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Retrieved From Ground‐Based Observations and
Validated by Aircraft In Situ Measurements
Over the Azores
Peng Wu1 , Xiquan Dong1 , Baike Xi1 , Jingjing Tian1,2 , and Dale M. Ward1

1Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ, USA, 2Now at Lawrence
Livermore National Laboratory, Livermore, CA, USA

Abstract The profiles of marine boundary layer (MBL) cloud and drizzle microphysical properties are
important for studying the cloud‐to‐rain conversion and growth processes in MBL clouds. However, it is
challenging to simultaneously retrieve both cloud and drizzle microphysical properties within anMBL cloud
layer using ground‐based observations. In this study, methods were developed to first decompose drizzle and
cloud reflectivity in MBL clouds from Atmospheric Radiation Measurement cloud radar reflectivity
measurements and then simultaneously retrieve cloud and drizzle microphysical properties during the
Aerosol and Cloud Experiments in the Eastern North Atlantic (ACE‐ENA) campaign. These retrieved
microphysical properties, such as cloud and drizzle particle size (rc and rm,d), their number concentration
(Nc and Nd) and liquid water content (LWCc and LWCd), have been validated by aircraft in situ
measurements during ACE‐ENA (~158 hr of aircraft data). The mean surface retrieved (in situ measured) rc,
Nc, and LWCc are 10.9 μm (11.8 μm), 70 cm−3 (60 cm−3), and 0.21 g m−3 (0.22 g m−3), respectively. For
drizzle microphysical properties, the retrieved (in situ measured) rd, Nd, and LWCd are 44.9 μm (45.1 μm),
0.07 cm−3 (0.08 cm−3), and 0.052 g m−3 (0.066 g m−3), respectively. Treating the aircraft in situ
measurements as truth, the estimated median retrieval errors are ~15% for rc, ~35% for Nc, ~30% for LWCc

and rd, and ~50% for Nd and LWCd. The findings from this study will provide insightful information for
improving our understanding of warm rain processes, as well as for improving model simulations. More
studies are required over other climatic regions.

1. Introduction

Marine boundary layer (MBL) clouds cover vast area of ocean surface with an annual mean cloud fraction as
high as 60% over the midlatitude oceans (Hahn &Warren, 2007). Due to their high albedo and close vicinity
to the surface, MBL clouds reflect much of the incoming shortwave radiation but have little effect on the out-
going longwave radiation, thus imposing a strong cooling effect onto the ocean surface. Drizzle is common
in MBL clouds with a strong modulation in stratocumulus‐to‐cumulus transition (Yamaguchi et al., 2017)
and plays an important role in determining cloud lifetime (Albrecht, 1989). Despite their importance, it is
challenging to simulate MBL clouds realistically in climate models. Climate models disagree substantially
in the magnitude of cloud feedback for the regimes of subtropical MBL clouds. As a result, most general cir-
culationsmodels predict too frequent and too light precipitation (Bony&Dufresne, 2005; Dolinar et al., 2015;
Donner et al., 2011; Schmidt et al., 2006; Soden & Vecchi, 2011).

MBL cloud and drizzle microphysical properties, especially their vertical profiles, are essential in studying
cloud‐to‐rain conversion and growth processes in MBL clouds. In the cloud formation stage, cloud liquid
droplets start to form at the cloud base and then grow bigger through the condensational process as cloudy
parcels rise. When the cloud droplets grow sufficiently large (r ~ 20 μm) from condensational growth and the
gravitational force exceeds the buoyancy force, they start to fall and grow larger by collecting small cloud
droplets through the collision‐coalescence process. The vertical alignment of cloud and drizzle particles
can affect the collection efficiency, drizzle growth rate, and the precipitation rate at the base. In a cloud layer
with high covariance in cloud and drizzle microphysics, precipitation can form rapidly. The cloud layer will
lose water if the loss of cloud liquid from precipitation scavenging is faster than the replenishment from
water vapor condensation. Accurately retrieved cloud and drizzle properties at high temporal resolution
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are thus valuable in advancing the process‐level understanding of the cloud‐to‐rain conversion and growth
processes in MBL clouds.

In the presence of precipitation, the particle size distributions (PSDs) in MBL clouds usually consist of
two modes, one from cloud mode and another from drizzle mode. Several radar‐radiometer based retrie-
val methods have been proposed to retrieve MBL cloud microphysical properties. Frisch et al. (1998)
retrieved stratus cloud liquid water content (LWCc) profiles by distributing observed liquid water path
(LWP) according to the shape of radar reflectivity. This method was further adopted and applied by
Dong and Mace (2003) to retrieve stratus cloud LWCc and rc at the Southern Great Plains. However,
due to the dependence of radar reflectivity on the sixth power of particle size, several large drizzle drops
can contribute most of the radar reflectivity. The ability of the radar‐radiometer method is confined to
nonprecipitating clouds and has limited usage in MBL clouds under drizzling conditions. In addition to
the radar‐radiometer methods, regression‐based power law relationships have been proposed to retrieve
cloud microphysical properties (e.g., Dong et al., 2014; Dong & Mace, 2003; Fox & Illingworth, 2002).
These methods retrieve cloud microphysics that agree statistically well with aircraft in situ measure-
ments or other retrieval techniques but may not perform well in a case‐by‐case manner. Also, the
above‐mentioned studies do not separate cloud and drizzle, and the retrieval results are a mixture of
the two hydrometer types.

To retrieve drizzle properties, O'Connor et al. (2005) used Doppler spectrum width and the ratio of radar
reflectivity and lidar attenuated backscatter to retrieve the drizzle median diameter (D0), shape parameter
(μ), and number concentration (Nd) below cloud base. Westbrook et al. (2010) use the differences in lidar
backscatter at two wavelengths to retrieve drizzle drop size. These techniques can provide profiles of drizzle
properties below the cloud base but cannot be extended up to the cloud layer because of the strong attenua-
tion of lidar signals by cloud droplets. Recently, Küchler et al. (2018) proposed a method to retrieve cloud
and drizzle liquid water content (LWCc and LWCd) by modifying the Frisch et al. (1998) method and found
the height of zero skewness, where cloud and drizzle reflectivity values are the same. Their retrieval uncer-
tainty in drizzling clouds is below 20%, which is much smaller than the original Frisch et al. (1998) method.
However, the zero‐skewness height may not always exist in radar measurements, or there may exist multiple
zero‐skewness heights across the cloud layer (Luke & Kollias, 2013).

