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Abstract: Clouds are an important component of weather systems and are difficult to effectively
characterize using current climate models and estimation of radiative forcing. Due to the limitations
in observational capabilities, it remains difficult to obtain high-spatiotemporal-resolution, continuous,
and accurate observations of clouds. To overcome this issue, we propose a novel and practical
combined retrieval method using millimeter-wave radar and lidar, which enables the microphysical
properties of thin liquid water clouds, such as cloud droplet effective radius, number concentration,
and liquid water content, to be retrieved. This method was utilized to analyze the clouds observed
at the Shanghai World Expo Park and was validated through synchronous observations with a
microwave radiometer. Furthermore, the most suitable extinction backscatter ratio was determined
through sensitivity analysis. This study provides vertical distributions of cloud microphysical
properties with a time resolution of 1 min and a spatial resolution of 30 m, demonstrating the
scientific potential of this combined retrieval method.

Keywords: cloud; combined retrieval; microphysical properties

1. Introduction

More than 60% of the Earth’s surface is covered by clouds [1], which play a crucial role
in simulating the Earth’s climate system and predicting climate change [2—4]. Additionally,
clouds regulate the energy balance of the Earth-atmosphere system by influencing surface
longwave radiation and solar shortwave radiation [5,6]. The Intergovernmental Panel on
Climate Change (IPCC) has identified clouds as one of the largest sources of uncertainty in
climate predictions and estimates of total radiative forcing [7]. To better quantify the role of
clouds in these processes, a clearer understanding of the microphysical properties of clouds
is needed.

Millimeter-wave radar (MMWR) is a radar system that uses the millimeter-wave
frequency range for detection and measurement. The detection of clouds by satellites is
usually achieved through threshold-based segmentation. However, the complex compo-
sition of the land surface and the high variability of reflectivity in different cloud types
can lead to biased detection results [8], and cloud masks are an important basis for esti-
mating cloud amount [9]. In addition, satellites can typically only retrieve the macro- and
micro-characteristics of cloud tops and have much longer revisit times compared to the
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time scale of cloud changes [10,11]. Unlike satellites, MMWR is capable of effectively pene-
trating cloud layers with minimal interference from atmospheric turbulence and ground
echoes. It can continuously observe the macro-parameters of clouds while also capturing
information about the structure and motion of particles within the clouds [12,13]. Aircraft
and radiosonde balloons can collect the microphysical properties of cloud particles, but
they are limited by weather conditions and cost [14]. In contrast, MMWR can provide unin-
terrupted real-time monitoring of vertical profile changes in clouds, thereby compensating
for the limitations of the remote sensing methods mentioned above. Lidar, on the other
hand, is a powerful tool in the study of the optical properties of clouds using laser beams.
It can directly measure aerosol characteristics below the cloud base and liquid droplet
microphysical properties above the cloud base [15]. Therefore, it is necessary to combine
the advantages of existing meteorological instruments to achieve all-weather, automated,
and high-precision cloud observations.

Lidar with smaller wavelengths can effectively detect aerosols ranging from a few
nanometers to a few micrometers in size but may overlook cloud droplets in the tens-of-
micrometers range [16]. Radar reflectivity strongly depends on the sixth power of cloud
droplet diameter and is not sensitive to small cloud droplets [17]. This can lead to MMWR
with longer wavelengths being unable to detect small particles in cloud droplet clusters,
resulting in the loss of small liquid droplets in the cloud droplet spectrum. The combination
of MMWR and lidar can more fully detect all particles in a cloud droplet cluster and more
accurately identify cloud boundaries. This is why MMWR and lidar are combined for
retrieve purposes. On this basis, the ratio of MMWR-to-lidar backscatter power is a sensitive
function of mean size. Once the size is known, the other microphysical properties of a
cloud can be further derived. However, this technology may only be applicable to a few
hundred meters above the base of thin clouds or thick clouds, as once the lidar penetrates
the cloud layer, it will be attenuated, resulting in a small received signal and affecting the
retrieval results.

