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Abstract— The uncertainty of water cloud feedback on radia-
tive forcing is one of the largest obstacles to producing confident
projections of the global climate. Sufficient measurements of
water clouds are crucial to addressing this issue. However,
existing techniques based on remote sensing or in situ instruments
face limitations in data capacity attributed to the short lifetime,
high temporal variability, and complex vertical structure of water
clouds. In this study, taking advantage of a dual-field-of-view
(dual-FOV) high-spectral-resolution lidar (HSRL), we developed
a novel algorithm to obtain diurnal simultaneous profiles of
water cloud optical and microphysical properties with high
temporal-spatial resolution. This technique does not rely on
the widely used subadiabatic assumption about the vertical
structure of water clouds. The retrieval algorithm, validated by
simulations and cloud radar measurements, was applied to field
experiment data collected at the Beijing and Hangzhou sites in
China. The relationship functions between water cloud properties
are presented to enhance our understanding of the underlying
processes. Furthermore, the vertical distributions of retrieved
properties are compared to the subadiabatic assumption. The
dual-FOV HSRL technique enables comprehensive observations,
enhancing our understanding of water clouds and providing
significant insights into the interactions among clouds, aerosols,
precipitation, and radiation.

Index Terms— Dual-field-of-view (dual-FOV) high-spectral-
resolution lidar (HSRL), multiple scattering, properties, vertical
structure, water clouds.

I. INTRODUCTION

ATER clouds are of great environmental importance

as a primary source of uncertainty in model projection
of global climate change [1], [2], [3]. Changes in water
cloud coverage can result in significant variations in global
warming [4], [5]. Complex aerosol—cloud interaction is a
primary component of uncertainty of the historical radiative
forcing of Earth’s climate [6], [7]. Intermodel differences in
simulating the aerosol—cloud interaction represent a substantial
source of uncertainty in predicting future climate change [8].
Furthermore, the formation and growth of water cloud droplets
can impact precipitation chemistry, affect the hydrological
cycle on Earth, and influence ecosystems [9], [10]. Determin-
ing the optical and microphysical properties of water clouds,
along with their internal structure, is crucial for evaluating
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their climate impact and understanding the mechanisms of
interactions between aerosols, clouds, and precipitation.

However, the short lifetime, high temporal variability, and
complex vertical structure of water clouds pose a major
difficulty for the existing observation techniques [11]. Air-
borne in situ observations provide comprehensive and detailed
information on water cloud properties but have limitations in
temporal and vertical coverage due to the duration of flights
and unavoidable contact with clouds [12]. Despite their global
coverage, the inability of passive sensors to measure vertical
profiles leads to insufficient information about cloud distri-
bution [13], [14]. Radars, such as CloudSat or ground-based
cloud radar, provide cloud property profiles while having a
limited spatial resolution for thin clouds [15].

Lidars provide an opportunity to capture profiles of water
clouds with high temporal and spatial resolutions. In that
way, lidar is a valuable complement to other cloud-detection
methods. Utilizing the multiple-scattering affected signals
(multiple-scattering signals) obtained by different receiver
field-of-view (FOV), multiple-FOV lidar systems were devel-
oped to measure Mie scattering by water cloud droplets [16],
[17], [18]. However, the inhomogeneous Mie-scattering phase
function presents challenges in accurately quantifying water
cloud properties. To overcome this conundrum, a dual-FOV
(dual-FOV) Raman lidar was employed for water cloud obser-
vations benefitting from Raman scattering phase function [19],
[20]. A challenge lies in the fact that Raman signals with low
signal-to-noise ratios are restricted to nighttime observations,
thus constraining their usability [21]. The understanding of
diurnal variations of clouds is important to the determination
of Earth’s radiation budget [22]. The constraints of Raman
lidar observations could be partially solved by the development
of the polarization lidar technique. This technique allows for
retrieving water cloud properties from polarization ratios of
the measured signals [23], [24]. Nevertheless, this method
relies on the subadiabatic assumption, which is, however,
inconsistent with reality [25]. Therefore, while the available
observation methods have their strengths and weaknesses,
there is still a deficiency in effectively detecting water clouds
with high temporal—spatial resolution on a diurnal basis.

