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Abstract The mechanism for initiating drizzle drop remains a gap in the current understanding of warm rain
formation. One prevalent hypothesis suggests that the presence of Giant Cloud Condensation Nuclei (GCCN)
generates drizzle-sized drops necessary to trigger the Collision-Coalescence (C-C) process. In this study, this
hypothesis is investigated using a novel framework that integrates in situ observations, remote sensing
measurements, and idealized models. Results show that GCCN can efficiently generate drizzle drops through
condensation, producing a broad Droplet Size Distribution (DSD) comparable to in situ observations. The large
drizzle drop and broad DSD strongly facilitate C-C, further accelerating drizzle initiation. To compare with
observation, the model-generated DSDs are used to generate radar Doppler spectra where radar reflectivity and
Doppler skewness is estimated. The simulated radar quantities correspond well with radar observations,
providing critical evidence for the GCCN-induced drizzle initiation mechanism.

Plain Language Summary The formation of rain drops in warm clouds is not well-understood in the
cloud physics community due to a lack of understanding in the formation of their precursor: drizzle drop with
diameters around 40 pm. To close this knowledge gap, one hypothesis is that the large aerosol particles
(diameter >1 pm) can accelerate drizzle formation. In this study, this hypothesis is tested by designing a novel
investigation framework that integrates theoretical models and observations from in situ and remote sensing-
based instruments. Using this framework, the presence of large aerosol particles was shown to significantly
accelerate drizzle drop formation in warm clouds through enhanced condensation and the C-C process. This
study provides novel insights on integrating multiple tools for cloud microphysics research.

1. Introduction

Drizzle initiation is a critical but unsolved process in warm precipitation formation (VanZanten et al., 2005;
Wood, 2012). To initiate rain, a cloud needs a broad Drop Size Distribution (DSD) with “drizzle drops” to
efficiently trigger the collision-coalescence (C-C) process. Prior to drizzle initiation, cloud drops are activated at
cloud base where growth is controlled by condensation, which is inversely proportional to drop size. For this
reason, condensational growth alone typically leads to narrow cloud DSD widths. The size difference between the
cloud and drizzle drop (normally between 20 pm ~ 40 pm) cannot be well explained by C-C nor condensation
(Yau & Rogers, 1996). A lack of understanding of this critical step makes it challenging to represent warm-rain
processes in models and causes large prediction uncertainty (Lebsock et al., 2013; Morrison et al., 2020; Pathak
et al., 2020).

Several mechanisms have been proposed to explain the drizzle drop formation (Feingold et al., 1999; Pinsky &
Khain, 1997; Shaw, 2003). One hypothesis is based on the presence of Giant Cloud Condensation Nuclei (GCCN)
with diameters >1 pm (Jensen & Nugent, 2017; Johnson, 1982; Mordy, 1959; Woodcock, 1950). As drops
containing GCCN remain concentrated salt solutions, the saturated water vapor pressure over their surface is
reduced, mitigating the supersaturation requirement for condensational growth. For instance, Jensen and
Nugent (2017) proposed that drops formed on GCCN can grow through condensation in cloudy downdrafts and
can grow to drizzle drops more readily. Once the drizzle drops are formed, the C-C process is efficiently triggered
and further accelerates drizzle formation (Johnson, 1982).
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Most studies of GCCN's effect on drizzle initiation use large eddy simulations (LES) and parcel models (Feingold
etal., 1999; Jensen & Lee, 2008). Direct observational evidence is lacking due to the challenge of identifying the
drizzle initiation process. In situ measurements provide accurate drizzle size information but are limited to
specific field campaigns. On the other hand, remote sensing instruments provide long-term measurements, which
are valuable for precipitation studies (Kollias, Clothiaux, et al., 2007). To detect drizzle drops in clouds, a
common approach is identifying the region where radar reflectivity exceeds a threshold. The typical reflectivity
threshold for drizzle detection varies from —20 dBZ to —15 dBZ (Frisch et al., 1995; Liu et al., 2008). However,
Zhu et al. (2022) have demonstrated that radar reflectivity can be as low as —30 dBz when drizzle drops are
present. To identify drizzle initiation, the skewness of radar Doppler spectrum is a more sensitive quantity and
shows promise in detecting drizzle initiation (Acquistapace et al., 2019; Kollias, Rémillard, et al., 2011). Spe-
cifically, radar Doppler spectrum is the returned radar backscattering power distributed among radar Doppler
velocity. In the absence of drizzle drop, the radar Doppler spectrum is systemic with skewness of zero. As drizzle
drops form, the backscattering power in the “fast-falling regime” of the Doppler spectrum is enhanced, resulting
in a skewed Doppler spectrum. Capitalizing on the Doppler spectrum shape allows the skewness to identify early
formation of the drizzle drop. The Doppler spectrum skewness is a remote-sensing-based tool that, when used in
combination with the modeling framework, provides insightful perspective on the drizzle initiation process. For
instance, Kollias, Szyrmer, et al. (2011) applied a steady-state microphysical model coupled with radar forward
model to simulate the initiation and growth of drizzle drop. The simulated radar signature during the drizzle
formation process is consistent with radar observations.

