snowflake camera (Garrett
et al., 2012).
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Figure 5. (a,b) mean fall speed and standard deviation, respectively, versus E for 1.3
mm sizes. (c,d) same but for 2 mm sizes.(e,f) same but for 3 mm.

3 Discussion and Conclusions

We have reported on raindrop fall speed distributions using a high resolution (50 pum)
droplet spectrometer (MPS) collocated with moderate resolution (170 um) 2DVD (with
both instruments inside a DFIR wind shield) to cover the entire size range (from 0.1 mm
onwards) expected in natural rain. Turbulence intensity (E) was derived from wind/gust
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data at 10-m height following (Garrett and Yuter, 2014). For low turbulent intensities (E
< 0.4 m? s?), in the overlap region of the two instruments (0.7-2 mm), the mean fall
speeds were in excellent agreement with each other for both the Greeley, CO and
Huntsville, AL sites giving high confidence in the quality of the measurements. For
D<0.5 mm and down to 0.1 mm, the mean fall speeds from MPS from both sites were in
remarkable agreement with the (Foote and du Toit, 1969) fit to the laboratory data of
(Gunn and Kinzer, 1949). In the overlap region, the mean fall speeds from the two
instruments were in excellent agreement with the FT fit for the Huntsville site (no
altitude adjustment required) and good agreement for the Greeley site (after adjustment
for altitude of 1.4 km). For D>2 mm, the mean fall speeds from 2DVD were in excellent
agreement with the FT fit at both sites.

Our histograms of fall speeds for 1 and 1.5 mm sizes under low turbulence intensity
conditions (E < 0.4 m? s?) from both MPS and 2DVD were in good agreement and did
not show any evidence of either sub- or super-terminal speeds, rather the histograms
were symmetric with mean close to the Gunn-Kinzer terminal velocity with no significant
broadening over that ascribed to instrument and/or finite bin width effects. (Note: sub-
terminal implies fall speeds < 0.7 times the terminal fall speed whereas super-terminal
implies > 1.3 times terminal value; Montero-Matrtinez et al., 2009). However, for the 0.5
and 0.7 mm sizes, from the histogram of fall speeds using the MPS under the same
conditions occasional occurrences of both sub- and super-terminal fall speeds, after
accounting for instrumental and finite bin width effects, cannot be ruled out.

The only comparable earlier study is by (Montero-Martinez et al., 2009) who used
collocated 2D-cloud and precipitation probes (2D-C, 2D-P) but restricted their data to
calm wind conditions. Their main conclusion was that the distribution of the ratio of the
measured fall speed to the terminal fall speed for 0.44 mm size, while having a mode at
1 m s was strongly positively skewed with tails extending to 5 m s* especially at high
rain rates. In our data for the 0.5 and 0.7 mm sizes shown in Fig. 1(b,c) and 3(b,c), no
such strong positive skewness was observed in the fall speed histograms, and the
corresponding ratio of MPS-measured fall speeds to terminal values does not exceed
1510 2.

Another study by Larsen et al., (2014) appears to confirm the ubiquitous existence of
super-terminal fall speeds for sizes < 1 mm using different instruments one of which
was a 2DVD similar to the one used in this study. However, it is well-known that “mis-
matched” drops cause erroneous fall speed estimates from 2DVD for drops <0.5 mm
(Schoenhuber et al., 2008; Appendix in Huang et al., 2010; Bernauer et al., 2015). It is
not clear if (Larsen et al., 2014) accounted for this problem in their analysis. In addition,
their 2DVD was not located within a DFIR-like wind shield.
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In a later study using only the 2D-P probe, (Montero-Martinez and Garcia-Garcia, 2016)
found sub-terminal fall speeds and broadened distributions under windy conditions for
1-2 mm sizes in general agreement with our results using the 2DVD. Stout et al., (1995)
simulated the motion of drops subject to non-linear drag in isotropic turbulence and
determined that there would be a significant reduction of the average drop settling
velocity (relative to terminal velocity) of greater that 35% for drops around 2 mm size
when the ratio of rms velocity fluctuations (due to turbulence) relative to drop terminal
velocity is around 0.8. Whereas we did not have a direct measure of the rms velocity
fluctuations, the proxy for turbulence intensity (E) related to wind gusts during supercell
passage (very large E around 7 m* s?) and two squall-ine passages (moderate E
between 2-5 m? s?) clearly showed a significant reduction in mean fall speeds of 25-
30% relative to terminal speed for 1.3 and 2 mm sizes (and less so for 3 mm drops),
with significant broadening of the fall speed distributions relative to calm conditions by
nearly a factor of 1.5 to 2.

While our dataset is limited to three events they cover a wide range of rain rates, wind
conditions and two different climatologies. One caveat is that the response of the DFIR
wind shield to ambient winds in terms of producing subtle vertical air motions near the
sensor area is yet to be evaluated as future work. Analysis of further events with direct
measurement of turbulent intensity, for example using a 3D-sonic anemometer at the
height of the sensor, would be needed to generalize our findings.
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