Numerous studies have demonstrated the effectiveness of combining radar and lidar
to retrieve cloud microphysical properties. The physical basis for such an approach was
first explored by Intrieri et al., who combined an 8.6 mm Doppler radar, 3.2 cm Doppler
radar, and CO, lidar to retrieve the particle sizes of cirrus clouds [18]. On this basis,
Mitrescu et al. established a lidar-radar model to account for the nonspherical effects of ice
crystals and laser attenuation and improved the traditional optimal estimation retrieval
method to retrieve the microphysical properties of cirrus clouds [19]. Protat et al. compared
the microphysical characteristics of ice clouds retrieved from ground-based radar and lidar
with satellite data to evaluate the ice microphysical products of CloudSat and CALIPSO [20].
Vivekanandan used measurement data from radar and lidar to retrieve the droplet diameter
and liquid water content of stratocumulus clouds through electromagnetic simulation [21].
Similar papers followed, such as those of Heymsfield et al. and Delanoé et al. [22,23].

The above radar-lidar methods suffer from the following limitations: (1) Most of them
rely on prior assumptions about the cloud droplet spectrum, such as gamma distribution.
(2) They only used the backscatter coefficient of lidar but not the extinction coefficient. In
this paper, we combine Ka-band MMWR and 532 nm lidar to retrieve the microphysical
properties of clouds. The two main objectives of this study are (1) to estimate the effective
radius (Re of cloud droplets through the backscatter coefficients measured by the MMWR
and lidar, without assuming the spectral distribution of cloud droplets, and (2) to calculate
cloud droplet number concentration (Nd) and liquid water content (LWC) using the Re
and extinction coefficients retrieved by the lidar.

2. Materials and Methods
2.1. Instruments
The instruments used in this study included a 35 GHz Ka-band ground-based MMWR,

a micro-pulse lidar, and a microwave radiometer from the Shanghai World Expo Park.
The straight-line distance between the three was within 20 m. The Shanghai World Expo
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Park is located at 31.19°N and 121.50°E, along both banks of the Huangpu River, and the
surrounding buildings are mainly commercial and residential areas.

The three instruments underwent a seven-month observation period from June to
December 2020 and from May to November 2021. During the 2020 period, the MMWR and
microwave radiometer operated normally, but the lidar was unable to obtain valid data
from June to October 2020 due to insufficient laser emission power. After updating the
laser, valid data were obtained. In 2021, both the MMWR and lidar operated normally, but
the microwave radiometer experienced a malfunction from 16 September to 30 November
2021. During this period, no data could be obtained for some time, or even for the entire
day, for level 2 files each day.

The MMWR used in this study was the HMB-KPS model manufactured by Beijing
Institute of Radio Measurement, with a working wavelength of 8.57 mm and a zenith
observation mode with an elevation angle of 90° (Figure 1). It has a maximum detection
range of 20 km. This radar has high sensitivity, with a precision of 0.01 dBZ in its reflectivity
factor and 0.01 m/s for radial velocity and spectral width. It also has high spatiotemporal
resolution, acquiring a data file every minute with a range resolution of 30 m. Gossard
and Tao used power spectral data from MMWR to retrieve cloud droplet spectra and
cloud microphysical properties through deconvolution and optimal cost function spectral
separation technology, respectively [24,25].

Figure 1. Photo of HMB-KPS millimeter-wave radar.
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The lidar used in this study was the MPL-4B-IDS series micro-pulse lidar produced
by Sigma Space Corporation, with a wavelength of 532 nm and consistent spatiotemporal
resolution, distance resolution, observation mode, and maximum observation range with
the MMWR (Figure 2). It can be used to retrieve atmospheric extinction coefficient profiles,
aerosol optical thickness, cloud base height, and planetary boundary layer height. Under
the constraint of measured aerosol optical depths, He et al. used micro-pulse lidar to
retrieve the column-averaged aerosol extinction-backscatter ratio in Hong Kong [26].

