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Abstract: The measurement of cloud microphysical parameters plays an important role in describing
characteristics of liquid phase clouds and investigating mutual relationships between clouds and
precipitation. In this paper, cloud microphysical parameters at Liupan Mountain Weather Station in
Ningxia are measured with a high-resolution coaxial digital holographic imager and a fog monitor
120. There are differences in the measurement results between the two instruments. The number
concentration measured by the digital holographic imager is about 1.5 times that of the fog monitor
120. However, their Pearson correlation coefficient is above 0.9. Through analysis, we found that
the measurement results of the digital holographic imager and fog monitor 120 are differences in
2–4 µm and 7–50µm. For the droplets with the diameters of 4–7 µm, their measurement results
have good consistency. By analyzing the influence of wind field and detection sensitivity on the
measurement principle, the reasons which caused the difference are proposed. Advice is given to
observe topographic clouds by using the above two instruments. In addition, the differences in liquid
water content and visibility are analyzed due to the absence of small and large droplets. The study
provides data support for improving the accuracy of instruments in measuring cloud droplets and is
useful for research in the field of cloud microphysical processes.

Keywords: digital holography; light scattering; cloud microphysical parameters; cloud droplets
measurement; droplet size distribution

1. Introduction

Covering 60–70% of the earth’s surface, clouds are one of the main factors affecting the
radiation balance of the earth-atmosphere system [1–5] and climate change [6–10]. Mean-
while, the cloud in the atmosphere remains one of the biggest uncertainties in weather and
climate predictions. As cloud microphysical parameters, number concentration (NC), me-
dian volume diameter (MVD) and liquid water content (LWC) are important parameters to
investigate cloud droplet condensation growth [11–14], cloud droplet collision growth [15]
and turbulence in clouds [16,17]. A deep understanding for cloud microphysical processes
plays an essential role in studying precipitation mechanism [18], improving the accuracy
of weather forecasts [19] and artificial weather modification [20]. Therefore, obtaining
accurate cloud microphysical parameters is increasingly a concern of researchers.

Ground-based and spaceborne remote sensing techniques have been developed con-
siderably over the past few decades. In remote sensing methods, power spectrum data
measured by satellites and radars is used to invert to obtain cloud microphysics parame-
ters [21–30]. Remote sensing methods have the advantage of detecting high-altitude clouds
from a long distance [31,32]. However, in the progress of data inversion, properties of
cloud droplets need to be assumed [33,34]. Therefore, realistic droplet spectrum and cloud
microphysical parameters cannot be obtained, and their measurement accuracy needs to be
further verified.
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Presently, in situ measurement is still the most accurate method to detect droplets in
liquid clouds. Methods for in situ measurement include light scattering and holographic
imaging. The measurement methods based on light scattering exploit the intensity of
forward scattered light from individual droplets to determine the size of droplets [35].
Instruments based on the method are, for example, the fog monitor 100 (FM100) and
the fog monitor 120 (FM120). An important feature of the fog monitor is that tiny cloud
droplets down to 2 µm can be detected using forward scattering technology. However,
Spiegel et al. [36] found that FM100 had the potential for droplet loss during sampling
from surrounding air and calculated the loss efficiency through theoretical derivation. As
a non-contact three-dimensional measurement technology, digital holographic imaging
has been successfully used in the field of three-dimensional motion of particles [37–42],
cloud droplets detection [43,44] and biological cell imaging [45–49]. Madeline et al. [43]
observed the space structure and droplet size distribution at the smallest turbulence by
using airborne holographic imaging. Henneberger et al. [44] used in-line digital holography
to insitu image cloud droplets in a defined sample volume. However, for these holographic
instruments, the detection limit of the minimum droplet is above 6 µm because of the limit
of optical magnification.