Fielding et al. (2015) developed an ensemble‐based optimal estimation method to retrieve cloud and drizzle
microphysical properties. The ensemble mean is used as the best estimate and the ensemble spread as retrie-
val uncertainty. The algorithm converges fast and provides full assessment of the error statistics given the
observational uncertainties. The retrieval method uses surface measured shortwave zenith radiance as
one of the observations to constrain the forward models, which limits its application to daytime only.
Since MBL clouds are mainly driven by cloud‐top longwave cooling during nighttime (Wood, 2012), the
MBL thermodynamic profiles are different between day and night, which leads to different cloud and drizzle
properties (Dong et al., 2014; Dong, Xi, Wu, et al., 2014). The retrieval uncertainties in the above‐mentioned
drizzle retrieval techniques were estimated theoretically by propagating observational errors through the
retrievals. While this method can be used to estimate the retrieval uncertainty when aircraft in situ measure-
ments are not available, they may fail to quantify the uncertainties from various assumptions made within
the retrievals.

The development of active cloud remote sensing technology in the last 20 years provides a unique opportu-
nity to improve our understanding of cloud physical processes. However, the retrieved MBL cloud and driz-
zle microphysical properties using millimeter wavelength radar (MMCR) observations combined with other
data sets have relatively large uncertainties under the conditions of cloud‐top entrainment and drizzle near
the cloud base. Theoretically, MBL cloud rc and liquid water content (LWC) values should increase from the
cloud base to the cloud top assuming adiabatic growth. This is observed from aircraft in situ measurements
(Miles et al., 2000; Wood, 2005), whereas the opposite results have been retrieved from the ground‐based
observations due to frequent drizzling in MBL clouds at the Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) Eastern North Atlantic (ENA) site (Dong et al., 2015; Dong, Xi, Kennedy,
et al., 2014; Wu et al., 2017; Xi et al., 2014). Therefore, it is important to develop new methods to simulta-
neously retrieve MBL cloud and drizzle microphysical properties and validate these new retrievals using
the aircraft in situ measurements during ACE‐ENA. These newly retrieved cloud and drizzle property
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profiles should provide insightful information for studying the drizzle formation and growth processes in
MBL clouds.

In this study, a method was developed to separate drizzle and cloud reflectivity in MBL clouds through a sta-
tistical analysis of aircraft in situ measurements during the Aerosol and Cloud Experiments in the Eastern
North Atlantic (ACE‐ENA) campaign. The method was employed to simultaneously retrieve cloud and driz-
zle microphysical properties using ground‐based observations, including cloud and drizzle particle size (rc
and rm,d), number concentration (Nc andNd), and liquid water content (LWCc and LWCd). These new retrie-
vals were validated with aircraft in situ measurements, and their retrieval uncertainties have been quantita-
tively estimated using aircraft in situ measurements as a cloud truth. This paper is organized as follows.
Section 2 describes the ground‐based and aircraft data sets used in this study and outlines the retrieval meth-
ods. Section 3 presents the retrieval results using a case study as well as statistical comparisons from all cases
during the ACE‐ENA. Sensitivity tests and retrieval uncertainty estimation are discussed in section 4, fol-
lowed by a conclusion and summary in section 5.

2. Data and Methodology

The data sets used in this study were collected during the ACE‐ENA field campaign at the DOE ARM
Eastern North Atlantic (ENA) site in summer 2017 (21 June to 20 July) and winter 2018 (11 January to 20
February) (Wang et al., 2019). Table 1 summarizes the ground‐based and airborne instruments used in this
study, as well as their sampling uncertainties.

2.1. Ground‐Based Observations

A vertically pointing Ka‐band ARM Zenith Radar (KAZR) operates at 35 GHz and records the first three
moments of Doppler spectrum in both copolarization and cross‐polarization modes with a 2‐s temporal
and 30‐mvertical resolutions. In this study, only the copolarized data were used, and the reflectivity was cali-
brated to have an uncertainty within 1 dB (Kollias et al., 2016). Only single‐layered MBL clouds were
selected in this study. Cloud‐top heights were determined as the highest radar range gate with detectable sig-
nal (−40 dBZ in this work, Figure 1a).

A 905‐nm Vaisala Laser Ceilometer (CEIL) measures backscatter below cloud base (Figure 1c). In this study,
the raw backscatter data were calibrated using the method in Ghate and Cadeddu (2019). A calibration con-
stant of 1.2744 was applied to match the lidar ratio to the theoretical value of 18.87 sr. The MBL cloud‐based
height was determined using a threshold of 10−4 m−1sr−1 in CEIL attenuated backscatter (similar to Fielding
et al., 2015 and O'Connor et al., 2004). A drizzling cloud was identified with a combination of KAZR reflec-
tivity and CEIL cloud base. As in Wu et al. (2015), a specific observation was labeled as “drizzling” if the
KAZR reflectivity at the cloud base exceeds −37 dBZ.

The liquid water path (LWPMWR) was retrieved from the microwave radiometer (MWR) brightness tempera-
tures measured at 23.8, 31.4, and 90 GHz using a combination of physical and statistical retrieval methods
with an uncertainty of <20 g m−2 (Cadeddu et al., 2013; Dong et al., 2000; Liljegren et al., 2001; Turner
et al., 2007). To avoid the wet‐radome issue, only the LWPMWR retrievals between 20 and 700 g m−2 were
selected in this study (Dong et al., 1997, Figure 1d).

Table 1
Ground‐Based Observations and Aircraft In Situ Measurements (ACE‐ENA) Used This Study

Variable Uncertainty Instrument and reference

Reflectivity 1 dB Ka‐band ARM Zenith Radar (Kollias et al., 2016)
Doppler spectrum width 0.1 m s−1 Ka‐band ARM Zenith Radar (Kollias et al., 2016)
Attenuated backscatter 10−7 sr−1 m−1 Vaisala laser ceilometer (Morris, 2016)
Liquid water path ~20 g m−2 for LWP < 200; ~10% for LWP>

200
Three‐channel microwave radiometer (Cadeddu et al., 2013;

Dong et al., 2000; Liljegren et al., 2001; Turner et al., 2007)
Cloud PSD, rc, Nc, LWCc 3 μm for rc and

ffiffiffiffi
N

p
for Nc Fast Cloud Droplet Probe (FCDP, 1.5–46 μm, Glienke & Mei, 2020)

Drizzle PSD, rm,d, Nd, LWCd 10 μm for rm,d and
ffiffiffiffi
N

p
for Nd Two‐Dimensional Stereo Prob (2DS, >45 μm, Glienke & Mei, 2019)
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2.2. Aircraft In Situ Observations

The DOEARMAerial Facility Gulfstream‐159 (G‐1) research aircraft flew from Terceira Island in the Azores
during ACE‐ENA. There were approximately 158 total hours of aircraft in situ measurements during the
ACE‐ENA campaign, with 20 flights during the summer 2017 (~78 hr) and 19 flights during the winter
2018 (~80 hr). Measurements from the Fast Cloud Droplet Probe (FCDP) and the Two‐Dimensional
Stereo (2DS) probe at 1‐s resolution (available from: https://www.archive.arm.gov/discovery/#v/results/s/
s::aceena) were used to derive cloud and drizzle microphysical properties, respectively. Specifically, cloud
microphysical properties were calculated from FCDP bin sizes between 1.5 and 46 μm and drizzle properties
from 2DS bin sizes greater than 45 μm.