Figure 2. Photo of MPL-4B-IDS micro pulse lidar.

The microwave radiometer used in this study was produced by Radiometrics Cor-
poration in Boulder, CO, USA and was composed of three parts: TP /WVP-3000, TP-2500,
and WVP-1500 (Figure 3). It can retrieve atmospheric temperature, water vapor density,
LWC, and relative humidity in the height range of 0-10 km, encompassing 57 layers. Sub-
sequently, the liquid water path (LWP) can be calculated. The microwave radiometer has
a time resolution of 1-2 min and a vertical resolution between 50 and 250 m. Due to the
disparate spatiotemporal resolutions of the two radars and the microwave radiometer,
pre-processing of the data from all three instruments is required before retrieving the cloud
microphysical properties. A method comparing LWP rather than LWC was used to elimi-
nate the influence of distance resolution. Radar data that closely matched the microwave
radiometer data were selected for temporal alignment.
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Figure 3. Photo of microwave radiometers produced by Radiometrics Corporation.

2.2. Retrieval of MMWR

In general, the retrieval of cloud microphysical properties by MMWR is based on
power spectral data or base data. Power spectral data refers to the function of the power of
particle backscatter in the radar sample library versus their velocity, while base data are
spectral moment parameters such as radar reflectivity factor, velocity, and spectral width
obtained after the signal processing of the original signal. Using the method proposed by
Huang et al. [27], assuming the cloud droplet spectrum distribution as a gamma distribution
under Rayleigh scattering conditions, the cloud droplet spectrum distribution can be
represented as:

n(D) = NgD"e P (1)

where Nj is the gamma distribution parameter, D is the diameter of the cloud droplet,
u is the shape parameter in the gamma distribution, and A is the slope in the gamma
distribution. Subsequently, Re, Nd, and LWC are expressed using the moment method

as follows:
Sn()r’dr 3+p

Re = = 2
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where Z is the radar reflectivity factor and p,, is the density of liquid water. There are two
unknowns left in the above equation: p is generally assumed to be 0 in stratus, and A can
be expressed using Melchionna’s calculation of the cloud particle vertical velocity [28]:
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where a and b are dimensionless empirical parameters in the empirical relationship between
cloud particle diameter and fall velocity, with values of 2.975 x 10° and 2, respectively. o4
represents the spectral width, and I' denotes the gamma function. In this way, the cloud
microphysical characteristics can be retrieved from the base data of the MMWR.

2.3. Combined Retrieval

Scattering refers to the process in which electromagnetic waves pass through a certain
medium and, due to the non-uniform refractive index of the medium, cause disturbances
in the wavefront of the incident wave. This results in a portion of the energy of the incident
wave deviating from the original propagation direction and being emitted in a certain
pattern towards other directions. The scattering process can be classified based on the

following scale parameters:

27r
=X ©)

where r is the particle radius and A is the wavelength. When o« < 1, scattering is described
as Rayleigh scattering. When « ~ 1 or & > 1, scattering is described as Mie scattering. The
difference in backscattered returns from instruments widely separated in a wavelength can
provide information on the characteristic sizes of the scatterers. Using the method proposed
by Intrieri et al., the Re of cloud particles can be remotely determined by combining
the backscatter data from both the MMWR and lidar [18]. Stephens assumed a gamma
distribution for the cloud droplet spectrum when calculating the theoretical backscatter
coefficients of the MMWR and lidar. However, we directly calculated the backscatter
coefficients based on the scattering function, employing a method introduced by Welton
to compute the observed backscatter coefficients of the lidar instead of the differential
backscatter cross section. This section uses Rayleigh scattering theory to calculate the radar
backscatter coefficient, while using Mie scattering theory to calculate the lidar backscatter
coefficient.

