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HIGHLIGHTS

o Upper-level AOD at SGP peaks in sum-
mer and early evening.

e A bimodal seasonal distribution is
observed at ENA for lower-level AOD.

e Random, Decreasing, and Bottom are
the primary vertical distributions at
both sites.

e Aerosols tend to suppress cloud water
production at SGP but invigorate it at
ENA.

e AOD-droplet effective radius relations
vary with aerosol vertical distributions.
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ABSTRACT

Aerosol vertical distribution plays a crucial role in cloud development and thus precipitation since both aerosol
indirect and semi-direct effects significantly depend on the relative position of aerosol layer in reference to cloud,
but its precise influence on cloud remains unclear. In this study, we integrated multi-year Raman Lidar mea-
surements of aerosol vertical profiles from the U.S. Department of Energy Atmospheric Radiation Measurement
(ARM) facility with available Value-Added Products of cloud features to characterize aerosol vertical distribu-
tions and their impacts on warm clouds over the continental and marine ARM atmospheric observatories, i.e.,
Southern Great Plains (SGP) and Eastern North Atlantic (ENA). A unimodal seasonal distribution of aerosol
optical depths (AODs) with a peak in summer is found at upper boundary layer over SGP, while a bimodal
distribution is observed at ENA for the AODs at lower levels with a major winter-spring maximum. The diurnal
mean of upper-level AOD at SGP shows a maximum in the early evening. According to the relative positions of
aerosol layers to clouds we further identify three primary types of aerosol vertical distribution, including
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Random, Decreasing, and Bottom. It is found that the impacts of aerosols on cloud may or may not vary with
aerosol vertical distribution depending on environmental conditions, as reflected by the wide variations of the
relations between AOD and cloud properties. For example, as AOD increases, the liquid water paths (LWPs) tend
to be reduced at SGP but enhanced at ENA. The relations of cloud droplet effective radius with AOD largely
depend on aerosol vertical distributions, particularly showing positive values in the Random type under low-LWP
condition (<50 g m’z). The distinct features of aerosol-cloud interactions in relation to aerosol vertical distri-
bution are likely attributed to the continental-marine contrast in thermodynamic environments and aerosol
conditions between SGP and ENA.

1. Introduction

Aerosols are one of the most critical climate-forcing agents, signifi-
cantly contributing to the overall uncertainties in human-induced global
radiative forcing estimation (Boucher et al., 2013; Kahn, 2012). Factors
contributing to the uncertainties in aerosol radiative forcing include
properties (Chen et al., 2023; Gu et al., 2016) and spatiotemporal var-
iations (Chen et al., 2022; Kokhanovsky et al., 2010; Li et al., 2009) of
aerosol and clouds, aerosol-cloud interaction processes (Rosenfeld et al.,
2014; Tao et al.,, 2012), intricate aerosol-cloud-climate feedback
mechanisms (Boucher et al., 2013; Carslaw et al., 2010; Raes et al.,
2010), thermodynamic conditions governing cloud responses to the
presence of aerosols (Chen et al., 2014), and meteorological conditions
determining the spatial and temporal distribution of aerosols (Huige
etal., 2021; Whiteaker et al., 2002). Amidst all these factors, the vertical
distribution of aerosols contributes the largest share of uncertainties
(Johnson et al., 2004), e.g., the global aerosol direct radiative forcing
uncertainties have been estimated to be around 1.0 W m 2 (Myhre and
Shindell, 2013), while aerosol vertical profile alone can contribute as
much as 0.5 W m~2 (Chung et al., 2005).

The importance of the vertical distribution of aerosols in aerosol
radiative effect and the radiative heating/cooling associated with large-
scale atmospheric dynamics has been highlighted in a number of studies
(Chand et al., 2009; Peters et al., 2011; Zarzycki and Bond, 2010).
Aerosol vertical distributions substantially affect atmospheric radiative
heating profiles (Léon, 2002; Won et al., 2004; Johnson et al., 2008;
Zhang et al., 2013; Lin et al., 2022a) and modify atmospheric stability
(Johnson et al., 2008; Mcfarquhar and Wang, 2006; Ramanathan et al.,
2007), with potential changes in cloud properties (Johnson et al., 2004;
Wang et al., 2020). They also influence the radiative effect at the top of
the atmosphere (TOA), particularly when the aerosols have strong ab-
sorption of solar radiation (Gadhavi and Jayaraman, 2006; Johnson
et al., 2008; Meloni et al., 2005; Zhang et al., 2013). The relative
magnitude and even the sign of the aerosol effects are strongly affected
by vertical distributions, especially the altitude concerning cloud layers.
Wang et al. (2013) hypothesized that aerosol heating near the top of the
planetary boundary layer (PBL) could stabilize the PBL increasing con-
vection inhibition (CIN) within the PBL but enhancing convective
available potential energy (CAPE) above the PBL. Over a longer time-
scale, suppressing shallow convection due to absorbing aerosols can
postpone the release of energy and moisture, thus later feeding and
enhancing deep convection (Fan et al., 2015; Wang et al., 2018). Instead
of delayed formation of clouds by dust above clouds, Zhao et al. (2022)
found that dust aerosols near surface tend to cause the early formation of
clouds. In addition, Sun and Zhao (2020, 2021) revealed that the change
of atmospheric vertical thermal structure (atmospheric stability) and
precipitation initiation time are also dependent on the aerosol vertical
distribution.

Understanding aerosol variability as a function of height is also
important for aerosol-cloud interaction (ACI) because aerosol indirect
(or microphysical) effects, by serving as cloud condensation nuclei
(CCN) and ice nucleating particles (INPs), primarily depend on the
aerosols that mix and interact with clouds (e.g., Zhao et al., 2018a; Lin
et al., 2022b). There is increasing evidence that aerosols can alter cloud
microphysical properties and enhance the indirect effect via

entrainment into the cloud top from the plume above (Lu et al., 2018;
Painemal et al., 2014). Based on satellite observations, Costantino and
Bréon (2013) found that the dry effect due to aerosol enhanced
entrainment of dry air at the cloud top competes with the moistening
effect due to aerosol inhibition of precipitation and yields a decrease in
liquid water path (LWP) for warm clouds over the South-East Atlantic.
The degree of aerosol effects on cloud microphysics also depends on the
vertical distribution of aerosols (Diamond et al., 2018; Wang et al.,
2020). The idealized modeling study by Zhang et al. (2021) suggests that
only the initial aerosol layer at the comparable altitude to the cloud
layer or with aerosols distributed in all the levels within lower boundary
layer (e.g., 0-5 km) can allow aerosols to efficiently enter cloud and
provide an effect on deep convective cloud microphysics and precipi-
tation. Aerosol semi-direct effects that are related to aerosol radiative
effects, on the other hand, are mainly dependent on the relative position
of aerosol layers to clouds (Gu et al., 2010; Gu et al., 2016; Hansen et al.,
1997; Johnson et al., 2004). Herbert et al. (2020) revealed that the daily
mean semi-direct effect can be significantly altered by the distance be-
tween cloud and absorbing aerosol layer, aerosol layer thickness, and
aerosol number density.

