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Abstract. A large convection—cloud chamber has the poten-
tial to produce drizzle-sized droplets, thus offering a new op-
portunity to investigate aerosol-cloud—drizzle interactions at
a fundamental level under controlled environmental condi-
tions. One key measurement requirement is the development
of methods to detect the low-concentration drizzle drops in
such a large cloud chamber. In particular, remote sensing
methods may overcome some limitations of in situ methods.

Here, the potential of an ultrahigh-resolution radar to de-
tect the radar return signal of a small drizzle droplet against
the cloud droplet background signal is investigated. It is
found that using a small sampling volume is critical to driz-
zle detection in a cloud chamber to allow a drizzle drop in
the radar sampling volume to dominate over the background
cloud droplet signal. For instance, a radar volume of 1 cubic
centimeter (cm?) would enable the detection of drizzle em-
bryos with diameter larger than 40 um. However, the proba-
bility of drizzle sampling also decreases as the sample vol-
ume reduces, leading to a longer observation time. Thus, the
selection of radar volume should consider both the signal
power and the drizzle occurrence probability. Finally, obser-
vations from the Pi Convection—Cloud Chamber are used to
demonstrate the single-drizzle-particle detection concept us-
ing small radar volume. The results presented in this study
also suggest new applications of ultrahigh-resolution cloud
radar for atmospheric sensing.

1 Introduction

Drizzle formation is one of the most important microphysi-
cal processes in warm clouds. Yet the processes controlling
drizzle formation remain poorly understood (Wood, 2012).
The most challenging aspect is the initial formation of driz-
zle embryos with diameter around 30-50 um. The forma-
tion of small drizzle particles in this range can be ade-
quately explained neither by the traditionally defined con-
densation growth process nor by the traditionally defined
collision—coalescence (C—C) process owing to their low ef-
ficiency (Rogers and Yau, 1996; Pruppacher and Klett, 2010;
Falkovich et al., 2006; Beard and Ochs III, 1993). Several
mechanisms have been hypothesized to explain the efficiency
of these processes including (i) fine-scale turbulence in cloud
(Pinsky and Khain, 1997; Shaw, 2003), (ii) giant cloud con-
densation nuclei (GCCN) (Johnson, 1982; Feingold et al.,
1999), and (iii) longwave cooling (Roach, 1976; Harrington
et al., 2000). Nevertheless, it remains unclear to what extent
these proposed mechanisms can adequately explain the ori-
gin of drizzle embryos.

One main barrier that hinders our ability to investigate the
drizzle initiation process is the lack of observations with suf-
ficient sensitivity and spatiotemporal resolution to detect the
early growth of drizzle particles. As such an instrumented
large convection—cloud chamber with well-controlled initial
and boundary conditions might help to improve our under-
standing of the drizzle initiation mechanism (Shaw et al.,
2020). Unlike other types of chambers, a convection—cloud
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chamber can generate a steady-state cloud system for hours
in a turbulent environment by maintaining a warm saturated
bottom surface, a cold saturated top surface, and a con-
stant aerosol injection rate (Chang et al., 2016). The Michi-
gan Tech Pi Convection—Cloud Chamber with dimensions of
2m x 2m x 1 m (width x depth x height) has been used to
explore aerosol-cloud—turbulence interactions; however, the
Pi Chamber is too small to initiate drizzle embryos, mainly
due to the relatively short lifetime of cloud droplets therein.
Results from large eddy simulations indicate that drizzle
can be initiated in a large convection—cloud chamber with a
height on the order of 10 m (Thomas et al., 2023). However,
the drizzle drops are sparse in a large chamber, so the de-
tection of single drizzle embryos in a large cloud chamber is
challenging for in situ probes that generally have a sampling
volume of only a few cubic centimeters. On the other hand,
active remote sensors have the ability to rapidly sample large
volumes and thus offer an attractive option for the detection
of small drizzle droplets in a cloud chamber.

Here, we will demonstrate that the detection of an indi-
vidual drizzle droplet in the presence of numerous cloud
droplets is possible with a radar that can achieve a very
small sampling volume. The detection of individual drizzle
droplets is possible because the radar signal-to-noise ratio
(SNR) of a point target (drizzle droplet) is not affected by the
radar observational volume, while the SNR of a distributed
target (cloud droplets) scales with the radar volume. In the
following sections, the detection limits of an individual driz-
zle particle are investigated using idealized particle size dis-
tributions and real particle size distributions from the Michi-
gan Tech Pi Chamber. In the end, the potential of THz radars
offering unprecedented sub-centimeter range resolution will
be discussed for developing the single drizzle detection radar
(Cooper and Chattopadhyay, 2014).