2.3.1. Calculation of Theoretical Backscattering Coefficient

For Rayleigh scattering, the scattering function is:

8rr® (m2 —1)° 5
0(0) = —5- <mz+2) (1+cos?0) @)

where m = n — in’ represents the complex refractive index of the medium in which n is the
real part, defined as the refractive index, and n’ is defined as the internal absorption within
the particles. In general, the refractive index of atmospheric aerosols ranges from 1.33 to
1.60 [29]. 6 is the angle between the incident light and the observation direction, which is
also known as the scattering angle. When the scattering angle is 180 degrees, the equation
above represents the backscattering coefficient:

. 16746 ( m2 — 1 ) 2 ®)
radar — 1 >
A m- + 2

For Mie scattering, the formula for the scattering phase function is:

p(e) = — IS1OF+1S:O)P

- )
Yot (2n+1)(Jan* + [bal)
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where S;(0) and S;(0) are complex amplitude functions. a, and by, are complex functions
known as Mie scattering parameters, which reflect the influence of electric field oscillations
and magnetic field oscillations on scattering. They are determined by the complex refractive
index m, the size parameter «, and the parameter mo of the particles. When 6 is 180 degrees,
the theoretical backscattering coefficient of the lidar can be calculated as:

Olidar = P(1800 ) (10)

2.3.2. Calculation of Observed Backscattering Coefficient
The relationship between the radar reflectivity factor Z and effective reflectivity factor
Zeis:
Ze = 10"1# (11)

Then, we can calculate the observed backscattering coefficient of the MMWR as follows:

2 2
m? -1\
Bradar = Ze (HM) F (12)
To determine the aerosol backscatter coefficient 3, and extinction coefficient .. Wel-
ton’s method was employed using the independently observed aerosol optical thickness t

as a constraining factor for the retrieval of the lidar signal [30]:

X(x—1)¥(x—1,x)

Ba(x - 1) = X
B CaT T 28a {X() + X(x — 1)¥(x — 1,x) }Az

- Bm(x_ 1) (13)

where x is the range and x is one distance resolution higher than x — 1, X(x) = P(x)-x2, where
P(x) is the return signal, ¥(x — 1, x) = exp[(Sa — Sm)(Bm(x — 1) + P (x))Az], where S, is
the aerosol extinction backscatter ratio, Sy, = (87t/3) is the molecular extinction backscatter
ratio, and Az is the distance resolution of the lidar. Assuming S, has an initial value, by
using an iterative algorithm to approach Sanew (<0.5%), we can obtain the final backscatter
coefficient 4, at various heights. The software developed by He was used to process the
lidar data in this paper [31].

In this study, the theoretical and observed backscatter coefficients need to be compared,
so it was necessary to define the following ratios:

Vi = Oradar (14)
Olidar
for theory and
Yo = Bradar (15)
Blidar

for observation. It is notable that y; and v, can be directly compared.

Figure 4 shows the theoretical backscattering coefficient ratio of the Ka-band radar and
532 nm lidar for a refractive index of 1.43 + 0.0005 x i. Given that cloud droplet sizes are
typically within the range of a few micrometers to several tens of micrometers, we restricted
the range of Re from 0 to 100 micrometers. The values of the ratio y; range from 10~ 4 to
10~# from the small to the large end of the range in Re. Distributions characterized by small
values of Re are associated with low ratios, while those with large values of Re are associated
with higher ratios. Compare the ratio v, obtained from simultaneous measurements of
radar and lidar in the field with the curve in Figure 4 to yield the experimental Re.
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Figure 4. Log of the radar-lidar backscatter coefficient ratios versus Re for the Ka-band radar over
532 nm lidar.

2.3.3. Calculation of LWC and Nd

Previous studies have concluded that the basic characteristics of liquid water cloud
layers include not only the Re but also the Nd, as well as the extinction coefficient of cloud
droplets (single scattering) «. and the LWC [32,33]. The calculation formulas for Nd, LWC,
and LWP are also provided as follows:

LWC = 2pwchRe (16)
XK
e 17
27kRe? {17
n
LWP = / LWC(z)dz = Y [Az x LWC(z)] (18)
i=1

where k is the ratio of the cube of the effective radius of cloud droplets to the cube of the
volume average droplet radius; Lu summarized the previous studies and found that when
the value of k is within the range of 0.75 & 0.15 [34], it can better represent continental
cloud clusters.

