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Abstract. Laboratory measurements of drop fall speeds by Gunn—Kinzer under still air conditions with pres-
sure corrections of Beard are accepted as the “gold standard”. We present measured fall speeds of 2 and 3 mm
raindrops falling in turbulent flow with 2D-video disdrometer (2DVD) and simultaneous measurements of wind
velocity fluctuations using a 3D-sonic anemometer. The findings based on six rain events are, (i) the mean fall
speed decreases (from the Gunn—Kinzer terminal velocity) with increasing turbulent intensity, and (ii) the stan-
dard deviation increases with increase in the rms of the air velocity fluctuations. These findings are compared

with other observations reported in the literature.

1 Introduction

Measurements of the terminal fall speed of drops by Gunn
and Kinzer (1949) under laboratory conditions with the pres-
sure correction of Beard (1976) has been the “gold” stan-
dard since 1949. Time and again the raindrop (terminal) fall
speed (V;) versus diameter (D) relation based on modern in-
struments have been shown to follow the Gunn—Kinzer re-
lation (to within the measurement errors) when the condi-
tions are calm (Bringi et al., 2018). However, under windy
or turbulent conditions the fall speed for a given drop diam-
eter (D) will not be unique and has to be treated as a distri-
bution where the mean fall speed can deviate from Gunn and
Kinzer (1949), termed sub-terminal or super-terminal when
the mean fall speed is 30 % less or greater than, respectively,
Gunn—Kinzer (Montero-Martinez et al., 2009). In addition,
the distributions show finite dispersion and (at times) the
shape can exhibit skewness. A number of articles, for ex-
ample Thurai et al. (2013), Larsen et al. (2014), Montero-
Martinez and Garcia-Garcia (2016), Yu et al. (2016), and
Bringi et al. (2018) are largely observationally-based, doc-
umenting conditions that sub- or super-terminal fall speeds
occur. The mechanisms are not clear, but sub-terminal veloc-
ity after a collision-coalescence event (tiny drop collides with
large drop which “slows” down after coalescence) and the
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super-terminal velocity after breakup (the smaller drop frag-
ments tend to have the same fall speed as the parent drop)
have been proposed. The latter mechanisms depend on the
collision frequency, and after a transient period of several
100 ms the drops recover to their terminal fall speeds (Sza-
kall et al., 2010). To put this in perspective, the mean time
between collisions for a 2mm (3 mm) drop with any other
sized drop is around 10's (3 's) at rain rate of SOmmh~! (Mc-
Farquhar, 2004).

The mechanism most likely for (non-transient) sub-
terminal fall speeds (that we consider herein) is turbulence.
The early studies of Stout et al. (1995) predicted that mean
settling velocity of rain drops modelled as rigid spheres
in homogeneous isotropic turbulence (HIT) would decrease
(from terminal) depending on turbulent intensity and the
Reynolds number (Re) but did not predict the enhanced dis-
persion of the fall speed distribution (observed by Bringi et
al., 2018). The recent article by Ren et al. (2020) uses di-
rect numerical simulation (DNS) to study the drop dynam-
ics of 2 and 3 mm sizes in turbulent flow. Their conclusion
was that both sized drops showed a decrease of the mean fall
speeds (settling speeds) relative to terminal by 5 %—7 %. for
turbulent intensity of 10 % (u’/V;; see Table 1). One appli-
cation is related to deriving the drop size distribution from
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Table 1. Formulas for estimating the relevant quantities.

Variable

Formula

Mean Horizontal wind speed u
rms of fluctuating horizontal wind u’
1/e-decorrelation time

Integral length scale, L

Integral time scale, T,

Energy dissipation rate &
Kolmogorov time scale ;)
Settling parameter Sy (large scale)
Drop terminal velocity

Measured drop fall velocity
Turbulent intensity

Mean [(u2 + v2)1/2] over 1 s window
u' =rms[u —u]
Based on autocorrelation of u” (100 Hz)

u - [1/e-decorrelation time]

L/u
W)3/L
(v/e)l/?
wq-g/u
Vi

Note: normally the streamwise mean velocity and fluctuations are used.

Figure 1. Close-up pictures of (a) the 100 Hz sonic anemometer (outside the wind-fence, upwind) and (b) 2DVD:SN16 (inside the double
fence), together with Pluvio gauge and other instruments. Note, there is another 2DVD (SN72) outside the double fence a few meters away.

the Doppler spectrum measured by vertical pointing radar
for which the terminal fall speed versus drop diameter re-
lation is needed and fits to the Gunn—Kinzer are universally
used (e.g., Williams and Gage, 2009). Another application is
the numerical solution of the stochastic coalescence-breakup
equation where the gravitational kernel involves the terminal
fall speeds of the different sized drops that are assumed to
follow fits to Gunn—Kinzer (e.g., Morrison and Grabowski,
2006).