Due to the different temporal resolutions of the instruments and to reduce random measurement noise, the
ground‐based observations were averaged into 1‐min temporal resolution, and aircraft in situ measurements
were averaged into 10‐s temporal resolution in this study. Note that for the horizontal winds of ~10 m s−1,
1 min of surface observations used in this study is equivalent to a frozen turbulence spatial scale of 600 m.
For G‐1 aircraft with a speed of ~90 m s−1, the aircraft will travel about 900 m in 10 s. Thus, it is reasonable
to assume that the 10‐s aircraft in situ measurements and 1‐min surface retrievals can represent the same
cloud microphysical properties within 10 km.

Figure 1. Ground‐based observations on 18 July 2017 at the ARM ENA site. (a) Ka‐band ARM Zenith Radar (KAZR)
reflectivity, (b) KAZR Doppler spectral width, (c) ceilometer (CEIL) attenuated backscatter, and (d) liquid water path
(LWP) from microwave radiometer (MWR). Magenta line in (a) shows the vertical flight track. Black dots in (a), (b), and
(c) show the cloud base height from CEIL.
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To reduce the sampling mismatch problem in quantifying the retrieval uncertainties, only the in situ
data when the aircraft flew within 10 km of the ENA site were selected for making quantitative com-
parisons (e.g., Figures 5, 8, 9, and 10). The comparisons could be better if we chose the data from flights
closer to the site (e.g., 5 km). However, the aircraft rarely flew so close to the site during ACE‐ENA,
and the sample number would be rather limited if we constrained the aircraft to be within 5 km of
the ENA site. Besides, the spatial scales of mesoscale convective cells in MBL clouds range from 4 to
30 km (Miller et al., 1995), so the aircraft and the surface site are highly likely to observe the same
mesoscale structure even if they are 10 km apart. It is thus reasonable to expect similar microphysical
properties to be measured from the two platforms within 10 km and to use aircraft in situ measure-
ments to validate surface retrievals. For the purpose of validating the vertical trend of the retrievals,
we used the aircraft data within 25 km of the ENA site in order to increase data samples to make sta-
tistically meaningful comparison (e.g., Figure 6).

2.3. Retrieval Methods

The first step in the retrieval is to decompose cloud and drizzle reflectivity from ARM radar measure-
ments in MBL clouds. The method used in this study is similar to Küchler et al. (2018) where they
found the height of equal contributions of cloud and drizzle to radar reflectivity. We find the height
where cloud droplets grow to their maximum size and drizzle drops start to form at this height. We
used all the in situ measured cloud and drizzle PSDs during ACE‐ENA and calculated their reflectivity
at 35 GHz and showed the probability density functions (PDFs) in Figure 2a. Cloud reflectivity values
cover a range of −40 to −12 dBZ, with less than 5% of samples having reflectivity greater than
−15 dBZ (vertical dashed line in Figure 2a), while more than 85% of drizzle samples have reflectivity
greater than this value. There are almost no drizzle samples with reflectivity lower than −32 dBZ; this
suggests that the threshold of −37 dBZ identifying the drizzling clouds at the cloud base is sensitive
enough. This result is similar to the finding in Frisch et al. (1995) that cloud droplets tend to reach a
maximum reflectivity at approximately −15 dBZ from measurements taken from the Atlantic
Stratocumulus Transition Experiment (ASTEX) off the northwest coast of Africa near the Azores,
Madeira, and Canary Island groups.

From condensational growth, cloud droplets reach their maximum sizes near but slightly below the
cloud top, and so does the cloud reflectivity. In our retrieval, it is assumed that the maximum reflectiv-
ity of cloud droplets is −15 dBZ (vertical dashed line in Figure 2b). We then find the height of −15 dBZ
near the cloud top (horizontal dashed line in Figure 2b) and set this height as drizzle initiation height.
The reflectivity above this height is solely contributed by cloud droplets. Very often the reflectivity
above this height decreases toward the cloud top due to the evaporation of cloud droplets by

Figure 2. (a) Probability density functions (PDFs, solid lines) and cumulative density functions (CDFs, dashed lines) of
cloud (red) and drizzle (blue) reflectivity calculated from aircraft in situ measurements during ACE‐ENA. Black dashed
line marks −15 dBZ. (b) Schematic diagram showing the separation of cloud (red) and drizzle (blue) reflectivity
within a cloud layer. Black curve shows KAZR measured reflectivity. −1, 0, and 1 represent drizzle base height, cloud
base height, and cloud top height. Vertical and horizontal dashed lines show the location and height of −15 dBZ
reflectivity factor.
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cloud‐top entrainment mixing. The column maximum reflectivity during very light drizzle periods may
not be greater than −15 dBZ. In such situations, the cloud‐top reflectivity is used, instead of −15 dBZ.
Of all drizzling clouds during ACE‐ENA, 8.9% of the column maximum reflectivity are smaller than
−15 dBZ. To justify the selection of −15 dBZ, a sensitivity test is presented in section 4.

To decompose cloud and drizzle reflectivity from ARM radar measurements, the following steps were
used in this study. First, a cloud reflectivity profile is constructed by the cloud reflectivity at the cloud
base and the height of −15 dBZ under the assumption of linearly increasing LWCc. If the cloud‐droplet
number concentration Nc is constant in the cloud, then this assumption is equivalent to a linear

increase of the square root of cloud reflectivity (
ffiffiffiffiffi
Zc

p
). The KAZR reflectivity contains contributions from

both cloud droplets and drizzle drops above the cloud base, while it is solely contributed by drizzle
drops just below the cloud base. The cloud reflectivity at the first range gate above the cloud base
can be obtained by subtracting KAZR reflectivity at one range gate below the cloud base, which is
shown as the first point in the red dashed line at the cloud base in Figure 2b. After obtaining the cloud
reflectivity profile (Zc,red dashed line in Figure 2b), the drizzle reflectivity profile (Zd, blue dashed line
in Figure 2b) is simply the difference between the KAZR observed reflectivity (ZKAZR, black line in
Figure 2b) and Zc. A flowchart is shown in Figure 3 to illustrate and help to understand the retrieval
methods.

