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ABSTRACT: In this study, more than 4 years of ground-based observations and retrievals were collected and analyzed to

investigate the seasonal and diurnal variations of single-layered MBL (with three subsets: nondrizzling, virga, and rain)

cloud and drizzle properties, as well as their vertical and horizontal variations. The annual mean drizzle frequency was

;55%, with ;70% in winter and ;45% in summer. The cloud-top (cloud-base) height for rain clouds was the highest

(lowest), resulting in the deepest cloud layer, i.e., 0.8 km, which is 4 (2) times that of nondrizzling (virga) clouds. The

retrieved cloud-droplet effective radii rc were the largest (smallest) for rain (nondrizzling) clouds, and the nighttime values

were greater than the daytime values. Drizzle number concentrationNd and liquid water content LWCd were three orders

and one order lower, respectively, than their cloud counterparts. The rc and LWCc increased from the cloud base to zi’ 0.75

by condensational growth, while drizzle median radii rd increased from the cloud top downward the cloud base by collision–

coalescence. The adiabaticity values monotonically increased from the cloud top to the cloud base with maxima of ;0.7

(0.3) for nondrizzling (rain) clouds. The drizzling process decreases the adiabaticity by 0.25 to 0.4, and the cloud-top en-

trainment mixing impacts as deep as upper 40% of the cloud layers. Cloud and drizzle homogeneities decreased with

increased horizontal sampling lengths. Cloud homogeneity increases with increasing cloud fraction. These results can serve

as baselines for studying MBL cloud-to-rain conversion and growth processes over the Azores.
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1. Introduction
Owing to theirhighalbedoandclosevicinity to the surface,marine

boundary layer (MBL) clouds strongly reflect shortwave radiation

while having little effect on the outgoing longwave radiation, thus

imposing a strong cooling effect onto theunderlying surface (Randall

et al. 1984; Slingo 1990). MBL clouds cover vast areas of the eastern

subtropical oceans and over midlatitude oceans, making them a key

component in Earth’s radiation budget (Klein et al. 1993; Bony and

Dufresne 2005;Wood et al. 2009). Despite their importance, climate

models often underestimate low cloud cover but overestimate their

optical thickness (Nam et al. 2012; Bony and Dufresne 2005) and

simulate different signs and magnitudes of the low cloud feedback

(Zelinka et al. 2020; Vial et al. 2013; Bony and Dufresne 2005).

MBL clouds frequently produce precipitation, most often in

the form of drizzle (Wood 2012; Rémillard et al. 2012; Dong

et al. 2014a; Wu et al. 2015, 2017), and drizzle can strongly

modulate stratocumulus-to-cumulus transition (Yamaguchi

et al. 2017). The presence of drizzle adds extra complexity in

simulating MBL clouds. For example, climate models simulate

overly frequent but light precipitation in low clouds compared

with observations (Lebsock et al. 2013; Dolinar et al. 2015).

This is partially attributed to lack of reliable subgrid variations

of MBL cloud and precipitation microphysics in climate

models (Lebsock et al. 2013; Xie and Zhang 2015; Wu et al.

2018; Wang et al. 2019). Besides their spatial variations, the

vertical distributions of MBL cloud and drizzle microphysical

properties are also crucial in simulating precipitation rate.

The collision–coalescence process is usually partitioned into au-

toconversion and accretion subprocesses in numerical models and

are often parameterized as power-law relationships of cloud droplet

effective radius (rc), number concentration (Nc), liquidwater content

(LWCc; or cloud water mixing ratio, qc) and of drizzle drop size (rd),

number concentration (Nd), and liquid water content (LWCd; or

drizzle water mixing ratio, qd) (Liu and Daum 2004; Liu et al. 2006,

2007; Khairoutdinov and Kogan 2000; Beheng 1994; Tripoli et al.

1980). Not only are the variations in individual quantities important,

but additionally the covariances between multiple microphysical

properties are important in predicting reasonable precipitation fre-

quency and intensity (Lebsock et al. 2013; Xie and Zhang 2015; Wu

et al. 2018; Wang et al. 2019). Regions or periods with higher co-

varianceofqcandqd cangeneratemore intenseprecipitationdue toa

stronger accretion process, in which drizzle drops grow by collecting

small cloud drops and other drizzle drops lying in the fall path.

In addition to the MBL cloud microphysical properties, the

macrophysical properties also play an important role in MBL cloud

and precipitation processes. MBL clouds often form in subsident

regions and are maintained mainly through the turbulence gener-

ated by cloud-top longwave cooling (Wood2012;Dong et al. 2014a).

As the cloud layer becomes deeper, the turbulence can no longer

sustain themixingdown to the surface. Subsequently, the cloud layer

becomes decoupled from the surface and exhibits different proper-

ties from the clouds in a coupledMBL (Jones et al. 2011;Dong et al.

2015). The optical properties of MBL clouds also depend on both

the microphysics and macrophysics. It is thus imperative to provide

long-term observations and retrievals to constrain model

simulations.

a Current affiliation: Pacific Northwest National Laboratory,
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To provide much needed observations, the Clouds, Aerosol,

and Precipitation in the Marine Boundary Layer (CAP-MBL)

field campaign was conducted by deploying the Department of

Energy Atmospheric Radiation Measurement (ARM) Mobile

Facility (AMF) in Graciosa Island, Azores, in the eastern

Atlantic from April 2009 to December 2010 (Wood et al. 2015).