In this paper, a coaxial digital holographic imager (DHI) with a high optical magnifi-
cation is used to detect cloud droplets of 2–50 µm in warm clouds. We compare the DHI
with the FM120 by three parallel measurements. Firstly, the correlation analysis of the
cloud microphysical parameters measured by them is performed to verify the reliability
of the measurement results. Then we compare the drop size distribution (DSD) from DHI
and FM120, and find FM120 may exist in the circumstance for droplet loss. We make a
reasonable analysis of the causes of droplet loss. In addition, the differences in liquid
water content and visibility are analyzed due to the absence of small and large droplets.
The study result of this paper provides data support for improving the accuracy of instru-
ments in measuring cloud droplets and contributes to investigation in the field of cloud
microphysical processes and artificial weather modification.

2. Theory

According to cloud microphysics theory, common cloud microphysical parameters
that can characterize cloud and fog are NC, MVD and LWC. They are obtained from

NC = N
V

MVD = dm

LWC =
N
∑

i=1

4πρc
3V

(
di
2

)3 , (1)

where V is the volume of the sampling space, N is the total number of droplets in the
sampling space, ρc is the density of liquid water. The MVD is the size of the droplet, below
which 50% of the total volume of droplets reside. All the droplets in the sampling space are
arranged in ascending order, like this d1 < d2 < d3 <. . .< di <. . .< dN, where di is the diameter
of the i-th particle. When Equation (2) is satisfied, the diameter of the m-th particle (dm) is
the MVD. Equation (2) is given by
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In addition, the visibility is one of the important meteorological parameters, which
reflects the number concentration of small droplets. It can be obtained as [50]

Rm = 2.99
kex
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k
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2

)2
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, (3)



Atmosphere 2023, 14, 1381 3 of 16

where Rm is the visibility, kex is the extinction coefficient. The observed droplets are
categorized into 30 size bins from 2 µm to 50 µm. The average diameter of droplets in every
size bin is expressed as d′, the NC′ is the number concentration of droplets in each size
bin, k is the number of bin sizes (k = 30). To accurately obtain these cloud microphysical
parameters, we need to obtain V, N and the diameter of each particle in the sampling space.
Digital holographic imaging measurement and forward Mie scattering measurement can
realize this.

Due to its advantages such as large recording range, high space bandwidth utilization,
large information density and simple optical path, coaxial DHI is widely used in the
three-dimensional measurement of tiny objects. When droplets are irradiated by a plane
light wave, the diffracted light of droplets (as the object light wave) interferes with the
plane light (as the reference light wave) to form hologram images, which are recorded
by a Complementary Metal Oxide Semiconductor (CMOS). Unlike the two-dimensional
imaging, holograms record three-dimensional information of droplets. A reconstruction
image with the reconstruction distance zr can be formed by using numerical reconstruction,
given by [51]

UR(u, v) =
1
jλ

x

∞

R(x, y)IH(x, y)
exp

(
jk
√
(u− x)2 + (v− y)2 + zr2

)
√
(u− x)2 + (v− y)2 + zr2

dxdy, (4)

where λ is the laser wavelength, R(x, y) is the intensity of reference light, IH(x, y) is the
intensity of holograms, k is the wave number, zr is the reconstruction distance. On the
reconstruction plane, droplets with the reconstruction distance zr are focused, but the other
droplets are out of focus. Focused droplets on reconstruction images are identified by
the image detection algorithm to obtain the three-dimensional coordinates and diameter
of droplets.

Mie scattering theory shows that when irradiated by a laser beam, a spherical tiny
droplet can scatter light in all directions centered on the droplet. The intensity of the
scattered light is related to the size of the droplets within a certain small angle, and the
power of the scattered light is obtained from [52]

P = I0
λ2

2π

∫ θ2

θ1

1
2

(
|S1(x, m, θ)|2 + |S2(x, m, θ)|2

)
sin θdθ, (5)

where I0 is the intensity of the laser beam, λ is the laser wavelength, θ1 and θ2 are the
collection angle of the scattered light. The S1(x, m, θ) and S2(x, m, θ) are the Mie scatter-
ing complex amplitude functions, calculated by using Mie equations [53]. The complex
refractive index of droplets is expressed as m. The x is the scale parameter of the droplet,
given by

x =
πdp

λ
, (6)

where dp is the diameter of the droplet. By Equations (4) and (5), when I0, λ, θ1, θ2 and m are
determined, the P is only related to dp. Tsonis et al. [54] calculated the scattering intensity
of 1 µm–50 µm spherical droplets with the forward scattering angle of 3◦–12.7◦. Due to
the quantitative relationship between scattering intensity and the diameter of droplets,
the Mie scattering intensity can be used to inverse the diameter of droplets. However,
the relationship is non-monotonic, i.e., droplets of different sizes can produce the same
scattering intensity in multiple size ranges, which can lead to inaccuracy of measurements.