Characterization of aerosol profile parameters, particularly from an
observational perspective, can therefore increase the accuracy in
modeling the vertical distributions of aerosols and estimating aerosol
impacts on radiative forcing and cloud formation (Haywood and
Boucher, 2000; Kaufman et al., 2002; Ramanathan et al., 2001). The
vertical distributions of aerosols are affected by a number of atmo-
spheric processes, including emission, transport, deposition, as well as
microphysical and chemical processes, which are dynamically changed
at different vertical levels. These complex atmospheric processes cannot
be fully considered in the current modeling approach, which therefore
results in considerable uncertainties. Various assumptions on aerosol
vertical distributions have been used in previous retrieval studies. For
example, the Gaussian distribution was applied in the algorithms of the
Deep Blue aerosol optical depth (AOD) (Hsu et al., 2004), the retrieval of
the layer height for typical smoke (Lee et al., 2015), and the aerosol
retrieval of Polarization and Directionality of the Earth's Reflectance
(POLDER) (Dubovik et al., 2011b), while the exponential distribution
was applied to all aerosol models in the MODIS Dart Target AOD algo-
rithm over land (Levy et al., 2007).

A number of field programs have been carried out to measure the
vertical distributions of aerosols, including the Dust and Biomass-
burning Experiment (DABEX), Tropospheric Aerosol Radiative Forcing
Observation Experiment (TARFOX), and Puerto Rico Dust Experiment
(PRIDE) (Huebert et al., 1998; Johnson et al., 2008; Maring, 2003;
Russell et al., 1999). These ground-based and/or aircraft measurements
have provided valuable information, but are limited in spatial and
temporal coverage, particularly unable to characterize the diurnal
variation and seasonality of aerosol profile patterns. Satellite observa-
tions, such as the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) on board the Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO), have continuously conducted obser-
vations of the global atmospheric aerosol vertical distributions since
2006 (Winker et al., 2009). However, the satellite products suffer bias
because of cloud contamination or surface contamination in AOD
retrieval (Kaufman et al., 2005; Kim et al., 2017). CALIPSO is especially
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subject to issues like surface contamination when detecting aerosols at
altitude below 200 m a.g.l. and missing detecting optically thin aerosol
layers at higher levels due to insufficient detection sensitivity (Thorsen
et al., 2017).

The long-term, high-temporal-resolution measurements from
various lidar systems operated by U.S. Department of Energy (DOE)
Atmospheric Radiation Measurement (ARM) facility provide unique
datasets of aerosol vertical profile and cloud information and enable a
comprehensive analysis of the characteristics of aerosol vertical distri-
butions and their impacts on cloud properties (Ackerman and Stokes,
2003; Schmid et al., 2006; Schmid et al., 2009). These measurements
have provided a large number of samples across a wide variety of
meteorological conditions, which, compared to orbital satellite data, can
better help understand the temporal variations of aerosol vertical dis-
tributions and assess how these different distributions influence cloud
development and properties. In addition, the lidar measurements-based
analysis can serve as a benchmark to verify the results based on other
airborne data.

In this study, we primarily employed the multi-year Raman Lidar
(RL) observations and retrievals of vertical information of aerosols and
clouds, as well as other measurements relating to cloud properties at two
ARM atmospheric observatories, namely, Southern Great Plains (SGP)
and Eastern North Atlantic (ENA), to characterize aerosol vertical dis-
tribution and investigate its possible effects on aerosol-warm cloud in-
teractions under different boundary layer conditions. The aerosol
vertical distribution patterns and their temporal variability were
examined over the two sites. The responses of cloud macro- and
microphysical parameters to aerosol loadings were examined with
respect to aerosol vertical distribution types, and the significance of the
difference in aerosol-cloud interactions between continental and marine
conditions were highlighted through the comparison between the SGP
and ENA sites. AOD was taken as the proxy of aerosol loadings in this
study.

2. Data and methods
2.1. ARM measurements

The DOE ARM Climate Research Facility (ACRF) has deployed
various lidar systems at each site, providing long-term continuous ob-
servations of aerosol profiles with high vertical and temporal resolutions
(Ackerman and Stokes, 2003; Mather and Voyles, 2013). The RL mea-
surements used in this study can separate molecular and particulate
signals and provide aerosol backscatter and extinction coefficient ver-
tical profiles by using return signals from elastic backscatter at 355 nm
and Raman-shifted backscatter due to atmospheric nitrogen at 387 nm
(Chand et al., 2019). Thorsen et al. (2015) used three scattering ratios
from ARM RL elastic and nitrogen channel signals, as well as the total
volume depolarization ratio at the elastic channel, to detect atmospheric
features if derived scattering ratio and depolarization ratio are larger
than range-dependent detection thresholds. The detected atmospheric
feature is further classified as aerosol, liquid cloud, or ice cloud using the
relation between lidar depolarization and particulate backscattering
coefficient thresholds (Thorsen and Fu, 2015). One advantage of using
RL measurements over satellite retrievals is that RL does not have the
issue of missing detection of optically thin aerosol layers, which has
been found in CALIPSO observations frequently due to its insufficient
detection sensitivity (Thorsen et al., 2017).

We employed the ARM Raman Lidar Profiles-Feature detection and
Extinction (RLPROF-FEX) Value-Added Product (VAP) for aerosol layer
structure detection, which implements the feature detection and clas-
sification algorithms to RL measurements (Chand et al., 2019). RLPROF-
FEX is a product generated at a 2-min temporal frequency and 30-m
vertical resolution with 667 altitude levels. Given that column-
integrated AOD is an important and widely used parameter to quan-
tify aerosol impacts in current studies, we derived column AOD using the
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RLPROF-FEX product by vertically integrating aerosol extinction co-
efficients with certain quality controls, i.e., total detection confidence
score > 0.3 and missing and inadequate profile measurements excluded
with ‘qc_profile’ equal to 1, 2, or 3 (Chand et al., 2019). The RL signal
and extinction could be largely biased due to the lidar near-range
overlap issue and thereby the extinction data at lower altitudes should
be used with caution (Wang and Menenti, 2021), and we found that the
bias is particularly significant for the lowest level of RL measurements
(0-30 m). Therefore, the lowest layer was excluded for layer AODs
calculation in this study. However, it should be noted that the exclusion
of the lowest layer from our calculations may introduce a certain degree
of underestimation in the estimation of integrated AOD. Previous studies
also suggested that the AOD estimation likely exhibits significant
enhancement bias in the vicinity of clouds due to contamination by
undetected clouds, aerosol humidification, and meteorological condi-
tions (Altaratz et al., 2013; Chand et al., 2012), and the enhancement
can be as high as 25 % in cloudy conditions (Chand et al., 2012).
Therefore, our analysis focused on clear-sky aerosol profiles with
excluding those profiles that are five minutes close to cloud profile to
avoid cloud contamination.