2 Drizzle detection using radar

The detection of early drizzle particles in clouds has been the
topic of extensive research. First, the radar needs to have suf-
ficient sensitivity to detect cloud and drizzle droplets. This
is typically accomplished using millimeter-wavelength radar
(Kollias et al., 2007). Early methodologies for the detection
of drizzle drop in clouds employ the use of reflectivity thresh-
olds, ranging from —15 to —20 dBZ, to identify drizzle exis-
tence (Frisch et al., 1995; Liu et al., 2008; Comstock et al.,
2004). Kollias et al. (2011) introduced the use of the radar
Doppler spectra skewness as a more sensitive method for de-
tecting the presence of small drizzle droplets (Acquistapace
etal., 2017; Zhu et al., 2022). The radar Doppler spectra tech-
nique improved the detection of drizzle droplets that can pro-
duce as low as —30dBZ (Zhu et al., 2022).

However, the use of the radar Doppler spectra technique
in a cloud chamber is challenging. First, this will require that
the radar point vertically to take advantage of the differential
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velocity between cloud and drizzle droplets. If we assume a
monodisperse droplet size distribution (DSD) and Rayleigh
scattering conditions, a drizzle detection limit of —30dBZ
is equivalent to a concentration of 1073 cm™ of drizzle
droplets with diameter equal to 100 um or a concentration
of 6.4 x 1072 cm™3 of drizzle droplets with 50 um diameter.
In the former case, the drizzle particle size is quite large and
not quite an early drizzle droplet detection. In the latter case,
the concentration of drizzle droplets is much higher than
the concentration observed in nature (~ 1074 cm_3) (Zhu et
al., 2022).

Furthermore, the conventional cloud radar has a range res-
olution of tens of meters, which is not applicable in a cham-
ber facility that may be on the order of several meters (ap-
proaching the collision mean free path).

As a result, we consider alternative methods to increase
the probability of early drizzle droplet detection against the
cloud droplet signal. As the number concentration of a driz-
zle particle is low, by applying a small radar sampling vol-
ume VRadar, it is possible that only one drizzle droplet is
present in VRadar- In this case, the drizzle particle can be
considered a point target with backscattering cross-section
o (m2), and the received radar echo power P, (mW) is com-
monly expressed as (Battan, 1973)

2)\’2
Pr,drizzle = PIWU(Dd)a (D)

where P is the transmit peak power (mW), G is the antenna
gain, r (m) is the range of the target relative to the radar
receiver, and A (m) is the radar wavelength. It is notewor-
thy that P for a point target does not depend on the radar
sampling volume VRygar. For distributed targets such as a
cloud droplet population described by a droplet size distri-
bution (DSD) that represents the number concentration of
cloud droplets as a function of diameter, the received radar
echo power is given by

GZ)LZ n
P myiyd Veadar: Y Ne(D)o(D)AD;,  (2)

i=0

Pr,cloud =

where n is the number of cloud droplets in the radar volume
and N.(D) is the DSD with units of m—*. In this case, the
received radar echo power depends on the radar sampling
volume, which is given by the following expression:

2
r634p
WRadar = 7T< 5 ) -AR, 3

where 634p is the antenna radiation pattern 3 dB beamwidth
in radians and AR is the range resolution. Assuming
Rayleigh scattering, the backscatter cross-section of the driz-
zle and cloud droplets is proportional to the sixth power
of the particle diameter and inversely proportional to the
fourth power of the wavelength (o (D) ~ D®/3*). Combing
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Egs. (1) and (2), the ratio of received radar echo power from
drizzle and cloud is given by the following expression:

Signal  Prarizde 1 D§

Background - P cloud

B VRadar & - @
> Ne(Di) DYAD;
i=0
Equation (4) indicates that the probability of detecting a sin-
gle drizzle droplet in the radar sampling volume increases
inversely to the radar sampling volume (point vs. distributed
target).

3 Detection requirement

Here, we will evaluate how small the radar sampling volume
needs to be to detect drizzle drops with different diameters
against three background (cloud) conditions: (i) monodis-
perse cloud DSD, (ii) cloud DSD from a theoretical model,
and (iii) observed cloud DSD from the Michigan Tech Pi
Chamber. For simplicity, we will assume that a drizzle drop
is detectable if its radar return power is equal to that of the
background echo contributed from cloud droplets.