3. Methods

The study to verify and compare FM120 with DHI was conducted at the Liupan
Mountain weather station (35◦40′ N, 106◦12′ E) in the Ningxia Hui Autonomous, China,
from 15 July to 15 September 2022. The station is located in the southern mountains of
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Liupan Mountain, at an altitude of 2840 m, which suits in-cloud measurement well. The
measurement data required for this study, including number concentration, median volume
diameter, liquid water content, droplets size distribution and visibility, is all derived from
real cloud weather processes. The inspiratory sampling method of the FM120 can disturb
the surrounding airflow field. In order to avoid the influence, the distance between DHI
and FM120 is set to 5 m, as shown in Figure 1.
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Figure 1. DHI and FM120 at Liupan Mountain weather station. The distance between DHI and
FM120 is 5 m.

3.1. Digital Holographic Imager (DHI)

The schematic of the working function of DHI is shown in Figure 2a. A semiconductor
pulsed laser is used as the light source. Figure 2b shows the recording process of holograms.
The plane light emitted by the laser irradiates the measured cloud droplets. The droplet
diffracted light interferes with the plane light to form an interference image (hologram
image), which is magnified by a microscope lens. When droplets get through the sampling
space, holograms containing particles information are recorded by a CMOS, and are trans-
mitted to the computer system for numerical reconstruction. The background of the original
hologram is subtracted, and the preprocessed grayscale image is numerically reconstructed
to obtain binarized reconstruction images using algorithm software based on Gao, P. [55].
The droplet recognition algorithm is used for cloud droplet detection in reconstruction
images. By droplet identification, the x, y and z axis coordinates and diameters of droplets
are obtained. The CMOS is connected to the computer system through an optical fiber to
realize the real-time processing of holograms.
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To verify the optical resolution of DHI within the sampling space, the measuring
optical path shown in Figure 2a is used to observe the USAF1951 resolution plate. The
direction along the laser beam is the z-axis. The zero point of the z-axis is set on the focal
plane of the microscope lens. Figure 3 shows a reconstructed image of the USAF1951
resolution plate at 0 mm on the z-axis. The thinnest distinguishable line is labeled 7–6,
and the corresponding line width is 2.19 µm. Therefore, the size of the minimum particle
that DHI can detect is about 2 µm. In addition, to verify the accuracy of spherical particles
recognition under the condition of high number concentration, particles of 2 µm on the
standard particle diffraction plate are observed. Those particles are arranged in a square
matrix at a distance of 16 µm. Figure 4 shows the holographic reconstruction results of
the 2 µm standard particle diffraction plate and the reconstruction process of particles.
There are a total of 840 particles on the standard particle diffraction plate. In Figure 4,
there are 798 particles identified and their average diameter is 2.05 µm. The accuracy of
particles recognition is 95%. In clouds of natural environment, the number of droplets of
different sizes in the sampling space of DHI is usually less than 30. Therefore, the accuracy
of particles recognition in the natural environment will be higher.
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Figure 4. The holographic reconstruction results of 2 µm standard particle diffraction plate.