To comprehensively characterize aerosol vertical distribution, we
also explored other aerosol parameters, such as aerosol layer geometric
thickness, mean aerosol height, and aerosol scale height. These variables
can describe the aerosol layer shape and altitude of a specific distribu-
tion like exponential or random/Gaussian distributions (Wu et al.,
2017). These aerosol-related variables are also important factors in
defining aerosol vertical distributions in retrieval algorithms (Dubovik
et al., 2011a; Hsu et al., 2004; Lee et al., 2015; Levy et al., 2007) or
climate models (e.g., Gu et al., 2006). In this study, aerosol scale height
was determined as the altitude where the extinction coefficient de-
creases to 1/e of its surface level. Aerosol layer structures like aerosol
layer top and base heights were identified based on the altitude infor-
mation associated with ‘aerosols’ features masked in the RLPROF-FEX
product, and then mean aerosol height and aerosol layer thickness
were calculated by averaging the sum of aerosol layer top and base
heights and contracting aerosol layer top height from its base heights,
respectively. If a clear void exists in the aerosol layer, it was removed
from the average.

Cloud macro- and microphysical properties were based on the syn-
ergy of multiple instruments and are available from various ARM VAPs.
The Ka-band ARM Zenith Radar (KAZR) Active Remote Sensing of
Clouds (KAZRARSCL) VAP provides reliable cloud boundary detections
using best estimates from KAZR, Micropulse lidar-derived cloud mask,
and ceilometer-derived lowest cloud base. In this study, we only focus on
single-layer clouds to avoid the complexity of the clouds with multiple
layers. Cloud top and base heights were derived from the detected cloud
boundaries, and cloud geometric thickness is calculated as the distance
between cloud top and base heights. Cloud LWP is available from the
ARM  MWRRET VAP (https://www.arm.gov/capabilities/vaps
/mwrret), which retrieves LWP from the measurements of microwave
radiometer brightness temperature using the optimal estimation method
developed by Turner et al. (2007). The layer-mean liquid water content
(LWCQ) is obtained by dividing the LWP with cloud thickness assuming
that LWP linearly increases with the distance above the clouds base.
Note that the linear relationship between LWP and cloud thickness does
not always hold considering the existence of entrainment around cloud
tops and/or the collision-coalescence processes when drizzle exists
(Zhao et al., 2012), which might lead to some bias in LWC calculation
using the linear relationship assumption. Nevertheless, the LWC calcu-
lation employed in this study can represent the average status of cloud
liquid water content in all cloud levels in a column. We used the
RLPROF-FEX extinction coefficient (f,) masked with “liquid cloud”
feature to calculate cloud optical depth (COD) in the form

COD = / ! B.dz, (€]
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where z; and 2, are the cloud top and base heights, respectively. The
retrieval of COD was made only for RL transparent profiles, which are
described as when the signals from RL pass completely through the at-
mosphere without being fully attenuated before reaching an altitude
beyond clouds. With excluding non-transparent profiles, we were able to
improve the accuracy of the aerosol-cloud interaction evaluations by
ruling out the interferences from incomplete cloud profiles. Specifically,
we defined transparent profiles with a signal-to-noise ratio (SNR) >1 at
16 and 18 km for SGP and ENA, respectively, similar as Balmes et al.
(2019). Also, we inferred the layer mean cloud effective radius (Re)
following Han et al. (1995) as

R = Lwp / coD, )
2p,

wherep;(=1¢g cm3) is the density of water and the units of R, and LWP
are micrometer (ym) and g m~2, respectively.

The two ARM atmospheric observatories, i.e., SGP and ENA, were
chosen for study because of their distinct aerosol sources and thermo-
dynamic conditions, in addition to their availability of long-term ob-
servations and retrievals in aerosol and cloud. The SGP central facility
site, located near Lamont, in north-central Oklahoma (36.61°N,
97.48°W), represents continental clouds and aerosols with episodes of
pollution and biomass burning smoke from the Gulf of Mexico and
Central America (Logan et al., 2018). The ENA atmospheric observatory,
located on Graciosa Island in the Azores archipelago, Portugal (39.09°N,
28.03°W), is dominated by marine boundary layer clouds (e.g., shallow
cumulus, stratocumulus, and stratus) which are present throughout the
year due to semi-permanent high pressure systems (Rémillard et al.,
2012), with periodic episodes of aerosols from North and Central
America (pollution and biomass burning), Africa (Saharan dust), and the
surrounding ocean (sea salt) (Logan et al., 2014; Osborne and Haywood,
2005). We employed the measurements during 2016-2020 at SGP and
2015-2021 at ENA for the following analysis in order to understand the
different features of aerosol vertical distributions and aerosol-cloud in-
teractions under different environmental conditions in which warm
clouds form.

2.2. Aerosol-cloud collocation

To characterize vertical distributions of aerosols that may influence
warm clouds, the aerosol measurements with cloud observations were
first collocated following a similar method as Zhao et al. (2019). Based
on the feature mask of RLPROF-FEX VAP, we checked a time frame one
hour before the starting time of a certain cloud system passing the site
and one hour after it to examine whether any clear-sky aerosol profiles,
which are also five-minute away from the cloud, exist. If they exist, these
cloud and aerosol profiles are adopted for further analysis. To reduce
interference from mixed- and ice-phase clouds, only the single-layer
clouds with cloud top temperatures warmer than 0 °C were selected
for study. To reduce uncertainty, we only focused on cloud profiles with
cloud thickness < 3 km and cloud duration time > 1 h to eliminate scuds
or tiny clouds. Together with the selection of transparent profiles, it
turns out that this study most likely focused on low-level optically-thin
clouds. The cloud profile was ignored if there was no available aerosol
observation within the 1-h time frame. All the clear-sky aerosol profiles
sampled in the time frame were averaged to get the mean aerosol profile
associated with one cloud profile. With the collocation of clouds with
aerosol vertical profiles we find a total of 262 warm cloud cases asso-
ciated with 409 effective aerosol vertical profiles at SGP during
2016-2020 and 564 warm cloud cases associated with 1053 effective
aerosol vertical profiles at ENA during 2015-2021.

2.3. Covariation of meteorological factors

One possible interference of aerosol-cloud correlations stems from
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the covariations of aerosol loadings and cloud properties with meteo-
rological conditions. To evaluate this interference of covarying meteo-
rological fields, we first assessed the extent to which the relations of
cloud properties with AOD are similar under different meteorological
regimes, following Zhao et al. (2018b). If the relationships between
aerosol and cloud change greatly under different meteorological re-
gimes, it suggests that the meteorological variables may play a role in
modulating aerosol-cloud interactions. On the other hand, to isolate
aerosol effect from the contribution of metrological covariations, we
further binned cloud features according to meteorology parameters and
examined the relations between cloud features and meteorology pa-
rameters under different ranges of AOD. If the responses of cloud fea-
tures to a certain meteorology parameter are distinct under different
AOD ranges at the given meteorological condition, we can attribute the
alterations of cloud properties under different aerosol pollution condi-
tion to the aerosol effect.