The Azores island chain is located at the boundary of the sub-

tropics and the midlatitudes, and is thus subject to a wide range

of meteorological conditions with high pressure systems domi-

nating in summer whereas low pressure systems are dominant in

winter (Dong et al. 2014a; Wood et al. 2015). The monthly mean

MBLcloud fraction (CF)duringCAP-MBL ranged from20%to

40%, which correlates well with the prevailing synoptic patterns

with a maximum frequency of occurrence in summer and mini-

mum in winter (Rémillard et al. 2012; Dong et al. 2014a). The

MBL clouds frequently precipitated over the Azores, most of

which were in the form of virga (Rémillard et al. 2012; Wu

et al. 2015).

Dong et al. (2014a,b, hereafter D14a andD14b) investigated

the seasonal and diurnal variations of MBL CFs, cloud macro- and

microphysical properties, and surface cloud condensation nuclei

(CCN) measurements during CAP-MBL using ground-based ob-

servations and retrievals. The MBL cloud layers, in general, were

lower, warmer, and thinner with larger total liquid water path

(TWP) and LWC during summer than those during winter. There

were no strong diurnal variations in rc and Nc. The LWCc was

greater during spring and summer than during autumn and winter,

and the nighttime values were greater than the daytime ones, while

Nc mainly follow the variations of LWCc. The above-mentioned

work advanced our understanding of the controlling parameters in

MBL cloud development (e.g., Dong et al. 2015;Wu et al. 2017) and

the generated dataset was long enough to evaluate model parame-

terizations (e.g.,Wu et al. 2018). However, the retrievedMBLcloud

microphysical properties from D14a and D14b are the layer-mean

microphysics using radiative transfermodeling and power-lawbased

regression methods, which did not separate cloud and drizzle

properties.

To provide the profiles of MBL cloud and drizzle micro-

physical properties, innovative methods were recently devel-

oped to first decompose drizzle and cloud reflectivity in MBL

clouds from ARM cloud radar reflectivity measurements, and

then simultaneously retrieve both cloud and drizzle microphys-

ical properties (Wu et al. 2020). These retrieved microphysical

properties have been validated by aircraft in situ measurements

during Aerosol and Cloud Experiments in the Eastern North

Atlantic (ACE-ENA; ;158 h of aircraft data). The retrieval

methods were then implemented to all ground-based observa-

tions at the ARM ENA site during the period July 2015–

September 2019, which provides the long-term observations and

retrievals for this study. The manuscript is organized as follows:

section 2 describes the dataset and methodology and section 3

presents the results and discussions, followed by summary and

conclusions in section 4.

2. Data and method
The ground-based observations were collected at the DOE

ARM eastern North Atlantic (ENA) site from July 2015 to

September 2019 when all the instruments were functioning.

The ARM ENA site is a fixed site that is located within a ki-

lometer of the former CAP-MBLARMmobile facility (AMF)

deployment site. Table 1 lists the cloud and drizzle observa-

tions, retrieval methods, their uncertainties, and references.

Cloud and drizzle macrophysical properties, such as CF,

cloud-top and cloud-base height (ZT and ZB), and drizzle base

height, were taken from cloud radar, lidar, and ceilometer

measurements. Cloud thickness (DZcld) is defined as the dif-

ference between ZT and ZB. The drizzle base (DB) is defined

as the lowest range gate height in radar reflectivity that is

greater than 240 dBZ in drizzling periods and the drizzle

thickness below the cloud base (DZdrz) is the difference be-

tween ZB and DB. All other macrophysical properties were

derived using the same methods as in D14a. The total liquid

water path (TWP) was retrieved from a three-channel micro-

wave radiometer using a physically basedmethod (Turner et al.

2007; Cadeddu et al. 2013, 2017). Cloud and drizzle micro-

physical properties, such as cloud and drizzle particle sizes

(rc and rd), number concentrations (Nc andNd), and liquid water

contents (LWCc and LWCd) were retrieved using the Ka-band

ARM Zenith Radar (KAZR), ceilometer (CEIL), and micro-

wave radiometer (MWR) by assuming a lognormal distribution

TABLE 1. Cloud and drizzle properties derived from ground-based measurements and retrievals.

Cloud/drizzle parameter Instrument/method Uncertainty Reference

Cloud-base height Ceilometer/micropulse

lidar

15m/30m Clothiaux et al. (2000); Morris (2016);

Rémillard et al. (2012)

Cloud-top height Ka-band ARM

Cloud Radar

30m Kollias et al. (2016); Rémillard et al.

(2012)

Drizzle-base height Ka-band ARM

Cloud Radar

30m Kollias et al. (2016); Rémillard et al.

(2012)

Total liquid water

path (TWP)

Three-channel microwave

radiometer

;20 gm22 for TWP , 200 gm22;

;10% for TWP . 200 gm22
Turneret al. (2007);Cadedduetal. (2013, 2017);

Liljegren et al. (2001); Dong et al. (2000)

Cloud properties: rc,

Nc, LWCc

Ground-based retrieval 15% for rc, 35% for Nc, and

30% for LWCc

Wu et al. (2020)

Drizzle properties: rd,

Nd, LWCd

Ground-based retrieval 30% for rd, 50% for Nd and LWCd Wu et al. (2020)
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for cloud droplet size distribution (DSD) and normalized

gamma distribution for drizzle DSD (Wu et al. 2020). The re-

trieval started with decomposing KAZR reflectivity into cloud

and drizzle reflectivities. Drizzle properties were retrieved first

and thus drizzle liquid water path (LWPd). LWCc was then re-

trieved from cloud reflectivity and liquid water path (LWPc),

which was the difference between TWP and LWPd. The re-

trievals were validated with collocated aircraft in situ measure-

ments during theAerosol andCloudExperiments in the Eastern

NorthAtlantic (ACE-ENA) field campaign in summer 2017 and

winter 2018. Both time series and vertical profiles, as well as the

statistics from the retrievals agree well with in situ observations

(Wu et al. 2020). Treating the aircraft measurements as cloud

truth, the median retrieval uncertainties were estimated as

;15% for rc,;35% forNc,;30% for LWCc and rd, and;50%

for Nd and LWCd. To examine the vertical variations in cloud

and drizzle properties, the retrievedmicrophysics profiles will be

shown in normalized height: zi5 (z2 zbase)/(ztop2 zbase), where

z is the in-cloud height, with cloud base as 0, cloud top as 1, and

drizzle base as 21.