It is worth noting that in previous studies, the extinction coefficient obtained from the
narrow-field channel of a dual-field-of-view lidar was used as the initial value for & and
iteratively obtained the final &, value. In this study, however, the extinction coefficient was
obtained using Welton’s method. Additionally, we used the method described earlier to
obtain the effective radius of cloud droplets instead of converging it to the minimum cost
function by providing an initial value.

3. Results

The evaluation and verification of retrieval quality are mainly conducted by assessing
the retrieval of cloud microphysical properties and comparing them with other relatively
reliable detection results. Microwave radiometers are considered to be a more accurate
method for detecting the LWP in clouds, with a 1 K brightness temperature deviation
resulting in an approximate 30 g/m? deviation in the retrieval of the LWP by the microwave
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radiometer [35]. Since there were no aircraft measurement data available to compare the Re
and Nd of cloud droplets and satellite products can only provide cloud top data rather than
vertical profiles, we viewed the LWP retrieved from ground-based microwave radiometers
as the truth [36]. Subsequently, the influence of different extinction backscatter ratios on
LWP in combined retrieval was analyzed.

3.1. Stratus

Figure 5a shows the radar reflectivity factor observed by the MMWR on 1 November
2020. Complex multi-cloud conditions were observed, including dual-layer clouds from
5:00 to 5:50, single-layer clouds from 5:50 to 6:15, and dual-layer clouds from 6:15 to 7:00.
The overall echo intensity of this cloud event was relatively weak, mostly below —10 dBZ.
The cloud top height of the upper layer was 5.5 km with a cloud thickness of 1 km, while
the cloud top height of the lower layer was 3.3 km with a cloud thickness of several
hundred meters.

Z(dBZ)

6 " 10
T e L
1 N T e -
4504 S 0
P oL da
E 3 M o TRTeRREER | g
£y - :
-
=
1.5 -20
— i e _10
5:00 5:30 6:00 6:30 7:00
Time(UTC+8)
LWC(g/m
6 — LwCgm) :
v e
45+ o 15
=
- 1 1
Z 3 ude ST o 1
5 3 w& TSy
=
1.5 °- 05
(b) ,
I e A N 0
5:00 5:30 6:00 6:30 7:00
Time(UTCHS8)
Stratus
1200 : .
(C) | ——microwave radiometer
1000 ——combined retrieval
——MMWR

5:00 5:30 6:00 6:30 7:00
Time(UTC+8)
Figure 5. Verification of retrieval results of stratus clouds observed at the Shanghai World Expo Park

on 1 November 2020 for (a) radar reflectivity factor, (b) LWC obtained through combined retrieval,
and (c) comparison of LWP between microwave radiometer, MMWR, and combined retrieval.
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Figure 5¢ compares the LWPs retrieved by the MMWR, combined retrieval, and
microwave radiometer methods during the stratus cloud process. The LWP retrieved by
the MMWR showed a large deviation from the truth, with a correlation coefficient r of only
0.04 and a mean absolute percentage difference (MAPD) of 82.82%. Conversely, the LWP
derived from the combined retrieval exhibited a good overall consistency with the truth in
terms of trends, with an r reaching 0.51 and a MAPD of 41.26%. When retrieving the LWP
using MMWR, it relies on the spectral width and radar reflectivity factor. However, air
disturbances can have a certain impact on the spectral width, leading to large fluctuations
in the inversion results. Additionally, differences in the radar reflectivity factor for certain
dBZ values can result in significant variations in the inversion results. To address these
issues, the combined retrieval of LWP takes into account the effective radius and extinction
coefficient. Obtaining reliable values for these parameters can make the retrieval results
closer to the true values. Figure 5b shows the LWC results from the combined retrieval
method, which demonstrate that the lidar cannot penetrate thick cloud layers, resulting in
no LWC retrieval results in that region. This could be one of the reasons why the retrieved
LWP was underestimated compared to the true values. It is worth noting that, considering
the positional discrepancies between the MMWR, lidar, and microwave radiometer, after
adjusting the results of the combined retrieval by one time step (about one minute) forward,
the r improved to reach 0.57, and the MAPD decreased to 37.35%.