The meteorological fields examined here include relative humidity
(RH), lower tropospheric stability (LTS), vertical wind shear (VWS),
temperature, vertical velocity (VV), and CAPE. To incorporate the most
relevant meteorological variables possibly influencing the cloud for-
mation and evolution, we focused on the mean meteorological condi-
tions extracted at or averaged over warm cloud levels during cloud
periods. For example, the mean RH and temperature were averaged over
the layer of 750-850 hPa (i.e., RH750.g50hpa and T750.850npa), VWS was
calculated between 725 and 925 hPa (VWS725.925hpa), and the mean VV
was averaged over 750-850 hPa (VV7s0.850hpa)- In addition, LTS was
derived following Klein and Hartmann (1993) as the 700-hPa potential
temperature minus the near-surface potential temperature (LTS7qonpa)-

We used ARM radiosonde data (the INTERPSONDE VAP, https
://www.arm.gov/capabilities/science-data-products/vaps/interpsond
e) with interval of about 5 times a day for temperature, pressure, and
RH. For air vertical velocity, we adopted Doppler lidar data with a
temporal resolution of 10 min and a height resolution of 30 m. This and
other meteorological data were interpolated linearly at the time-height
grid of cloud and aerosol variables.

3. Results and discussion
3.1. Characteristics of aerosol vertical distribution

3.1.1. Seasonality and diurnal variations

The multi-year mean and standard deviation of column-integrated
daily AOD at the SGP and ENA sites are 0.23 + 0.13 and 0.12 + 0.08,
respectively. To detect the seasonal dependency of aerosol vertical dis-
tributions, the layer AODs were binned into various height ranges, i.e.,
0-200 m, 200-500 m, 500-1000 m, 1000-1500 m, 1500-2500 m, and
>2500 m a.g.l. for SGP and 0-200 m, 200-400 m, 400-600 m, 600-800
m, 800-1200 m, and >1200 m for ENA. Fig. 1 shows the seasonal var-
iations of layer AOD and aerosol extinction coefficient as a function of
height. In a striking pattern, the AOD seasonal variations are vastly
different between the lower and upper altitudes at SGP (Fig. 1a). For
example, the monthly mean AODs of the vertical layers below 1 km do
not show a clear primary peak, while those above 1 km of ground level
have maxima in summer. The integration of all vertical layer AODs thus
results in a nearly unimodal distribution at SGP, with a peak in summer.
In addition, it is found in Fig. 1c that aerosols in all the seasons except
winter are well mixed at lower boundary layers (e.g., below 2 km in
summer) and then exponentially decrease, while in winter they always
decrease rapidly with altitude starting from ground. Consistently with
the higher mixing layer, the aerosol layer top height (i.e., aerosol
extinction >0.001 km™!) can reach 6 km in summer, which is about 3
km higher than in winter.

Similar seasonality of aerosol vertical distributions was reported
over the Eastern United States (EUS) based on CALIPSO satellite ob-
servations (Huang et al., 2013; Zhao et al., 2018b). The summer peak of
upper level AOD can be attributed to more frequent and efficient


https://www.arm.gov/capabilities/science-data-products/vaps/interpsonde
https://www.arm.gov/capabilities/science-data-products/vaps/interpsonde
https://www.arm.gov/capabilities/science-data-products/vaps/interpsonde

Y. Lin et al.

Science of the Total Environment 904 (2023) 166582

0.30

m 0-200 m —$— <1000 m

= 200-500 m —— >1000 m
= 500-1000 m
= 1000-1500 m
= 1500-2500 m
>2500 m

0.20

AOD

0.10

AOD

0'oqan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

8
— Spring (C

7 R Summer( )
— Fall

6 s —— Winter
=== Annual

Height (km)
2w

w

N

0.001 0.01 01 02
Extinction coefficient (km-1)

0.30

m 0-200 M + <800 m
mmmm 200-400 m —4— >800m
m 400-600 m
m— 600-800 m
== 800-1200 m

>1200 m

(b)

0.20

o'o%n Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
8
—— Spring (d)
7 - Summer
—— Fall
6 — Winter
=== Annual
’g 5
=
z24
R
Z 3,
\\
-~
2
g
0
0.001 0.2

0.01
Extinction coefficient (km-1)

Fig. 1. Seasonal variations of layer AOD at (a) SGP and (b) ENA, and seasonal and annual mean extinction coefficient profiles at (c) SGP and (d) ENA. In panels (a)
and (b), the range of AOD within a particular height range is depicted by the colored stacks. The integrated AODs for heights below (red) and above (black) 1000 m/
800 m for SGP/ENA are shown as solid lines, for which the error bars are defined as the standard deviations of the monthly mean AOD values estimated over all the
years. Both seasonal mean AOD and aerosol extinction vertical distributions were derived over cloud-free aerosol profiles measured at SGP during 2016-2020 and at

ENA atmospheric observatories during 2015-2021.

transport of lower aerosols to upper levels, due to stronger vertical
mixing in summer (Zhao et al., 2018b). In contrast, the aerosol mixing
layer is confined to lower levels in winter due to generally stable at-
mosphere in this season. Another possible reason leading to more
aerosols at upper levels in summer is related to intensive secondary
organic formation at high levels because of warm temperature in sum-
mer (De Reus et al., 2000; Minguillén et al., 2015; Zhao et al., 2018b).
Huang et al. (2013) noted that transport of polluted dust and smoke at
elevated levels prevail in summer over the EUS region, which could also
result in the summer AOD peak at upper levels observed over SGP. The
transitional seasons of spring and fall are in between summer and
winter; however, spring has apparent higher aerosol loadings above 3.5
km than fall. This results from the fact that the majority of the tropo-
sphere responds more slowly to changes in solar radiation than the
ground (and lowest part of the troposphere). In spring, the near-ground
part of the atmosphere warms quickly but the rest of it remains rather
cold from winter, so that instability is greater. In fall, the low-levels cool
more quickly while the remainder stays rather warm from the leftover
effects of summer.

At ENA, the column-integrated AOD over all vertical layers shows a
bimodal seasonal distribution, with a major peak in late winter and a
minor peak in fall. A similar distribution has also been reported in Cimel
and MODIS observations at ENA by Wood et al. (2015), albeit with the
major peak occurring in early spring, somewhat later than that observed
in this study. The winter-spring AOD peak can be attributed to conti-
nental pollution transported from North America, which is due to strong
zonal westerlies and lofting of pollutants by cold fronts (Liang et al.,
2004; Zhao et al., 2012). Since there is also an AOD spike of the vertical

layers above 800 m in summer, it seems that the bimodal pattern is
controlled by the AOD seasonality of the vertical layers both below and
above 800 m (Fig. 1b). The difference in seasonal AODs between lower
and upper heights at ENA is also evident in the seasonal mean aerosol
extinction vertical profiles (Fig. 1d), showing that the aerosol extinction
in summer is smaller below 1.5 km than other seasons but higher above
1.5 km. The aerosol layer top height is about 4 km in summer, higher
than other seasons by 2-2.5 km (Fig. 1d). The higher aerosol layer top
with lower tropospheric aerosol abundance in summer has been
observed over the North Atlantic Ocean based on satellite observations
(Huang et al., 2013). Compared to SGP, most aerosols observed at ENA
are confined below 2 km with a mean scale height of about 650 m, while
the aerosol layer at SGP can extend as high as 5 km with a mean aerosol
scale height of 1.5 km. Overall, the seasonal variations of column AOD
and aerosol vertical distributions at ENA are less significant than at SGP.