Considering an adiabatic assumption, the cloud liquid water

content, LWCad, increases linearly with height. Here LWCad

was calculated by LWCad(z) 5 Gad(z 2 zb), where Gad(T, p) is

the adiabatic increase in LWCc with height, and is a weak

function of temperature and pressure (Wood 2005). Most of

the observed or retrieved LWCc values do not follow adiabatic

growth and are considered subadiabatic MBL clouds. The

reasons for the decrease in adiabaticity (fad 5 LWc/LWCad)

could be a result of drizzle coalescence scavenging (Stevens

et al. 1998; Wood 2005; Braun et al. 2018) or cloud-top en-

trainment (Wood 2012; Yum et al. 2015; Braun et al. 2018). In

this study, LWCad values were calculated from interpolated

sounding data that have a vertical resolution of 20m, and the

profiles of fad were classified under three subsets MBL cloud

conditions.

The spatial scale of mesoscale convective cellular (MCC)

structures in MBL clouds is in the range of 4–30 km (Miller

et al. 1995), which cannot be resolved in most of the general

circulation models (GCMs). To account for the subgrid vari-

abilities in cloud and drizzle microphysics in GCMs, one ap-

proach includes the so-called enhancement factors, which are

calculated from the homogeneity parameter n5 (x/s)
2
, where

x and s represent the mean and standard deviation of a vari-

able (e.g., Lebsock et al. 2013). Note that n depends on the

distributions of microphysics in a model grid box. In this study,

n values were calculated using the method of Wu et al. (2018),

that is, using the temporal averages of surface retrievals to

mimic the spatial averages of model grid size. From its defini-

tion, large n values indicate more homogeneous MBL clouds

while small values represent less homogeneous.

To investigate the cloud and drizzle properties under dif-

ferent drizzling status, we further classified the single-layered

MBL clouds into three subsets: nondrizzling, virga, and rain

clouds. As in Wu et al. (2015, 2020), the cloud was labeled as

drizzling if the reflectivity at the cloud base was greater

than 237 dBZ. The cloud was labeled as virga if drizzle drops

fell out the cloud base but evaporated before reaching the

surface, while it was classified as rain period if drizzle drops

reached the lowest KAZR range gate. Note that the lowest

KAZR range gate is ;160m above the surface and this may

cause uncertainty in the rain period classification and thus DZdrz

in rain period. Similar to D14a and D14b, the observations and

retrievals in this study were averaged into a 5-min resolution.

During the 51-month study period (July 2015–September 2019), a

total 7644h of cloud profiles and 4251h of drizzle profiles were

selected to investigate their statistics. As in D14a and D14b, the

nighttime was defined as the solar zenith angle greater than 82.58
and daytime less than or equals to 82.58.

For quantities with no vertical profiles (e.g., ZB, ZT, DZcld,

DZdrz, TWP, and Nc), the monthly means were simply the av-

erages of the values in the specific months. For example, the

average of all the values of single-layered MBL cloud ZB in

Januaries was the monthly mean of ZB in January in this study.

For quantities with vertical profiles (e.g., LWCc, rc, LWCd, rd,

andNd), the layer-mean values were first calculated and then to

derive their monthly mean values.

3. Results and discussion
We first show the diurnal and seasonal variations of CF, then

cloud and drizzle macrophysical and microphysical properties,

followed by the adiabaticity and homogeneity parameters. For

direct comparisons with the results during CAP-MBL (e.g.,

D14a; D14b; Rémillard et al. 2012), we also include the sta-

tistics for all single-layeredMBL clouds, in addition to showing

the results for the three subsets (nondrizzling, virga, and rain).

a. Cloud fraction
Monthly means of single-layeredMBL cloud fraction (CFL),

and fractions of nondrizzling (CFN), virga (CFV), and rain

(CFR) cloud fractions during the 51-month period are shown in

Fig. 1. CFL (black bars in Fig. 1) peaks in July when high

pressure systems dominate the Azores (Dong et al. 2014a;

Wood et al. 2015). CFL is at a minimum inDecember when low

pressure systems dominate, with an annual mean of 0.259.

For nondrizzling clouds, CFN (green bars in Fig. 1) increased

from spring to summer and reached the maximum in July, then

gradually decreased during the autumn and winter with an

annual mean of 0.115, which is 44.4% of all single-layered CFL.

In other words, 55.6% of the single-layered MBL clouds pro-

duced precipitation. The precipitating frequency in low-level

clouds (summation of green and red bars divided by black in

Fig. 1) was higher from late fall to early spring than the period

April–September, partially because the dominant low pressure

systems generate relatively stronger upward motions that can

transport moisture from the surface to the cloud layer. Another

reason could be the lower environmental aerosol and CCN

number concentrations (Na andNCCN) during the cool months

(D14a; D14b; Wood et al. 2015), which limits Nc and increases

precipitation efficiency. The drizzling frequencies (CFV 1
CFR) during the warm months (;45%) were much lower than

those during the cool months (.70%), but nearly half of the

drizzle events during the summer can reach the surface as

liquid precipitation. CFR values (red bars in Fig. 1) were higher

in June, July, and November than in other months.