Figure 3. Schematic showing the retrievals. “CB” and “CT” represent “cloud base” and “cloud top,” respectively.
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After decomposing cloud and drizzle reflectivity from KAZR reflectivity measurements, we retrieve drizzle
properties below the cloud base using the method proposed by O'Connor et al. (2005). This method has been
widely used in retrieving drizzle properties and shown to be robust (e.g., Fielding et al., 2015; Ghate &
Cadeddu, 2019; Wu et al., 2015; Yang et al., 2018). Drizzle PSD can be represented using a normalized
Gamma distribution

nr Dð Þ ¼ NWf μð Þ r
rm;d

� �μ

exp −
3:67þ μð Þr

rm;d

� �
; (1)

where NW is the normalized drizzle number concentration (Nd/rm,d) and μ is the shape parameter and f

μð Þ ¼ 6
3:674

3:67þμð Þμþ4

Γ μþ4ð Þ . The ratio of KAZR reflectivity and CEIL backscatter is proportional to the fourth

power of drizzle particle size. By forward calculating Doppler spectral width and comparing with those
observed by KAZR (Figure 1b), drizzle median radius (rm,d), μ, and number concentration (Nd) can be
retrieved in an iterative process. For detailed algorithm descriptions, please refer to O'Connor et al. (2005)
and the above‐mentioned references.

To retrieve drizzle properties in the cloud, from the findings in Wood (2005) and similar to Fielding
et al. (2015), we assume NW increases linearly from below the cloud base toward the cloud top. The shape
parameter, μ, in the cloud is taken as the average value from those below cloud base. The vertical distribu-
tions of Nw and μ have been partially validated by aircraft in situ measurements from selected cases during
ACE‐ENA (not show). Then rm,d can be retrieved from Zd, NW, and μ. Drizzle liquid water content (LWCd)
and cloud liquid water path (LWPc) can be computed as

Figure 4. (a) Cloud reflectivity superimposed with aircraft flight track (magenta), (b) cloud‐droplet effective radius (rc), (c) cloud‐droplet number concentration
(Nc), and (d) cloud liquid water content (LWCc). (e)–(h) are the same except for drizzle properties. Black dots represent cloud base heights. Note that drizzle
particle sizes are shown as median radius (rm,d).
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LWCd ¼ 8π
3:674

ρwNWr
4
m;d; (2a)

LWPc ¼ LWPMWR − ∫LWCddz: (2b)

where ρw is water density and dz is the KAZR range gate height (30 m).

The cloud PSD is represented by a lognormal distribution (Dong et al., 1997, 1998; Dong, Xi, Wu, et al., 2014;
Frisch et al., 1995; Miles et al., 2000) given as

nc rð Þ ¼ Ncffiffiffiffiffiffi
2π

p
σxr

exp −
lnr−lnrm;c
� �2

2σ2x

 !
; (3)

where Nc is cloud‐droplet number concentration, rm,c is the median radius, and σx is the logarithmic width
and is set to 0.38 (Miles et al., 2000). From aircraft in situ measurements during ACE‐ENA, mean and
standard derivation of σx values were 0.48 ± 0.19. The retrieved rc would change ~3%, ~14% for Nc, and
~8% for LWCc by changing σx within ±0.1. In this study, σx = 0.38 from Miles et al. (2000) was chosen
because it was the average value from multiple aircraft campaigns over oceans, which will allow us to
implement the retrieval methods to retrieve warm liquid cloud and drizzle microphysical properties over
other regions, such as Pacific Ocean and/or Southern Ocean.

Cloud‐droplet effective radius rc can be calculated as

rc ¼ rm;cexp 2:5σ2x
� �

: (4)

For cloud microphysical properties, we first retrieve LWCc from Zc

Figure 5. Comparisons of retrieved microphysical properties (red) with aircraft in situ measurements (blue) for (a) rc, (b) Nc, (c) LWCc, (d) rm,d, (e) Nd, and
(f) LWCd. The aircraft data was only selected when it was within 10 km of the ENA site. Gray line in (a) show the cloud droplet median radius (rm,c). The
aircraft data were only selected if the flight was within 10 km of the surface site. Each point of the aircraft results represents the 10‐s data, and the
surface retrieved values are extracted from three range gates (3 × 30 m) centered at the flight heights, except when the aircraft flew within 45 m below the
cloud top height, during which the surface retrieved values are extracted from the range gate at the flight level and the one below. The mean
values and standard deviations for each parameter are also shown in the figure. The numbers in the parenthesis show the means and standard deviations for
the entire period.

10.1029/2019JD032205Journal of Geophysical Research: Atmospheres

WU ET AL. 8 of 18



LWCc;first ¼ π
6
exp −4:5σ2x
� � ffiffiffiffiffiffiffiffiffiffiffi

NcZc
p

; (5)

where we use a first guess for Nc as the mean value of 60 cm−3 from the aircraft in situ measurement dur-

ing ACE‐ENA (Figure 8). The ratio between LWPc,first and LWPc from equation 2b, s ¼ LWPc;first

LWPc
, is used to

update LWCc,first and Nc,first as LWCc = LWCc,first / s and Nc = Nc,first / s
2. The choice of the first guess for

Nc does not impact the final values of LWCc and Nc as they will be scaled by s. Because LWCc and Nc are
both scaled by s, the independence of LWCc and Nc is decreased; thus, caution should be taken when
studying the covariance of LWCc and Nc using retrieval results from this study.

3. Results

The methods described in section 2.3 were applied to retrieve cloud and drizzle properties using
ground‐based observations during ACE‐ENA. In this section, we first present a case study illustrating the
detailed cloud and drizzle properties and their comparisons with aircraft in situ measurements, followed
by statistical comparisons based on all cases during ACE‐ENA.