3.2. The Fog Monitor (FM120)

FM120 (a forward scattering optical spectrometer), produced by American DMT
company, can continuously sample and measure the surrounding air filled with cloud
and fog droplets. Its measurement range of droplets is 2 µm–50 µm. So far, FM120 has
been widely used in alpine stations for detection of meteorological parameters [56–58].
The schematic of the working function of FM120 is shown in Figure 5. Cloud droplets
are pumped into the wind tunnel of the instrument and reach the measuring region
inside the sample tube. As they pass through the laser beam, photons are scattered in
all directions. The forward-scattered light on a cone is collected, and directed to a beam
splitting prism, and finally transmitted to a pair of photodetectors, Size and Qualifier.
Photon detectors convert photon pulses into voltage pulses and record them. If the voltage
pulse signal from the Qualifier detector is bigger than half of the pulse signal from the
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Size detector, the droplets will be considered to be in the Depth of Field. The intensity
of the pulse from photon detectors is described by the scattering cross-section, and the
quantitative relationships between the diameter of droplets and the scattering cross-section
are established by using Mie theory.
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4. Results and Analysis
4.1. Correlation Analysis of Cloud Microphysical Parameters

Three cloud events on 27 August 2022 were chosen to intercompare the DHI and the
FM120 in details. Below we refer to these three cloud events as three experiments. The
integration time of the two instruments is set to 10 s. In Figure 6a–c, the comparison of
NC between DHI and FM120 in three experiments is shown. The fluctuation trends of
NCDHI and NCFM120 are highly consistent, which show the measurement results of DHI are
reliable. However, the ratios of NCDHI to NCFM120 in the three experiments are 1.25 ± 0.32,
1.81 ± 0.48 and 1.93 ± 0.49, respectively. The above results indicate that DHI measures
more droplets than FM120.
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The MVD is mainly used to describe the size features of droplets. In Figure 7a–c,
the comparison of MVD between DHI and FM120 in three experiments is shown. The
fluctuation trends of MVDDHI and MVDFM120 are consistent. The ratios of MVDDHI to
MVDFM120 in the three experiments are 1.33± 0.29, 1.57± 0.26 and 1.48± 0.27, respectively.
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In Figure 8, the comparison of LWC between DHI and FM120 in three experiments
is shown. In these three experiments, change trends between LWCDHI and LWCFM120 are
different. In Figure 5a, the ratio of LWCDHI to LWCFM120 is 2.09 ± 1.19, and their change
trends are similar. However, in Figure 5b,c, the ratio rises to 4.07 ± 2.88, 3.49 ± 1.63. The
upward and downward amplitude of LWCDHI is much greater than LWCFM120, and the
consistency of changing trends between them becomes poor. Especially in the dotted area
in Figure 8c, an ascending and a descending process of LWC are recorded by the curve of
LWCDHI. However, the curve of LWCFM120 is almost unchanged during the time.
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The Pearson correlation coefficient is usually used to describe the degree of linear
correlation between two variables, denoted as R. For these three experiments, the linear
fitting results between NCDHI and NCFM120 are shown in Figure 9a,d,g. Because the R of
NC in the three fitting results is above 0.91, there is an extremely high positive correlation
between NCDHI and NCFM120. In the analysis of Figure 6, the change trend of NCDHI and
NCFM120 curves is highly similar, which is the embodiment of the positive correlation. This
shows that the measurement results of DHI can be considered reliable. In Figure 9b,e,h, the
R of MVD is 0.75, 0.62 and 0.77, respectively. The R of LWC is shown in Figure 9c,f,i, which
are 0.81, 0.80 and 0.86, respectively. The above results show the linear fitting effect of NC,
LWC, MVD presents a decreasing trend in the correlation degree from strong to soft.
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4.2. The Analysis of Droplets Size Distribution