To address this issue, the high-spectral-resolution lidar
(HSRL) technique effectively distinguishes molecular
(Rayleigh) and particle (Mie) scattering signals by
employing a high-resolution spectral discriminator [26],
[27]. Consequently, it allows for using the smooth and
almost isotropic phase function of molecular scattering
while simultaneously addressing the drawback of the Raman
technique, i.e., the inability to perform during daytime
conditions due to the weak Raman signals compared to the
sky background. However, there has been limited research
on the fundamental microphysical properties of clouds
using HSRL observations, which primarily focus on the
macroscopic physical and optical properties of clouds [28].

We have empirically demonstrated the valuable application
of the dual-FOV HSRL technique in studying cloud—aerosol
interaction [29]. In this study, we present a detailed exposition
of the retrieval algorithm for water clouds using the dual-FOV
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HSRL. This technique enables diurnal, high temporal-spatial
resolution, and simultaneous profiling of the extinction coef-
ficient (a.), the effective radius (ref), the liquid water content
(LWC), and the cloud droplet number concentration (N4) of
water clouds without relying on the subadiabatic assumption.
The retrieval results were validated by simulations and cloud
radar products with great consistency. The retrieval algorithm
was applied to measured data from field experiments con-
ducted at the Beijing and Hangzhou sites in China, 39.98°N,
116.38°E, and 30.26°N, 120.12°E. In addition, the relation-
ships between observed water cloud properties, as well as their
vertical structure, are presented.

II. MATERIALS AND METHODS
A. Dual-FOV HSRL System

The dual-FOV HSRL system operates an iodine vapor
(Ip) absorption ultranarrow spectral filter at 532 nm [30].
A detailed description of the HSRL system can be found
in previous work [29]. In the transmitting unit, a Nd-YAG
laser emits linearly polarized laser pulses at 532 nm with
a pulse energy of 100 mJ, a repetition rate of 10 Hz, and
a divergence angle of 0.3 mrad [31]. The receiving unit
incorporates two different FOVs for collecting lidar signals:
a narrow FOV, adjustable between 0.36 and 1 mrad, and a
wide FOV of 2 mrad. At the narrow FOV, a polarization
beam splitter, followed by a beam splitter and an I, filter,
separates the return signals into the perpendicular, parallel, and
molecular detection channels. The perpendicular and parallel
channels measure the intensity of total backscattering (the par-
ticulate and molecular backscattering signal) in perpendicular
and parallel polarization states, while the molecular channel
exclusively detects the molecular backscattering signal [26],
[32]. With regard to the wide FOV, only a molecular channel
is used. Signals from this channel are used to evaluate the
multiple-scattering effects of photons in water clouds.

B. Forward Simulation Models for Water Cloud Signals

The HSRL signals are usually obtained from the conven-
tional lidar equations [26]. Owing to the multiple-scattering
effect of photons in water clouds, simulating signals of water
clouds observed by HSRL are more complex.

The Monte Carlo (MC) method has been extensively uti-
lized as a robust tool for the numerical simulation of lidar
signals from water clouds, taking into account the multiple-
scattering effect. This method is able to generate realistic
results without the need for many assumptions, as previously
described in more detail [33]. In this study, the semi-analytical
MC method [34], [35] has been adapted for the simulation
of HSRL signals, which are used as input signals to vali-
date the performance of the subsequent retrieval algorithm.
However, the MC method suffers from low computational
efficiency, limiting its application in the retrieval of water
cloud properties.

To overcome the shortage of the MC model, an analytical
expression of multiple-scattering signals from water clouds
has been proposed by Malinka and Zege [36]. This analytical
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model (AM) can simulate lidar signals with high efficiency and
relatively high accuracy, which is used as a forward simulation
model for the retrieval of cloud properties. Since the original
AM was used for Raman scattering signals, one needs to
use the molecular (Rayleigh) scattering phase function to
replace the Raman scattering phase function without wave-
length conversion. The molecular scattering phase function can
be expressed as [35]

3(1+ pcos?0)

1
where p is the polarization parameter, which is usually equal
to one.

The atmospheric conditions for running the simulated signal
profile refer to U.S. Standard Atmosphere [37]. When com-
paring the simulated signal with the measured signal, signals
are normalized by the signal intensity at the cloud base.