3.1. Case Illustration

The selected case occurred on 18 July 2017, in which a persistent single‐layered drizzling MBL cloud lasted
from 2:00 to 18:00 UTC. Aircraft measurements were made from 8:34 to 12:00 UTC and flew within 25 km of
the ENA site. The period from 9:18 to 10:42 UTCwas selected to compare the retrieval results with aircraft in
situ measurements because there were four horizontal legs within the cloud and each lasted ~10 min as
shown in Figure 1a. The horizontal flight legs are useful in validating the profiles of retrieved microphysical
properties. During the selected time period, the cloud‐base and ‐top heights were ~0.5 and ~1 km, respec-
tively, and cloud thicknesses varied between 400 and 600 m with clear mesoscale cellular convection pat-
terns as seen from the radar reflectivity.

Figure 6. Boxplot for the 1‐s aircraft in situ measured (blue) and 1‐min surface retrieved (red) cloud (top row) and drizzle
(bottom row) properties for the four horizontal flight legs between 9:30 and 10:21 UTC. The retrieved values in the lower
three levels are extracted from three range gates centered at the flight heights. The retrieved values in the top level are
extracted from the range gate at the flight level and the one blew. Dots show the mean values at each level, and the
vertical bars from left to right represent 10%, 25%, 50%, 75, and 90% values. Note that the aircraft data in this figure were
not confined in the 10‐km range within the surface site but from those within 25 km of the site, because here we only
compare the vertical trend rather than the absolute values.
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The retrieved cloud and drizzle microphysical properties are shown in Figure 4. As discussed in section 2.3,
cloud reflectivity values (Figure 4a) increased from the cloud base to a maximum just below the cloud top
and then decreased toward the cloud top. Profiles of cloud‐droplet effective radius (rc, Figure 4b) and
LWCc (Figure 4d) basically follow the trend of cloud reflectivity and increased from the cloud base to near
the cloud top. Cloud‐droplet number concentrations (Nc, Figure 4c) remained nearly constant at 80 cm−3.

Due to the dominant role in the observed reflectivity by drizzle drops, drizzle reflectivity values (Figure 4e)
were very similar to the KAZR reflectivity measurements (Figure 1a). The pattern of drizzle median radius
(rm,d, Figure 4f) basically follows the variation of drizzle reflectivity and the maximum values appeared at or
just above the cloud base. Drizzle number concentration (Nd, Figure 4g) and liquid water content (LWCd,
Figure 4h) both increased from below the cloud base toward the cloud top. This trend is consistent with
the results from other retrieval techniques in literature (e.g., Fielding et al., 2015; Küchler et al., 2018).

To quantitatively validate the newly retrieved cloud and drizzle microphysical properties, the surface retrie-
vals were compared with those from aircraft in situ measurements as shown in Figure 5. The aircraft in situ
measured cloud and drizzle microphysical properties were averaged to 10‐s resolution (corresponding to a
length scale of ~900m), and only the data from flights within 10 km of the surface site were used. The surface
retrievals were averaged from three radar range gates (3 × 30 m) centered at the flight heights, except when
the aircraft flew within 45 m (1.5 range gates) below the cloud top, during which the retrievals were
extracted and averaged from the range gate at flight level and the one below to avoid sampling the entrain-
ment mixing layer. This comparison matched the altitudes of the aircraft in situ measurements but did not
exactly sample the same horizontal position. Although we tried to select collocated in situ measurements to
compare with the surface retrievals, the mismatch in space was unavoidable because the shortest distance
between the aircraft and ENA site was ~4.75 km in this case and the aircraft never flew directly over the site.
This might lead to some differences between the in situ measured and surface retrieved properties due to
sampling mismatch.

It should also be noted here that we present cloud‐droplet effective radius rc and drizzle median radius rm,d

in this study. Effective radius, defined as the ratio of the third moment of PSD to the second moment, relates
the hydrometer mass with surface area. Cloud‐droplet effective radius is close to but often slightly greater
than its median radius. Thus, the trend of effective radius is representative of the cloud growth process

Figure 7. Profiles of all retrieved cloud (top row) and drizzle (bottom row) microphysical properties in normalized height (zi ¼ z − zbase
ztop − zbase

) during ACE‐ENA IOP,
with drizzle base as −1, cloud base as 0, and cloud/drizzle top as 1. Gray shaded boundaries show the standard deviations of each parameter.
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and is usually used in radiative transfer calculations. However, since the relative difference between drizzle
mass and surface area is much larger compared with cloud particles, drizzle effective radius can be much
greater than its median radius, and these two can have completely different vertical trends. For example,
drizzle median radius increases from the cloud top toward the cloud base, while the effective radius
decreases toward the cloud base. Physically, drizzle drops form near the cloud top and grow larger by
collecting smaller drops when they fall. Using the effective radius to represent drizzle size may be
misleading in terms of drizzle growth process; thus, we decided to use drizzle median radius in this study.
For the purpose of comparison, we also showed cloud‐droplet median radius in Figure 5a (gray line)
where drizzle drop median radius (Figure 5d) is 4–5 times greater than cloud‐droplet median radius.

The retrieved rc values (red line in Figure 5a) agreed well with aircraft in situ measurements (blue dots in
Figure 5a) with almost the same mean values (surface retrieval = 11.7 ± 3.4 μm vs. in situ
data = 11.6 ± 3.1 μm). The retrieved Nc values (representing a column mean) had smaller fluctuation than
the in situ results (Figure 5b), and the retrieved LWCc values (Figure 5c) followed the trend of the in situ
measurements with relatively larger mean value (0.51 ± 0.3 vs. 0.44 ± 0.29 g m−3). The retrieved drizzle
properties, rm,d, Nd, and LWCd (Figures 5d–5f), had relatively larger fluctuations than the in situ measure-
ments because the radar sampling volume is many orders of magnitude greater than the in situ probes.

In addition to the time series matched samples presented in Figure 5, we also evaluate the retrieval method
in recovering vertical structures of cloud and drizzle properties. We extract the surface retrievals from 9:30 to
10:21 UTC and compare their profiles with the in situ measurements. Note that the aircraft data were not
limited to the flights within 10 km of the site in this figure because here we want to compare the vertical
trend rather than the absolute values as in Figure 5. Figures 6a and 6c show that both the retrieved and
the in situ measured rc and LWCc increased with height due to condensational growth, basically following
adiabatic growth. The in situ measured Nc values reached the maximum in the middle cloud, while the
retrieved Nc had much smaller variations and resided within the range of the in situ measurements
(Figure 6b). The decrease of Nc near the cloud top could result from the cloud‐top entrainment or other fac-
tors, such as precipitation scavenging. Although we have considered the effect of entrainment (above the

Figure 8. Probability density functions (PDFs) of temporally matched cloud (top row, 116 1‐min surface samples and 555 10‐s in situ samples) and drizzle (bottom
row, 119 1‐min surface samples and 619 10‐s in situ samples) properties retrieved from ground‐based observations and measured by aircraft. Both the surface and
in situ samples were selected only when the aircraft was within 10 km of the surface site. The mean and standard deviations are also included in the figure.
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dashed line in Figure 2b), the results here suggest that the depth of the entrainment mixing could be deeper
than what we considered.