DSD can be obtained by counting the diameter of all droplets, and features of the
droplet distribution are reflected by the shape of the DSD. Droplets measured by the two
instruments from 2 to 50 µm are sorted into 30 droplet channel bins according to their size.
The width of the 1st to 12th droplet channel bin is 1 micron and the width of the 13th to
30th droplet channel bin is 2 microns. The number of droplets in each bin is normalized
by dividing by the sample volume to obtain the NC in each bin. For the quantitative
comparison between the two instruments, it is necessary to divide the NC of each bin by
its width D to obtain the DSD. The average DSD is obtained by counting the DSD on each
time point in the experiment, as shown in Figure 10. The measurement result of the FM120
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is represented by a black ladder chart and the measurement result of DHI is represented by
a blue bar graph. According to the size of droplets, the DSD is divided into small droplets
(2 µm–4 µm), medium droplets (4 µm–7 µm) and oversize droplets (7 µm–50 µm). Droplets
are mainly distributed in 2 µm–20 µm, and there are very few droplets in 20 µm–50 µm.
As can be seen from Figure 10, the average number concentration of oversize and small
droplets measured by FM120 is lower than DHI. Especially, droplets in 11 µm–20 µm are
almost completely undetected by FM120. The above results account for the problem of why
NCDHI is higher than NCFM120 in Figure 3a–c.
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In Figure 11, the height of the histogram represents the number concentration, and the
average and standard deviation of the MVD are represented by the bold black line. In the
three experiments, for number concentration of medium droplets, the measurement results
of FM120 are 116.84%, 91.86% and 83.10% of DHI. However, for number concentration
of small droplets, the measurement results of FM120 are 61.54%, 30.24% and 18.39% of
DHI. For number concentration of oversize droplets, the measurement results of FM120 are
26.90%, 16.79% and 28.57% of DHI.

In the measurement results of DHI, the proportion of oversize droplets in three exper-
iments are 16.75%, 26.13% and 33.01%. However, in the measurement results of FM120,
the proportion of oversize droplets are 5.17%, 7.28% and 17.01%. Therefore, the large
proportion of oversize droplets of DHI leads to the increase of MVD, which accounts for
the problem of why MVDDHI is higher than MVDFM120 in Figure 7a–c.

The above analysis of Figures 10 and 11 shows there may be droplet loss during the
measurement process of FM120. As seen from Figure 10, the larger the droplet diameter
is, the more severe the droplet loss is. In the first experiment, the proportion of oversize
droplets is small; therefore, the gap of measurement results between the two devices is
small. In the second and third experiment, the proportion of oversize droplets is large,
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and the gap of measurement results is large. This is consistent with the analysis of cloud
microphysical parameters in Figures 6–8.
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4.3. The Analysis of Reasons Causing the Difference

For the reasons causing the droplets loss of FM120, a conjecture that may lead to
this phenomenon is proposed. During the measurement of the FM120, cloud droplets are
sucked into the measuring region (the measuring region is a plane of 0.24 mm2) and then
measured one by one. When the droplets concentration is high, multiple droplets reach the
measuring region of FM120 at the same time, which can cause the wrong measurement that
only one particle is considered to be in the measuring region. To verify the hypothesis, the
data of DHI is modified. The modification algorithm is shown in Figure 12. The sampling
space of DHI is a cuboid of 1.5 × 1.5 × 14 mm, which is divided into nine small cuboids on
average. The cross-sectional area of each small cuboid is 0.25 mm2, which is approximately
equal to the area of the measuring region of the FM120. The droplets in these small cuboids
pass through the FM120 measurement area, keeping the relative position in the space
unchanged. If two or more droplets pass through the measuring region at the same time,
only one particle will be randomly retained and the others will be deleted.