In this paper, we present experimental results of measured
fall speeds and turbulence-related parameters. Instrumenta-
tion and experimental set up are given in Sect. 2; brief back-
ground on the parameters/scales of turbulent flow are given
Sect. 3; fall speed results for 2 and 3 mm sized drops in vary-
ing turbulent intensities are given in Sect. 4, followed by con-
clusions in Sect. 5. The results reported here provide an ex-
tension to our previous study by Thurai et al. (2019).
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2 Experimental set-up

The principal instruments used in this study for fall speed
measurements are two 2D-video-disdrometers (Schonhu-
ber et al., 2007, 2008), one 2nd generation (low profile)
unit (SN16) located inside a 2/3-scale Double Fence Inter-
comparison Reference (DFIR; Rasmussen et al., 2012) wind
shield (Fig. 1), and one 3rd generation (compact) unit (SN72)
a few meters outside the fence. The height of the outer and
inner wind-fences are 2.4 and 2m respectively. The mea-
surement site is located at the University of Alabama in
Huntsville (UAH). We have compared the fall speed distri-
butions from (SN16) sited inside the DFIR and SN72 sited
~ 5m outside the DFIR for one rain event (12 July 2020)
under conditions of turbulent flow. The histograms of fall
speeds from these two instruments are shown in Fig. 2. The
histogram shapes are very close with similar modes and
width. This implies that the DFIR-induced effects did not
change the environmental turbulent flow at the sensing area.
Thus the inference can be made that the sonic measured
data are representative of the turbulence experienced by the
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Figure 2. Histograms of fall speeds from 2D-video inside the DFIR
and the one sited outside.

raindrops falling in the sensor area. A research-grade 3D-
sonic anemometer (model CSAT3B from Campbell Scien-
tific) is used to characterize the turbulent flow and is sited
3 m upwind from the DFIR (outside). The sampling rate is
selectable but for our purposes it was set at the maximum rate
of 100 Hz. A standard anemometer at 10 m height sampling
at 0.2 Hz was also available. The sonic anemometer measures
the 3 wind components, and the sonic temperature. Regular
checks of data from the sonic anemometer were performed
by comparing with data from the 10 m wind sensor. An ex-
ample from 23 April 2020 is shown in Fig. 3 where the mean
horizontal wind speed at 10 m height (standard anemometer
sampling 0.2 Hz) is compared with the sonic anemometer at
1.5m (sampling at 100 Hz). The mean wind speed (Fig. 3a)
over 3 min window and the maximum value (Fig. 3b) in this
window were calculated from both instruments. The high
correlation between the 10 and 1.5 m mean wind speed and
the corresponding maximum values is clearly evident. We
can then infer that the turbulence measurements made by the
sonic anemometer is largely unaffected by the perturbation
due to the presence of the DFIR. Thériault et al. (2015) us-
ing Computational Fluid Dynamics software documented in
detail the airflow (streamlines) in the vicinity of the DFIR
as well as inside the DFIR for two situations: (a) the flow
is along the vertex of the octagon and (b) the flow is along
the “flat” side (22.5°) of the octagon. One of their main con-
clusions is that the flow field described in (a) gives rise to
weak updrafts (< 0.2ms™") at sensor height and (b) weak
downdrafts (—0.2ms™1). Since the flow field can be from
any direction the weak vertical air motions would probably
be less than |0.2| ms~'. Thus, in the simulations of Théri-
ault et al. (2015) the DFIR under steady flow does not result
in turbulent eddies inside the DFIR, or in other words the
sonic anemometer data can be used for estimating the flow
parameters with relatively minor influence of the DFIR it-
self. Further, Zhang et al. (2016) studied the effect of rainfall
on the sonic anemometer measurements of wind speeds and
found negligible errors introduced by 3 min rain rates up to
50mmh~!.

Six rain events with substantial numbers of 2 and 3 mm
sized drops were chosen for this study: (i) a small but intense
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Figure 3. (a) Mean wind speed from standard anemometer at 10 m
height compared with the sonic aenomometer at 1.5 m. The aver-
aging window is 3 min. (b) As in (a) except the maximum wind
speed is shown. The high frequency sonic anemometer data were
degraded to match the standard anemometer.

isolated rain cell which traversed the instrumentation site on
8 April 2020; (ii) a relatively larger, mesoscale system with
an embedded line convection on 9 April 2020; (iii) pre- and
post-frontal precipitation associated with a mid-latitude cy-
clone traversing the region on 23 April 2020; (iv) a detached
rain-cell fragment with high rain intensity on 3 June 2020;
(v) part of tropical storm Cristobal on 9 June 2020; and (vi) a
widespread event with embedded (highly) convective rain
cells on 12 July 2020.