3.1 Monodisperse cloud DSD

We first construct an idealized scenario by considering two
categories of droplets, i.e., cloud droplet with a diameter of
D, and a single drizzle drop with a diameter of Dg; the num-
ber concentration of cloud droplets in the radar sampling vol-
ume is N (m™3).

In this case, Eq. (4) is simplified as

Signal 1 Dg
Background ~ VRadar Ne- DS’

&)

When the signal power equals the background, the radar sam-
pling volume enabling single-drizzle-particle detection is es-
timated as a function of the size ratio x = % shown in Fig. 1.
The results are shown for various cloud dcroplet concentra-
tions. It is noted that the required radar volume for detection
depends on the drizzle drop size and the cloud number con-
centration. Larger radar volume would be required for drizzle
detection as the particle size ratio increases; for a given par-
ticle size ratio, decreasing cloud number concentration can
enhance the required radar volume. For example, if the cloud
number concentration is 50 cm™> and the mean cloud diam-
eter (D) is 20 um, then the detection of a drizzle particle
with diameter of 40 pm (x = 2) requires radar volume around
1 cm?. Such sampling volumes are not achievable with tradi-
tional radar systems that employ sampling volumes of the
order of 1000 m3 or more (Kollias et al., 2016).

3.2 Drizzle detection against an idealized cloud droplet
background

In a realistic cloud chamber environment, we expect a popu-
lation of cloud droplets with various sizes that can be repre-
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Figure 1. Radar observational volume for single-drizzle-drop de-
tection as a function of particle size ratio x = %. Lines of different
C

color represent clouds number concentration (N¢): 50 cm™3 (blue),
100 cm™3 (green), 200 cm™3 (yellow), and 500 cm™3 (purple).

sented by a DSD. Particularly, when condensation and fall-
out are the main sources and sinks for the evolution equation
for the DSD, the DSD in the cloud chamber can be approxi-
mately described by theoretically derived distributions (Saito
etal., 2019; Chandrakar et al., 2020; Krueger, 2020). Here we
adapt the theoretical DSD formula derived by Krueger (2020)
to investigate the ability of a radar to detect a drizzle embryo
present in a small sample volume under different chamber
environment conditions. To better represent the cloud DSD
under different environments, the analytical DSD is rear-
ranged to be expressed as a function of liquid water content
LWC; g m~?3) and number concentration (N.; m—>) as

S\ 1 2/3
N (Dg) = 2NeDe ar (3) 7o
T g2 3LWC,
1 4
ar ()7 aNe\ " o,y 6
P T Lwe, (7) ’ ©

where p is liquid water density (gm™3), and D. is
cloud droplet diameter (m). N (D) represents the num-
ber concentration of a cloud droplet for the given diameter
(cm™3 pm_l).

Here we define the minimal drizzle drop (D4 min) as the
size of a particle with radar return power equal to the total
return power from cloud droplets in a given radar volume
(V). Given the cloud DSD described by Eq. (6), Dg min can
be estimated as

D§ in = / V N(D.)DSdD. (7)
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Figure 2. The minimal detectable drizzle particle (Dg, min) under
different LWC¢ and N, conditions with radar sampling volume of
(a) 1em?, (b) 3cm?, (¢) 6em? and (d) 10cm3. The black lines
are the Dy nin contour of 30, 40, 50, 60, 70 um. The magenta dots
indicate the LWC; and N, observed in the Pi-cloud chamber.

Figure 2 illustrates Dg min under different LWC, and N,
combinations for various radar volumes. For a given steady-
state cloud in a convection chamber (i.e., fixed LWC, and
N¢), Dgmin generally increases as the radar volume in-
creases. This is because larger radar volumes contain more
cloud droplets that produce stronger background power; thus,
only a larger drizzle particle with a higher backscattering
signal would be detectable. On the other hand, for a given
radar observational volume, Dy min is jointly determined by
LWC, and N, which are inversely proportional. As such,
Dg, min increases rapidly with increasing LWC, but slightly
decreases with increasing N.. This contrasting relationship is
caused by a larger sensitivity of radar reflectivity to particle
size than to number concentration. Thus, increasing LWC,
can increase mean cloud particle size and greatly enhance
the background power, leading to a larger detectable Dy min.
On the other hand, when LWC, is fixed, increasing cloud to-
tal number concentration tends to decrease particle size. The
reduced cloud particle size would reduce the backscattering
power and more than compensate for the power enhancement
contributed from the increased number concentration.