Figure 2 shows the hourly means of CFL, CFN, CFV, and

CFR. No strong diurnal variations were found in all cloud

1 DECEMBER 2020 WU ET AL . 10135

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/23/10133/5010998/jclid200272.pdf by BATTELLE PAC
IFIC

 N
W

 LAB user on 26 O
ctober 2020



categories. The maximum CFL occurred during night and

morning whereas minimum values were observed in the af-

ternoon, primarily due to the diurnal difference in turbulent

mixing generated by cloud-top longwave cooling. During the

day, the absorption of solar radiation partially offsets the

longwave cooling and reduces the turbulent strength, resulting

in the cloud layer being decoupled from surface moisture

supply which thus decreases the cloud fraction (Wood 2012;

Dong et al. 2015). During the night, the turbulent mixing is not

suppressed by the shortwave heating, which favors MBL cloud

formation. The CFN generally followed the variations of CFL,

with slightly higher CFs during the night. CFV and CFR also

showed minimum values in the afternoon, but the maximum

values appeared later than the CFL peak in the morning, with

CFV maxima in the morning and noon when the cloud layers

were thicker.

The results in Fig. 1 are comparable with those in D14a with

slight differences in annual and monthly means. The values in

Fig. 1 are lower than those inRémillard et al. (2012, their Fig. 3b)

because the low-level clouds in this study were single-layered

while all cloudy conditions were considered in Rémillard et al.

(2012). Similarly, during the CAP-MBL campaign (D14a;Wood

FIG. 2. As in Fig. 1, but for hourly mean single-layered MBL CFs and three categories of CFs.

Local time is UTC 2 1 h.

FIG. 1. Monthly mean low cloud (cloud-top height # 3 km) fractions (CFs) derived from

DOE ARM radar/lidar measurements during July 2015–September 2019 at the eastern North

Atlantic (ENA) site. According to their precipitating status, all single-layered MBL clouds

(black) were classified into three categories: nondrizzling (green), virga (drizzle drops evapo-

rate before reaching the surface; blue), and rain (drizzle drops reach the surface; red). The

numbers show the average CFs for each category during the study period.
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et al. 2015), there were no strong diurnal variations of MBL

clouds at the Azores.

b. Macrophysical properties

The seasonal variations of cloud and drizzle macrophysical

properties are shown in Fig. 3, with their probability distribution

functions (PDFs) shown in Fig. 4 with the same color code as in

Fig. 1. The diurnal variations of cloud macrophysical properties

are similar to those in D14a and D14b (not shown). The means

and standard deviations of the seasonal and diurnal cloud and

drizzle macrophysical properties are listed in Table 2.

The cloud-top and cloud-base heights (ZT and ZB) for all

categories (except for nondrizzling) reached their maxima in

April followed by a significant decrease in May and June,

then gradually increased and remained relatively high and

invariant from September through December (Figs. 3a,b).

Figures 3 and 4 illustrate that rain clouds had the highest ZT

(1.64 km) and the lowest ZB (0.84 km), resulting in the

deepest cloud layer (0.80 km) among all categories. On the

other hand, nondrizzling clouds had the lowest ZT (1.25 km)

and ZB of 1.02 km, resulting in the thinnest cloud layer

(0.23 km). The PDFs of ZTs and ZBs for nondrizzling, virga,

and rain clouds are similar to each other with nearly normal

distributions but slightly different peaks (Figs. 4a,b). The

cloud thicknesses of rain clouds had the broadest distribution

with positive skewness toward thicker cloud layers (Fig. 4c).

The seasonal variations in ZB and ZT in this study are in

general agreement with those in D14a, except that the values

of ZT and ZB are higher in December in this study. The di-

urnal variations of cloud macrophysical properties are similar

to those in D14a and D14b. The seasonal and annual means

and standard deviations for all cloud categories are summa-

rized in Table 2.

Figure 3d shows the seasonal variations of drizzle thickness

below the cloud base (DZdrz) during virga and rain periods,

where they both were at a maximum in April, reached a min-

imum value in June, and then gradually increased toward

December. The annual mean of DZdrz for virga clouds was

0.42 km with a range of monthly means from 0.2 to 0.4 km,

while the annual mean for rain clouds was 0.8 km with a dip of

0.5 km in June and a peak of 0.86 km in April. From Student’s

t test, there were no significant day–night differences in DZdrz

for the rain period (p value5 0.7169), but for the virga period,

DZdrz during night were significantly greater than those during

the day (p value 5 0.0061). Similar to the PDFs of cloud

thickness, the PDF of DZdrz during the rain period covered a

broader range than the virga period (Fig. 4d). Note that DZdrz

has been found to depend on the subcloud relative humidity and

DZcld, and is an important parameter to determine the air–sea

energy and mass exchange in GCMs. Yang et al. (2018)

proposed a third-order power-law relationship between cloud

and drizzle thickness (DZdrz ;DZ3
cld), which shows good agree-

ment with the observations. This relationship fits well with the

monthly data in Fig. 4 for the virga periods with a correlation

coefficient of 0.77 between DZdrz and DZ3
cld, and a relatively

lower correlation coefficient of 0.43 for the rain periods, prob-

ably because drizzle was intercepted by the surface before it

totally evaporated.