3 Brief background

The literature on turbulence in the atmospheric surface layer
is vast (e.g. Kaimal and Finnigan, 1994) and it is not our
intention to go in any depth on accurate characterization of
the flow parameters. Our goal is restricted to observations of
the fall speeds (settling speeds) of 2 and 3 mm-sized rain-
drops falling in the turbulent surface layer. Turbulent flow
is described by the large (or, integral) scale eddies with a
length scale (L) and a time scale termed as the eddy turnover
time. The turbulent kinetic energy at these scales cascades
at the eddy dissipation rate (¢) to the smallest scale eddies
(the Kolmogorov scale). Our procedure for computing the
integral length scale and the eddy dissipation rate follows
Nemes et al. (2017) who made the first measurements of
the fall speeds of snowflakes in the turbulent surface layer.
The basic steps for inferring L and ¢, and hence Kolmogorov
scales are, (i) measuring the mean horizontal wind speed and
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rms velocity fluctuations (#’) in a time window of 60's (at
100 Hz sampling this gives 6000 samples), (ii) computing the
autocorrelation of u’” from the 6000 samples, (iii) estimating
the 1/e-decorrelation time from the autocorrelation of u’ —
(1) to (iii) are thus based on successive 6000 samples cover-
ing the duration of an event —, (iv) use the Taylor hypothesis
to compute L as the product of the 1/e-decorrelation time
and the 1 min mean horizontal wind speed, and (v) invoking
the inertial-dissipation method (Kaimal and Finnigan, 1994;
Grachev et al., 2013) under the homogeneous isotropic turbu-
lence (HIT) assumption, to arrive at Table 1, which summa-
rizes the formulas used herein. Time interpolation was per-
formed to extract the values of the necessary parameters cor-
responding to the timestamp of the specified drops from the
2DVD measurements.

4 Findings

Figure 4 shows the time series of the turbulence scales listed
in Table 1 which are available at 1 min resolution. Figure 4h
shows the fall speed of 3 mm sized drops (2.9-3.1 mm) from
the 2D-video disdrometer (2DVD). An isolated rain cell tra-
versed over the instrumented site at 23:45 UTC for about
15 min. The majority of drops have fall speeds that are lower
than terminal velocity, which is close to 8 ms~! (dashed
green line). From Fig. 4a—g the following points can be made.
The turbulent intensity (u'/V;) in Fig. 4c reaches a maxi-
mum of 0.6 at 23:45 UTC which is among the higher val-
ues recorded in our dataset of 6 events. Prior to the rain
cell passage the intensity drops to near 0 at 23:30 UTC and
generally the ceiling is 0.2. The integral length scale L is
much larger than computed by Nemes et al. (2017) who es-
timated L as 4m in quasi-stable night time surface layer.
The integral time scale which is the ratio of L and u’ is
approximately 15s at 23:45 UTC. The drop response time
(ta = Vi/g; Good et al., 2014) for 3 mm drop is 0.8 s. From
Fig. 4e, the Kolmogorov time scale is nearly three orders of
magnitude smaller than the drop response time. On the other
hand, Nemes et al. (2017) calculated the response time of low
density snow particles (mean size of 1 mm and density esti-
mated as 0.05gcc™!) as 50 ms which is much smaller than
the Kolmogorov time scale (7, = 0.1 s). This contrast reflects
the low snow-to-fluid density ratio and Nemes et al. (2017)
experimentally found that the snow particles’ mean settling
velocity in turbulence was nearly twice the terminal velocity
in still air (termed as a “preferential sweeping” mechanism;
Wang and Maxey, 1993).

The dissipation rate (¢ in Fig. 4d) reaches a maximum of
9m?s73 at 23:45 UTC and < 0.01 at 23:30 UTC. The shape
(time profile) appears to be symmetric with respect to the
time of occurrence of the largest number of 3 mm drops at
23:45 UTC. The shape is highly correlated with shape of the
turbulent intensity and the rms velocity fluctuations (1) in
Fig. 4a. The large scale Settling parameter in Fig. 4f reaches a
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Figure 4. (a) to (g) show the pertinent quantities derived from the
CSAT-3B 100 Hz horizontal wind data (see text and Table 1 for de-
tails) for the 8 April 2020 event from 23:00 to 24:00 UTC; (h) mea-
sured fall speeds for the 3 mm drops from 2DVD-SN16 (black) and
the expected fall velocity as green line. The two dashed red lines in
all panels represent the time interval of rain.