It should be noted that LWC, and N, in a convection—
cloud chamber have a stronger correlation compared with
those in atmospheric clouds (Shaw et al., 2023). Instead, the
LWC, and N. often exhibit a positive covariance relation-
ship. To understand the typical value of these two quantities
in the chamber environment, we refer to typical measurement
data from the Pi Chamber (magenta dots in Fig. 2). The data
are from experiments conducted by Chandrakar et al. (2018).
We can notice that for this specific experiment setup, driz-
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zle embryos with diameter ranging from 40 to 60 um can be
detected using radar observational volume from 1 to 10 cm?.

The aforementioned estimation is conducted under the as-
sumption that signal (drizzle) power is equal to the back-
ground (cloud) power. In practice, to reduce the detection
false alarms, the drizzle signal should be larger than the back-
grounds. Here we define the signal-to-noise ratio (SNR) to
investigate the drizzle detectability in the chamber environ-

ment:
DG
d ) ) (8)

SNR = 10log 10 [ ————4
°8 < TVP(De) DSD

Figure 3 shows the estimated SNR for four drizzle particles
under varying LWC. and N, conditions with a radar vol-
ume of 1cm?. Generally, a smaller LWC, and a larger N,
correspond to a large SNR, which is preferable for drizzle
detection. If we arbitrarily choose SNR > 3 as the detection
threshold, to detect a drizzle drop with diameter of 50 um in
a radar volume of 1 cm? (Fig. 3c), LWC in the cloud cham-
ber should be lower than 0.3 gm™3 and N, should be higher
than 90 cm™3. The required LWC, and N, would be differ-
ent for different drizzle particle targets: to detect drops with
diameter of 60 um, LWC, should be lower than 0.5 gm_3
and N, should be higher than 90 cm™3. It should be noted
that although a drizzle drop is more likely to be detected
by the radar at a lower LWC,, drizzle initiation is generally
more likely to occur at a higher LWC, because the collision—
coalescence rate is thought to be proportional to the square of
LWC (Kostinski and Shaw, 2005). This suggests that appro-
priate LWC, and N, combinations should be achieved such
that drizzle can form by the C—C process in a convection—
cloud chamber and it can also be detected by radar in a small
sampling volume. It is also noted that the results shown in
Fig. 3 are based on a radar volume of 1cm?, and the esti-
mated SNR would change if a different radar volume size
was applied. For instance, increasing the radar volume will
enhance the background power, thus decreasing the SNR for
the given cloud chamber environment.

4 Probability of detection due to drizzle concentration

In the previous section, it was demonstrated that a radar with
very small sampling volume (~cm?) can plausibly achieve
the detection of single drizzle droplets against a cloud back-
ground signal. On the other hand, the smaller the radar vol-
ume, the lower the probability of a drizzle particle encoun-
tering the volume. To illustrate this trade-off scenario, we de-
fine the probability of drizzle occurrence in the radar volume

(p (Dq)) as

[ LN(D)AD > 1
p(Dd)_{ VN (Dg), VN (Dg) AD < 1. ©)

Specifically, the product of V and N (Dq) represents the ex-
pected number of drizzle drops in the radar volume. If the
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Figure 3. SNR of the drizzle signal under different LWC and N
conditions in a 1 cm? radar sample volume for drizzle diameters of
30, 40, 50, and 60 um. The black lines are SNR contours of 3, 5, 10,
and 15 dB. SNR lower than 0 is indicated as the blank region.
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Figure 4. The probability of drizzle occurrence as a function of
radar observational volume. The blue, yellow, and purple lines indi-
cate the drizzle particle with diameters of 40, 50, and 60 um.

product is smaller than 1, it indicates the probability of the
occurrence of a drizzle particle in a given volume, while if
the product is larger than 1, it means that, statistically, at least
one drizzle drop with a diameter of Dy exists in the radar vol-
ume, and thus we set p (Dq) = 1.