c. Microphysical properties

Monthly means of cloud and drizzle microphysical proper-

ties, such as TWP, LWCc, rc, Nc, LWCd, rd, and Nd, are shown

in Fig. 5. Their corresponding PDFs are presented in Fig. 6 and

their seasonal and annual means and standard deviations are

listed in Table 3. The cloud microphysical properties should

not be compared directly with those presented in D14a and

FIG. 3. Monthly means of cloud and drizzle macrophysical properties: (a) cloud-top height (ZT), (b) cloud-base

height (ZB), (c) cloud thickness (DZcld), and (d) drizzle virga thickness below the cloud base (DZdrz). The colors

represent all single-layered MBL clouds (black), nondrizzling clouds (green), virga (blue), and rain (red) clouds.
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D14b because the retrieval algorithm in this study allows to get

the cloud and drizzle microphysical properties separately,

while in D14a and D14b, the microphysical properties include

combined information from cloud and drizzle.

Figure 5a presents the monthly means of TWP for all single-

layered MBL clouds and their three subsets. The TWP means

were similar to their DZcld counterparts (Fig. 3c) with the

largest TWPs found in rain clouds, and the least TWPs were

observed in nondrizzling clouds, while the TWPs for virga

clouds were similar to those for all single-layered MBL clouds.

There were no strong seasonal variations in TWP for all cate-

gories. TWPs for rain clouds had minor variations with minima

(;200 gm22) in February and June, and maxima (;250 gm22)

in April and October, which were well correlated with their

corresponding DZcld and DZdrz values presented in Figs. 3c

and 3d. The PDFs of TWP for rain clouds had the broadest

distributions, covering a range of 70–700 gm22 (Fig. 6a),

while most of the TWP values for nondrizzling clouds were

less than 200 gm22. The annual mean of TWP for rain clouds

(236 gm22) was about 4 times higher than the mean for

nondrizzling clouds (59 gm22), and 2 times higher than the

mean for single-layered MBL clouds (115 gm22).

LWCc exhibited decreases inMay and increases from July to

September. Monthly means of LWCc for rain clouds were

much higher than the other three categories (all single-layered

MBL cloud, nondrizzling, and virga clouds) with minor seasonal

variation, while the monthly means of LWCc from the other

three categories were similar to each other and had relatively

large variations. The annualmeans of LWCcwere 0.20, 0.17, and

0.23 gm23, respectively, for nondrizzling, virga, and rain clouds.

Compared to the large differences in TWP, the slight differences

in LWCc between nondrizzling, virga, and rain clouds primarily

resulted from their cloud thickness differences as shown in

Fig. 4c. The LWCc values (Fig. 6b) for nondrizzling clouds were

slightly higher than those for virga clouds, which may be due to

lack of drizzle initiation mechanisms in nondrizzling clouds. For

virga clouds, coalescence scavenging decreases LWCc.

Monthly means of rc were nearly constant and fluctuated

within 1mm for all cloud categories (Fig. 5c), with rain clouds

having the largest mean value while nondrizzling clouds had

FIG. 4. Probability distribution functions (PDFs) for (a) cloud-top height (ZT), (b) cloud-base height (ZB),

(c) cloud thickness (DZcld), and (d) drizzle virga thickness blow the cloud base (DZdrz). Colors represent non-

drizzling (green), virga (blue), and rain (red) clouds. The means and standard deviations of parameters for each

category are indicated in each panel.
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the smallest. Table 3 lists the seasonal and annual means of rc
for all categories, as well as their day and night results. In

general, the rc values during the night are slightly greater than

those during the day, similar to TWP and LWCc. For non-

drizzling and virga clouds, rc distributions were close to normal

with slight skewness to the right (Fig. 6c). The mode value

during the rain period (12mm)was greater than themean value

(11mm) and the distribution was skewed to the left. The

monthly means of Nc basically followed the variations of

LWCc, with annual means of 99, 74, and 72 cm23, respectively,

for nondrizzling, virga, and rain clouds.

The seasonal and diurnal variations in rc are consistent with

the findings in D14a and D14b, except that the values are

smaller in this study, because D14a and D14b retrieved the

layer-mean rc using solar transmission and power law fitting,

which included mixed information on cloud and drizzle sizes

whereas in this study, cloud and drizzle values were retrieved

separately. The seasonal variations of Nc are consistent with

those in D14a and D14b and in Wood et al. (2015) where Nc

values were higher in summer and autumn than those in spring

and winter, presumably due to high surface CCN number

concentrations (D14a; D14b; Wood et al. 2015).

For the retrieved drizzle microphysical properties, the sea-

sonal variations are presented in Figs. 5e–g and the means and

standard deviations are listed in Table 3, and no significant

seasonal and day–night variations for drizzle microphysical

properties were found from this study. The annual means of

LWCd were 0.017 and 0.045 gm23, respectively, for virga and

rain clouds, which were an order of magnitude lower than the

LWCc counterparts. The corresponding Nd means were 0.094

and 0.117 cm23 (three orders of magnitude lower than the Nc

counterparts), which resulted in much lower LWCd. The PDFs

of rd (Fig. 6f), especially for rain clouds, were positively skewed

which resulted in much larger mean and standard deviation

values (56 6 34mm) than those for virga clouds (37 6 15mm).

To investigate the vertical distributions of the retrieved cloud and

drizzle microphysical properties, the profiles of cloud and drizzle

microphysical properties are height-normalized [zi 5 (z 2 zbase)/

(ztop 2 zbase), with cloud base as 0, cloud top as 1, and drizzle base

as21] for nondrizzling, virga, and rain clouds inFig. 7. The retrieved

rc values for all cloud categories, as illustrated in Fig. 7a, monoton-

ically increased from the cloud base until zi ’ 0.75 from condensa-

tional growth (Rogers and Yau 1996; Wallace and Hobbs 2006),

then decreased toward the cloud top due to cloud-top entrainment.