C. Retrieval of Water Cloud Properties

Before presenting the water cloud retrieval algorithm, it is
first necessary to define the particle size distribution and
related key properties of water clouds. In this study, the widely
used gamma distribution is adopted as the parameterization
solution for the size distribution of water cloud droplets (see
Appendix for more details). The (single scattering) extinction
coefficient («.) and the effective droplet radius (r.) act as
the two most critical properties in water cloud retrieval [23],
[38]. All water cloud extinction coefficients «, in this work are
values in the single-scattering condition. Based on «, and r,
the LWC and the cloud droplet number concentration (N4) of
water clouds can be derived [24].

The retrieval of water cloud properties with the dual-FOV
HSRL is based on the premise that the measured molecular
signals (By;) exhibit varying intensities at differing FOVs.
This is because the multiple-scattering effect of photons in
water clouds affects the count and angular distribution of
photons received by lidar, which is decided by «. and the
scattering phase function of water clouds [39]. re can be
derived by its correlation with the scattering phase function.
Although the molecular channel detects the frequency-shifted
part of Rayleigh scattering, this part of the signals is also
subjected to multiple scattering by clouds. Hence, the inten-
sity of the molecular channel signal also varies at different
FOVs due to the multiple-scattering effect in water clouds,
containing the necessary information for the retrieval of the
water cloud properties. Thus, by utilizing signals from two
different FOVs of HSRL, «. and r. can be retrieved with
an iterative retrieval scheme and subsequently used to derive
LWC and Ny, as shown in Fig. 1. This method does not rely
on the subadiabatic assumption and is able to work diurnally
benefiting from the relatively high intensity of HSRL signals
during daylight hours. The following is a detailed description
of the algorithmic flow.

1) The simulated molecular signal (Bs) at height z above
HSRL can be simulated by the AM [23], [39]

Bs(z) = FIC, ac(z), reft(2), ¢] 2
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where F represents the forward simulation of the lidar signals
by the AM, C is the lidar system constant, and ¢ is the width
of FOV.

2) We analyze the quantitative relationship between signal
differences and differences in water cloud properties. The sen-
sitivity of Bg at height z; (SC,) to the water cloud properties
at the height z; (z; > z;) is defined as

SC, (zi, z;) = *(2) dBsG) 3)

Bs(zi) dx(z;)

where x represents one of the critical water cloud properties
(cee or refr). The sensitivity relates the difference between the
simulated and measured signals to the difference between the
water cloud properties for the simulation and the actual water
cloud properties. This connection is a crucial tool for the
following retrieval of water cloud properties. By setting a small
change in the water cloud properties input for the AM, the
corresponding signal sensitivity SC, can be obtained by the
signal variations in forward simulations. It is worth noting that
SC, needs to be calculated and updated at each iteration.

3) By correcting the water cloud properties in (2), the
relative differences between the simulated signal profiles and
the measured ones can be reduced. Equation (3) can be
rewritten to

AYse 4
B~ x 0C “)
where A Bg represents the difference between Bs and By, and
Ax is the difference between the water cloud properties for the
simulation and the actual water cloud properties. This equation
works as the correction step that allows us to converge the
water cloud properties for the simulation to the actual ones.
The correction step of o, and re can be solved from (4) as

ABg

Ac,  Aresr
[ )
o Teff
. [ A Bgy ABs» ] [ SCq, 1 SCq, 2 :| B
o Bg Bs» Screml SCVefth
= AB-SC™! )

where superscript —1 represents the generalized inverse matrix
and subscripts 1 and 2 correspond to the narrow FOV and wide
FOV, respectively.

It should be noted that the parameters in (4) and (5) describe
their whole profiles because a profile of the lidar signal of
the water cloud is jointly determined by o, and res at all
heights. Then, Bg can be resimulated by the corrected o, and
ref to reduce A Bs. In order to mitigate the risk of overfitting,
we utilize the damped singular value decomposition method
as a regularization technique to solve (5), with the regulariza-
tion parameter chosen by generalized cross validation [40].
This solution offers more robust retrieval results when we
compare it to alternative regularization methods and parameter
selections.