The probability of occurrence for three selected drizzle
particles as a function of radar volume is shown in Fig. 4.
The N (D) in Eq. (9) is adapted from the size distribution de-
scribed by Eq. (6), with LWC, and N, set as 0.5gm™> and
50cm™3, respectively. For these conditions, drizzle droplets
with a diameter of 40 pm have a sufficiently high concentra-
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Figure 5. Drizzle occurrence probability under different LWC and
N conditions for a 1cm? radar volume with particle diameter of
(a) 30 um, (b) 40 um, (c¢) 50 um, and (d) 60 um. The black lines are
probability contours of 10715, 1078, and 10~>. The blank region
indicates that the associated SNR is smaller than O (Fig. 3).

tion to be on average always present in volumes larger than
1 cm3. For drizzle droplets with a diameter of 50 or 60 um,
their concentration is low enough that their probability of be-
ing found in a 10cm® volume is on average below 1. It is
also noticed that the occurrence probability is strongly sensi-
tive to the particle size: the probability of drizzle with 60 pm
diameter occurring in the volume is almost 2 orders of mag-
nitude smaller than that for a particle with 50 um diameter.
A smaller drizzle occurrence in the volume indicates that a
larger number of radar samples would be required to find one
particle, leading to a longer observational time.

The probability of a drizzle drop to be in the radar sam-
pling volume or passing through the radar volume within a
finite time period should be an important consideration for
a practical measurement system. Figure 5 shows the proba-
bility of the occurrence of a drizzle particle under different
chamber environments that are the same as in Fig. 3. The
blank region in Fig. 5 indicates that the corresponding SNR
shown in Fig. 3 is lower than O (i.e., cannot be detected by
the radar even they exist in the sampling volume). Generally,
it is noticed that the probability of occurrence differs in vari-
ous chamber environments for different droplet sizes: large
droplets have a lower occurrence probability under small-
LWC and high-N conditions.

Comparison of Figs. 3 and 5 reveals that conditions that
favor high radar SNR (i.e., larger drops or smaller radar sam-
pling volume) are associated with a lower probability of oc-
currence of the drizzle droplet in the radar volume and sub-
sequently increase the radar sampling time. For example, to
detect a drizzle particle of 50 um diameter under the condi-
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tion of LWC, and N, of 0.3gm™> and 90 cm™3, the parti-
cle occurrence probability is of the order of 10~8 (Fig. 5¢)
for SNR equal to 3 (Fig. 3c). A 1dB enhancement of the
SNR threshold would decrease the occurrence probability to
10~ 1. This implies that, on average, a volume of air equal to
10'! times the size of the radar sampling volume needs to be
sampled before a drizzle droplet will be detected. Assuming
an air mean flow within the cloud chamber of 1 ms™!, this
implies that a radar sampling volume with a typical dimen-
sion of 1 cm will be updated (through advection) 100 times
per second. If the radar is sampling along 1000 range gates
(i.e., assuming a chamber with a height of 10 m), this sug-
gests that the radar can sample a volume equal to 10° times
its radar sampling volume each second. To reach the aver-
age required sampling volume (10'!), it will take 10°s or
11.5d. This is an unrealistically long observational time. For
practical application, we want to work with sampling config-
urations that will not require sampling more than 10° times
the radar sampling volume (approximately tens of minutes).

Another factor to consider in estimating the probability
of drizzle occurrence with a certain diameter in a specific
volume is the realism of using Eq. (6) for describing the
N(D) in a cloud chamber. Equation (6) describes the cloud
droplet distribution controlled by the condensation process
alone, and thus the results may underestimate the actual driz-
zle occurrence as condensation is inefficient to produce large
drizzle particle. In nature or in a large convection—cloud
chamber, the C—C mechanism is expected to be a more effi-
cient process to increase the size and concentration of drizzle
droplets.

Here we apply the ClusColl model to demonstrate that
Figs. 4 and 5 may underestimate the drizzle occurrence prob-
ability with the collision—coalescence process being acti-
vated. ClusColl is a simulation method for describing droplet
motions and collisions in turbulent flows (Krueger and Ker-
stein, 2018). ClusColl simulates the movement of individual
droplets in a vertical column due to turbulence and gravita-
tional sedimentation. The unique capability of the ClusColl
model is its capability to efficiently simulate the droplet col-
lision and coalescence process. Figure 6 shows the simulated
DSD with and without the collision—coalescence process for
a 10m height cloud chamber and with a cloud number con-
centration of 100 cm™3. The temperature difference between
top and bottom walls is 40 °C. Noticeable differences can be
identified at the right tail of the distribution, particularly for
a droplet diameter larger than 40 um: more larger droplets
are generated if the collision—coalescence process is active.
The higher concentration of large drops results in a signifi-
cantly shorter waiting time for detection compared to what
was calculated for the condensation-only examples given in
the earlier part. For instance, for the generated particle with
a diameter of 50 um, the C—C process can generate a num-
ber concentration more than 100 times higher than the one
without the C—C process included. Reviewing the earlier es-
timation, to detect a drizzle particle with a diameter of 50 pm
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Figure 6. DSD simulated from the ClusColl model with (red line)
and without (black line) droplet growth by collision—coalescence.
In both cases, growth by condensation in a uniform supersaturation
field and removal by size-dependent droplet sedimentation are cal-
culated. Therefore, the black line is described by the distribution
given by Eq. (6).

