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Aerosol–cloud interaction (ACI) is complex and difficult to be well represented in
current climate models. Progress on understanding ACI processes, such as the influence
of aerosols on water cloud droplet formation, is hampered by inadequate observa-
tional capability. Hitherto, high-resolution and simultaneous observations of diurnal
aerosol loading and cloud microphysical properties are challenging for current remote-
sensing techniques. To overcome this conundrum, we introduce the dual-field-of-view
(FOV) high-spectral-resolution lidar (HSRL) for simultaneously profiling aerosol and
water cloud properties, especially water cloud microphysical properties. Continuous
observations of aerosols and clouds using this instrument, verified by the Monte
Carlo simulation and coincident observations of other techniques, were conducted to
investigate the interactions between aerosol loading and water cloud microphysical
properties. A case study over Beijing highlights the scientific potential of dual-FOV
HSRL to become a significant contributor to the ACI investigations. The observed water
cloud profiles identify that due to air entrainment its vertical structure is not perfectly
adiabatic, as assumed by many current retrieval methods. Our ACI analysis shows
increased aerosol loading led to increased droplet number concentration and decreased
droplet effective radius—consistent with expectations—but had no discernible increase
on liquid water path. This finding supports the hypothesis that aerosol-induced cloud
water increase caused by suppressed rain formation can be canceled out by enhanced
evaporation. Thus, these observations obtained from the dual-FOV HSRL constitute
substantial and significant additions to understanding ACI process. This technique is
expected to represent a significant step forward in characterizing ACI.
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Aerosol–cloud interaction (ACI) is a crucial aspect of atmospheric research and one of the
primary sources of uncertainties in climate predictions (1–3). To assess the credibility of
climate projections, it is imperative to improve our understanding of how aerosols interact
with clouds (4–6). It has been well known that aerosols can serve as cloud condensation
nuclei (CCN) to form cloud droplets, which can further influence the initiation of pre-
cipitation (7). However, quantifying the impact of natural and anthropogenic aerosols on
the growth and the evolution of water clouds is still challenging (8, 9). The short lifetime,
high temporal variability, and complex vertical structure of water cloud layers lead to a
major difficulty for ACI studies (3, 10, 11). Despite the advances in the characterization
of ACI by ground-based measurements (12–21), satellite retrieved products (22–25), and
airborne in situ measurements (26–28), uncertainties remain in the effects of the aerosols
on the water cloud properties. The reason for this gap in our knowledge is closely linked
to the inadequate observations of the water cloud microphysical properties under various
aerosol conditions (3). Current satellites can estimate cloud properties but not the typical
aerosol nucleation region beneath clouds (22–25). Moreover, they also bring challenges for
ACI studies that the typical revisit time of satellite-based sensors is much longer than the
temporal scales of cloud variability (29, 30). Quintessential ground-based remote-sensing
techniques for retrieving cloud properties, such as the cloud radar and the microwave
radiometer, cannot provide simultaneous aerosol observations for ACI studies. Therefore,
ground-based measurements commonly combine those with other remote-sensing or
in situ aircraft instruments for characterizing aerosol loading beneath clouds (12–20).
However, given the high variability of clouds, differences in perspective or mismatched
sampling in space and time would raise uncertainty and bias in the characterization of
ACI (15).

Lidar, a powerful tool for profiling optical properties of aerosols and clouds, has
been widely used in atmospheric studies (31–33). Yet, further progress with lidar-based

Significance

Aerosol–cloud interaction affects
the cooling of Earth’s climate,
mostly by activation of aerosols as
cloud condensation nuclei that
can increase the amount of
sunlight reflected back to space.
But the controlling physical
processes remain uncertain in
current climate models. We
present a lidar-based technique
as a unique remote-sensing tool
without thermodynamic
assumptions for simultaneously
profiling diurnal aerosol and
water cloud properties with high
resolution. Direct lateral
observations of cloud properties
show that the vertical structure of
low-level water clouds can be far
from being perfectly adiabatic.
Furthermore, our analysis reveals
that, instead of an increase of
liquid water path (LWP) as
proposed by most general
circulation models, elevated
aerosol loading can cause a net
decrease in LWP.

Author contributions: N.W. and D.L. designed research;
X.S., C. Liu, J.Y., F.C., L.W., S.C., J.K., D.X., and J.F.
performed research; K.Z., A.M., and Y.Z. contributed new
reagents/analytic tools; N.W., Y.W., J.L., C. Li, J.M., A.M.,
C.Z., L.M.R., J.G., S.G., and D.L. analyzed data; N.W. and
K.Z. wrote the paper; and X.S. provided validation data.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).
1N.W., K.Z., and X.S. contributed equally to this work.
2To whom correspondence may be addressed. Email:
liudongopt@zju.edu.cn.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2110756119/-/DCSupplemental.

Published March 2, 2022.