minimum of 80 at 23:45 UTC and its shape is anti-correlated
with ¢. From the theory and numerical calculations in Fornari
et al. (2016), when Sy > 1 then gravity dominates the set-
tling behaviour of heavy particles falling in the turbulent flow
leading to reduction of the mean fall (settling) velocity rela-
tive to the terminal velocity in still air with the fractional re-
duction depending on the turbulent intensity (u'/ V) as well
as the Re. For 2 (3 mm) drop diameters the corresponding
Re is 800 (1600) using the terminal velocity. Hence, for a
given turbulent intensity (u’'/V;) the reduction in the mean
settling velocity (relative to terminal) decreases as the Re de-
creases and in the limit of Stokes regime the settling veloc-
ity equals the terminal velocity under still conditions. Stout
et al. (1995) explain the mechanism as follows. The smaller
drops tend to be disturbed by the eddies and in the limit of,
(for example) very low density snow they become (quasi)
tracers of the turbulent flow eddies. The heavier drops tend
to fall straight down, side stepping the eddies but not com-
pletely. These larger heavier drops thus experience a hori-
zontal drag force which depends on relative velocity of the
drop with respect to the turbulent flow. This relative velocity
is larger for the bigger drops compared to the smaller ones.
The horizontal drag force is actually square of the relative
velocity between drop and fluid. This non-linear drag force
has a vertical component which “slows” down on average the
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Figure 5. (a, b) RMS of horizontal wind speed from the 100 Hz
CSAT-3B data (in orange) and 3 mm drop fall speed measurements
from 2DVD:SN16 (in green) for the events on 9 April 2020 (a) and
23 April 2020 (b). The blue points are the interpolated rms val-
ues corresponding to the timestamps of the 3 mm drops. The black
dashed line represents the expected fall speed for the 3 mm drops.

drop settling speed. Now this non-linear drag is present even
in non-turbulent flows but there is an enhancement in turbu-
lent flow which goes as (u’/ Vi)? (Fornari et al., 2016).

Figure 5a shows another example of a rain event (08:00-
09:00UTC on 9 April 2020) where the fall speeds of the
3mm drops on average are close to the terminal fall speed
shown by the black dashed line. Also shown is the rms ve-
locity fluctuation (#’) which reaches 0 at 08:30 UTC and
is < 1 ms~! during the period 08:15-08:45 UTC where the
number of 3 mm drops is maximized. The turbulent inten-
sity (u’/V;) is < 0.12 which is too small to cause sub-
terminal fall speeds. On the other hand, another example
from 23 April 2020 is shown in Fig. 5b where three periods
centred at (i) 07:30 UTC, (ii) 10:00 UTC and (iii) 20:00 UTC
have sufficient numbers of 3 mm drops with, respectively,
(i) mean fall speed close to terminal (and turbulent in-
tensity < 0.12), (ii) sub-terminal fall speeds (and intensity
around 0.35) and (iii) fall speeds lower than terminal (in-
tensity around 0.25). These results support the theory that
larger values of turbulent intensity result in reduced mean
fall speeds relative to V;.

In order to evaluate the statistics of the 2 and 3 mm drop
fall speed distributions, data from all six rain events were
obtained along with u’. The histograms of the fall speeds
were computed for various intervals of the turbulent inten-
sity from u’/V; < 0.15 to u’/V; > 0.3 as depicted in the leg-
end of Fig. 6. The shape of the histograms for the different
intensity intervals are remarkably symmetric about the mean
(or mode) and appear to be Gaussian-like so they are fitted
with a Gaussian model shape. The three important points are,
(i) the mean fall speed decreases with increasing turbulent in-
tensity, (ii) the standard deviation (or dispersion) increases,
and (iii) the effects are larger for the 3 mm sized drops than
for the 2 mm drops. Stout et al. (1995) predicted that the re-
duction in settling speed will increase as the Re increases
for a given turbulent intensity, but they did not predict the
increase in the dispersion.