and SNR higher than 4, the required 10° s becomes 10%s.
This is approximately 3 h, which is much more achievable
for laboratory experiments. Thus, the estimation based on
the condensation-only distribution (Eq. 6) is the most con-
servative scenario. The actual radar measurement time would
likely be much shorter when the C—C process is activated.

5 Evaluation from cloud chamber observations

In a cloud chamber and in the real atmosphere, the DSD in
the radar sampling volume is expected to be time-dependent
due to turbulent fluctuations. To better quantify the parti-
cle backscattering power and its fluctuation in a small vol-
ume, observations made in the Pi Chamber using a holo-
graphic system (Holo-Pi) are used. Holo-Pi uses the prin-
ciple of in-line digital holography to measure the spatial
distribution and sizes of cloud particles (Fugal and Shaw,
2009; Beals et al., 2015) and is specifically designed for
the Pi Chamber environment (Desai et al., 2018). In con-
trast to the typical measurement strategy of single-particle
detections requiring time averaging, Holo-Pi captures instan-
taneous snapshots of all cloud droplets in the sample volume
of 3.6cm? (0.6cm x 0.6cm x 10cm) and is well suited to
measure the temporal variations of cloud droplet populations
within a sample volume similar to plausible radar sample vol-
umes. The inability to resolve the smallest cloud droplets in
the size distribution is not expected to be a significant lim-
itation as the backscattering radar power is more sensitive
to larger particle diameters. For the results presented here,
cloud droplets are formed in the Pi Chamber by activation of
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Figure 7. A 3D view of the particle locations observed by Holo-Pi
in the Pi Chamber. Different colors and symbols represent observa-
tions taken at different time steps.

size-selected sodium chloride aerosol particles (dry particle
diameter &~ 130 nm) injected into a supersaturated turbulent
flow sustained by an unstable temperature difference of 20 K.
An illustration of the 3D view of the cloud droplets mea-
sured by Holo-Pi at different time instants in the Pi Chamber
is shown in Fig. 7. The sample volume used for our calcu-
lations is limited to a vertical extent of 5cm as particle de-
tectability falls off beyond this point; this results in a total
sample volume of 1.8 cm3. The Holo-Pi system is set up to
capture a hologram every 10 s during a 720 s period. For the
optical configuration used here, the Holo-Pi has a lower size
resolution of 12 pm throughout its sample volume.

The Holo-Pi observational volume is divided into five sub-
volumes with the cross-section of 0.36cm? and the depth
increasing from 1 to 5cm with an increment of 1 cm, thus
corresponding to a volume of 0.36, 0.72, 1.08, 1.44, and
1.8 cm>. Within each sub-volume at each time step, the to-
tal backscattering cross-section for the detected droplets is
estimated using a THz radar with a wavelength of 0.44 mm.
The calculated radar backscattering cross-section as a func-
tion of volume size is shown in Fig. 8. Similar to the previ-
ous estimation, we see that the background power increases
with volume size due to the increment of cloud droplets. Im-
portantly, the uncertainty bars shown in Fig. 8 represent the
standard deviation of the backscattering cross-section during
the observational time, which indicates that the background
power fluctuations. We notice that the cloud distribution in
a small radar sampling volume is highly heterogeneous in
time, and the magnitude of the background fluctuation varies
by approximately a factor of 10. In order to detect drizzle
drops, the backscattering power of the drizzle drop should be
larger than the range of background fluctuations. For exam-
ple, a radar volume smaller than 0.36 cm® should be utilized
to detect a droplet with a diameter larger than 22 um, and a
radar sampling volume smaller than 1 cm? is needed to detect
a droplet with a diameter larger than 30 um for this particular
Pi Chamber experiment setup.
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Figure 8. Dots and uncertainty bars indicate the mean and stan-
dard deviation of the total backscattering cross-section (with units
of m?) of droplets measured in different volumes by Holo-Pi dur-
ing the observational period. The right axis and the horizontal lines
represent the diameter of a single drizzle drop with backscattering
power equivalent to the background.