PNAS 2022 Vol. 119 No. 10 e2110756119 https://doi.org/10.1073/pnas.2110756119 1 of 9

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2110756119&domain=pdf&date_stamp=2022-03-18
http://orcid.org/0000-0002-5037-4145
http://orcid.org/0000-0001-6657-8401
http://orcid.org/0000-0001-8860-1916
http://orcid.org/0000-0002-0651-5115
http://orcid.org/0000-0002-5196-3996
http://orcid.org/0000-0002-6108-2375
http://orcid.org/0000-0002-8125-252X
http://orcid.org/0000-0002-2463-832X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:liudongopt@zju.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://doi.org/10.1073/pnas.2110756119


techniques for ACI studies is hampered by limited observations
of the water cloud microphysical properties, mainly due to the
difficulties of quantifying the multiple scattering within water
clouds (34). The multiple scattering has a significant impact on
the water cloud observations of the extinction as well as the
depolarization ratio, which is related to the receiver field of view
(FOV). In brief, a retrieval of water cloud microphysical properties
for lidar-based techniques relies on utilizing different receiver
FOVs to provide the necessary observations for characterizing
the multiple-scattering effect caused by the water droplets (34,
35). The first multiple-FOV lidars were aimed at investigating the
multiple-scattering effect and measured Mie scattering by water
droplets (36). However, a complicated behavior of the Mie phase
function makes the quantifying of the multiple scattering become
an arduous task. It naturally leads to the use of Raman scattering of
atmospheric nitrogen, which has an isotropic phase function prac-
tically in the backward direction, to allow developing a feasible
algorithm for the retrieval of water cloud microphysical properties
(35). Moreover, the dual-FOV Raman lidar technique for profil-
ing cloud properties has been experimentally demonstrated (37).
With this technique in conjunction with an incoherent Doppler
lidar, the ACI findings have been obtained with an ACI index
versus vertical air motion (21, 38). However, nitrogen Raman
signals are so weak that the observations are usually restricted
to nighttime hours, and the signal has to be averaged over tens
of minutes to deliver reliable lidar products, while the typical
temporal scale of cloud variability is much shorter than that (29).
Recently, a dual-FOV polarization lidar technique was reported,
which continued and further developed the concept of the dual-
FOV Mie lidar (39). However, to assess ACI this method requires
a priori assumptions about the lidar ratio and subadiabatic cloud
conditions. The impact of the a priori assumptions on the aerosol
and cloud retrievals has been widely discussed (10, 40, 41). In
general, all existing multiple-FOV lidar-based techniques have
their advantages and also limitations.

To overcome this conundrum, a dual-FOV high-spectral-
resolution lidar (HSRL) technique for profiling aerosol and
cloud properties simultaneously is introduced here. It provides
lateral observations of aerosols and clouds with high vertical
and temporal resolutions during daytime and nighttime. Neither
assumptions on thermodynamic conditions nor lidar ratio
are required. This work benefited from the range-resolved
observations of water clouds with high resolution, revealing
that the observed profiles of low-level water cloud microphysical
properties are not perfectly adiabatic as assumed by many current
retrievals (42–46). Furthermore, the ACI analysis supports the
hypothesis that aerosol-induced water decrease by enhanced
evaporation can cancel out the increase caused by suppressed rain
formation (6, 47), while most current global general circulation
models (GCMs) suggest that increased aerosol loading typically
causes increased cloud water content (19, 48). Thus, these
observations obtained from the dual-FOV HSRL can constitute a
substantial and significant addition to our understanding of ACI
studies. We believe that this versatile system will not only benefit
the quality monitoring of aerosol and cloud properties but also
serve as a powerful tool for ACI studies.

Results and Discussion

Field Campaign and Dual-FOV HSRL System. A dual-FOV HSRL
system developed by Zhejiang University (ZJU) was operated in
Beijing, China, from 25 October 2020 to 12 December 2020. The
location of this field campaign is shown in SI Appendix, Fig. S1.
Continuous observations of aerosols and clouds were conducted

near the Meteorological Bureau of Yanqing District (i.e., YQ
site). Subsequently, we performed coincident observations (Data
Quality Check) with cloud radar, Raman lidar, and a sun pho-
tometer to validate our results at Peking University (i.e., PKU site).
Compared to typical single-FOV HSRL, the dual-FOV HSRL
system equips an additional molecular channel with a different
receiver FOV to characterize the multiple-scattering effect of water
clouds. Elastic molecular scattering measured with the HSRL
has similar angular behavior of the phase function to that of
Raman scattering, thus allowing profiling of cloud microphysical
properties without assuming thermodynamic conditions if the
information on molecular scattering from dual FOVs is avail-
able (21, 37). At the same time the molecular signal measured
with the dual-FOV HSRL is much stronger than the Raman
signal, which enables us to profile aerosol and cloud properties
during daytime and nighttime with high vertical and temporal
resolutions for ACI studies. The development of our single-FOV
HSRL system has been described in previous work (40); hence,
only the general descriptions are given in SI Appendix, Text S1.
SI Appendix, Table S1 summarizes the general specifications of the
dual-FOV HSRL configuration.