For the range of zi5 0.2–0.9, the rc values from both virga and rain

clouds weremuch larger than those from nondrizzling clouds due to

strong updrafts and deeper cloud layers, while the rc values were

smaller than those from nondrizzling clouds near cloud base.

FIG. 5. As in Fig. 3, but for microphysical properties: (a) total liquid water path (TLWP), (b) cloud liquid water

content (LWCc), (c) cloud-droplet effective radius (rc), (d) cloud-droplet number concentration (Nc), (e) drizzle

liquid water content (LWCd), (f) drizzle median radius (rd), and (g) drizzle number concentration (Nd).
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FIG. 6. As in Fig. 4, but for the PDFs of (a) TWP, (b) LWCc, (c) rc, (d)Nc, (e) LWCd, (f) rd, and (g)Nd.
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There are several explanations for bigger rc in non-

drizzling clouds than those in drizzling clouds near cloud

base. The updrafts in nondrizzling clouds are weaker than

those in drizzling clouds, and thus the cloud particles near

the cloud base could grow larger before the air parcel was

lifted farther upward, whereas for drizzling clouds relatively

stronger updrafts lifted the cloudy parcels near the cloud

base more quickly. Another reason could be the retrieval

methods in Wu et al. (2020), where cloud reflectivity at the

cloud base was obtained from the difference in radar re-

flectivity between the range gates above and below the cloud

base. This approach is valid if drizzle evaporation can be

ignored in the first range gate below the cloud base (;30m)

while drizzle size remains the same. However, collision or

breakup of drizzle drops may still happen at the cloud base,

which can affect the decomposed cloud reflectivity at the

cloud base and thus the retrieved rc. The smaller rc values in

drizzling clouds near cloud top (zi 5 0.9–1) could be due to

the large cloud droplets being converted into drizzle drops,

thus leaving smaller ones. This could also be an artifact from

the constant Nc assumption in the retrieval. Coalescence

scavenging near drizzling cloud top leads to less cloud

droplets. Using the same Nc as in the middle and lower part

of the cloud would result in smaller rc near the cloud top

given a specific LWCc.

Due to the assumption in Wu et al. (2020), the retrieved Nc

values remained constant within the cloud and had the largest

value for nondrizzling clouds while theNc values for both virga

and rain clouds were nearly the same. The profiles of LWCc

(Fig. 7c), in general, followed the vertical variations of rc with

the largest value at zi ’ 0.75. As demonstrated in Figs. 5b and

6b, the LWCc values for nondrizzling clouds could be higher

than those from drizzling clouds. From the normalized profiles,

the LWCc values for nondrizzling clouds were greater at zi 5 0

to 0.3 but much smaller at zi 5 0.3 to 0.8 than those for

drizzling clouds.

The retrieved rd values for virga and rain clouds were close

to the maximum cloud droplet size (;15mm) at the cloud top,

then increased rapidly toward the cloud base (Fig. 7d). Once

drizzle drops fall out of cloud base, their sizes rapidly decrease

due to net evaporation. Drizzle drops for rain clouds grew

much faster than those for virga clouds, and the averaged rd at

the cloud base (;65mm) was ;20mm greater than the virga

one. The rapid growth in drizzle drop size for rain clouds could

be attributed to the deeper cloud layers (Figs. 3c and 4c)

allowing a longer path for drizzle drops to collect other smaller

particles. This could also be due to the relatively stronger up-

draft at the cloud base, which can increase the in-cloud resi-

dence time of the drizzle drops, making them grow larger

(Feingold et al. 1996).

The retrieved Nd values for both virga and rain clouds de-

creased dramatically from the cloud top to the cloud base

(Fig. 7e), presumably due to self-collection processes. Below

the cloud base, the Nd values for virga clouds decreased faster

due to quicker evaporation of smaller drops. The distributions

ofNd both have strong negative skewness (Fig. 6g), resulting in

the mean values smaller than median values. The profiles of

median values (not show) had a clearer separation for virga

FIG. 7. Profiles of (top) cloud and (bottom) drizzle microphysical properties in normalized height [zi 5 (z 2 zbase)/(ztop 2 zbase)], with

drizzle base as 21, cloud base as 0, and cloud/drizzle top as 1.
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and rain periods, especially at the cloud base. For both virga

and rain clouds, the LWCd values increased from the cloud top

down to the middle of the cloud (zi 5 0.5), where they

reached a maximum, and then decreased downward. The

LWCd values for rain clouds were higher than those from virga

clouds except at the cloud top, where the rain and virga values

were nearly equivalent (Fig. 7f).

d. Adiabaticity and homogeneity
Figures 8a–c show the frequency distributions of normalized

profiles of the ratios of LWCd to TWC (LWCc1 LWCd) for all

single-layered MBL clouds (Fig. 8a), virga (Fig. 8b), and rain

(Fig. 8c) clouds in normalized height (upper row) and the

frequency distributions of normalized profiles of the adiaba-

ticity fad 5 LWCc/LWCad for the same three categories along

with the nondrizzling clouds (bottom row). Figures 8a and 8e

represent the distributions for all single-layeredMBL clouds at

the ENA site and can be used as the mean states in parame-

terization development and diagnostics over the Azores or

northeast Atlantic.