In this study, we construct a novel framework to investigate the effect of GCCN on drizzle initiation in Strato-
cumulus (Sc). Specifically, idealized models are applied to bridge in situ aerosol properties observed at the
surface, aircraft-based DSD measurements, and ground-based cloud radar observations. Using this framework,
we demonstrate that the presence of GCCN in Sc accelerates drizzle initiation through both condensation and the
Collision-Coalescence (C-C) mechanism.

2. Data and Methodology

This study's framework comprises a combination of in situ, remote sensing observation of aerosol-cloud prop-
erties, idealized cloud microphysical models, and radar forward simulator. Specifically, two cloud models are
applied: a parcel model is used to simulate the activation of aerosol particles and condensation of cloud drop; a
box model is used to simulate drop growth via the C-C process. To bridge the simulated cloud properties and radar
measurements, a radar forward simulator is utilized to calculate radar quantities. Each component of methods and
the data sets used in this study are described below.

2.1. Observational Data Sets

The observational data sets are adapted from the Aerosol and Cloud Experiments in the Eastern North Atlantic
(ACE-ENA) field campaign operated by the Atmospheric Radiation Measurement (ARM) User Facility (Wang
etal., 2022). The ACE-ENA campaign was conducted over the Graciosa Island from June 2017 to February 2018
during which the primary cloud system over the Graciosa Island is Sc which contains ubiquitous drizzle drop
(Yang, Luke, et al., 2018; Zhu et al., 2022). During the campaign, a wide range of in situ and remote sensing
instruments were operated to provide comprehensive measurements on aerosol and cloud properties. Here we will
utilize the data sets observed during the Intensive Operational Period 2 (IOP2) from 11 January 2018 to 18
February 2018.

The Aerosol Observing System (AOS) is the primary platform for in situ aerosol measurements (Uin et al., 2019).
Various instruments in the AOS measure the aerosol composition, size distribution, and hygroscopicity. The
instruments utilized in this study are the Scanning Mobility Particle Sizer (SMPS) and the Aerodynamic Particle
Sizer (APS). The SMPS measures the dry aerosol particle with diameter from 10 nm to 500 nm. The APS
measures the particle aerodynamic diameters between 0.5 pm and 20 pm with large uncertainty near the tails of
size range. The temporal resolution of SMPS and APS is 4 min and 1 min respectively. The original measure-
ments are averaged over 1 hour to obtain the hourly mean aerosol concentration. Bins with zero aerosol con-
centration (i.e., empty bins) are included in the averaging to ensure that the hourly mean accounts for the bins with
no detected particles. The averaged measurement is used to construct the aerosol size distribution with diameter
from 20 nm to 10 pm, with size range from 20 nm to 0.5 pm from SMPS and size >1 pm from APS. The
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distribution with size between 0.5 pm and 1 pm is linearly interpolated from the two instrument measurements.
The GCCN is defined as the aerosol particle with diameter larger than 1 pm. For the APS and SMPS mea-
surements, careful quality control procedures are performed by examining the sample pressure, impactor flow,
flow relative humidity and instrument voltage (Shilling & Levin, 2023). As the aerosol sampled at high relative
humidity could contain “wet” aerosols resulting from ambient water uptake, a dryer is applied for both in-
struments to maintain a dry environment. In practice, for SMPS the sampling air with RH higher than 20% is
flagged as bad data and is excluded from the research (Singh & Kuang, 2024). For the APS, the sampling air with
RH higher than 30% is excluded from this study. Thus the measured aerosol size from the APS and SMPS is
considered as dry diameter.

The Surface Meteorology Systems (MET) provide temperature, relative humidity, and pressure near the surface
with temporal resolution of 1 min. Observations from the AOS and MET are used as the input for the parcel
model. The Ceilometer emits light at a wavelength of 910 nm and receives backscattered light from clouds,
enabling the determination of cloud base height. The temporal resolution for the ceilometer is 30 s. The Ka ARM
Zenith Radar (KAZR) is a vertical pointing radar operating with 35 GHz frequency and provides Doppler
spectrum moments with 2 s temporal resolution and 30 m range resolution (Kollias, Miller, et al., 2007). To make
the KAZR and ceilometer temporally matched, the ceilometer measurement is interpolated to the KAZR temporal
space. Four radar Doppler spectrum moments: reflectivity, mean Doppler velocity (MDV), spectrum width and
Doppler skewness are used in this study. The MDYV is further used to retrieve the Eddy Dissipation Rate (EDR)
using the algorithm detailed in Borque et al. (2016).The temporal resolution of the retrieved EDR product is
10 min. Finally, the Gulfstream 159 (G-1) research aircraft was operated to provide the in situ measured in-cloud
liquid particle size distribution (DSD). Three cloud probes are adapted to measure the cloud/precipitation particle
size distribution: the fast cloud droplet probe (FCDP) which measures the particle size distribution from 2 to 50
pm, the 2-dimensional stereo probe (2D-S) which measures the particle size distribution from 10 to 3,000 pm, and
the high-volume precipitation spectrometer version 3 (HVPS-3) measuring the particle size distribution from 150
to 19,600 pm. A combined DSD product with particle diameter from 2 to 1, 000 um is constructed from three
probes by ARM. A comprehensive overview regarding the merged DSD product refers to Mei et al. (2024).