The column AOD at SGP also shows clear diurnal variation. The
mean daily maximum and minimum AODs are about 0.18 and 0.13 at
around 18:00 LT and 3:00 LT, respectively, and the relative daily range
of AOD is about 40 %. The diurnal cycle of column AOD at SGP is
induced mainly by the diurnal variation of AODs of the vertical layers
above 1000 m (black line in Fig. 2a), while the AODs of the vertical
layers below 1000 m barely change with time (red line in Fig. 2a). The
mean aerosol extinction profile at 18:00 LT shows that aerosols mix well
below 2 km and then exponentially decrease ascending above 2 km
(Fig. 2¢). In contrast, the mean aerosol extinction profile at 03:00 LT
displays an exponential decreasing pattern starting from near ground.
There is no evident diurnal cycle at ENA (Fig. 2b), with the relative
range of diurnal variation <20 %. Consistently, the vertical distribution
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pattern of aerosol extinction is quite similar at different hours, all
showing a Gaussian distribution (Fig. 2d). The distinct characteristics of
aerosol vertical distribution and its seasonal and diurnal variations
observed at the two ARM sites may lend support to the necessity of
classifying aerosol vertical types when collocating aerosol-cloud cases
and evaluating aerosol-cloud interactions.

3.1.2. Classification with respect to cloud layer
With the collocation of clouds with aerosol vertical profiles, it is
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found that the aerosol vertical position relative to the cloud layer shows
a large diversity at SGP (Fig. 3a), i.e., the mean height of aerosol layers
can be either lower or higher than or comparable to that of cloud layers.
At ENA the cloud layers occurring above 1 km are generally higher than
aerosol layers, but there are still considerable cases below 1 km with
cloud layer height comparable to or even lower than aerosol layers
(Fig. 3b). These large variations of aerosol-cloud relative position can
lead to different mechanisms for aerosols entering clouds, e.g., pumping
from cloud base or entrainment from cloud top with cloud vertical
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Fig. 3. PDF of aerosol and cloud layer mean heights at (a) SGP and (b) ENA.
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development, eventually resulting in distinct CCN effects (Zhang et al.,
2021). As such, it is worth classifying aerosol vertical distributions ac-
cording to the relative position of aerosol layers to cloud layers.

When doing classification, the gap distance from cloud layer top to
aerosol layer base was set as 100 m, i.e., the cloud top height was
extended upward by extra 100 m to get a new cloud top boundary for
comparison with aerosol layer height. This follows Costantino and Bréon
(2013), in which they assumed that aerosols within this 100-m range
above cloud layer can still physically interact with clouds. We applied
the same gap distance value to extend the cloud base height downward,
considering that aerosols below cloud are able to enter clouds through
the pumping process as clouds develop and then make effects on cloud
microphysical processes.

Six aerosol vertical types were predefined for classification,
including Bottom, Decreasing, Middle, Increasing, Top and Random
(Fig. 4a). The Bottom type refers to the aerosol-cloud collocated cases in
which aerosol layers mainly exist near the surface and below the cloud
level. As such, the cases with aerosol layer top height lower than the base
height of the corresponding cloud were identified as this type. The
Decreasing type is defined as the vertical distribution with more aerosols
in the lower boundary layer and less in the upper layer, which is similar
to the exponential or power-law functions used in aerosol retrieval al-
gorithms (Wu et al., 2017). Specifically, the aerosol layer top in this type
falls in the range from the corresponding cloud base to the cloud top,
with the aerosol layer base lower than the cloud base. The Middle and
Top types, in which aerosol layers mainly exist around and above the
cloud level, respectively, represent the situations with long-range and/
or medium-range transported aerosols. The Middle type includes the
cases with the aerosol top lower than the cloud top and the aerosol base
higher than the cloud base, and the Top type includes the cases with the
aerosol base higher than the cloud top. The Increasing type is charac-
terized by more aerosols in the upper layer and less in the lower layer,
which would cover the cases with the aerosol base higher than the cloud
base but lower than cloud top and with the aerosol top always higher
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than the cloud top. In the Random type, aerosols are randomly distrib-
uted in the tropospheric column, and thus the cloud layer is normally
embedded in the aerosol layer.

With the classification, three primary aerosol vertical distribution
types are identified as Random, Decreasing, and Bottom at both sites,
accounting for 74.3 %, 12.7 %, and 12.7 % of total cases over SGP,
respectively, and 70.0 %, 22.9 %, and 6.1 % of total cases over ENA,
respectively (Fig. 4b and c). The Increasing type shares only 0.2 % and
1.0 % of total cases at SGP and ENA, respectively, and no cases were
recognized as the Top and Middle types at both sites. For the cases with
long- and medium-range transported aerosols above cloud, appreciable
aerosols are normally found below the cloud as well. These aerosols are
anthropogenically originated from the ground and then mixed upward
with aerosols from long- and medium-range transport. In addition, these
low-level aerosols may be pumped into clouds and then participate in
cloud development. Such cases are recognized as the Random type in
this study because aerosols are present in all altitude levels, including
cloud layer level. Therefore, the Random type is found as the most
prevalent situation and there are limited or none samples categorized as
Increasing, Middle or Top types. As such, the analysis in following sec-
tions will only focus on the three primary vertical types (i.e., Random,
Decreasing, and Bottom).

The statistics of feature parameters of aerosol vertical distribution
and aerosol loading are summarized in Table 1. In general, the aerosol
layers in the Random type are highest and thickest, followed by the
Decreasing and Bottom types. For example, the mean aerosol heights for
Random, Decreasing, and Bottom are 1970, 1420, and 550 m, with
corresponding mean aerosol layer thicknesses of 3310, 2630, and 840 m,
respectively. Because of the thicker aerosol layer, the aerosol concen-
tration is normally smaller (e.g., Boyouk et al., 2010, Ding et al., 2016, Li
et al., 2017, etc.), resulting in a smaller aerosol extinction coefficient in
the Random type than other types. The dependency of column-
integrated AOD on aerosol vertical type, on the other hand, varies
with geolocation. For instance, the AODs are comparable in all the three

Fig. 4. (a) The schematic diagram of the six types of
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Table 1

Statistics (mean + ©) of feature parameters of aerosol vertical distribution,
including mean aerosol height (p), aerosol scale height (H), aerosol layer
thickness (AZ), aerosol extinction coefficient (Ext), and column AOD, for

different aerosol vertical types at SGP and ENA.