Due to the complex and combined influences of meteorological
and aerosol-related aspects on cloud properties and evolution
detailed in Fig. 1A, strong efforts regarding field observations of
aerosol and cloud properties with high resolution are imperative
(3). Therefore, it is fairly appealing to simultaneously profile
the properties of aerosols and clouds with this lidar technique
for understanding their interactions. The internal view and the
schematic diagram of this lidar system are shown in Fig. 1 B
and C, respectively. The data analysis scheme about how to obtain
the required observations of aerosol and water cloud properties
is depicted in SI Appendix, Text S2 and Fig. S2. The water cloud
layers excluded from aerosols and ice clouds would be selected
after the classification for the retrievals of cloud optical and mi-
crophysical properties, e.g., cloud extinction (αc), cloud droplet
effective radius (re ), cloud droplet number concentration (Nd ),
and liquid water content (LWC), etc. The retrieval of water
cloud microphysical properties is an iterative process based on a
quasi–single-scattering analytical (QSA) model and an optimal
estimation method, whose refinement is provided in Materials
and Methods. Note that Nd cannot be retrieved from the lidar
profile directly; instead, it is estimated to be proportional to the
product of αc and r−2

e (SI Appendix, Text S3). The optimization
of lidar configuration and the determination of resolution follow
the procedures in SI Appendix, Texts S4 and S5.

Data Quality Check. Assessing the performance of dual-FOV
HSRL for ACI studies is inherently difficult since there is little
underlying truth in the practical cases. Quantitative tests for
data quality were performed mainly by evaluating the retrieval of
aerosol and cloud properties. Even a single-FOV HSRL can pro-
vide reliable observations of aerosol optical properties. Therefore,
we would be more concerned about the data quality of water cloud
microphysical properties. In this case, we conducted comparisons
directly with the aerosol optical depth (AOD) derived from a
sun photometer at daytime and aerosol extinction derived from
a single-FOV Raman lidar at nighttime to verify the aerosol
measurements from the dual-FOV HSRL. These results agree
reasonably well (5.02 and 0.26% corresponding to AOD and
aerosol extinction in terms of mean bias error, respectively), show-
ing high quality of the aerosol products in SI Appendix, Fig. S3.
Hereafter, we focus on the performance evaluation of the water
cloud microphysical properties retrieval based on the dual-FOV
HSRL.
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Fig. 1. Observational scheme of using the dual-FOV HSRL system to investigate the ACI. The ground-based lidar system performs continuous measurements
of aerosols and clouds and conducts ACI analysis between aerosol loading and water cloud microphysical properties (cloud droplet number concentration
Nd , effective radius re, liquid water content, etc.). (A) ACI can be analyzed based on temporal changes of the retrieved properties during 1) CCN activation of
aerosol particles, leading to increasing Nd , decreasing re, and the resulting increase of solar reflectance and 2) diffusional growth of cloud droplets, enhancing
condensational growth processes and enlarging particle sizes, and eventual precipitation through the mechanism of collision and coalescence. (B) The internal
view of the dual-FOV HSRL system. (C) The schematic diagram of the dual-FOV HSRL system (see SI Appendix, Text S1 for further description): 1, Kepler telescope;
2, iodine vapor cell; 3, detector; 4, beam expander; 5, Glan–Taylor prism; 6, power meter; 7, laser; 8, Schmidt–Cassegrain telescope; 9, camera; and 10, half-wave
plate.

First, to investigate the feasibility and the uncertainty of the wa-
ter cloud microphysical properties retrieval, a Monte Carlo (MC)
model was employed here, as detailed in SI Appendix, Text S4.
The simulated lidar profiles corresponding to the given micro-
physical properties of water clouds were computed using MC
simulation and then used as input for the retrieval algorithm.
Similar simulations for assessing the performance of retrieving
cloud properties also can be found in other works (39, 49). In
this simulation, re of the water cloud ranges from 6 to 18 μm,
while LWC varies from 0.05 to 0.45 gm−3 to represent various
cloud scenarios (homogeneous clouds for the sake of simplicity).
The thickness of the water clouds with a cloud base height at
2 km was set to 150 m. Attenuated backscattering profiles with
Poisson noise were then obtained assuming two different receiver
FOVs of 1.0 and 2.0 mrad, respectively. Fig. 2 A and B shows
the complete comparison from the 49 coincident cases in the
simulation. In addition to comparing with the true values, we
also assess the applicability of the retrieval algorithm in noisy
conditions (Poisson noise in these cases). As can be seen, the re
values obtained with the retrieval are in good agreement with the
true values almost within ±30% uncertainty, while the retrieved
LWC values slightly exceed ±30% error under high LWC con-
ditions. The particular reason for this circumstance is that the
retrieval of LWC is related to not only re but also αc , which