2.2. Modeling Framework
2.2.1. Parcel Model

The parcel model used in this study has been widely used to simulate warm cloud processes in previous studies
(Feingold et al., 1998; Xue & Feingold, 2004; Yang, Kollias, et al., 2018; Yang et al., 2016). The parcel model
simulates an adiabatically rising cloud parcel in which the aerosol particles are activated into cloud drops fol-
lowed by condensational growth. The parcel model takes two inputs: the dry aerosol size distribution and the
environmental thermodynamic. In this study, the input dry aerosol is adapted from the APS and SMPS mea-
surements (Figure 4). A total of 140 bins is applied in the parcel model with diameter from 20 nm to 10 pm. A full
list of the input dry aerosol size distribution can be downloaded from Zhu (2025). The input aerosol with diameter
larger than 1 pm (i.e., GCCN) is assumed to be composed of sea salt, whereas the aerosol with diameter smaller
than 1 pm is assumed to be composed of ammonium sulfate.

At the beginning of the simulation, the equilibrium haze particles are calculated using the dry aerosol particles
assuming the supersaturation (S, ) equals the environmental RH observed from MET. The S, of each aerosol
particle is calculated through the Kohler equation:

e 20,
S = = . s s
a =gy =eanon (27

where e is the water vapor pressure in air, e, is the saturated water vapor pressure over the drop, p,, is the density of
water and R, is the gas constant of water vapor. o, is the surface tension, which is a function of temperature and
solute mass (Pruppacher & Klett, 2012, p. 133). a, is the water activity of haze droplets, which depends on the
composition of aerosol, size of dry aerosol (r;) and size of haze droplets (r). The a, for sea salt and ammonium
sulfate is calculated from the laboratory-based parameterizations (Cohen et al., 1987; Tang & Munkelwitz, 1994;
Tang et al., 1997).
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Once the equilibrium haze particles are calculated, the parcel is lifted upward, during which drops on a one-
dimensional grid grow based on the local environment. A complete description of the governing equations of
the parcel model is described in the Appendix.

2.2.2. Box Model

A box model is applied to simulate the growth of cloud drops through the C-C process. Specifically, a bin
microphysical scheme based on Chen and Lamb (1994) is used in the box model to solve the Smoluchowski
coagulation equation and predict the time evolution of droplet size distribution. The same scheme has been
implemented in a large-eddy simulation model to explore drizzle initiation in a cloud chamber (Thomas
et al., 2019; Wang et al., 2024; Yang et al., 2022). The collision kernel in the box model is adapted from
Long (1974). Previous research has demonstrated that turbulence can enhance the collision efficiency and
accelerate rain formation (Chandrakar et al., 2024; Sardina et al., 2015). To this end, we include the enhancement
factor to the collision kernel based on the DNS simulated results in Chen et al. (2018, Table A1). It is noted that
the collision enhancement is dependent on the flow dissipation rate. For instance, collision efficiency for drop
with radius from 20 pm to 25 pm is increased by 10% with dissipation rate of 0.1 m? s~ (Wang et al., 2005). For
the clouds analyzed in this study, 85% of in-cloud EDR is lower than 10> m? s (shown in Figure Ic). Thus,
turbulence is expected to play a minor role in the C-C process in this study.

2.2.3. Radar Doppler Spectrum Simulator

A novel aspect of this study is applying the radar Doppler spectrum simulator to convert the model outputs to
radar-observed quantities, enabling direct comparison with KAZR observation. The radar spectrum simulator
utilizes the DSD generated from the box model and generates the corresponding Doppler spectrum. The radar
simulator parameters are adapted from KAZR configurations as detailed in Kollias et al. (2016). Particularly, the
radar wavelength is set to 8.6 mm, the Nyquist velocity set as 5.96 m s~', Fast Fourier Transforms (FFT) length is
set as 256. The turbulence broadening factor is set as 0.2 m s~ ', as indicated from KAZR observation. Radar
reflectivity and spectrum skewness are estimated from the simulated Doppler spectrum to interpret the drizzle
formation process. A detailed description of the radar simulator and its application in cloud microphysics studies
refers to (Kollias, Rémillard, et al., 2011; Zhu et al., 2022).