4) Due to the presence of signal noise, even if the water
cloud properties are identical, there will still be differences
between the simulated and measured signals. Therefore, the
correction will be iterated until A Bg falls within predetermined
thresholds that depend on the signal-to-noise ratio of the
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Fig. 1. Flowchart of the iterative retrieval scheme for water cloud products of the dual-FOV HSRL.
e \ /7/;/*/” TABLE I
23100 : i PARAMETERIZATION OF THE MC SIMULATIONS. THE VERTICAL
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(@) (b) (c) Laser wavelength 532 nm
Fig. 2. Comparison between simulated results by the MC model and the Nar.row FOv 1 mrad
AM. (a) Attenuated molecular backscatters. (b) Ratios of multiple scattering Wlde FOV_ 2 mrad
signals to single-scattering signals. (c) Relative deviations between MC and Spatial resolution 7.5m
AM signals. Water cloud
. . . . Cloud height range 2002.5~2152.5m
specific dual-FOV HSRL system (signal relative difference Reference height 2077.5 m
values of 5% in this work). At this time, the water cloud ac at the reference height 0.01~0.03 m-1
properties input in (2) are regarded as the final retrieval results. rer at the reference height 8~16 um
III. RESULTS AND DISCUSSION 006~ ol & U — W
. . . RMSE =0.0034 . RMSE =1.0809 .’
A. Comparison of Forward Simulation Models | R-om ‘ P | Rom ‘ )
. . . . ‘g 0.04 T 7 ERl -
The consistency of the MC and analytical simulation models = o 62 T F 6o
is compared by simulating a water cloud scenario. A subadi- £ - 8 35 .S
. _  0.02 4{# £ 8
abatic water cloud (o, and re are 0.028 m~! and 9.5 um s .,-"'r ] = 3
at the reference height, respectively; height from 2010 to y
2310 m above ground level) was used in the simulations. % o oo oo % s 6 a4
. . . . . . o -1
The parameterization of the subadiabatic water cloud is given o tue (M) ot true (HM)

in Appendix A. The FOV was equal to 1 and 2 mrad to
consider different FOVs and the spatial resolution is 7.5 m.
The simulated molecular signals are shown and compared in
Fig. 2. Since background aerosols outside the cloud normally
produce negligible multiple-scattering signals, only attenuated
backscatters (independent of the system constant) obtained by
molecular detection channels inside the cloud were studied in
this ideal simulation.

As depicted in Fig. 2(a) and (b), there are significant
differences in the intensities of simulated signals and their
multiple-scattering components at different FOVs. In addition,
Fig. 2(b) shows that the influence of multiple-scattering effects
within the water cloud intensifies with greater penetration
depth and FOV. As presented in Fig. 2(c), the analytical
method slightly overestimates multiple-scattering signals, but
the relative signal deviations between these two models gen-
erally remain below 2%. These findings suggest that the
AM achieves comparable simulation accuracy to the widely
employed MC model while having remarkable computational
efficiency for retrieving water cloud properties.

(a) (b)

Fig. 3. Performance of the dual-FOV HSRL technique. (a) Comparisons
of retrieved cloud extinction coefficient @ retrievea With MC inputs e rye-
(b) Comparisons of retrieved cloud droplet effective radius reff retrieved With
MC inputs reff,true-

B. Performance of Retrieval Algorithm

The performance of the dual-FOV HSRL technique is
evaluated by MC simulations of lidar signals by water clouds.
The parameterization details of the MC simulations are given
in Table I.

As shown in Fig. 3, the retrieved values of o, and r.¢ agree
well with the true values. Values of the root-mean-square error
(RMSE) of «, and r.¢ are 0.0034 and 1.0809, respectively. The
coefficients of determination (R?) are 0.92 and 0.94. Notably,
relatively higher o, values result in larger retrieval errors,
which can be attributed to the stronger multiple-scattering
effects that reduce the signal-to-noise ratio of simulated signals
from the MC model.

The stochastic fluctuations of MC simulation signals effec-
tively capture the impact of noise interference on the measured
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Fig. 4. Locations of (a) HSRL and the cloud radar at the Beijing site and
(b) HSRL at the Hangzhou site.

signal. Consequently, it can be anticipated that the retrieval
error will gradually increase as optical thickness increases. The
signal-to-noise ratio will therefore decrease in the retrieval of
real signals.

Nevertheless, o values as large as the maximum values set
in our simulations are unlikely to occur frequently. Results
show that the dual-FOV HSRL technique allows for achieving
accurate retrieval results within the effective signal range of
lidar detections.