can be referred to in SI Appendix, Text S3. Similar simulations
were done in SI Appendix, Text S6, but with different cloud-base
height, different initialization of the retrieval, etc. Despite the
different assumptions, the performances of the retrieval remain
similar. There are multiple reasons for the noticeable biases that
appeared with high values of re or LWC. The main reason is that
high extinction coefficients induced by large cloud droplets (or
high LWC values) attenuate the backscattering lidar signal to the
noise level swiftly, imposing higher uncertainty on the retrieval.
Another reason is that this lidar configuration is not optimal for all
conditions, especially large cloud droplets (or high LWC values),
as detailed in SI Appendix, Text S4. A narrow FOV is preferred for
achieving lower uncertainty when measuring large cloud droplets.
Furthermore, it illustrates that the accuracy of the QSA model
also deteriorates when multiple scattering is prominent (i.e., high
LWC) (50), since the QSA model simplifies the treatment of
multiple scattering by assuming it as a sum of multiple small-angle
forward scattering and single backward scattering. All parameters
used in the simulation are listed in SI Appendix, Table S2, which
coincide with those in the practical dual-FOV HSRL system.

Next, to assess the practical performance of dual-FOV HSRL
for water clouds, simultaneous observations with a 33.44-GHz
cloud radar and dual FOV HSRL were conducted at the PKU site
on 6 December 2020. The droplet size distribution was assumed
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Fig. 2. Results of data quality check. (A and B) Comparisons of droplet re (A) and LWC (B) with the true values and the retrievals using MC simulations. Vertical
lines stand for the SDs among several sets of retrievals using different re or LWC. (C) Comparison of the column mean values re with the cloud radar and the
dual-FOV HSRL on 6 December 2020. Mean value of the bias is 8.31%. (D) The solid black line corresponds to the relationship between δ̄ and AS proposed by
Hu et al. (52) according to the CALIOP observations. Comparisons of our MC computation and experiment data with the respective values predicted by the
relationship are presented. The experimental data are shown in Inset separately.

for the retrieval of water cloud microphysical properties (51),
since the actual distribution was not available. The observations
not related directly to water cloud microphysical properties are
shown in SI Appendix, Fig. S4 for the sake of clarity, e.g., height
versus time images of radar reflectivity and backscattering coef-
ficient, etc. An in-depth explanation regarding the processing of
this comparison is in SI Appendix, Text S7. Fig. 2C presents an
example of point-to-point re comparison (column mean values)
from the dual-FOV HSRL and the cloud radar. The bias presented
in Fig. 2C falls within the acceptable uncertainty (8.31% in
terms of mean bias) for the dual-FOV HSRL, considering that
the cloud radar was measuring the water clouds along a slightly
different path through the atmosphere (SI Appendix, Fig. S4). The
good agreement of these lidar results with the respective cloud
radar observations corroborates the quality of our retrieved cloud
products. Note that potential uncertainties also exist within the
radar retrievals (10).

Aside from the ground-based cloud radar, space-borne remote
sensing could also provide similar observations of aerosols and
clouds with the dual-FOV HSRL. Unfortunately, CloudSat has
stopped providing radar data due to a failure of one of its three
remaining reaction wheels since 27 August 2020. The data prod-
ucts of cloud properties from satellite passive remote sensing were
also investigated to compare with our lidar observations, e.g.,
moderate resolution imaging spectroradiometer (MODIS) and
visible infrared imaging radiometer (VIIRS) satellites. However,
the revisit time from the satellite passive remote sensing was unsat-
isfactory to conduct a comprehensive comparison with the dual-
FOV HSRL results (an example is shown in SI Appendix, Fig. S5).
The explanation for those deviated results may involve several
complicated factors, which are beyond the scope of this paper.

Therefore, we turn to verifying the statistical relationship de-
rived from satellite observations, which is related to the water

cloud properties. For instance, Hu et al. (52) investigated the rela-
tionship between the ratio of the accumulated depolarization ratio
(δ̄) and the accumulated single-scattering fraction (AS ) at 532
nm, which had been widely adopted in the analysis of water clouds
from cloud-aerosol lidar with orthogonal polarization (CALIOP)
measurements. Here, we extended the validation efforts to the MC
simulation and the dual-FOV HSRL observations that provide
comprehensive properties of water clouds in Fig. 2D. A great
number of data points are available owing to 10 different cloud
scenarios of the MC simulation and the extensive dual-FOV
HSRL data products with high resolution for this comparison.
The detailed parameters of the cloud scenarios used in the MC
simulation are listed in SI Appendix, Table S3. The experiment
results from the dual-FOV HSRL observations are displayed in
Fig. 2 D, Inset separately, and the other results are from the
MC simulation. The relationship between δ̄ and AS , which
corresponds to the solid black line in Fig. 2D, is in good agreement
with the MC simulation and lidar observations. The δ̄ values of
the experimental observations are relatively low, shown in Fig. 2D,
since the multiple-scattering effect would be much weaker due to
the limited FOV footprint of the low-level water clouds from the
ground-based lidar depolarization observations.