3. Results
3.1. Case Overview

A typical Sc observed on 07 February 2018, is selected for investigation. Figure 1a shows 5 hr of radar obser-
vations for a cloud with thickness of around 300 m. Within the cloud layer, radar reflectivity increases from
—25 dBZ to —15 dBZ from the cloud base to top; this pattern is explained by the condensational growth of cloud
droplets. Even though the maximum radar reflectivity in this cloud is lower than —15 dBZ, virga with a depth up
to 300 m is observed below the cloud base, indicating the presence of drizzle drops in the cloud as further
validated from the in situ measurements. The MDV (Figure 1b) shows fluctuations from —1.5 m s'tol.2ms™L
It is noted that strong updrafts mostly present within the cloud, while near-zero or negative velocity below cloud
base. The prevalent downward motion in the sub-cloud layer is likely caused by drop evaporation. Figure 1c
shows the retrieved EDR varies between 1.6¥10™* m? s~ and 5.8%10™> m? s> with the mean value of
5.7%10~* m? s>, indicating a typical dynamical environment in Sc.

The temperature and humidity profiles from the sounding (Figure 2a) indicate that the boundary layer is well-
mixed up to cloud top (~1.5 km). From 17:35 UTC to 19:10 UTC, the G-1 aircraft flew through clouds with
flight heights shown as the black line in Figure 1. Assuming the cloud properties are homogeneously distributed,
the in situ measured DSDs over the observational sampling period (e.g., 17:35~19:10 UTC) are averaged at each
50 m interval to represent the mean DSD in clouds (Figure 2b). It is shown that throughout the cloud layer, broad
DSDs are identified with maximum drop diameter reaching to 500 pm. The drizzle drops, referring to drops with
diameters larger than 40 pm, are present throughout the cloud. Close to the cloud top, the peak diameter of the
DSD increases from 8 to 20 pm (blue to red line in Figure 2b) as a manifestation of condensational growth.
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Figure 1. (a) Radar reflectivity (b) MDV and (c) EDR observed at ENA site on 7 February 2018 from 15 to 20 UTC. The
magenta line represents cloud base height from ceilometer observation, the black line indicates the period and height where
aircraft measurements are conducted.
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Figure 2. (a) Temperature and water vapor mixing ratio profiles from sounding at 17:42 UTC. (b) Averaged in-cloud DSD at
various heights observed from the in situ measurements.
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black line represents the in situ measured DSD near cloud top. The gray line
represents in situ measured DSD near the cloud base. The circle symbol
represents the box model-simulated DSD at 10 min, the triangle symbol
represents the box model-simulated DSD at 30 min.

3.2. The Formation of Drizzle Drops Through C-C

The main question behind Figure 2b is how the drizzle drops are generated.
First, we evaluate the effect of C-C on drizzle formation. In previous research,
Chiu et al. (2021) applies the box model to simulate the C-C process in warm
clouds with 10 min of residence time. In this study we exaggerate the C-C
effect by conducting box model simulation for 30 min. To construct the
input DSD of the box model, we collect the in situ measured DSDs near cloud
top with height from 1,350 m to 1,400 m, from which the mean DSD is shown
in Figure 3. We then truncate the DSD by removing drops with diameter
larger than 30 pm. The reasoning of this step is that cloud drops rarely grow
beyond 30 pm diameter without C-C process (Yau & Rogers, 1996). The
truncated DSD is used as a box model input as the initial stage. The simulated
DSDs at 10 and 30 min from the box model are shown in Figure 3.

It is shown that drops with diameter larger than 40 pm are generated, but with
number concentration (N,) significantly lower than in situ measurements
(black line in Figure 3). At 10 min, the N, of drop with 40 pm diameter is
107% cm™, which is almost 3 magnitudes lower than the in situ observation.
The difference between the model simulation and in situ measurements is
more prominent as drops grow larger. At 30 min of the simulation, the N; of
drop with 40 pm is one magnitude smaller than the in situ measurements,

ZHU ET AL.

whereas the N,; of drop with 50 pm is 3 magnitudes smaller than measure-
ments. Therefore, Figure 3 indicates that only through the C-C process, drizzle drops are not efficiently produced
to be comparable with observation. Another interesting phenomenon in Figure 3 is the N, of drizzle drop is higher
at cloud top than near cloud base. This phenomenon is contrasting to the conventional thinking that drizzle drop
are formed through C-C as they fall toward the cloud base. Instead, this behavior implies that drizzle drops grow
as they ascend, which is likely due to the condensation growth of drops formed on GCCN.