To further demonstrate the single drizzle detection concept
using a small radar volume, a pseudo-radar observation ex-
periment is conducted based on the Holo-Pi measurements.
The Holo-Pi observational volume is divided into four sub-
volumes indicated as different lines shown in Fig. 9. In each
volume, we consider the mean radar backscattering power
from all cloud particles sampled during the observational pe-
riod to be the background noise and the power estimated at
each time step to be the signal such that the SNR as a function
of observation time is estimated. To simulate the drizzle oc-
curring events, artificial drizzle droplets with diameter of 30,
40, and 50 um are added to the volume at 200, 400, and 600 s,
respectively, and the associated SNR is estimated. Figure 9
shows a clear SNR enhancement when the drizzle droplets
are added. The signal enhancement is more significant when
using a small sampling volume and for larger drizzle drop di-
ameter, which is consistent with the theoretical estimation in
Sect. 3. For instance, a drizzle drop with a diameter of 50 um
can have an SNR of 23 dB with a volume of 0.36 cm>, while
it has an SNR of 15 dB with a volume of 1.44 cm?. For a driz-
zle drop of 30 um, the SNR with a volume of 0.36cm? can
reach 10 dB, which is an adequate SNR value for radar detec-
tion, while with a volume of 1.44 cm3, the drizzle drop SNR
is overwhelmed by background fluctuation and it is unable to
be detected.

6 Summary
Recent simulation results suggest that drizzle initiation could

occur in a large convection—cloud chamber. Such a facil-
ity would provide measurements in a controlled environ-
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Figure 9. Simulated SNR of radar measurements during the Holo-
Pi observational period using four sampling volumes: 0.36 cm?
(blue line), 0.72 cm’3 (green line), 1.08 cm? (yellow line), and
1.44 cm? (purple line). The grey arrows indicate that an artificial
drizzle particle is added at the indicated time step. The dashed black
line indicates an SNR of 3, which is used as a threshold to distin-
guish the signal (drizzle) from the background (clouds) in Fig. 3.

ment that can advance our understanding of warm rain for-
mation in clouds. One of the critical measurements in a
large convection—cloud chamber is the detection of low-
concentration drizzle droplets in the presence of numerous
cloud droplets. Early in the drizzle initiation, those drizzle
drops are rare and inhomogeneously distributed in the cham-
ber, presenting a significant detection challenge for conven-
tional in situ probes. Here, the potential of a radar with ultra-
fine sampling volume for drizzle detection is investigated. It
was demonstrated that if the radar sampling volume becomes
orders of magnitude smaller (e.g., several cm?) compared to
those typically available in research radars (~ 103-10° m3),
isolated drizzle particles can be detected against the cloud
background signal. This concept is based on the notion that
the SNR of point targets (i.e., drizzle droplet) is independent
of the radar sampling volume, while the SNR of background
(i.e., high-concentration cloud droplets) scales with the sam-
pling volume.

A theoretical DSD was adapted to represent the distribu-
tion of cloud droplets in a convection—cloud chamber and
to estimate properties of a detectable drizzle particle. It was
shown that the minimum size of an isolated drizzle droplet
that can be detected with such a radar depended on the radar
sampling volume and the strength of the background signal
(i.e., cloud droplet radar return), which in turn depends on
LWC and N.. To minimize the false alarm drizzle detection,
we require the backscattering power from a drizzle particle
to be larger than the backscattered power contributed from
the cloud particles (SNR > 1). It is demonstrated that the ap-
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plication of a small radar volume can significantly enhance
SNR under a given chamber environment. On the other hand,
the smaller the radar sampling volume the lower the proba-
bility that an isolated drizzle droplet will be sampled. Thus,
the determination of the radar volume for drizzle detection
should account for the size of the drizzle particle of interest,
the environment conditions that favor drizzle initiation, and
the required observational time.

In addition to analytical estimates, real observations from
the MTU Pi Convection—Cloud Chamber are used to demon-
strate the single-drizzle-particle detection framework. The
Holo-Pi system (Desai et al., 2018) is applied to provide de-
tailed 3D imaging of the cloud particles in the cloud cham-
ber, from which the fluctuations of the backscattering power
in a small volume can be well estimated. Generally, the ob-
servational results are consistent with the theoretical estima-
tion showing that the background power is decreased and
the ability to detect drizzle particles is enhanced as radar
sample volume is decreased. It is also noticed that the mag-
nitude of the background fluctuation is comparable to the
mean power, which indicates that the distribution of cloud
droplets is highly inhomogeneous in the small volume. Thus,
the power from a drizzle particle should at least dominate the
background power fluctuation in order to be detected. With
the cloud chamber environment from the experiment, drizzle
particles with a diameter larger than 30 um can be confidently
detected using a radar sampling volume of 1cm? or lower.