Selected Case Study. By design, the dual-FOV HSRL system
observed nearly continuous cloudy weather over the YQ site on
14 November 2020. Fig. 3 A–C provides an overview of the
aerosols and the layered clouds from the lidar observations,
consisting of backscattering coefficient, depolarization ratio, and
feature classification. Complex cloudy conditions were observed,
involving upper tropospheric ice clouds (phase 1), midlevel
mixed-phase supercooled clouds (phase 2), and low-level water
clouds (phase 3). Ice clouds extending from ∼7 to 9 km above
ground were observed from midnight to 03:40 local time (LT). A
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Fig. 3. Ground-based dual-FOV HSRL and space-borne passive remote-sensing observations on 14 November 2020 over Beijing YQ site. (A and B)
Backscattering coefficient (A) and depolarization ratio (B) observed with the dual-FOV HSRL. (C) Feature classification of aerosol and cloud layers based on
the lidar observations. (D) Pseudocolor RGB image from VIIRS observations on 14 November 2020, 13:54 LT. The pink triangle indicates the location of the YQ
site, and the white line marks the border of Beijing City. (E) Same as D, but showing a detailed image around the YQ site.

high depolarization ratio of ice clouds was observed with values
of above 0.20 due to the strong light depolarization caused by
ice crystals shown in Fig. 3B. Later in the early morning, the ice
clouds transformed into a mixed-phase cloud layer and produced
precipitation, mostly in the form of drizzle. The mixed-phase
clouds were observed at about 3 to 8 km above the ground, similar
to the coexistence of a supercooled liquid and ice layer reported
by our HSRL system (40). The depolarization ratio of the mixed-
phase clouds is higher, pointing to the presence of ice particles.
Since at the moment the retrieval of microphysical properties
is applicable to pure water clouds, it is necessary to identify
observation periods that are not contaminated by ice crystals
(SI Appendix, Text S2). For instance, the observations during the
time period from 16:40 to 19:15 LT may not be suitable for our
algorithm, since the presence of multiple peaks in the vertical
structure of the backscattering coefficient and depolarization
ratio indicates that it should be identified as mixed-phase clouds.
The observation period consisting of pure water cloud layers is
labeled as phase 3 in Fig. 3 A–C, which is mainly discussed in
the following section. The backscattering coefficient of the water
clouds was significantly higher, shown in Fig. 3A, verifying the
presence of relatively large concentrations or sizes of droplets
within the clouds.

To further confirm the identification of the cloud phase, the
overview of the synoptic situation around Beijing over central
China with the widespread cloudiness is shown in Fig. 3D at 13:54
LT. The color scheme was selected to enhance the understanding

of the cloudy condition (53). In this work, the red-green-blue
(RGB) compositions were modulated by visible reflectance (red),
solar reflectance (green), and brightness temperature (blue) of
VIIRS bands centered at 0.6, 3.7, and 11 μm, respectively. Fig. 3E
provides a detailed pseudocolor RGB image around the YQ site.
The pink triangles in Fig. 3 D and E indicate the location of
the YQ site in northwestern Beijing. Since solar reflectance is
roughly inversely proportional to the effective radius when LWC
is fixed, and brightness temperature is inversely proportional to
height, Fig. 3E shows that, at the time of overpass, the test site
is surrounded by relatively low-level clouds with small effective
radius. There are sparse high-level clouds to the north of the site
in full red, which may not be observed by the ground-based lidar.
All observations from satellite images indicate that this is owing to
the low-level warm water clouds over the YQ site, which coincides
with lidar observations during that time.

Hindered by the variation of the cloud properties, the method
of deriving the ACIN parameter based on the relative change
in Nd along with the aerosol loading in this work is applicable
to a single continuous cloud layer with assumed uniform shape
of droplet size distribution (SI Appendix, Text S3). Thus, only
the long-lasting water cloud layer from 2.5 to 2.8 km height
observed over several hours from 19:15 to 22:00 LT was selected
to provide an example to investigate the cloud properties. Fig. 4
A and B shows the height versus time images of re and LWC
with resolution of 5 min and 7.5 m retrieved from the dual-FOV
HSRL during the selected observation period. The column mean

PNAS 2022 Vol. 119 No. 10 e2110756119 https://doi.org/10.1073/pnas.2110756119 5 of 9

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://doi.org/10.1073/pnas.2110756119


Fig. 4. Dual-FOV HSRL observations of water cloud microphysical properties. (A and B) Time versus height image of re (A) and LWC (B) with resolution of
7.5 m and 5 min retrieved from the dual-FOV HSRL. (C) The column mean value of re (blue) and LWC (red). (D and E) The retrievals of re (D) and LWC (E) were
presented as a function of normalized height to investigate the vertical structure of the low-level water cloud. The error bars indicate the uncertainties of the
retrieved values regarding the measurement profiles. (F) Correlations of retrieved cloud properties and the extinction of aerosol proxy. The slopes of solid lines
correspond to the ACI parameters of Nd (in blue), re (in red), and LWC LWP (in green), respectively. Note that the dashed lines denote the uncertainties of ACI
parameters (SD) due to the retrieval error of cloud properties. (G) Collected ACIN values from extensive literature in the past two decades, including this work
(12–20, 22–28, 38).