Sensitivity analysis based on the extinction backscatter ratio was designed for the
LWP obtained from the combined retrieval method, and the extinction backscatter ratio
was increased from 30 to 70 in increments of 10 (Figure 6). As the extinction backscatter
ratio increased, the LWP obtained from combined retrieval gradually increased, and the
two were positively correlated. Table 1 provides a sensitivity analysis of the extinction
backscatter ratio based on this stratus process, compared with the LWP data obtained
from the microwave radiometer. For different extinction backscatter ratios, the r values
of the LWP obtained by the combined retrieval and microwave radiometer methods were
the same, but there were slight differences in MAPD and root mean square error (RMSE).
Overall, when the extinction backscatter ratio was 40, the LWP obtained by combined
retrieval under stratus clouds had the best consistency with the true value.

Extinction Backscatter Ratio

800 T T i
—— microwave radiometer
—=+—ratio=30
ratio=40
600 ratio=50 1
R ratio=60
g ratio=70
& -
—
=
0 i i
5:00 5:30 6:00 6:30 7:00
Time(UTC+8)

Figure 6. Sensitivity analysis based on the LWP of the stratus process on 1 November 2020 for
extinction backscatter ratio.
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Table 1. Summary of the comparison between the LWPs calculated using different backscatter ratios
in combined retrieval and the true values.

Stratus Cumulus
Variable Backscatter Ratio

r MAPD RMSE r MAPD RMSE

30 0.51 41.56% 104.51 0.52 79.44% 605.77

40 0.51 41.26% 102.96 0.52 78.51% 597.33

Backscatter ratio 50 0.51 41.59% 102.82 0.52 77.80% 590.53
60 0.51 41.92% 103.52 0.52 77.27% 584.82

70 0.51 42.20% 104.75 0.52 76.88% 579.87

3.2. Cumulus

The same method was used to analyze the accuracy and sensitivity of combined
retrieval results under cumulus conditions. On 6 October 2021, the MMWR and lidar
observed discontinuous cumulus weather at the Shanghai World Expo Park between 19:30
and 22:00. Figure 7a shows the radar reflectivity factor observed by the MMWR. The
overall echo intensity of this cloud process was relatively high, mostly above —10 dBZ, and
reached a maximum of 12.46 dBZ. The cloud top height was about 4 km, with a maximum
thickness of 2 km.

Figure 7c shows the comparison of the LWPs retrieved by the MMWR, combined
retrieval, and microwave radiometer methods during the stratus cloud process. There is
a significant discrepancy between the LWP retrieved by the MMWR and the truth. The r
is —0.19 and does not even show a positive correlation, with a MAPD reaching 149.79%.
On the contrary, the LWP derived from the combined retrieval exhibits a good overall
consistency with the truth in terms of trends, with an r reaching 0.52 and a MAPD of
78.51%. Similarly, after adjusting the results in terms of time, the r improves to 0.54 while
the MAPD remains relatively unchanged. The results of the combined retrieval are lower
than the true value, which is attributed to the thick cumulus layer limiting the penetration
of lidar signals, resulting in the absence of LWC retrieval results in some areas (Figure 7b)
and leading to lower LWP retrieval results and deviation from the truth.

Overall, when observing thin layer clouds, the LWP obtained from combined retrieval
showed reasonable consistency in trends and numerical values with the measurement
results of microwave radiometers. When observing thick cumulus clouds, the LWP obtained
from combined retrieval had a relatively consistent trend with the measurements of the
microwave radiometer, but the numerical value was far underestimated. Therefore, this
technology may only be applicable to a few hundred meters above the base of thin clouds or
thick clouds, and the cloud microphysical properties obtained through combined retrieval
within this range are generally reliable. For clouds with a thickness of several thousand
meters or even tens of kilometers, further research on their microphysical characteristics is
needed in the future.