C. Case Study

To demonstrate the performance and applicability of the
proposed method, case studies of water clouds were conducted
using the dual-FOV HSRL system. Atmospheric cloud and
aerosol observations were carried out at the Beijing site
(39.98°N, 116.38°E) from January 22, 2021, to April 18, 2021,
and the Hangzhou site (30.26°N, 120.12°E) from January 10,
2023, to May 13, 2023.

Fig. 4 shows the locations of observations. Two water cloud
episodes were selected from each observation site, and the
retrieval results are presented in Fig. 3. The retrieved properties
have a temporal resolution of 5 min and a spatial resolution
of 7.5 m.

The scattering ratio R, of the water cloud, i.e., the backscat-
tering intensity of water clouds (or aerosols) over that of
atmospheric molecules, was significantly higher compared to
the background aerosols. Fig. 5(b) shows that the depolariza-
tion ratio inside the water cloud increases with height due to
the multiple-scattering effect, which is consistent with previous
studies [27]. In the actual retrieval process, certain regions
were excluded from the retrieval analysis. These included
higher regions of clouds for which laser penetration depth
(around 100 ~ 200 m in these cases) was limited and optically
thin portions near the cloud base where the multiple-scattering
effects are negligible (i.e., small differences in the dual-FOV
signals make retrievals difficult). In addition, regions where
the overlap between the laser beam and receiver FOV was
incomplete were also excluded from the retrieval process [41].
Consequently, effective height ranges for which cloud prop-
erties were obtained in Fig. 5(c)—(f) are smaller than the true
geometrical extent of a cloud.

Overall, the extinction coefficient «., effective droplet
radius re, and LWC of water clouds increase with height,
while the cloud droplet number concentration Ny remains
relatively stable with height. Temporal variations in water
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Fig. 5. HSRL observations of water clouds in Beijing and Hangzhou.
(a) Scattering ratio R, at 532 nm. (b) Depolarization ratio §, at 532 nm.
(c) Cloud extinction coefficient o, at 532 nm. (d) Cloud droplet effective
radius refr. (€) LWC. (f) Cloud droplet number concentration Ng.

cloud properties can also be observed, as the results are
showing for the Hangzhou site on April 26, 2023. There was
a significant increase in Ny and a decrease in reg of the water
cloud after 3:00 (local time, universal time coordinated (UTC)
+ 8). Differences in the optical and microphysical properties
of water clouds were found between the two observation
sites in similar seasonal and altitude conditions. Specifically,
the cloud LWC at the Hangzhou site (an average value of
0.229 gm~3) was observed to be greater than that at the
Beijing site (an average value of 0.086 gm~*), which aligns
with previous findings [42], [43]. The similarity in N4 of
the water clouds at the two sites suggests that this difference
stems from the size of the water cloud droplets. We found
that r. of the water clouds at the Hangzhou site (an average
value of 12.3 um) is larger than that at the Beijing site (an
average value of 7.8 pum). Relative humidity and specific
cloud LWC from ERAS5 reanalysis data are included to
corroborate these findings (Fig. 6). This difference is mainly
because the different relative humidities in these two sites
foster different liquid water lapse rates [44]. The results
from the case studies further demonstrate the ability of the
dual-FOV HSRL technique in quantifying the value and
vertical distribution of water cloud properties.

In addition, to demonstrate the practical performance of
the dual-FOV HSRL technique, we conducted simultaneous
measurements using a 33.44-GHz cloud radar located near the
Beijing site (39.99°N, 116.31°E, approximately 6 km away)
for the water cloud case on March 5, 2021. Although a spatial
distance existed between the HSRL and the cloud radar, this
distance is significantly smaller than the typical horizontal
scale range of low-level water clouds [45], [46]. Thus, despite
some differences, the observed properties of water clouds by
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Fig. 6. Relative humidity and specific cloud liquid water content (CLWC)
from ERAS on (a) March 5, 2021 at the Beijing site; (b) March 19, 2021 at
the Beijing site; (c¢) April 22, 2023 at the Hangzhou site; and (d) April 26,
2023 at the Hangzhou site.
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Fig. 7. Comparison of dual-FOV HSRL products with the cloud radar on

March 5, 2021. (a) Scattering ratio R, at 532 nm observed by the dual-FOV
HSRL. (b) Radar reflectivity observed by the cloud radar. (¢) Comparison of
the vertical mean values of LWC obtained by the dual-FOV HSRL with the
cloud radar. (d) Comparison of the vertical mean values of r.s obtained by the
dual-FOV HSRL with the cloud radar. The error bars stand for the standard
deviations of the averaged values.

these two instruments were comparable. The data processing
of cloud radar is given in Appendix B.