3.3. The Formation of Drizzle Drop Through GCCN

In this section, we isolate the C-C process and only consider the effect of GCCN on drizzle formation. Since the
boundary layer is well-mixed (Figure 2a), we assume that aerosols upon which cloud droplets are formed were
transported from the surface. This is a reasonable assumption particularly for the GCCN which is generated by sea
spray (Lewis & Schwartz, 2004; Quinn et al., 2015). The aerosol DSD was constructed with diameters from
20 nm to 10 pm using the AOS measurements collected from 18 to 19 UTC (Figure 4). In this study, the GCCN
refers to the dry aerosol particle with diameter larger than 1 pm (blue line in Figure 4). Using the constructed
aerosol DSD as the input, the parcel model was applied with predefined updraft velocity of 0.5 ms™! to simulate
drop activation and condensation processes. The fidelity of the applied updraft velocity is validated by the KAZR
mean Doppler velocity (Figure 1b).
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Figure 4. The averaged aerosol size distribution from 17 to 18 UTC on 7 February 2018 constructed from AOS: aerosol with
dry diameter smaller than 0.5 pm is obtained from SMPS (purple line), aerosol with dry diameter larger than 1 pm is obtained
from APS shown as blue line. Aerosol distribution in between is linearly interpolated shown as the gray line.
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Figure 5. Parcel model output showing particle grows with height for the simulations (a) excluding and (b) including GCCN.
Blue lines indicate the inactivated aerosol particles and orange lines represent the activated cloud droplets. The horizontal
solid black line represents the cloud base height. The horizontal dash lines shown in (a) represent the height of 100 m
(yellow), 200 m (purple), and 300 m (red) above cloud base. (c) The DSD at 100 m (yellow dots), 200 m (purple dots), and
300 m (red dots) above cloud base from the parcel model simulation excluding GCCN. The black line indicates the in situ
observed DSD at 300 m above cloud base. Panels (d): same as (c) but including GCCN. The gray shading over the in situ
measured DSD in (c¢) and (d) represent the 25 and 75 percentiles of the measured N,,.

Using the constructed dry aerosol size distribution, two sensitivity experiments are conducted with different
inputs: (a) the full aerosol DSD including GCCN and (b) the aerosol DSD with diameter <1 pm, excluding
GCCN. The dry aerosol particles are used to calculate the equilibrium haze particles by assuming the super-
saturation (S,,) equals the environment RH observed from the MET observation during 18—-19 UTC, which is
59%. The equilibrium haze drops then grow through condensation simulated by the parcel model.

In both experiments, drops grow as a function of height (Figures 5a and 5b). Aerosol particles with diameters
larger than 0.1 pm are activated to cloud drops (orange lines) whereas the others (blue lines) remain as haze drops.
Unlike the experiment without GCCN (Figure 5a), the experiment with GCCN (Figure 5b) produces large drops
that continue to grow within the cloud and can reach drizzle-size drops. For instance, for the dry aerosol with
diameters of 10 pm, the corresponding drop diameter at 300 m above cloud base is 53 pm, which is comparable to
the previous parcel model simulations (Jensen & Nugent, 2017). This result reinforces that GCCN can serve as
cloud condensation nuclei and directly form drizzle drops through condensational growth.

To illustrate the differences between the simulated cloud DSD with/without GCCN, distributions at three heights
above the cloud base are selected (Figures Sc and 5d). It is noted that, for both simulations, DSDs shift to the large
size regime as height increases, indicating condensation contributing to particle growth. However, noticeable
differences can be characterized for the experiment with/without GCCN: the simulated DSD without GCCN has a
narrow distribution with maximum drop diameter of 21 pm; in contrast, the simulation with GCCN has a much
broader DSD with a longer tail where 50 pm diameter droplet being generated.
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Impressively, the simulated DSD for the GCCN experiment is comparable to the in situ observations (black line in
Figure 5d). First, the peak DSD diameter at 300 m above cloud base (red dots) is ~18 pm, closely aligning with
peak DSD diameter in the in situ measurements. Second, the number concentration of the particles with diameter
~30 pm is approximately the same magnitude between the simulation and observation. However, a difference is
also noticed where the in situ measured DSD is much broader than the simulated DSD, especially for the drop
diameter <25 pm. Several mechanisms are accounting for this inconsistency. First, the absence of entrainment
mixing process in the parcel model. Previous studies have indicated that mixing processes can broaden the DSD
and trigger drizzle formation through the C-C process (Pinsky & Khain, 2018; Tolle & Krueger, 2014). A lack of
entrainment mixing in the parcel model may produce a narrow DSD. Second, artifacts involved in in situ mea-
surements can lead to the broader observed DSD. Particularly, a recent study (Allwayin et al., 2024) utilizes high-
resolution in situ measurements showing the cloud DSD is more narrow at small scales than at whole-cloud
averages. For this case, the in situ measurements are averaged over 2 hr with thousands of sampled DSDs,
thus the broad DSD shown in Figure 5 may be caused by the averaging artifacts.