Although the LWCd profiles for both virga and rain clouds in

Fig. 7f showed maximum values in the middle of cloud and

decreased toward cloud boundaries, the median ratios of

LWCd to TWC increased from the cloud top to the cloud base,

where the ratios were highest (white lines in Figs. 8a–c). The

LWCd ratios for all single-layered and virga clouds were close

to each other but both were smaller than those for rain clouds.

The median ratios for virga and rain clouds were less than 0.1

near the cloud top, and can be up to 0.4 at the cloud base,

suggesting that the LWCd values at the cloud top or the upper

part of the cloud are negligible but their contributions to total

liquid water in the lower part of the cloud cannot be ignored.

The adiabaticity fad values for all subsets monotonically

decreased from the cloud base to the cloud top, where they

reach the minimum, which is due to, in addition to precipita-

tion scavenging, the mixing of warm, dry air by cloud-top en-

trainment. The fad values dramatically increased from zi5 1 to

zi ’ 0.6, then remained nearly invariant toward the cloud base

except for nondrizzling clouds, suggesting that the cloud-top

entrainment mixing can affect as deep as the upper ;40% of

the cloud layer. The fad values were the greatest for non-

drizzling clouds (Fig. 8d) with the maximum of ;0.7 at the

cloud base, and the smallest for rain clouds (Fig. 8g) with the

maximum of ;0.3 at the cloud base. The fad values for all

single-layered (Fig. 8e) and virga (Fig. 8f) clouds fell between

nondrizzling (Fig. 8d) and rain (Fig. 8g) clouds. The different

FIG. 8. (top) Frequency distributions of normalized profiles of the ratios of drizzle liquid water content (LWCd) to total water content

(TWC) for (a) all single-layeredMBL clouds, (b) virga, and (c) rainMBL clouds. (bottom) Frequency distributions of normalized profiles

of the ratios of retrieved cloud LWCc to calculated LWCad using an adiabatic method by cloud-base and cloud-top heights (fad 5 LWCc/

LWCad) for (d) nonprecipitating, (e) all single-layered, (f) virga, and (g) rain MBL clouds. The white lines represent the median values at

each level of normalized height.
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fad values between nondrizzling and drizzling clouds indicate

that the presence of precipitation, or precipitation scavenging,

results in fad decreased by 0.25 to 0.4, depending on drizzle

intensity. These results provide insightful information on

model parameterizations of cloud-top entrainment, but further

studies are needed about the causes of subadiabaticity for

nondrizzling clouds, besides the cloud-top entrainment.

The homogeneity parameter (n) is often used to account for

cloud and precipitation subgrid variabilities when applying mi-

crophysical schemes to GCMs (Morrison and Gettelman 2008;

Wu et al. 2018; Lebsock et al. 2013; Zhang et al. 2019). UnlikeWu

et al. (2018), in which they used the layer-mean microphysics to

calculate n and the enhancement factors, we calculated the pro-

files of n in this study. In addition, we separated clouds according

to their CF into three categories as shown in Fig. 9 and calculated

n in each category. We also analyzed the dependence of n on

boundary layer stability by separating clouds according to lower

tropospheric stability (LTS). It was found that n increases when

the boundary was more stable. However, since the parameteri-

zation of subgrid variations is more directly related to CF, we

show the dependence of n on CF below. The left two columns of

Fig. 9 show the n values calculated from LWCc and LWCd as

functions of different horizontal sampling sizes in normalized

height. The horizontal sizes were calculated from the 5-min hor-

izontal wind at cloud level from the interpolated sounding and

theywere analogs to themodel grid sizes. By definition, the larger

n is, the more homogeneous the field is. As shown in the first

column, Fig. 9d for example, the LWCc values were more

FIG. 9. (left) Profiles ofLWCchomogeneity parameter [n5 (x/s)2, where x ands representmean and standard deviation of a variable] as functions

of horizontal length innormalizedheight [zi5 (z2 zbase)/(ztop2 zbase)] anddifferent cloud fraction (CF). (middle)As in the left column, but forLWCd.

The white dashed line denotes the cloud base. (right) n as a function of horizontal length calculated from layer-mean LWCc, LWCd, andNc.
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homogeneous in the middle and lower half of the cloud and in

smaller horizontal sizes, but they had relatively large variations

near the cloud boundaries.With increased horizontal sizes, LWCc

became increasingly inhomogeneous, whichmakes sense because

clouds over a large domain are likely to have larger variations in

the structures, for instance, multiple MCC elements can be

sampled. The dependence of n on height and horizontal size were

the same for the three CF categories. With the increase of CF,

however, n became greater, suggesting a more homogeneous

LWCc field.

The LWCd field was less homogeneous (middle column in

Fig. 9) than the LWCc field due to its intermittency (Wood 2005);

similar to LWCc, LWCd became less homogeneous with in-

creasing horizontal sizes. The horizontal variations in LWCdwere

the smallest near the cloud top and the homogeneity decreased

toward the cloud base with the least homogeneity occurred below

the cloud base. This structure makes physical sense, because as

drizzle drops fall, they grow by the collision–coalescence process,

which will result in collections or breakups in the drops and lead

to larger variations in the depth of the cloud layer. Changes in

n for LWCd when CF increases were not as clear as those for

LWCc and the values remain relatively small.