values of re and LWC are shown in Fig. 4C. Note that there is
a temporal fluctuation of the water cloud properties, which is a
typical situation found in the observations of well-developed and
preexisting liquid water cloud layers (15). Statistically, the dense
water clouds varied re with the highest-occurring values around
5 to 8 μm, and the LWC was around 0.02 to 0.04 g/cm

3. The
relatively low values of re often occur with high values of Nd .
These properties are typical of nonprecipitating low-level water
clouds in the polluted continental or marine environment (15,
18, 19).

We want to further demonstrate that the assumption of pure
adiabatic conditions is unsuitable for retrieving low-level water
cloud microphysical properties in some cases. The nearly adiabatic
vertical profile has been the basis for satellite retrieval of cloud
properties (41), since the direct satellite retrieval of natural vertical
cloud structure is not available. However, the observed droplet re
shows that the vertical structure of the selected cloud layer is far
from being a perfectly adiabatic cloud layer. For the sake of clarity,
the vertical structure of water cloud microphysical properties has

been investigated as functions of the cloud normalized height
in Fig. 4 D and E. LWC monotonically increased with height;
however, the vertical profile of the droplet re shows an increase
followed by a decrease with height. These features indicate that
the entrainment of dry air into the cloud top causes the deviation
of the water cloud microphysical properties from those expected of
adiabatic ascending parcels (44). The outcome is a decrease in re
over the cloud top, while Nd is conserved (SI Appendix, Fig. S6).
Since the droplet sedimentation rate is inversely related to Nd ,
the proliferation of Nd in the entrainment zone at the cloud top
(SI Appendix, Fig. S6) leads to the decrease of sedimentation flux
(54). This decreased flux enhances two cooling mechanisms that
promote the sinking of entrained air into this nocturnal nondriz-
zling cloud layer, that is, entrainment-induced evaporative cooling
and longwave radiative cooling. The evaporative cooling from
mixing of cloud top and above cloud air as well as the cloud top ra-
diative cooling further enhances the cloud top entrainment. Both
of them constitute a hybrid positive feedback between Nd and the
entrainment rate—the higher the entrainment rate is, the higher
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Nd will be, and vice versa (55). Consequently, it naturally leads
to the deviation from the expected adiabatic profiles, especially
for the cloud top, which is also frequently observed in the vertical
profile of continental and maritime convective clouds (42–46).
These facts suggest that the vertical structure of low-level water
clouds should not be regarded simply as perfectly adiabatic, even
though adiabatic or subadiabatic assumptions have been widely
adopted in passive remote-sensing algorithms to retrieve cloud
products simply because of the lack of availability of ambient
cloud profiles (29). The bias of the cloud vertical structure would
impose further uncertainty on those retrievals with an a priori
assumption of adiabatic profiles (41), since the assumption may
not be tenable when a droplet collision and coalescence process,
droplet evaporation, or air entrainment occurs (56).

To quantify the aerosol effect on cloud properties, ACI pa-
rameters are adopted to describe the relative change of cloud
properties with the aerosol loading (13). A larger ACI parameter
usually indicates a stronger response to aerosols by the respective
cloud properties. The aerosol extinction rather than CCN is em-
ployed here to characterize the aerosol loading in this correlation
analysis, since the aerosol extinction (αa ) is directly retrieved
from the dual-FOV HSRL with low uncertainty. Despite the
complex cloud structures, processes, and features, we calculate the
correlation between the derived column mean cloud properties
and measured aerosol extinction from 400 to 600 m below the
cloud base. A distance of 400 to 600 m from nucleated aerosols
to the cloud base was chosen to prevent water-uptake effects
influencing aerosol extinction (38, 56). To better illustrate the
rationale of the selected height range, the height versus time
image of the extinction coefficient (multiple-scattering affected)
with temporal resolution of 1 min and vertical resolution of
7.5 m, including the selected cloud layer and the aerosols beneath
clouds, is depicted in SI Appendix, Fig. S9. A typical structure of
the nocturnal boundary layer is clearly presented—a stable shallow
surface mixing layer below 1.25 km and above a residual aerosol
layer. The selected height range of aerosol extinction coefficients
is within the residual layer and is in close proximity to the investi-
gated cloud layer with sufficient signal-to-noise ratio. The residual
layer is more likely to interact with the low-level water clouds
rather than the well-mixed layer near the ground and similarly
for the upper layer of the residual layer. To roughly estimate the
impact of the retrieved uncertainties of cloud properties on ACI
parameters, a MC method is adopted here to distort the retrievals
of cloud properties within uncertainties shown in Data Quality
Check. For every single point of the cloud properties, the arti-
ficial distortion would repeat 10,000 times and then recalculate
the corresponding ACI parameters at the same time. Thus, the
uncertainties of ACI parameters could be assessed by the SDs of
ACI parameters derived from distorted input data.