Figure 7a shows the mean fall speed (< V; >) versus tur-
bulent intensity for the 2 and 3 mm drops, Fig. 7b the de-
viation of the mean fall speed from the terminal velocity
(A = Vi— < V¢ >) normalized by V; and Fig. 7c the stan-
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Figure 6. Histograms of 3 and 2 mm fall velocities for various in-
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black) are superimposed.
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Figure 7. (a) The mean fall speed (< V; >) versus turbulent in-
tensity for the 2 and 3 mm drops, (b) the deviation of the mean
fall speed from the terminal velocity (A = V4— < V¢ >) normalized
by V; and, (¢) the standard deviation (o) versus u’.

dard deviation (of) versus u’. The relative deviation (A /V;)
increases approximately linearly with u’/V; with a maximum
“slowing” down of 10 % for the 3 mm and 6.25 % for the
2 mm for the dataset we have analysed. On the other hand,
the oy versus (un-normalized) u’ for both drop sizes are closer
to each other (compared to < Vi > in Fig. 7a) and increase
nearly linearly for u’ <2ms~!. The latter two points are
consistent with Fornari et al. (2016) who used direct numer-
ical simulation (DNS) for heavy rigid spheres in turbulent
flow. They state that ... although the effect of the turbulence
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on the mean settling speed depends on u’/ V4, the fluctuations
of the settling speed depend mostly on the properties of the
turbulent flow (i.e. on u’)”. By fluctuations of the settling
speed they mean o7 depends weakly on drop size and more
on rms velocity fluctuations (1) whereas the < V¢ > depends
on the turbulent intensity (u’/V;), which clearly is size de-
pendent (Fig. 7a). Fornari et al. (2016) also obtained A /V;
of around 10 % for u’/V; in the range 0.2 to 0.3 but they did
not model the turbulent scales reflective of atmospheric tur-
bulence.

For completeness, we have estimated the possible effect
of finite bin width of 0.2 mm for (2.9-3.1 mm) and (1.9-
2.1 mm) sizes on both the relative deviation (A /V;) and the
fractional standard deviation (ot/V;). Assuming D is uni-
formly distributed in the bin interval and using the exponen-
tial form for fall speed versus D from Atlas et al. (1973),
the relative deviation due to finite bin width is very small
(< 0.03 %) while the fractional standard deviation due to fi-
nite bin width is 1.6 % for 2mm and 0.7 % for 3 mm sizes
which are also small.

The other recent DNS (Ren et al., 2020) of mm-sized
drop dynamics in turbulent flow showed that A /V; =7 % for
3 mm size and 4 % for 2 mm for u’/V; = 0.1. Their numerical
inlet turbulence generator fixed the turbulence length scale at
0.5 D or 1.5mm implying that the eddies are of the same
scale as D. They show that the mechanism of the mean fall
speed “slowing” down in turbulent flow is correlated with
a higher drag coefficient, a more complex wake flow with
shortened recirculation extent and higher frequency of vor-
tex shedding relative to quiescent flow. However, their DNS
does not predict the fall speed dispersion of the magnitude
seen in our observations.

5 Summary/conclusions

The observations of the fall (settling) speeds of 2 and 3 mm
sized raindrops with 2D-video disdrometer made simultane-
ously with wind measurements using a research-grade 3D-
sonic anemometer (100 Hz sampling frequency) enabled the
acquisition of a unique dataset. Six events recorded are anal-
ysed and presented in these Letters. The turbulent inten-
sity, eddy dissipation rate and the integral and Kolmogorov
scales were obtained invoking the inertial-dissipation method
(Kaimal and Finnigan, 1994) under the assumption of homo-
geneous isotropic turbulence. The raindrops are obviously
heavy inertial particles subjected to gravitational sedimen-
tation in the turbulent atmospheric surface layer. In agree-
ment with prior theoretical, numerical and related experi-
mental studies of similar phenomena we find that the mean
fall speed reduces with increasing turbulent intensity nearly
linearly, while the fall speed distribution broadens in stronger
turbulence. One caveat is whether surface measurements of
turbulence are representative of the turbulence in the column
of a rainshaft. This can only be tested with a collocated ver-
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tical pointing radar (see, Fitch et al., 2021; Garrett and Yuter,
2014). Quantitative comparison of the results obtained herein
with prior work has proven elusive due to difficulties in direct
numerical simulation of the scales of turbulence in the real at-
mosphere. Qualitative comparisons have been shown to be in
reasonable agreement on the mean fall speed deviation from
terminal velocity but the increase in spectral width of the
distribution and its Gaussian-like symmetric shape while not
unexpected appears as a strong signature in our data. The de-
scription of a statistical fall speed pdf (V) conditioned on D
and turbulent intensity for mm-sized raindrops as opposed
to the deterministic V¢ versus D relation from Gunn—Kinzer
seems appropriate.

Data availability. The 2DVD data as well as data from the 100 Hz
sonic anemometer can be made available via email request to
any of the authors: merhala@colostate.edu, bringi @colostate.edu,
patrick.gatlin@nasa.gov, matthew.t.wingo @nasa.gov.
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