The key remaining question is the technological feasibil-
ity of building a radar that can operate within a box (large
convection—cloud chamber) and achieve the required ultra-
fine range resolution. In fact, the effort of using “small”
radar volumes for single-particle detection has already been
achieved in previous studies. For example, Schmidt et
al. (2012) utilized a C-band radar with a 14m> observa-
tional volume and successfully detected the trajectories of
rain droplets with diameters down to 0.5 mm. In our case,
the required radar sampling volume for drizzle detection
is much smaller (with several cm?). Such ultrafine range
resolution can be achieved using a THz radar operating at
340 or 680 GHz that can support wide-bandwidth waveforms
and thus enable sub-centimeter range resolution (Cooper and
Chattopadhyay, 2014). If the radar operates at a very high
carrier frequency (THz) it can afford a very wide bandwidth
for pulse modulation. In this case, the range resolution is
not dictated by the pulse length but by the radar bandwidth
(Cooper and Chattopadhyay, 2014). The ultrafine range res-
olution along with a reflector that minimizes the angular
spread of the radar beam can result in radar sampling vol-
umes of a few cm’. Such radar imaging capabilities have
been extensively used for security screening at airports, for
example. In our context, additional complexity is introduced
by the fact that this radar needs to operate in a chamber with
typical dimensions of ~ 10 m. These technical design issues
will be the focus of a follow-up paper study that will include
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real observations of drizzle droplets from a THz radar sys-
tem.

To conclude, we outline three issues that will need to be
properly addressed before a radar can be applied to the driz-
zle detection problem in a cloud chamber.

1. Does the radar have enough sensitivity to detect a sin-
gle drizzle particle? With the development of THz tech-
nology, radars with centimeter resolution are achiev-
able; however, the currently developed THz radars are
mainly used to detect relatively hard targets that do not
require ultrahigh sensitivity. For the purpose of drizzle
detection, however, the backscattering cross-section is
on the order of 10~!13 m?; such lower receiving power
would require the radar to have a much higher trans-
mitting power or a larger antenna size. Fortunately, an
advantage for the drizzle detection in a cloud chamber
is that the radar detection range is only several meters
depending on the size of the chamber. According to
Eq. (1), radar receiving power is inversely proportional
to the fourth power of the target distance. Thus, the
small detection range may greatly relieve the demand
for high sensitivity in the radar design. In addition, re-
cent advancements in THz transmitters allow us to uti-
lize higher-power output transmitter (~ 50 to 200 mW)
at THz frequencies such as 340 GHz.

2. What are the appropriate radar sampling strategies for
drizzle detection in a cloud chamber facility? Most of
the cloud radars applied in the atmosphere are vertically
pointing and can provide continuous observation at a
given location along the radar beam. However, as dis-
cussed in the paper, drizzle occurrence in the chamber
is extremely rare and inhomogeneous in space and time.
If the radar is vertically pointing, with a radar beam sev-
eral centimeters in width, it may take significant time for
the radar to detect one drizzle drop. Adding a scanning
capability to the radar may provide a more efficient way
to observe and detect drizzle in the cloud chamber.

3. How can we eliminate or reduce the degradation ef-
fect of the chamber environment on a radar signal? In
particular, the cloud chamber is a humid environment
with liquid particles continually falling towards the bot-
tom. Accumulation of water on the radar antenna can
also severally attenuate the transmitting power and de-
grade the radar detectability. Furthermore, the chamber
walls and the in situ instruments mounted inside would
produce strong backscattering signals and pollute the
backscattering signal from hydrometeors. Thus, the de-
sign of the radar should also account for radar instru-
ment design and sampling strategies that minimize these
noise sources so that the best possible detection capabil-
ity can be achieved.

In short, this paper demonstrates the conceptual feasibility of
THz radars for rare drizzle detection in a laboratory context.
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Undoubtedly, the development of a high-resolution radar for
drizzle detection in a cloud chamber needs close collabora-
tions between cloud physics scientists and radar engineers
moving forward.
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