Fig. 7 shows the simultaneous observation of the water
cloud layer at the same height obtained from the dual-FOV
HSRL and the radar. Fig. 7(a) and (b) presents the comparison
between the cloud scattering ratio and radar reflectivity. The
height and undulation of the cloud base detected by both
instruments were generally consistent. The water cloud thick-
ness detected by the cloud radar is greater than that detected
by HSRL as the penetration depth of the laser beam into the
cloud is limited.

Furthermore, Fig. 7(c) and (d) presents a comparison of
LWC and rqg obtained from the two measurements. Given the
different spatial resolutions and penetration depths of the two
techniques, both LWC and rs were vertically averaged within
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Fig. 8. (a) Relationship between cloud extinction coefficient o, at 532 nm and
LWC. (b) Relationship between «, at 532 nm and LWC for different height
bins of Ng. (c) Relationship between cloud droplet effective radius refr and
cloud droplet number concentration Ng4. (d) Relationship between reg and Ng
for different height bins of LWC. Different colors of data points are used for
different water cloud cases. BJ represents the Beijing site and HZ represents
the Hangzhou site. The total number of data points is 1470, of which 224,
234, 452, and 560 are for the four days in (a) and (c), while 456, 416, and
598 are for the three cases in (b) and (d), respectively.

effective height intervals of the dual-FOV HSRL products.
As shown in Fig. 7(c) and (d), there was a temporal fluctuation
of the water cloud properties, which is a typical behavior in
well-developed and preexisting water clouds [47]. The results
exhibit good agreement between 20:50 and 23:20 UTC +
8, thereby confirming the consistency and accuracy of the
retrieved water cloud properties.

The vertical extent and water cloud properties observed by
the dual-FOV HSRL and radar instruments showcase their
respective advantages during specific time intervals. Around
21:50 UTC + 8, the LWC and r.i of the water cloud were
relatively minimal. During this period, the dual-FOV HSRL
exhibited enhanced sensitivity to small cloud droplets, whereas
the radar failed to detect the cloud base, as shown in Fig. 7(c).
Between 23:20 and 23:50 UTC + 8, the radar successfully
identified a broader vertical extent of the water cloud. Con-
currently, the radar-derived LWC and r. surpassed those
retrieved by the dual-FOV HSRL. Radar’s greater penetration
depth enables it to pinpoint the actual cloud top. Moreover,
the possible presence of drizzle in water clouds in this period
of time resulted in higher radar-derived LWC and r.g values
compared to the HSRL, which has lower sensitivity to larger
particles.

D. Relationship Between Retrieved Water Cloud Properties

With the observation data at the Beijing and Hangzhou sites
(see Fig. 5), a statistical analysis of the relationship between
water cloud properties can be performed. Fig. 8(a) and (b)
shows the relationship between the LWC and the extinction
coefficient «,.. The equations can be written as LWC = ma,
— ny, with the coefficients m; and n; of the equations provided
in Fig. 8(a) and (b). This analysis reveals a linear positive
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Fig. 9.  Height-normalized water cloud properties. (a) Cloud extinction
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height of the retrieved profiles, whereas 1 represents the largest retrievable
height limited by the penetration depth of laser. The total number of data
points (gray) is 1470. The colored points represent the mean values and the
length of the bars represent the standard deviation.

correlation between these two variables. As shown in Fig. 8(b),
the relationships are more significant for different height bins
of Ng, with values of R? increasing from 0.72 to a range
of 0.82 ~ 0.92. Consequently, this correlation implies that
the water cloud extinction coefficient can serve as a valuable
indicator for estimating the LWC of the cloud, particularly in
cases where Ny is fixed [48].

Fig. 8(c) and (d) depicts the relationship between cloud
droplet number concentration Ny and effective radius reg. Ng
decreases significantly as r. grows, indicating a linear nega-
tive correlation between logio(Ng) and r.g. The relationship is
log19o(Ngq) = mares — np where the coefficients m, and n, are
given in Fig. 8(c) and (d). The Twomey effect assumes that
the vertically integrated LWC remains constant as the number
of cloud condensation nuclei increases [49]. Consequently,
an increased Ngq would lead to a decrease in reg [50]. Similarly,
relationships between N4 and r.¢ become more pronounced for
different height bins of LWC, as evidenced by the increase in
R? values from 0.72 to a range of 0.81-0.93. The negative
correlation highlights that larger droplets are usually associated
with lower droplet number concentrations [51], [52].