Vertical p (m) H (m) AZ (m) Ext AOD

types (km™ 1)

SGP

Bottom 550 + 420 + 840 + 960 0.37 + 0.19 +
490 480 0.36 0.16

Decreasing 1420 + 1310 + 2630 + 0.22 + 0.42 +
490 620 1010 0.35 0.24

Random 1970 + - 3310 £ 0.14 + 0.42 +
630 1180 0.10 0.27

ENA

Bottom 800 + 703 + 1446 + 0.11 + 0.15 +
257 285 511 0.07 0.07

Decreasing 792 + 747 + 1423 + 0.10 + 0.14 +
220 285 452 0.04 0.06

Random 1123 + - 1937 + 0.09 + 0.17 +
466 677 0.04 0.08

types at ENA, with values falling in a narrow range of 0.14-0.17; in
contrast, the AODs at SGP in the Random and Decreasing types (both
about 0.42) are much higher than that in the Bottom type (i.e., 0.19).
The distinct features of aerosol vertical distribution and largely varied
aerosol loadings in different aerosol vertical types between the two ARM
sites can apparently affect the aerosol-cloud relations, which will be
examined in the following sections.

3.2. Impacts of aerosol vertical distributions on aerosol-cloud interactions

3.2.1. Cloud macro- and microphysical responses

To assess the association between warm cloud macro- and micro-
physics and aerosol loadings, we divided the available aerosol-cloud
collocation samples into several bins according to the probability den-
sity function (PDF) of AOD that the sample number is nearly evenly
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distributed across AOD bins. Different AOD bins represent various
aerosol pollution levels, i.e., from clean to polluted conditions. Then the
responses of cloud macro- and microphysical parameters to the increase
in AOD were evaluated with respect to aerosol vertical types. The
examined cloud feature parameters include cloud geometric thickness,
LWC, LWP, COD, cloud extinction coefficient (5.), and droplet effective
radius (R,), as well as cloud top and base heights.

Figs. 5 and 6 illustrate the correlation curves of key cloud feature
parameters in response to AOD in the three primary vertical types at SGP
and ENA, respectively. From Fig. 5a and b, it is found that both the re-
sponses of cloud thickness and LWC to AOD at SGP vary with aerosol
vertical types. For example, the cloud geometric thickness in the
Random type shows a monotonically increasing trend as AOD increases
but displays a “A”-shaped curve in the Decreasing type, i.e., firstly
increasing with AOD at a smaller range and then decreasing at a larger
AOD range (Fig. 5a). In the Bottom type, the cloud thickness fluctuates
up and down at relatively small AOD levels and then increases with AOD
until the large AOD end. The curve shapes for LWC responding to AOD
are also very different across aerosol vertical types. The LWC in the
Decreasing type shows a clear “V”-shaped response, i.e., the LWC de-
creases until AOD reaching 0.35 and then starts to increase for AOD
larger than 0.35 (Fig. 5b). In the Random type, the LWC increases with
AOD when AOD < 0.3 but decreases when AOD > 0.3. It is also found
that the LWP response in general resembles the LWC response (Fig. 5b
and c). As LWP is a product of LWC and cloud thickness, the similarity
between the LWP and LWC responses implies that the LWC changes
caused by aerosols dominate over the cloud thickness changes at SGP.

At ENA, a monotonic increase is observed for the cloud thickness in
both the Decreasing and Random types, but a non-monotonic response is
shown in the Bottom type (Fig. 6a). The geometrically thickening of
cloud layer in the Decreasing and Random types suggests that the
aerosol effect invigorates cloud development vertically, which is also
evident in the enhanced cloud top height with aerosols (Fig. S1). The
relations between LWC and AOD also vary with aerosol vertical types,
with a slight decreasing in the Decreasing type and “A” shapes in both
the Random and Bottom types (Fig. 6b). Because of the combined effect
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Fig. 6. Same as Fig. 5 except for the ENA site.

of cloud thickness and LWC, the LWP response is complex and highly
dependent on aerosol vertical type as well (Fig. 6¢). For instance, in the
Bottom and Random types the LWP presents a monotonic increasing
response to AOD, but in the Decreasing type it shows a zigzag-shaped
response. Therefore, we conclude that the aerosol vertical distribution
can considerably modulate the monotonicity of cloud responses to AOD
changes.

More interestingly, the effect of aerosol vertical distribution can alter
the relations between COD and AOD particularly at SGP. The response of
COD in the Random type shows a monotonic decreasing, but it presents a
“V” and “A”-shaped variation in the Decreasing and Bottom types,
respectively (Fig. 5d). Although COD is the product of cloud thickness
and f,, its response to aerosols is similar to that of j, in all the vertical
types (Fig. 5e). The similarity of the responses between COD and f, to
AOQOD is also the case at ENA, i.e., the monotonic decreasing of COD with
AOD is consistent with the decline of g, (Fig. 6d and e). Therefore, the
changes in COD with AOD is primarily driven by the variation of cloud
extinction coefficient caused by the aerosol effect.

To more quantitatively measure aerosol-cloud interaction, we
employed two indicators, i.e., relative liquid water sensitivity and
aerosol-cloud interaction (ACI) index by using the least squares linear
regression on all available data points. Relative liquid water sensitivity
is defined as the ratio of dln(LWP) to dln(AOD). ACI index relative to
cloud droplet effective radius (ACIg,) is defined as the ratio of din(R,) to
0ln(AOD), which is then multiplied with —1 to ensure a positive value
when the Twomey effect occurs, i.e.

ain(R.)

ACly, = — | .
Clr. ln(AOD) |, p

3

To eliminate the possible bias caused by the Re dependence on LWP
when evaluating the Twomey effect, ACIg. should be calculated at a
constant LWP (Feingold et al., 2003; Garrett et al., 2004; Zheng et al.,
2020). According to the ranges of LWP and the number of data points,
we divided all LWP samples into two bins when deriving AClg, i.e.,
0-50 g m~2 (hereafter low-LWP conditions) and 50-150 g m 2 (here-
after high-LWP conditions),

Fig. 7a shows that the relative liquid water sensitivity in general is
negative at SGP, and the means with 95 % confidence intervals are
—0.23 + 0.31, —0.25 + 0.83, 0.00 + 0.34, and —0.15 + 0.18 for the

Bottom, Decreasing, Random and All types, respectively. This suggests
that LWP tends to be reduced in high aerosol conditions at SGP, but this
cloud suppression effect is not statistically significant because of the
relatively large uncertainties (e.g., in the Decreasing and Random
types). In contrast, the relative liquid water sensitivity is generally
positive at ENA, and the means with 95 % confidence intervals are 0.21
+ 0.45, 0.03 £+ 0.26, 0.21 + 0.14, and 0.14 + 0.12 for the Bottom,
Decreasing, Random and All types, respectively. Therefore, the aerosols
tend to invigorate cloud water production at ENA, which is particularly
significant in the Random type because of the relatively small uncer-
tainty (0.14) with respect to its mean (0.21).