For drizzle microphysical properties, both retrieved and in situ measured rm,d values increased (Figure 6d)
from the cloud top toward the cloud base, whereas both Nd values decreased (Figure 6e). This makes physi-
cal sense because drizzle drops form near the cloud top, where they have smallest sizes but largest number
densities as shown in Figures 6d and 6e. As they fall, drizzle drops grow bigger by collecting cloud droplets
and smaller drizzle drops through collision‐coalescence process, so drizzle number density decreases toward
the cloud base. The in situ measured LWCd values (Figure 6f) decreased from the cloud top toward the cloud
base, whereas the retrieved LWCd values were slightly smaller at upper level and larger at bottom level than
the in situ data.

3.2. Statistical Comparisons

The retrieval methods were applied to all single‐layered drizzling MBL clouds during ACE‐ENA. To inves-
tigate the vertical distributions of retrieved cloud and drizzle microphysical properties, all retrievals during
ACE‐ENA were normalized in cloud and drizzle thickness with drizzle base as −1, cloud base as 0, and
cloud/drizzle top as 1 (normalized height zi ¼ z − zbase

ztop − zbase
, Figure 7). As illustrated in Figures 7a and 7c, rc

and LWCc increased from the cloud base to zi = ~0.75 then decreased toward the cloud top. Nc

(Figure 7b) was constant (~75 cm−3) throughout the cloud layer due to our assumption. The standard devia-
tions for rc increased from the cloud base to top with largest range at zi~0.75, where the cloud particle is the
largest and can serve as embryonic drizzle drops in collision‐coalescence process.

For drizzle properties, rm,d (Figure 7d) increased from the cloud top toward the cloud base through
collision‐coalescence and then decreased below the cloud base due to net evaporation, with the maximum
drop size and the broadest drop size range occurred near the cloud base. Nd (Figure 7e) slightly increased
from the drizzle base to the cloud base and then dramatically increased within cloud layer with the largest
standard deviation at the cloud top. LWCd is dependent on both rm,d and Nd as illustrated in equation 2a.
Figure 7f shows that LWCd increased slightly from the drizzle base to the cloud base, then continuously
increased until the middle cloud, and finally decreased toward the cloud top. The normalized drizzle proper-
ties are consistent with the drizzle growth processes. Drizzle drops start to form near the cloud top with par-
ticle size close to the maximum cloud droplet (~20 μm). When these big drops fall, they grow rapidly by
collecting cloud droplets and small drizzle drops through collision‐coalescence process. Due to the
self‐collection process,Nd decreased toward the cloud base (Kogan, 2013; Straka, 2009). The increasing trend
of rm,d and decreasing trend of Nd toward the cloud base result in the maximum LWCd in the middle cloud.
Results from Figure 7 will provide insightful information for evaluating satellite retrievals in different wave-
lengths and assessing the representations of cloud and drizzle properties in cloud resolving models and large
eddy simulations, as well as to investigate the covariance of cloud and drizzle properties in the warm
rain processes.

To statistically validate our surface retrievals, the surface retrievals in 1‐min resolution were extracted and
compared with the aircraft in situ measurements in 10‐s resolution during the time periods when aircraft
flew within 10 km of the surface site. During the entire field campaign, a total of 116 1‐min (555 10‐s) cloud
samples and 119 1‐min (619 10‐s) drizzle samples were identified from the surface retrievals (aircraft mea-
surements). The numbers of drizzle samples are greater than cloud samples because the aircraft sometimes
flew below the cloud base to measure subcloud properties and only drizzle properties can be collected during
those time periods.

The PDFs of cloud and drizzle microphysical properties retrieved from ground‐based observations and mea-
sured by aircraft are shown in Figure 8. For cloud properties, the PDFs of the surface retrievals are similar to
those from in situ measurements for rc and LWCc (Figures 8a and 8c) with almost the same mean values in
LWCc (Figure 8c, retrieval = 0.21 ± 0.21, in situ = 0.22 ± 0.18). The PDF of retrievedNc (Figure 8b) shifted to
the right, resulting in a higher mean value (70 ± 29 cm−3) than the in situ measurement (60 ± 46 cm−3). The
retrieved Nc values are largely overestimated when the in situ measured Nc values are less than 20 cm−3 due
to its retrieval limitation. As shown in Figure 10b, the mean fractional error of Nc in LWPMWR range of
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<50 g m−2 can be as high as 50%, and the mean fractional errors of Nc in LWPMWR range of <150 g m−2 are
relatively larger than LWPMWR > 150 g m−2.

The PDF of the retrieved rm,d (Figure 8d) was broader than that from the in situ measurements, although
their mean values are almost identical. Most of the surface retrievals ranged from 20 to 80 μm, whereas most
of the in situ measured rm,d values resided in the range of 30 to 70 μm. Note that a lower limit (diameter
≥45 μm) was set in 2DS data when deriving drizzle parameters. However, drizzle diameters can be smaller
than this critical value. For example, when drizzle drops fall out and evaporate below the cloud base, their
sizes can be smaller than 45 μm before they are totally evaporated, so the retrieved drizzle drop diameters
can be less than 45 μm (rm,d < 22.5 μm). This may explain the differences between aircraft measured and
retrieved rm,d in the left two bins (20–30 μm). The surface retrieved (0.07 ± 0.09 cm−3, which was
70 ± 90 L−1) and in situ measured (0.08 ± 0.12 cm−3, which was 80 ± 120 L−1) Nd values (Figure 8e) had
almost identical PDFs below 0.2 cm−3 with small difference in their mean values, suggesting that the results
from the newly developed retrieval method can represent the true distributions statistically forNd. The PDFs
of retrieved and measured LWCd values (Figure 8f) are similar to their Nd counterparts, and both had large
standard deviations (0.051 ± 0.06 vs. 0.066 ± 0.073 g m−3).