Another noticeable difference in Figure 5d is the N, of drops with diameters >30 pm is greater in the simulated
DSD compared to in situ measurements. This is potentially caused by the assumption that all the measured GCCN
at the surface are transported into the cloud layer. In reality, only a fraction of the GCCN is transported upward
into the cloud due to their large inertia and fast sedimentation velocity (Lewis & Schwartz, 2004). Reducing the
input GCCN concentration in the parcel model leads to more comparable results for drop diameter larger than
30 um (not shown). It is noted, however, that the purpose of this study is not conducting simulation to match the in
situ measurements. The novelty of this study is to propose a framework integrating in situ, remote sensing
measurements and idealized models to provide an insight of the GCCN effect on drizzle formation. Overall, the
large N, discrepancy in the drizzle regime in Figure 3 and results in Figure 5d indicate that, for the presented case,
GCCN plays a critical role on the drizzle formation through condensational growth alone.

3.4. The Formation of Drizzle Drop With Combined GCCN and C-C Effect

Once drizzle drops (i.e., diameter >40 pm) are formed, the C-C mechanism becomes efficient and can further
accelerate drizzle production. Thus, it is expected that in the presence of GCCN, drizzle drops would be produced
more efficiently along with the C-C process. To test this hypothesis, two box-model simulations are conducted
(one with and one without GCCN) with the initial DSDs from the parcel-model-generated DSDs (red dots in
Figures 5c and 5d). The box model simulations are conducted for 1 hr with timestep of 2 s. To quantify the drizzle
production during the C-C process, we define two parameters: drizzle mass ratio (R,) and drizzle production rate
(P;). The R, represents the mass ratio between the drizzle regime and total liquid water within the parcel. P,
represents the increment of drizzle mass per second in a one cubic meter parcel.

R(j:ﬂ
my
Amd
p=—d
47 A

Where m, represents the total mass for the drizzle drop (i.e., diameter larger than 40 pm) and m, represents the
total liquid mass in the parcel. Am, represents the change of drizzle mass in each time step At (i.e., 2 s). The Py

3

unit is g s~' m™> whereas R, is dimensionless.

Figure 6 shows that the C-C process produces drizzles more efficiently in the presence of GCCN. For the
experiment without GCCN, drizzle start to form as soon as the C-C process is triggered (blue line in Figure 6a).
However, the production rate is very slow at the beginning and takes a long time to produce sufficient drizzle
mass. Specifically, 10 min after the C-C process is triggered, the drizzle production rate is only 1.5%
107'% g s™! m™> (Figure 6b), and the drizzle mass ratio of 2.5*10~% (Figure 6a). On the contrary, at the same time
(i.e., 10 mins after the C-C process), the drizzle production rate for the experiment with GCCN is
2.6%107° g s ! m73, the drizzle mass ratio is 4*107>. As the simulation continues, drizzle production rate in-
creases for both scenarios. But P; and R, for the GCCN experiment is always higher than the experiment without
GCCN. At the end of the 1-hr simulation, R, for the GCCN experiment is 18 times higher than the experiment
without GCCN. The R, and P,; without GCCN are approximately the same value of the initial GCCN experiment
input. In other words, including GCCN in the presented case accelerates drizzle production almost 1 hour ahead.
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Figure 6. (a) Drizzle mass ratio and (b) drizzle production rate simulated from a box model for two experiments: the blue line
represents the No GCCN experiment, and the orange line represents the GCCN experiment.

3.5. Effect of GCCN on Drizzle Initiation From Cloud Radar Perspective

In previous sections, we applied two idealized models to separately consider the effect of GCCN and C-C
processes on drizzle production. We concluded that, for the presented case in the study, without GCCN, C-C
alone is unlikely to produce sufficient number of drizzle drops which is comparable to observation. In this
section we conduct a statistical analysis to testify the effect of GCCN on drizzle initiation using cloud radar
observations. Using the vertical pointing radar measurements (i.e., KAZR used in this study), the observed radar
Doppler spectrum can characterize the DSD evolution and interpret the microphysical process. A skewed radar
Doppler spectrum is manifested as the unbalanced backscattering power received from drizzle and cloud drops. If
the downward velocity is defined as the positive direction, then the presence of drizzle embryos generates a
positive Doppler skewness value (Luke & Kollias, 2013). Previous studies have demonstrated that Doppler
skewness is a sensitive indicator for drizzle existence and can detect drizzle embryos with reflectivity as low as
—30 dBZ (Zhu et al., 2022).