The right column inFig. 9 shows the n values calculated from the

layer-mean LWCc, LWCd, andNc parameters. The n values depict

the variation of each individual cloud parameter at a range of

horizontal sizes. For a given horizontal size, the n values calculated

fromNcwere close to those fromLWCcwhenCF, 0.7, indicating

comparable horizontal variability in Nc and LWCc. When CF .
0.7, the n values calculated fromNc were much greater than those

from LWCc and the differences across different horizontal sizes

became smaller. The term n is the key parameter used to calculate

the subgrid enhancement factors in GCM microphysics parame-

terizations (Morrison and Gettelman 2008; Wu et al. 2018;

Lebsock et al. 2013; Zhang et al. 2019) and very often the subgrid

variability inNc is ignored due to the difficulties or uncertainties in

retrieving Nc from satellite observations. The results here suggest

that ignoring the variability inNc could result in large uncertainty

in parameterizing the precipitation rate (specifically the auto-

conversion and accretion rates) in GCMs, especially when CF is

low. Using formulas from Lebsock et al. (2013), Wu et al. (2018),

and Zhang et al. (2019), an increase of 25%–50% in auto-

conversion rate was found in the Morrison and Gettelman (2008)

scheme by considering the subgrid variations in Nc.

It should be noted, however, that the adiabaticity and homoge-

neity presented in Figs. 8 and 9 represent themean conditions over

the Azores region, and may not be representative over other cli-

matological regimes, for example, the eastern Pacific. Thus, the

results here should serve as local diagnostic benchmark for pa-

rameterization development, rather than be used adequately over

the globe.

4. Summary and conclusions
This study presents climatology of cloud and drizzle prop-

erties over the eastern North Atlantic. More than 4 years of

ground-based observations and retrievals were collected, pro-

cessed, and analyzed at the DOE ARM ENA site from July

2015 to September 2019. The seasonal and diurnal variations in

cloud and drizzle macro- and microphysical properties were

examined, as well as their vertical and horizontal variations.

The seasonal and diurnal variations were compared with the

results in D14a,b from the CAP-MBL campaign. Through the

analysis, we draw the following conclusions:

1) The single-layered MBL clouds occurred more frequently

in summer than in winter, and more frequently during night

and morning than the afternoon. The nondrizzling cloud

fractions peaked in summer with minima in winter. The

annual average drizzling occurrence in all single-layered

MBL clouds was ;55% with higher frequency in cold

months (.70%) and lower frequency in warm months

(;45%). During summer, nearly half of the drizzle events

can reach the surface as rain.

2) ZT andZBwere lower during summer than winter, resulted

in thinner cloud layers. The rain clouds had the highest ZT

(1.64 km) and the lowest ZB (0.84 km), resulted in the

deepest cloud layer (0.80 km), while the nondrizzling clouds

had the lowest ZT (1.25 km), average ZB (1.02 km), and the

thinnest cloud layer (0.23 km). The annual means of DZdrz

for virga and rain clouds were 0.42 and 0.8 km, respectively,

with significant day–night difference for virga clouds.

3) Similar to the DZcld counterparts, the TWPs for rain clouds

were the largest and for nondrizzling clouds were the least.

Seasonal variations of rc generally followed the variations

of LWCc with larger values in summer than in winter and

spring. The rc values were the largest for rain clouds and the

smallest for nondrizzling periods, and the nighttime values

were greater than the daytime values. The Nc values were

also higher in summer than other seasons and higher during

night than during day. The LWCd, rd, and Nd were all

greater for rain clouds than those for virga clouds with no

apparent diurnal differences. TheNd and LWCdwere three

orders and one order of magnitude lower, respectively, than

their cloud counterparts.

4) The rc and LWCc values increased from the cloud base to zi
’ 0.75 by condensational growth, and then decreased

toward the cloud top with the largest values for rain clouds

due to relatively stronger updrafts. The rd values increased

from the cloud top downward the cloud base from the

collision–coalescence process where rd reached maxima,

and then decreased below the cloud base due to net evap-

oration. Vertical trend of Nd was opposite to rd due to self-

collection. LWCdmaximized in the middle of the cloud and

decreased toward the cloud boundaries. However, the

fraction of LWCd in total water content kept increasing

from the cloud top to the cloud base where its contribution

to total liquid water cannot be ignored.

5) The adiabaticity fad values monotonically increased from

the cloud top to the cloud base with the maxima of;0.7 for

nondrizzling clouds and of 0.3 for rain clouds at the cloud

base. At the ENA, drizzling process may decrease fad by 0.25 to

0.4, and the cloud-top entrainment mixing could significantly

impact the upper 20% of the cloud layers, and as deep as the

upper 40%. LWCcwasmore homogeneous in the middle of the

cloud and when the horizontal sampling sizes were smaller. Nc

had comparable horizontal variability as LWCc when CF, 0.7

and should not be ignored in GCM parameterizations. LWCd
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was more homogeneous near cloud top and became less ho-

mogeneous toward and below the cloud base and when hori-

zontal sampling sizeswere larger.With the increaseofCF,LWCc

and Nc became more homogeneous while little changes were

found in the LWCd field.

The above findings provide statistical results about MBL

cloud and drizzle properties from the longest record of ground-

based observations and retrievals so far over the remote ocean

and can serve as baselines for studying MBL cloud-to-rain

conversation and growth processes. The 4-yr dataset also

provided statistically reliable estimates for the seasonal and

diurnal variations in cloud and drizzle properties, which could

be useful for evaluating model simulated MBL cloud and

precipitation properties or in constraining model parameteri-

zations. However, this study only focused on cloud and drizzle

properties themselves and did not include the ambient envi-

ronmental variables (e.g., temperature, relative humidity, wind

speed and direction) and aerosol and CCN information, all of

which could be in close relationships with the cloud and drizzle

properties presented here and will be investigated and re-

ported in future work.
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