The comparisons between the surface retrievals and the in situ measurements in Figure 8 summarize the
biases in the retrievals relative to aircraft in situ measurements. We will quantitatively estimate the retrieval
uncertainties in section 4 as well as perform a sensitivity study by considering the propagation of
observational uncertainties.

4. Sensitivity Study and Error Analysis

To test the assumption that the maximum reflectivity of cloud droplets is −15 dBZ, we vary this threshold
within the observational uncertainty (1 dBZ) and recompute the retrievals. Table 2 shows how the mean
values of cloud and drizzle properties change in response to changing the reflectivity threshold by plus
and minus the observational uncertainty of 1 dBZ. The newly retrieved rc and Nc vary within 2% and 4%,
respectively, and LWCc increases ~4% when the threshold is increased to−14 dBZ and decreases ~13% when
the threshold is decreased to−16 dBZ. The changes in drizzle properties are greater than their cloud counter-
parts. For example, rm,d varies by ~6%, and Nd and LWCd vary ~15% in response to changing the reflectivity
threshold by 1 dBZ.

To account for the uncertainties in observations, we perturb the input of the retrievals by adding random
noise. The errors in the observations may have some correlations, but they are difficult to quantify, and
we treat the observational errors independent of each other in this study. Assuming the mean values of
the observational errors are zero, the noise is randomly generated from normal distributions with means
of zero and standard deviations of the observational uncertainties specified in Table 1. The LWCc from the
perturbed observations has the largest change (~17%) because LWCc is directly retrieved from radar reflec-
tivity (equation 5), whereas the rc and Nc vary only ~1%. For drizzle properties, the changes are ~4% for rm,d,
~8% for Nd, and ~12% for LWCd. The results listed in Table 2 suggest that the retrieved rc and Nc are not sen-
sitive to observational uncertainties while LWCc and LWCd can vary by more than 12% when accounting for
instrument errors. Both rm,d and Nd have modest sensitivities to observational uncertainties.

There are several possible sources of uncertainty in the retrievals, such as, the choice of reflectivity thresh-
old, uncertainties in the observations, and in the assumed constants (e.g., σx) and forward models utilized in

Table 2
Sensitivities of the Retrieved Cloud and Drizzle Microphysics on the Reflectivity Threshold and on Measurements Errors

rc (μm) Nc (cm
−3) LWCc (g m

−3) rm,d (μm) Nd (cm−3) LWCd (g m−3)

−15 dBZ 10.4 88 0.23 40.9 0.13 0.066
−14 dBZ 10.6 (1.92) 85 (−3.41) 0.24 (4.35) 38.4 (−6.11) 0.15 (15.38) 0.062 (−6.06)
−16 dBZ 10.3 (−0.96) 89 (1.14) 0.20 (−13.04) 39.4 (−3.67) 0.13 (0) 0.056 (−15.15)
Random noise 10.5 (0.96) 87 (−1.14) 0.19 (−17.39) 39.1 (−4.40) 0.14 (7.69) 0.058 (−12.12)

Note. Numbers in the parentheses are the percentage changes relative to the retrievals using the 15‐dBZ reflectivity threshold.
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Figure 10. Fractional error sorted by microwave radiometer measured liquid water path (LWPMWR, red) and column maximum reflectivity (Zmax, black). The
dots represent the mean fractional errors in each LWPMWR or Zmax bin and shades show the standard deviations. The sample numbers in this figure are the
same as in Figure 9.

Figure 9. Cumulative error frequencies for (a) rc, (b) Nc, (c) LWCc, (d) rm,d, (e) Nd, and (f) LWCd. The fractional error is the absolute difference between the
surface retrievals and the aircraft in situ measurements normalized by the aircraft in situ measurements. A point on the curve indicates the fraction of all
samples with retrieval error less than the abscissa. The 0.5 (red dotted line) and 0.9 (blue dotted line) cumulative error frequencies correspond to the median
fractional error and 90% error, respectively. The results presented here are based on 105 collocated (aircraft flew within 10 km of ENA site) cloud samples and 111
drizzle samples. Note that the samples numbers are different from those in Figure 8 because only the time when both aircraft and surface retrieval have valid
values was selected.
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the retrieval algorithms. Besides, the assumed size distributions are not truncated, which can cause
double‐counting problem. It is difficult to quantitively estimate the overall retrieval uncertainties by consid-
ering all these error sources. In this study, as in other studies (e.g., Dong et al., 1998; Dong & Mace, 2003;
Tian et al., 2016), we treat aircraft in situ measurements as a cloud truth to assess the retrieval results and
quantitatively estimate the retrieval uncertainties. A total of 105 collocated cloud samples and 111 collocated
drizzle samples were used in this assessment. Here, the aircraft data were averaged into 1 min from those
within 10 km of the surface site to make point‐to‐point comparisons with surface retrievals. We calculate
the fractional errors by taking absolute differences between the retrieved and in situ measured values, then
normalize those differences by the in situ measured values.

The cumulative error frequencies of the fractional errors are shown in Figure 9. The median error for rc
retrievals (red dotted line in Figure 9a) is ~15%, meaning that half of the 1‐min surface retrieved rc values
agree with aircraft in situ measurements within 15%. The 90th percentile corresponds to a ~50% fractional
error; that is, 10% of samples have retrieval uncertainties greater than 50%. The retrieved Nc (Figure 9b)
has median error of ~35% and 90th error of ~75%. LWCc (Figure 9c), and rm,d (Figure 9d) has median errors
of ~30% and 90th percentile errors of ~60%. Errors in the retrieved Nd (Figure 9e) and LWCd (Figure 9f) are
relatively larger than others with median errors of ~50% and 90th percentile errors of 65–75%. The retrieval
uncertainties discussed here are computed by comparing 1‐min samples of retrieved and observed para-
meters matched in altitude, time, and space (aircraft within 10 km of ENA site). However, we do expect dif-
ferences in the 1‐min time window and in the 10 km range, which depends on the spatial coherence of the
cloud microphysical parameters.

To identify the retrieval error patterns in different cloud situations, we sorted the fractional errors according
to LWPMWR (red dots and shade in Figure 10) and the column maximum reflectivity (Zmax, gray dots and
shade in Figure 10). No obvious patterns were found in rc, LWCc, rm,d, and LWCd. The fractional errors in
Nc decreased with LWPMWR and Zmax with the largest errors at LWPMWR below ~150 g m−2 and Zmax below
approximately −18 dBZ. The fractional errors for Nd decreased nearly monotonically for
LWPMWR > 80 g m−2 and Zmax > −18 dBZ. The fractional error patterns in rm,d and Nd are likely due to
greater drizzle contribution in radar reflectivity when LWPMWR or Zmax is higher, so the algorithm can
retrieval more accurate parameters with this clearer signal from drizzle drops. This result can serve as an
uncertainty guide when using the retrieved microphysical properties to analyze cloud and drizzle processes.
Special caution should be taken in analyzing the retrievals when LWPMWR is below ~150 g m−2 or Zmax is
below approximately −18 dBZ.