The differences in cloud susceptibility to aerosols among different
aerosol vertical types and between the two sites might imply the distinct
mechanisms of aerosol effects with respect to aerosol vertical distribu-
tion and environmental conditions. For example, in the Decreasing type
at SGP the reduced cloud water amount with increasing aerosols can be
driven by the decoupling of cloud layer from the boundary layer, which
is due to the evaporative cooling by small droplets under polluted
conditions (Han et al., 2002). Decoupling of cloud layer can result in less
efficient water vapor delivery from lower boundary layer into the
clouds. Aerosol semi-direct effect, i.e., burning off cloud droplets in
cloud layer by the heating of absorbing aerosols, may also contribute to
the less production of cloud water in the Decreasing type, which is with
smaller droplets under more polluted aerosol condition (Hansen et al.,
1997; Herbert et al., 2020). At ENA, the drizzle suppression by aerosols
(i.e., Albrecht effect, Albrecht, 1989) may be responsible for the cloud
water enhancement in the Decreasing type.

Note that in the Bottom type the top height of aerosol layer is lower
than the cloud base height at both sites (Fig. S2), suggesting that aero-
sols in Bottom may have low chance of entering clouds. As such, the
strong correlations between cloud properties and AOD in the Bottom
type may not be attributed to the aerosol microphysical effect but to the
aerosol radiative effect. For example, in the Bottom type at ENA, the
heating effect of absorbing aerosol below the cloud layer could play a
dominant role in enhancing the cloud water by causing stronger con-
vection underneath the cloud layer, which is favorable for cloud
development. However, the negative liquid water sensitivity in the
Bottom and Random types at SGP still needs further investigation.
Because there are appreciable aerosols present above, in, and below
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Fig. 7. (a) Relative liquid water sensitivity (i.e., dln(LWP)/dln(AOD)) and (b)
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and 50-150 g m~2 at SGP (green) and ENA (purple). From left to right are
Bottom, Decreasing, Random, and All aerosol types. Vertical lines denote 95 %
confidence intervals.

cloud layer in the Random type, aerosol radiative, semi-direct, and CCN
effects likely work simultaneously and thus their combined effect may
be responsible for the complexity of aerosol-cloud interactions observed
at both SGP and ENA in this specific aerosol vertical type.

Fig. 7b shows that the ACIg. varies with aerosol vertical types,
observation locations, and LWP levels. In either bin of LWP, the mean
AClIR, is positive in Decreasing but negative in Random over SGP. Since
the ACIg, describes the response of R, to aerosol loadings, the positive
ACIR, suggests that the droplets' size is reduced in the decreasing type
when more aerosols are introduced into the atmosphere, i.e., the Two-
mey effect, while the negative AClg. indicates the droplets' size is
enlarged at elevated aerosol loadings, i.e., the Anti-Twomey effect.
However, the Twomey or Anti-Twomey effect over SGP is relatively
weak because of the large uncertainties of those ACIg, (i.e., see the large
95 % confidence intervals in Fig. 7b). The ACIge over ENA tends to be
negative in both the Bottom and Random types under low-LWP condi-
tions and positive in the Decreasing type under high-LWP conditions.
The negative AClg, in the Random type is particularly statistically sig-
nificant because of its relatively small confidence interval, which in-
dicates the strong Anti-Twomey effect in this case. The Anti-Twomey
effect is observed in several situations in our study, particularly in the
Random type at either site under low-LWP conditions. Several possible
physical mechanisms have been suggested by previous studies to inter-
pret why the Anti-Twomey effect happens (Jose et al., 2020; Liu et al.,
2021; Liuetal., 2020; Yuan et al., 2008), e.g., a decrease in CCN number

10

Science of the Total Environment 904 (2023) 166582

with an increasing slightly soluble organics content in aerosols or the
water vapor competition effect among giant CCNs and other regular
CCNs. In the latter case, activation of giant CCNs can sufficiently reduce
the supersaturation and as a result the small droplets could evaporate
more quickly. A recent study by Yang et al. (2021) suggested that the
existence of drizzle particles within clouds can enlarge the cloud droplet
effective radius via efficient collision-coalescence among these drizzle
particles, making the droplets' size even increasing with aerosol amount.
Given the various sources of aerosols and complicated cloud conditions
at the two sites, these mechanisms could be applied to elaborate the
Anti-Twomey effect observed in this study, but detailed information on
aerosol chemical components and particle size is needed to further
specify which physical pathway indeed plays a role.

In addition, we find that under low-LWP conditions the ACIg, values
are generally larger at SGP than at ENA, suggesting that aerosols tend to
show the more Twomey effect at SGP compared to ENA. One possible
reason is that the aerosol first indirect effect is manifested in the drier
and more polluted continental environment, like SGP, where LWP is
relatively low. We also find that the mean ACIg. over SGP is reduced at
high-level LWP but generally enhanced over ENA. Zheng et al. (2020)
observed the similar decreasing trend of ACIge with LWP at SGP and
hypothesized some physical understandings: Smaller droplets under
low-LWP conditions compete against each other for the limited water
available in the boundary layer, which is likely the case at a continental
site like SGP, and therefore R, is more sensitive to perturbed aerosols;
however, under high-LWP conditions smaller droplets can grow effi-
ciently via condensation because of relatively sufficient water vapor
supply but the grow efficacy declines with the enlarged droplets' size,
leading to reduced variations of R, for similar aerosol loadings change.
In contrast, the ENA site normally has high moisture but low aerosols
loadings compared to SGP, which is responsible for the very different
relation between R, and AOD from SGP. However, the detailed physical
processes leading to the increasing trends of ACIz. at ENA still need
more elaboration in future.

3.2.2. Influence of meteorology covariation

To examine the possible influence of meteorological variations, the
relationships of two cloud parameters, i.e., COD and LWP, with AOD
plotted separately with respect to meteorological parameters interested
are illustrated in Figs. 8, 9, S3, and S4. For some meteorological pa-
rameters, the curve shapes are in general similar under different mete-
orological regimes, e.g., the “V”-shaped LWP-AOD relations for all the
three regimes of Tys50.g50npa and CAPE at SGP (Fig. S3d and f), and the
monotonic decreasing responses of COD to AOD for all the three regimes
of RH750.850hpa and LTSygonpa at ENA (Fig. 9a and b). However, in most
situations the curve shapes of cloud-AOD relations show distinct fea-
tures among the three meteorological regimes. For example, the re-
lations of COD with AOD at SGP can change greatly in different regimes
of all the examined meteorological parameters (Figs. 8a-c and S3a—c),
and the LWP-AOD relations at SGP can vary significantly according to
the LTS7gonpa and VVys50.g50npa regimes (Figs. 8e and S3e). Specifically,
the SGP COD/LWP increasing/decreasing trend with AOD in the small
LTS700npa range (i.e., <10.4 Kin Fig. 8b or <14.4 K in Fig. 8e) is reversed
to decreasing/increasing in the large LTS;qonpa range (i.e., >14.8 K in
Fig. 8bor >18.4 Kin Fig. 8e). At ENA, the slope signs and magnitudes as
well as the response monotonicity are dependent on the meteorology
regimes for all LWP-AOD relations (Figs. 9d-f and S4d-f). Previous
studies have reported that there could be a strong dependency of cloud
microphysics-AOD relationships on meteorological conditions (e.g.,
Altaratz et al., 2014, Mauger and Norris, 2007, Koren et al., 2010,
Varble, 2018, Zhao et al., 2018a); in this study for warm clouds, we also
demonstrate this is likely the case. Therefore, the correlations observed
above cannot only be attributed to aerosol effect but may also be due to
the covariations of AOD and cloud with meteorological conditions.