In general, the increased Nd and the reduced re change with
increased aerosol loading in Fig. 4F as expected. The relationship
between cloud droplet Nd and αa in this work is expressed in
forms of the ACIN parameter around 0.56 ± 0.13. As for the
cloud droplet re , the ACIR index is 0.26 ± 0.07, thereby em-
phasizing a relatively high sensitivity of cloud droplet re response.
Note that values of ACIR theoretically range from 0 to 0.33.
Such a high ACIR value indicates a relatively strong evaporation
within water clouds under low liquid-water-path (LWP) con-
ditions, which is consistent with the established study derived
from a long-term ACI analysis from an atmospheric radiation
measurement (ARM) ground-based site (19). Thus a large number
of small radius droplets, as can be seen in the observations,
compete with each other for limited water supply to enhance
the increasing of ACIR. In regard to the LWP, most studies

suggest that smaller cloud droplets (namely, higher aerosol loading
within the aerosol nucleation region) decreasing the efficiency
of collision–coalescence processes usually lead to a significant
increase in LWP (19, 48). But this common result in most current
GCMs follows a contentious debate, in recent years, that the
LWP can also decrease owing to some dynamical feedbacks (e.g.,
cloud top entrainment, aerosol-enhanced evaporation, etc.) (6,
47). In this ACI analysis, no statistically significant increase in
LWP is detectable. Instead of a strong increase, increased aerosol
loading causes a net decrease in the corresponding values of
LWP (ACIL = 0.46 ± 0.09). Although this finding is consistent
with ACI studies with negative LWP response to aerosols (6,
47, 57), the detailed feedback mechanisms are still unclear on
whether or not the sign of the net effect of aerosols on LWP is
positive. The LWP susceptibility is generally positive for water
clouds with small Nd and large re , but is very likely negative
for the opposite conditions (6). As aerosols usually covary with
multiple environmental factors, identifying causality for changes
in LWP in response to aerosols is challenging. Smaller cloud
droplets resulting from increased aerosol concentrations decrease
the efficiency of droplet collision–coalescence processes, extending
the cloud lifetime and cloud coverage as well as postponing the
initiation of precipitation (i.e., precipitation suppression or the
“second indirect effect of aerosols”) (5). In contrast, there are
two main feedback mechanisms to cause the decrease of LWP
within the selected cloud layer. The first one is the sedimentation–
entrainment feedback. The reduction of sedimentation flux, re-
sulting from small re and increasing Nd associated with ACI,
maintains large amounts of liquid water in the entrainment zone
at cloud top (54). It leads to increases in evaporative cooling,
radiative cooling, and entrainment rate at the cloud top under
polluted conditions. A second feedback effect stems from the rel-
atively large total surface area of small cloud droplets (at the same
LWP condition) but with faster evaporation rates and intensified
entrainment for similar meteorological conditions, known as the
evaporation–entrainment feedback (55). The complex interplay
of those mechanisms causes a net negative LWP susceptibility
to aerosols in our observations. To put the aerosol effect on Nd

from this case study into context with the other similar works, as
did Schmidt et al. (38), we collected the available ACIN values
from extensive literature in the past two decades for comparison
in Fig. 4G (12–20, 22–28, 38). Some other established results
are not shown here for the sake of clarity. As can be seen, the
reported physically meaningful ACIN values cover almost the full
range from 0 (no aerosol interaction) to 1 (linear increase with
aerosol loading). The reasons for the wide range of the ACIN
values involve numerous aspects, e.g., geographical environment,
conditions regarding aerosols and clouds, etc. The ACIN value in
this work indicates a moderate interaction of aerosols and cloud
droplets as can be seen in Fig. 4G.

Nevertheless, it is noteworthy that the cloud samples and the
time window are limited in this work compared to other publi-
cations. More samples of typical cloud scenarios will be accessed
by using this instrument in future work, e.g., shallow convective
clouds, stratocumulus, etc. Possibilities of further extending this
technique to ice crystal and mixed-phase clouds will be consid-
ered. We will also try extending further capabilities under devel-
opment to better quantify ACI process, e.g., vertical Doppler wind
measurements, size distribution of nucleated aerosols retrieved
from multiwavelength optical properties, atmospheric humidity
information, etc. By employing reanalysis data, there are also
potential insights for exploring the impact of meteorological
conditions on ACI (55). Further progress on modeling the ACI
process under different conditions will be achieved using this
technique in the future.