To test the effect of GCCN on drizzle initiation, three experiments were performed using varying GCCN input
with 1%, 20%, and 50% of the GCCN spectrum shown in Figure 4. As the total GCCN number concentration is
2.5 cm™, the corresponding GCCN concentration for these three groups is 0.025, 0.5, and 1.25 cm ™ respectively.
We follow the similar procedures in Section 3.2 and Section 3.3, the newly constructed aerosol spectrum is input
for the parcel model to generate DSD at 300 m above cloud base, which is then used as the input for a 1-hr box
model simulation. For the box model-generated DSDs, the radar simulator is applied to emulate the Doppler
spectrum and to estimate radar reflectivity and Doppler skewness. One example of such simulation is shown in
Figure 7, the box model-generated DSD indicates the presence of drizzle drop with diameter larger than 40 pm,
corresponds to the Doppler spectrum with skewness of 0.12 and radar reflectivity of —21 dBZ. For each
experiment, 1,800 pairs of spectrum-reflectivity values are generated with 1-hr simulation. The mean Doppler
skewness is calculated for the reflectivity range between —26 dBZ and —22 dBZ with 2 dB interval. To compare
the Doppler skewness for different GCCN-sensitivity experiments, the mean Doppler skewness is normalized by
their maximum value in each simulation group. The relationship between radar reflectivity and normalized
skewness for the three sensitivity experiments is shown in Figure 8a.

Figure 8a shows that for the three experiments, skewness increases as the reflectivity increases from —26 dBZ to
—22 dBZ. This feature is consistent with previous studies (Kollias, Rémillard, et al., 2011; Luke et al., 2008) and
indicates the formation of drizzle drops. However, a clear difference on the skewness value is identified for
different GCCN experiments: for the higher GCCN concentration scenario, larger skewness is characterized for
the same reflectivity value. Larger skewness represents the radar backscattering power from drizzle particles is
higher than the one from cloud droplets, indicating that more drizzle particles were generated as GCCN con-
centrations increase. The skewness difference is more significant with reflectivity smaller than —23 dBZ, indi-
cating the GCCN effect is more efficient in the early stage of drizzle initiation.
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Figure 7. An example showing the simulated DSD (a) from the box model at 15 min for the GCCN included experiment.
(b) Simulated radar Doppler spectrum corresponding to (a), from which the radar reflectivity and Doppler skewness is
calculated as —21 dBZ, 0.12, respectively.

This skewness-reflectivity relationship is further validated from KAZR observation. Here, 38 days of the KAZR
observations during the IOP-2 period are utilized along with the APS-measured GCCN at surface. The GCCN
concentration is calculated as the hourly-averaged concentration of aerosol particles with diameters >1 pm. The
distribution of the total GCCN concentration is shown in Figure 9a, with the peak of 1.5 cm™ and the largest
value around 12 cm™. Based on the distribution, three GCCN groups are selected with GCCN number con-
centration (Ngcen) < 2 cm™, 2 em™ < Ngeen < 4 cm™ and 4 em™ < Ngeen. In each group, the hourly-mean
radar Doppler skewness as a function of reflectivity is calculated. Similarly to the skewness normalization process
for the model output, the observed Doppler skewness is normalized by the maximum value in each Ngccy group.
Previous studies have suggested the effect of turbulence on drizzle formation in cumulus clouds. In cumulus,
typical EDR value is on the order of 107> m? s>, strong turbulence enhances the collision efficiency between
drops to produce drizzle efficiently. In Sc, the EDR is relatively small. For the radar data used in this study, 85% of
the in-cloud EDR is smaller than 10~ m* s~ (Figure 9b). To eliminate the potential effect of large turbulence on
the drizzle formation, we only use the radar data with EDR value smaller than 1073 m? s>, Under such a small
turbulence environment, the effect of the turbulence on the C-C process is limited. Finally, to reduce the like-
lihood that the particles detected by the APS are remnants of evaporated precipitation, only KAZR observations
with virga depths smaller than 300 m are considered. The virga depth is defined as the vertical extent of significant
radar echoes below the cloud base height. The relationship between the observed reflectivity and skewness is
shown in Figure 8b.

Radar measurements (Figure 8b) echo the simulation results (Figure 8a) showing large skewness for high Ngcen-
The skewness for Ngcen > 4 cm™ is larger than the skewness for Ngcen < 2 cm ™ with a significant value of 5%
for reflectivity smaller than —24 dBZ. Similar to the modeling result, the skewness difference is more prominent
for small reflectivity values where the skewness value is lower. This phenomenon indicates the role of GCCN on

1 1
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Figure 8. (a): Normalized skewness (details are shown in the text) as a function of radar reflectivity with different GCCN
concentration simulations: black line for 1% of GCCN, blue line for 20% of GCCN, orange line for 50% of GCCN. Panels
(b): Same as (a) but from KAZR observation. Black, blue, and orange line represents different concentrations of GCCN as
shown in the legend. The bin boundaries at 2 and 4 cm™ are not included in the group classification.
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Figure 9. Distribution of the (a) hourly averaged GCCN concentration and the (b) retrieved EDR during the ACE-ENA 10P2
field campaign.

drizzle production through C-C is more prominent at the drizzle initiation stage. The skewness does not exhibit a
significant difference for the group of Ngcen > 2 cm™ and the group of 2 cm™ < Ngcen < 4 cm ™. Nevertheless,
Figure 8 shows consistent behavior between modeling and observation that Doppler radar spectrum is larger
under higher Ngccn environment, demonstrating large GCCN concentration favors drizzle formation.