The results presented in Fig. 8 suggest that accurate char-
acterization of o, and res can provide crucial information
for estimating LWC and Ny, respectively. These relationships
summarized by dual-FOV HSRL data will provide important
guidance for other, more common, and basic lidar systems
(e.g., Mie scattering lidars) to evaluate water cloud properties.
Although previous studies have discussed the relationship
between water cloud properties [51], [52], [53], [54], the
equations obtained from our linear regression analysis offer a
valuable contribution to the understanding of low-level water
clouds in North and East China.

E. Vertical Structure of Water Clouds

The retrieval results in Fig. 5 indicate a consistent increase
in o, rer, and LWC with height, while Ny remains relatively
constant in the vertical direction. To further analyze the
vertical structures of water clouds, Fig. 9 presents height-
normalized o, refr, and LWC along with their predicted
vertical structures based on the subadiabatic assumption (rep-
resented by black dashed lines).

The results indicate that the measured data are generally
consistent with the subadiabatic model in the lower region
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of the water clouds. However, slight variations are observed
at greater penetration depths, as previously reported [55].
As there is enhanced entrainment of drier air near the cloud
top, it is expected that natural water cloud properties would
exhibit larger discrepancies compared to the subadiabatic
assumption in the higher regions beyond the laser penetration
depth. Therefore, it can be concluded that the subadiabatic
assumption has good applicability for water cloud retrieval
based on lidar with weaker penetration, and however, the
increased deviation near the cloud top can be a limiting factor
in the accuracy of the satellite retrievals [25].

F. Evaluation of FOV Uncertainties

The fundamental principle of the retrieval algorithm lies in
the different multiple scattering intensities between two differ-
ent FOVs, which provide critical information regarding water
cloud properties. Therefore, the impact of FOV uncertainties
(i.e., deviations between FOVs employed in retrieval and the
actual FOVs) on the retrieval accuracy will be discussed in the
following text.

For the dual-FOV HSRL system used in this work, the FOV
uncertainty can be attributed to machining and hysteresis errors
associated with the adjustable field stop. These errors add up
to about 10% uncertainty in the width of the FOV. Detailed
descriptions of the HSRL system can be found in our previous
work [29], [41], and therefore, we do not focus on discussing
the detail of the design of FOVs.

In this section, the MC model was used to simulate HSRL
signals that can be obtained from the water cloud. A vertically
homogenous water cloud (e = 9 wm, narrow FOV = 1 mrad,
wide FOV = 2 mrad, and other parameters are the same as
in Fig. 2) was used in the simulations. In order to examine
the impact of an FOV uncertainty on the retrieval of o, and
ref, @ broader range of FOV uncertainties varying from 0 to
+20% was considered. Relative errors of the retrieved «,. and
refe compared to the input o, and r. of MC simulations are
shown in Fig. 10.

The results demonstrate that the effect of FOV uncertainty
is more pronounced on ref compared to o.. Furthermore, when
the uncertainty in the narrow FOV exceeds that of the wide
FOV (orange area in Fig. 10), the retrieved o and rg exhibit
significantly larger relative errors than in other situations. This
increase in relative errors can be attributed to the reduction in
the deviation of signal sensitivities as the two FOVs approach
each other, consequently leading to higher retrieval errors.
Besides, when both FOVs deviate in the same direction (either
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smaller or larger than the true FOVs, dark blue area in Fig. 10),
the retrieval errors are relatively lower due to the relatively
consistent deviation in signal sensitivity.

IV. CONCLUSION

We present a novel methodology for profiling water cloud
properties by dual-FOV HSRL based on the MC simulations
and field observations. Validation of results in future studies
should be based on long-term measurements and include
additional instruments for collecting supplementary data, such
as airborne in situ instruments for cloud properties, Raman
lidar for temperature, and differential absorption lidar for
humidity. Besides, this technique is limited by the penetration
depth of the laser, which makes it difficult to detect the
top region of optically thick clouds. Hence, future research
should prioritize enhancing the detection depth by either
strengthening the energy of the laser (while adhering to human
eye safety standards) or improving the capacity to detect
weak signals (e.g., via photonic signal stitching). Lidar can
detect both aerosol particles and water cloud droplets through
the implementation of the dual-FOV HSRL technique. This
technique is particularly effective in observing clouds near the
cloud base, while radar has a greater penetration capability.
Consequently, research on data fusion between the dual-FOV
HSRL and cloud radar, which offers a greater penetration
depth, looks promising.