PNAS 2022 Vol. 119 No. 10 e2110756119 https://doi.org/10.1073/pnas.2110756119 7 of 9

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2110756119/-/DCSupplemental
https://doi.org/10.1073/pnas.2110756119


Materials and Methods

Multiple-Scattering Model. The multiple-scattering model is crucial for the
retrieval of the water cloud microphysical properties, as a tool for simulating
the lidar return profiles corresponding to the assumed cloud properties. The MC
method has been widely used in the numerical simulation model for simulating
lidar signals of water clouds including the multiple-scattering effect. This method
transforms the generation of lidar signals into the interpretable processing of
photon emission, scattering, and receiving. The standard MC method can simu-
late the lidar return profiles more accurately; however, it is quite time consuming
for our proposed retrieval of the water cloud properties. Although semianalytical
MC has been demonstrated to improve the computational efficiency (58), it is
still not fast enough to meet the needs of our retrieval. Therefore, the MC method
was used only to simulate the water cloud signals of the dual-FOV HSRL as the
synthetic signals to validate our retrieval algorithm.

Considering the limitations of the MC method, an analytical model was devel-
oped for our retrieval algorithm directly instead of the MC method. The photons
penetrated in cloud droplets contributing to the lidar signals primarily consist
of those from multiple small-angle forward scattering and single backward
scattering, which provides a feasible approximation for modeling the multiple-
scattering effects (i.e., the QSA approximation) (50). The QSA approximation
simplifies the modeling of the laser beam propagation process within clouds and
allows one to simulate the lidar return signals efficiently. The analytical multiple-
scattering model (i.e., the QSA model) offers us a solution to simulate water cloud
lidar signals with high efficiency and relatively high accuracy, which is used as a
forward model for the retrieval of water cloud properties.

The original QSA model is designed for Raman scattering (35, 37, 50); how-
ever, one can easily modify this model to generate attenuated backscattering
signals of atmospheric molecular elastic scattering (i.e., Rayleigh scattering) with
only a few modifications. First of all, it is simpler to simulate elastic scattering in
comparison with Raman scattering, as elastic scattering involves no wavelength
shift. Also, the cross-section of Rayleigh scattering is significantly larger than the
cross-section of Raman scattering. Moreover, the Rayleigh phase function corre-
sponding to molecular scattering should be employed, for which the analytical
form can be given by (58)

Pm(θ) = 3(1 + pcos2θ)/[4π(3 + p)],

with the polarization parameter p.

Retrieval Scheme for Water Cloud Microphysical Properties. This section
briefly presents the algorithm for the retrieval of water cloud microphysical
properties, utilizing lidar signals of two molecular channels with different receiver
FOVs. In the beginning, the extinction from a narrow FOV channel is adopted as
the initial value of αc. The droplet re of water clouds is considered to be a typical
range from 4 to 20 μm, and its initial value is set to 9 μm. With the assumed
values of αc and re, the simulated attenuated molecular backscattering lidar
signals can be obtained:

β
′
S1(z) = F (αc(z), re(z), FOV1) ,

β
′
S2(z) = F (αc(z), re(z), FOV2) ,

where the F symbol represents the forward physical processing to simulate the
lidar signals by the QSA model; the FOV corresponds to the practical size of
receiver FOV; the β

′
S1(z) and β

′
S2(z) are the simulated lidar signals from two

molecular channels with different receiver FOVs; and the subscript 1 denotes
the narrow FOV and the subscript 2 represents the wider one, respectively. Then
the alternative solution could be generated by an iterative optimal estimation
scheme. The iterative optimal estimation method attempts to retrieve αc and

re by minimizing the distance between the simulated lidar profiles and the
measured ones, which could be expressed as

{αc,ret(z), re,ret(z)}= argmin
∥∥∥β′

S(z)− β
′
M(z)

∥∥∥
2
= argminψ,

where β
′
M(z) represents the measured lidar signals; ψ could be referred to as

the cost function. The gradient of the cost function could be written as

∇ψ =

(
∂ψ

∂αc(z)
,

∂ψ

∂re(z)

)
.

Starting with the trial valuesαc,k(z) and re,k(z) as an example, the retrieved
values could be generated to converge toward a minimum cost function by an
iterative process:

{αc,k+1(z), re,k+1(z)}= {αc,k(z), re,k(z)} − η · ∇ψ,

whereη is a hyperparameter to manage the step size and convergence rate. Since
the convergence rate might be slow when the retrieved values are close to the true
values, the iterative process would be stopped if the relative difference between
measured lidar signals and simulated signals were within the predetermined
thresholds. An intuitive illustration of the iterative optimal estimation method
is shown in SI Appendix, Fig. S6. Once the αc and re are retrieved, the Nd and
the LWC can be estimated as

Nd ∝ αcre
−2(cm−3),

LWC =
2
3
ρwαcre(gm−3),

where the ρw is the water density. Thus, ACI parameters can be calculated to
describe the relative change of cloud properties with the aerosol loading, as
detailed in SI Appendix, Text S3.

Data Availability. The VIIRS data in Fig. 3 D and E can be freely accessed from
https://ncc.nesdis.noaa.gov/VIIRS/. The ACI index data in Fig. 4G can be found in
the corresponding references cited in this manuscript. All other study data are
included in the article and/or SI Appendix.
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