The influence of the extinction backscatter ratio on the LWP obtained with the com-
bined retrieval method under cumulus clouds is consistent with that of stratus clouds
(Figure 8). As the extinction backscatter ratio increases, the LWP also increases accordingly.
Table 1 reveals that when the extinction backscatter ratio was 70, the combined retrieval
effect was the best for cumulus clouds. However, as discussed earlier, the LWP obtained
from combined retrieval should be smaller than the true value, and there is a significant
deviation between the two. Undoubtedly, blindly increasing the extinction backscatter ratio
can make the combined retrieval results closer to the true value, but it does not match the
actual situation. Therefore, when conducting combined retrieval of cumulus clouds, the
same extinction backscatter ratio as in the case of stratus clouds was selected, which is 40.
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Figure 7. Verification of retrieval results of cumulus clouds observed at the Shanghai World Expo
Park on 6 October 2021 for (a) radar reflectivity factor, (b) LWC obtained through combined retrieval,
and (c) comparison of LWP between microwave radiometer, MMWR, and combined retrieval.
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4. Discussion

We now apply the technique described in Section 2 to data obtained by the HMB-KPS
MMWR and MPL-4B-IDS micro-pulse lidar at the Shanghai World Expo Park. Given
that the lidar cannot penetrate thick cloud layers, resulting in an underestimation of
retrieval values for cumulus, this study selects stratus with relatively thin cloud layers and
uniformly distributed droplet sizes for investigation. The retrieval results were validated
in Section 3.1 through a stratus process on 1 November 2020. Now, we further analyze their
microphysical properties.

The derived microphysical properties are displayed in Figure 9. Figure 9b shows the
vertical distribution of cloud droplets Re obtained by combined retrieval with a resolution
of 1 min and 30 m, with most cloud droplets having an Re of less than 5 pm, and the
maximum value was 28.74 um. The high values of Re at the top of the lower layer clouds
were mainly due to collision and coalescence caused by updrafts as shown in Figure 9a. It
is worth noting that relatively lower values of Re often occur simultaneously with higher
values of Nd and LWC, which is similar to the results obtained by Wang et al. using
dual-field-of-view high-spectral-resolution lidar to retrieve the microphysical properties of
water clouds in Beijing [37].

The vertical distribution of cloud droplets Nd is shown in Figure 9¢; high-value areas
of Nd usually appear together with low-value areas of Re and may be attributed to the
negative correlation between Nd and Re (Equation (17)). In addition, the accuracy of the
combined retrieval results of Nd remains to be debated. Previous studies have shown that
the uncertainty of Nd calculated by this method ranges from 25% to 75% [38].

Figure 9d shows the vertical distribution of cloud droplet LWC, with the median LWC
being 0.03 g/m3 and the average value of 0.33 g/m> demonstrating that the LWC of most
cloud droplets is relatively small, but there are several larger values. Previously, it was
calculated that the LWP of this cloud process ranges from 100 to 400 g/m?, which is a
characteristic of typical stratocumulus [39]. Overall, the aforementioned microphysical
characteristics of clouds are typical of non-precipitating low-level water clouds in polluted
continental or marine environments [40].

Table 2 provides the retrieved microphysical properties of different cloud types observed
at the Shanghai World Expo Park from May to November 2021 (particles with Re less than
2.5 um were considered aerosol particles and excluded). The average Re of cloud droplets
was 7.91 um, the average Nd was 3059 cm 3, and the average LWC was 0.28 g/ m3. Warm
and moist air is lifted slowly by cold air and undergoes adiabatic cooling and condensation,
forming nimbostratus. The vigorous convective motions inside the clouds accelerate the
growth of cloud droplets, resulting in intense radar reflectivity and, thus, the retrieved values
of Re, Nd, and LWC are the highest among all cloud types. Altostratus clouds are thicker and
more continuous compared to altocumulus clouds, and they contain ice crystals internally,
leading to higher values of Re, Nd, and LWC compared to altocumulus clouds. On clear
days, cumulus and stratus clouds exhibit similar microphysical properties, but when cumulus
clouds develop vigorously, the droplet radius tends to be larger than that of stratus clouds.
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Figure 9. The MMWR observations and combined retrieval results at the Shanghai World Expo

Park on 1 November 2020 for (a) radial velocity, (b) effective radius, (c) number concentration, and

(d) liquid water content.