Despite some limitations in this work, the dual-FOV HSRL
technique allows for directly obtaining the diurnal tempo-
ral and vertical distribution of water cloud properties. The
case studies presented in this contribution provide additional
data with certain relationships between different properties of
low-level water clouds in North and East China. In addition,
it was found that the subadiabatic assumption matches well
with the vertical structure of the water cloud properties in
the lower part of the cloud. However, further research incor-
porating more auxiliary measurements (airborne instruments,
balloon-borne samplers, and so on) is necessary to fully under-
stand and characterize the possible data discrepancy compared
to the subadiabatic assumption near the cloud top. Moreover,
when combined with diurnal profiles of aerosol properties
observed by HSRL [56], this technique can contribute sig-
nificantly to the investigation of aerosol-cloud interactions.
Although this study is based on ground-based instruments, the
same methods can be easily implemented on existing airborne
or spaceborne HSRLs by simply adding a signal channel with a
different FOV size to the original lidar. Altogether, the method
and results of this study could have critical implications
for reducing uncertainty in water cloud characterization and
advancing our understanding of aerosol—cloud interactions.

APPENDIX
A. Parameterization of the Water Cloud

The modified gamma distribution is widely used as a
parameterization solution for the size distribution of water
cloud droplets [23], [24], [38], which is
Nd 1 r r-l r
Pz (7) eXp(‘a) (6)

n(r) =
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where r is the water droplet radius, Ny is the cloud droplet
number concentration, r, is the mode radius, and y is the
shape parameter of the gamma distribution. We select 12.3 for
the parameter y in our study. This value is widely adapted
from the data processing of moderate-resolution imaging
spectroradiometer (MODIS) [57]. The effective radius of the
size distribution re and r,, are connected by the following
relationship:

Feff = /n(r)r3dr//n(r)r2dr =rn(y +2). 7

The most important water cloud properties are the extinction
coefficient «,, the effective droplet radius rg, the LWC, and
the cloud droplet number concentration N4 [21], [23]. The
LWC and N4 can be expressed by regr and ., respectively [26]

2
LWC = gpwacreff ®)
1 )
Ny = macreﬁ' 9)

where p,, is the density of water. k represents the ratio between
the cubic power of the volume mean droplet radius and the
cubic power of reg, which is around 0.75 £ 0.15 for continen-
tal air masses and around 0.8 for marine stratocumulus [58].
Therefore, . and res act as the two most critical properties
in the water cloud retrieval.

The subadiabatic assumption considers a reduction in LWC
due to evaporation triggered by the entrainment of drier
air masses above the cloud top [23]. This assumption is
considered more appropriate for the retrieval of low-level
water clouds from remote sensing [24], [59], compared to the
adiabatic model that holds true under convective conditions.
Based on the subadiabatic assumption, water cloud properties
could be written as a function related to their values at the
reference height (75 m above the cloud base in this study)

e(2) = e (Zrer) (”“) ‘ (10)
Zref — <b
2=z \?
Teff(2) = Fefi(Zret) (b) (11)
Zref — <b

where z is the cloud height, z. is the reference height, and
Zp is the cloud base height.

B. Data Processing of Cloud Radar

The LWC can be derived by the cloud radar reflectivity Z
[60], which is expressed as

LWC = qz%’ (12)

where the constant a can be obtained by airborne in situ
instruments. In this study, the value of 1.04 was adopted for
a based on data obtained from previous aircraft observations
conducted over Beijing [61]. Then, the effective radius (res)
can be calculated by [18]

3LWC
T, =
eff 47t 0; Nq exp (4.5%2

1/3
)> exp(2.507)  (13)

where p; is the density of water, Ny is the cloud droplet
number concentration, and o, = 0.35. Although Ny is usually
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assumed to be constant, the value of Ny obtained from
dual-FOV HSRL has been utilized in (13) to reduce the
uncertainty of re retrieved by cloud radar observations in this
study.
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