4. Conclusion

In this study we conducted a novel framework by combining idealized models, in situ measurements, and remote
sensing observation to investigate the impact of GCCN in drizzle formation. We first analyze a Sc case with cloud
thickness around 300 m with drizzle drops being produced throughout the clouds. To understand the formation of
these drizzle drops, we examine two mechanisms: the C-C process and GCCN. While investigating the C-C
mechanism, the in situ measured DSD near the cloud top is truncated to only include cloud drops. The trun-
cated DSD is fed into the box model for 30-min simulation. The simulated DSDs show much lower concentration
of drizzle drops compared to the in situ measurements, indicating the C-C alone is not efficient enough to produce
the amount of drizzle suggested by observation.

Next, we test the effect of GCCN on drizzle formation though the condensation process. The in situ measured
aerosol size distribution from the AOS and the thermodynamical property observed at the surface are used to
initialize the parcel model to simulate cloud droplet activation and condensational growth. Two simulations are
conducted with/without GCCN included. The simulation including GCCN shows a broad DSD with a long tail,
whose morphology is comparable to the aircraft-based in situ measurements; whereas the simulation without
GCCN has a narrow DSD and fails to generate drizzle droplets. This experiment suggests that including GCCN in
the model is sufficient to produce drizzle drops comparable to in situ measurements.

We then combine these two mechanisms to investigate the C-C process on drizzle initiation in the presence of
GCCN. The DSD output from the parcel model is fed into a box model to simulate the collisional growth of drops.
1 hour of simulation is conducted for both experiments (with and without GCCN). The box model results indicate
that the presence of GCCN enhances the drizzle production rate and generates more drizzle mass compared to the
experiment without GCCN. Finally, radar observations are compared to validate the effect of GCCN on drizzle
initiation. A radar simulator was used to emulate the Doppler spectrum corresponding to the DSD output from the
box model. Radar reflectivity and skewness were estimated from the Doppler spectrum for different GCCN
concentration experiments. For a given radar reflectivity, higher GCCN concentration corresponded to larger
skewness, consistent with the KAZR observations, which demonstrated that GCCN facilitated drizzle initiation.

Our results indicate that GCCN can facilitate drizzle formation through two mechanisms: (a) cloud/haze drops
formed on GCCN can grow to drizzle-size drops (~40 pm) through condensational growth more readily. (b) The
large drops formed on GCCN broaden the DSD and can further accelerate drizzle growth through the C-C
process. Among other potential factors influencing drizzle formation, one aspect we did not emphasize is the
effect of turbulence. Studies have indicated that small-scale turbulence enhances the C-C efficiency among cloud
drops and favors drizzle formation (Chandrakar et al., 2024; Pinsky & Khain, 1997; Shaw, 2003; Zhu et al., 2023).
In this study, since the research target is Sc, turbulence is small and is not expected to play a significant role in the
C-C enhancement. However, the turbulence generating process, for example, entrainment mixing, may impact the
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drizzle formation by broadening the cloud DSD (Krueger et al., 1997; Tolle & Krueger, 2014). To distinguish the
various effects and quantify their contribution to the drizzle initiation puzzle, well-controlled experiments con-
ducted in the laboratory facility (e.g., cloud chamber) are required in future study.

Appendix A: Governing Equations for the Parcel Model

The prognostic variables of the parcel model are air pressure (p), height (%), air temperature (7'), water vapor
mixing ratio (g,) and radius of droplets (r)

The air pressure (p) is calculated from the hydrostatic equation:
dp = —p,gdh (A1)

Where p, is the air density, g is the gravitational acceleration.

Height (h) is calculated from the initial height () and the assigned air velocity (w):
h = hy + wt (A2)
Air temperature (T) is calculated from:

dr g L, dq,
PS4
dt cp c, dt

(A3)

Where c, is the heat capacity of air, J, is the latent heat of water vapourization and g,, is the liquid water mixing
ratio. As the total water mixing ratio is conserved in the parcel, a decrease/increase in water vapor mixing ratio
(dg,) equals the increase/decrease in liquid water mixing ratio (dg,,).

dg, = —dg,, (A4)
The growth of droplet (r) is calculated from:
dr 18, —Sq
“_Z A5
dad r G (AS)

Where G is the growth parameter given by:

PRT  pub( 4
G= -1 A6
[Dves(T) * kTT(RvT ( )

Where R, is the gas constant for water vapor and p,, is the density of water. D, and k7 are the physical diffusion
coefficient of water vapor and the thermal diffusion coefficient. D, and k; are calculated from (Lamb & Ver-
linde, 2011, pp. 337-338).

The governing equations from Equations Al to A6 are solved using a variable-coefficient ordinary differential
equation solver (VODE) developed by (Brown et al., 1989).
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