5. Summary and Conclusions

In this study, we presented a method to separate drizzle and cloud droplets in MBL clouds by finding the
height of −15 dBZ through a statistical analysis of aircraft in situ measurements during ACE‐ENA cam-
paign. A cloud reflectivity profile is constructed by the cloud reflectivity at the cloud base and the height
of−15 dBZ under the assumption of linearly increasing LWCc. The threshold of−15 dBZ was tested by vary-
ing within KAZR reflectivity uncertainty (1 dBZ), and it was found that the rc and Nc retrievals are not sen-
sitive to this threshold, while the LWCc, Nd, and LWCd retrievals vary within 15%.

We also developed methods to simultaneously retrieve the profiles of cloud and drizzle microphysical prop-
erties in precipitating MBL clouds using ground‐based observations. In the retrieval methods, the KAZR
reflectivity, Doppler spectrum width, CEIL‐attenuated backscatter, and MWR retrieved LWP were used.
The retrieval methods are applied to a drizzling MBL cloud layer (18 July 2017) during ACE‐ENA as a
demonstration, as well as to all cases during ACE‐ENA. The normalized profiles of cloud properties from
all retrievals of single‐layeredMBL clouds indicate that rc and LWCc increase from the cloud base to zi=~0.75
and then decrease toward the cloud top due to cloud‐top entrainment or precipitation scavenging. For driz-
zle properties, rm,d increases from the cloud top to the cloud base due to the collision‐coalescence process
and then decreases below the cloud base due to net evaporation.Nd monotonically increases from the drizzle
base to the cloud top. The profiles of rm,d and Nd result in the maximum LWCd occurring near the middle of
cloud with decreasing LWCd toward the cloud top and base.
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The retrieved cloud and drizzle microphysical properties agree well with the aircraft in situ measurements in
both time and vertical structure. The means and standard deviations of surface retrieved cloud (in situ mea-
sured) rc, Nc, and LWCc are 10.9 ± 3.7 μm (11.8 ± 3.21 μm), 70 ± 29 cm−3 (60 ± 46 cm−3), and
0.21 ± 0.21 g m−3 (0.22 ± 0.18 g m−3), respectively, based on a total of 116 1‐min (555 10‐s) collocated cloud
samples during ACE‐ENA. The means and standard deviations of surface retrieved drizzle (in situ mea-
sured) rm,d, Nd, and LWCd are 44.9 ± 19.4 μm (45.1 ± 16.7 μm), 0.07 ± 0.09 cm−3 (0.08 ± 0.12 cm−3), and
0.051 ± 0.06 g m−3 (0.066 ± 0.073 g m−3), respectively, based on a total of 119 1‐min (619 10‐s) collocated
drizzle samples during ACE‐ENA. Treating the aircraft in situ measurements as a cloud truth, the estimated
median retrieval errors are ~15% for rc, ~35% for Nc, ~30% for LWCc, and rm,d, and ~50% for Nd and LWCd.
The retrieval uncertainties inNc was found to be higher when LWPMWR is below ~150 gm−2 or Zmax is below
approximately −18 dBZ but opposite in Nd retrieval.

Due to the collocation problem, only limited aircraft samples were used in the validation, although ~158 hr
of flight data were available during ACE‐ENA. Future aircraft field campaigns may consider changing the
sampling strategy to include more flight legs that spiral close to the surface site (e.g., fly within 10 km of
the surface site), so that the ground‐based measurements and retrievals can be compared directly with the
in situ measurements with a larger data volume. More straight upward/downward flight legs can improve
the validation in terms of cloud and drizzle vertical variations. In addition, process‐level understanding of
warm rain processes can benefit from the straight upward/downward in situ measurements.

Different from other retrieval techniques in literature, the proposed retrieval methods in this study did not
use solar radiation as constraint, which allows this method to be applied during nighttime and makes it pos-
sible to study the diurnal variations of MBL cloud and drizzle properties. The profiles of the retrieved cloud
and drizzle microphysical properties have much higher temporal and spatial resolutions, which are much
needed to advance our understanding of drizzle formation and growth processes (e.g., Magaritz‐Ronen
et al., 2016; Rosenfeld et al., 2012; Wu et al., 2017), the covariance of cloud and drizzle properties (e.g.,
Witte et al., 2019), and the role of drizzle in affecting cloud structure and lifetime (e.g., Yamaguchi
et al., 2017). The vertical profiles of autoconversion and accretion rates can be estimated from the microphy-
sics profiles, so the relative roles of the two processes can be quantified and the results can guide the
process‐level models in simulating the warm rain processes. Furthermore, these new retrievals can be a valu-
able data set to evaluate the representations of subgrid‐scale variabilities of cloud and precipitation in gen-
eral circulation models (e.g., Lebsock et al., 2013; Boutle et al., 2014; Wu et al., 2018; Zhang et al., 2019). The
profiles of retrieved cloud and drizzle properties can also be used as ground truth to validate satellite retrie-
vals in different wavelengths, for example, 1.6, 2.1, and 3.7 μm, which represent the cloud properties in dif-
ferent depths into the cloud layer.

Although the new retrievals are promising based on the comparisons with aircraft in situ measurements,
limitations exist, and improvements can be made. For example, the use of MWR retrieved LWP prevents
the application of this method to heavily precipitating MBL clouds (e.g., when LWP > 700 g m−2). Also,
Nc is not always constant throughout a cloud, especially in a drizzling cloud where collision‐coalescence pro-
cess causes variations in Nc vertically, although it is a commonly used assumption in microphysics retrieval
techniques (e.g., Dong et al., 1998; Dong &Mace, 2003; Dong, Xi, Wu, et al., 2014; Fielding et al., 2015; Frisch
et al., 1995, 1998). Having vertically resolved Nc would be greatly valuable in studying
aerosol‐cloud‐precipitation interactions within the cloud layer and to study the cloud‐top entrainment pro-
cess. However, retrieving Nc vertical profiles adds extra complexity to the problem, which will require addi-
tional observational and physical constraints, and is out of the scope of this study.
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