Table 2. The retrieved microphysical properties of different cloud types observed at the Shanghai

World Expo Park from May to November 2021 (ice clouds with cloud base height above 6 km

were excluded, and cloud droplets with retrieved Re less than 2.5 um were considered aerosol and

excluded). Ac represents altocumulus, As represents altostratus, Ns represents nimbostratus, and Cu

represents cumulus.

Cloud T Re(um) Nd (cm—3) LWC (g-m—3)
Dat ou e

ate P Max Mean Max Mean Max Mean
6 May 2021 Ac 36.21 7.30 9678 530 0.61 0.05
7 May 2021 Ac 7.48 3.27 23,160 4373 1.18 0.30
24 May 2021 As 62.43 6.35 125,014 4636 6.26 0.37
4 June 2021 As 55.52 8.72 14,897 745 0.90 0.08
20 June 2021 Ac 65.27 9.47 61,114 1808 4.04 0.16
31 July 2021 Ns 91.53 9.55 215,295 4321 11.85 0.34
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Table 2. Cont.

Re(um) Nd (cm—3) LWC (g-m~3)
Date Cloud Type
Max Mean Max Mean Max Mean

13 August 2021 Cu 51.72 6.98 36,999 829 2.27 0.08
8 September 2021 Cu 60.17 7.77 79,472 1646 4.03 0.17
6 October 2021 Cu—Ns 66.83 9.21 50,275 1266 3.39 0.13
18 October 2021 Ns 79.30 7.26 331,230 2545 16.62 0.28
2 November 2021 Ac 46.04 7.26 41,250 1840 2.22 0.18
13 November 2021 As 70.14 8.49 347,521 9928 17.39 0.78
16 November 2021 As—Ns 147.06 12.46 1,162,432 10,434 88.34 1.17
17 November 2021 As 69.41 7.48 122,929 3509 6.83 0.39
18 November 2021 As 27.95 8.38 2265 95 0.12 0.01
23 November 2021 As 37.61 6.56 22,057 441 1.39 0.03
total 147.06 791 1,162,432 3059 88.34 0.28

5. Conclusions

We presented a new method for retrieving cloud microphysical properties using both
MMWR and lidar. Based on the theory of wavelength-dependent backscattering of clouds
with the same particle size, we estimated the Re of cloud droplets and then combined it with
the lidar-derived extinction coefficient to calculate the Nd and LWC of cloud droplets. The
LWP calculated using the combined retrieval method is consistent with that obtained using
microwave radiometers, indicating the reliability of the combined retrieval. Sensitivity
analysis was also performed to determine the appropriate extinction backscatter ratio for
the combined retrieval of cloud microphysical properties at the Shanghai World Expo Park.
Finally, we studied the process of a stratus, and the results show that the cloud was a typical
non-precipitating low-level water cloud.

From the results, the combined retrieval approach outperformed the retrieval results
from the MMWR and reduced the reliance on assuming cloud droplet size distributions,
thus minimizing their impact on the retrieval results. However, the combined retrieval
method also has its limitations: (1) The geographical separation between the MMWR and
lidar introduces a time delay in receiving the cloud signals, resulting in retrieval errors.
(2) The lidar has limited penetration capability, especially when faced with thick cloud
layers, leading to weak or even no echo signals and larger retrieval deviations. In future
research, we will make efforts to address these two limitations and further investigate
aerosol—cloud interactions using the retrieved cloud microphysical properties.
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