To isolate the aerosol effect from the contribution of metrological
covariations, we further binned the observed COD and LWP according to
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meteorology parameters under different ranges of AODs (Figs. 8g-l,
9g-1, S3g-1, and S4g-1). As illustrated by RHy50.g50npa from Figs. 8g and
9g, the COD is reduced as AOD increases from <0.34 (or 0.15) to >0.34
(or 0.15) at SGP (or ENA) for a given value of RHy50.g50npa, SUggeSting
the role of aerosols in altering cloud optical property when the moisture
condition holds constant. In Fig. 8h, a larger AOD corresponds to a larger
COD for a given LTS within LTS < 10 K while a larger AOD leads to a
smaller COD for a given LTS within LTS > 10 K, suggesting a relatively
significant impacts of aerosols on modifying cloud optical property.
Similar results are found for LWP with respect to LTS7onpa, T750-850hPas
VV750.850npa, and CAPE at both sites (the panels of k and 1 of Figs. 8 and
9, and the panels j and 1 of in Figs. S3 and S4). Moreover, the changes in
COD and LWP induced by aerosols could be opposite under a certain
given meteorological condition, e.g., LTSyoohpa, VWS725.9250pa, T750-
850hPas, VV750.850npa, and CAPE (Figs. 8h, j, 1, S3g, j, k, 1, and S4 h and 1).
Considerable changes in cloud properties from small to large AOD are
evident for most meteorology parameters examined, which demon-
strates the role of aerosols in modulating COD and LWP under the same
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Vertical Wind Shear (sec™") x 103

meteorological conditions. Therefore, the strong negative or positive
correlations between cloud macro- and microphysics and AOD observed
above can be attributed, at least partially, to the aerosol effect.

4. Conclusions

In this study, we investigated the characteristics of aerosol vertical
distributions at the U.S. DOE ARM atmospheric observatories (i.e., SGP
and ENA) and the impacts of aerosol vertical distributions on warm
cloud properties by using the 2016-2020 and 2015-2021 measurements
of aerosol vertical profiles from Raman Lidar systems at the two sites.
ARM VAPs of cloud features were obtained from the ARM facility as
well. The observation-based analysis reveals significant seasonality and
diurnal variation of aerosol vertical distributions, which is largely
dependent of the observation geolocations. Specifically, the column-
integrated AOD shows a nearly unimodal distribution with a peak in
summer at SGP, which is attributed to the seasonal variation of the AODs
above 1000 m (a.g.1.). In contrast, a bimodal seasonal distribution of the
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Fig. 9. Same as Fig. 8 but for the ENA site.

integrated AOD is observed at ENA, with a major peak in late winter/
early spring and a minor one in fall. The column AOD seasonality at ENA
is controlled by the AODs of vertical levels both below and above 800 m
(a.g.l.), given that the AODs of vertical levels above 800 m also present a
spike in summer. The seasonal-mean aerosol layer at SGP can extend
vertically as high as 5 km, but aerosols at ENA generally are confined
below 2 km. It is also found that a clear diurnal cycle of AOD is observed
at SGP, with a peak in the evening (at about 18:00 LT) and a valley at
late night (at about 3:00 LT) and a relative range of diurnal variation of
about 40 %. This diurnal cycle is attributed to the diurnal variation of
AODs of the vertical layers above 1000 m (a.g.l.). There is no clear
diurnal cycle at ENA.

Aerosol profiles and cloud systems were collocated using the timing
information of their passage over the two sites, and three primary
aerosol vertical distribution types were identified based on the relative
positions of the collocated aerosol layers to clouds. The Random,
Decreasing, and Bottom types account for 74.3 %, 12.7 %, and 12.7 % of
total cases over SGP, and 70.0 %, 22.9 %, and 6.1 % of total cases over
ENA, respectively.
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With aerosol-cloud collocation and its classification, the correlations
between cloud macro- and microphysical parameters and aerosol load-
ings (taking AOD as the proxy) were comprehensively evaluated. We
find that aerosols can alter cloud macro- and microphysics, which is
strongly dependent on aerosol vertical types and observation geo-
locations. For example, aerosols can geometrically thicken the cloud
layer in Random at SGP and in both Random and Decreasing at ENA,
suggesting an invigoration effect on cloud vertical development in these
situations. Non-linear and complex changes in cloud layer thickness
with AOD are shown in both Bottom and Decreasing at SGP and in
Bottom at ENA. It is interesting to see that aerosol vertical distribution
can greatly modulate the relations between COD and AOD, and instead
of cloud thickness, it is the variation of cloud extinction coefficient
which primarily drives the changes in cloud COD caused by the aerosol
effect. The observed liquid water sensitivity (dln(LWP)/dln(AOD)) is
negative at SGP in the Bottom and Random types, i.e., aerosols tend to
suppress liquid cloud water production in continental boundary condi-
tion. In contrast, the LWPs increase with AOD at ENA, which is partic-
ularly significant in the Random type, suggesting that aerosols tend to
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enhance cloud water formation under marine boundary condition. At
both sites we find that the aerosol vertical distribution can considerably
modulate the monotonicity of cloud responses to AOD changes.

Moreover, the relations of cloud droplet effective radius (Re) with
AQD, as indicated by AClIge, largely depends on aerosol vertical types,
observation locations, and LWP levels. In both LWP bins (i.e., 0-50 g
m~2 and 50-150 g m~?), the mean AClg, are positive in Decreasing but
negative in Random over SGP. The ACIg. over ENA is positive in
Decreasing under high-LWP conditions but negative in both Bottom and
Random under low-LWP conditions. The negative AClg., representing
the Anti-Twomey effect, is observed in several situations in this study at
both sites, particularly in the Random type. It is also found that under
low-LWP conditions, the ACIg. normally is larger at SGP than at ENA. In
addition, the mean ACIg. over SGP decreases with an increase in LWP
but increases over ENA. The different responses of warm cloud proper-
ties to aerosols between SGP and ENA are in relation to aerosol vertical
distributions, which are likely a result of the ocean-continent contrast in
thermodynamic and aerosol conditions where clouds form. Our further
analyses demonstrate that aerosols are still effective in modulating cloud
properties after ruling out the covarying effect of meteorological
conditions.

This work highlights that an accurate representation of aerosol ver-
tical distribution is required to reduce the uncertainty in future evalu-
ation of aerosol-warm cloud interactions. However, given the
uncertainties of lidar measurements and feature detection, further cross-
validations based on other observations, e.g., airborne or spaceborne
measurements, are needed. Moreover, the mechanisms through which
aerosol vertical distribution can affect the warm cloud properties still
require further elucidation and modeling in future, particularly
considering the complexity of aerosol microphysical and radiative ef-
fects under different thermodynamic conditions.
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