According to the modification algorithm, the data of DHI in the third experiment is
modified to get the comparison of three number concentrations, as shown in Figure 13. The
result shows that the modified NCDHI is not significantly reduced compared to the original
NCDHI. When the original NCDHI is below 400 cm−3, the modified NCDHI decreases by
only 1.40%. With the increase of NCDHI, the decrease gradually rises to 4.14%. This means
that the increase of droplets number concentration slightly increases the probability that
the droplets are present in the FM120 measuring region simultaneously. But the probability
is still low. Therefore, this is a minor reason why the NCDHI is higher than NCFM120.
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In order to investigate the main reason causing the droplets loss of FM120, we analyze
the sampling method of FM120 and the structure of the sampling transport tube of FM120.
The sampling transport tube consists of the shrinkage zone and the wind tunnel, as shown
in Figure 14. Droplets in the air are sucked into the sampling transport tube. For larger
droplets, they are heavy and, therefore, are influenced by the gravity and inertia easily.
Because of their large size and volume, they do not necessarily follow exactly the same
tracks gas molecules would. Under the influence of suction and inertia, some droplets will
hit and adhere to the tube wall during the process of sampling and transport. This results in
the droplets loss. The difference in measurement results between FM120 and DHI may be
caused by particles loss in FM120. From the results of Figure 10, the size of droplets affects
droplets loss efficiency. The larger the droplet is, the higher droplets loss efficiency is. Wind
direction and wind speed also cause different droplets loss efficiency. Tiitta et al. [35] found
that the bigger the angular deviation from the coaxial structure, the greater the droplets
loss. The average wind speed on the mountain station is 10 m/s, and the wind direction
is variable. Cloud droplets will suffer from extra loss during the sampling process if the
inlet of FM120 is not facing the direction of the prevailing wind. However, DHI does not
have such a problem. The sampling method of DHI is open. Its sampling space is directly
exposed to the cloud. Under the action of wind, cloud droplets freely enter the sampling
space, and are recorded by the COMS. This does not destroy the original three-dimensional
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spatial distribution of cloud droplets and does not cause droplets loss. Therefore, DHI is
more accurate for measuring large droplets.
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The composition of fog and clouds is similar, as both are composed of liquid droplets.
The difference lies in the fact that fog is in a near-stable state with a wind speed of ap-
proximately 0, while topographic clouds are in motion with a higher wind speed. In this
study, the wind speed measured by the three-dimensional ultrasonic anemometer on the
mountain station is approximately 10 m/s. Therefore, what is observed in this study is
clouds, not fog. During the measurement of fog, the inhalation direction of the FM120
can be fixed. Because the fog is in a near-stable state. The influence of wind speed and
wind direction can be ignored. However, in the observation of topographic clouds, the
swivel-head inlet must be used, which can reduce the influence of wind direction and
wind speed. In addition, raindrops will fall on the CMOS, which can lead to incorrect
measurements of DHI. Therefore, measurements in the rain should be avoided.

The loss of small droplets may be caused by the following reasons. Since FM120 relies
on the forward scattered light of droplets to identify the droplet diameter, as the droplet
size decreases, the detection efficiency and accuracy of FM120 are reduced. Some small
particles may not be detected because the intensity of the scattered light is weak.

4.4. The Effects Caused by Droplets Loss

In order to investigate the effect of large droplets loss on the LWC, the droplets of
9–50 µm are deleted, as shown in Figure 15. The original LWCDHI is 3.49 ± 1.63 times
LWCFM120. However, for the LWC without droplets of 9–50 µm, the ratio is reduced to
1.23 ± 0.56. From the dotted area in Figure 15, the original LWCDHI records ascending
and descending processes during 18–30 min. However, for the LWCDHI without droplets
of 9–50 µm, the variation at 18–30 min is different from the change trend of the original
LWCDHI, but it is similar to LWCFM120. The statistical result shows that the loss of large
droplets seriously affects the measurement results of the LWC and reduces the reliability of
observation data to cloud microphysical processes.
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Visibility is used to describe the maximum horizontal distance at which a person
can identify an object from the sky background under the prevailing weather conditions.
According to Equation (4), visibility is mainly affected by small droplets. Therefore, it is
used to characterize the measurement result of small droplets in clouds. The visibility
calculated by observation data from the FM120 and DHI is compared with the visibility
measured by the forward scatter visibility instrument (FSV), as shown in Table 1. The
visibility of DHI is closer to the measurement of FSV than FM120 at three different moments.
This result shows that the loss of small droplets reduces the accuracy of visibility.

Table 1. Visibility of FSV, DHI and FM120 at different times.

Time Visibility of FSV (m) Visibility of DHI (m) Visibility of FM120 (m)

13:20 32 55 98
18:00 63 94 184
20:00 69 78 256

5. Conclusions and Discussion

In this paper, we intercompare the DHI and FM120 in liquid clouds and find that
measurement results performed by the DHI and the FM120 show good correlations. How-
ever, whether NC, MVD or LWC, measurement results of DHI are higher than FM120 to a
different degree. Further analysis and comparison of DSD reveal that the above differences
mainly concentrated in large droplets and small droplets. DHI measures more droplets than
FM120, which may be caused by droplets loss during sampling. In order to find reasons
causing droplets loss, we propose the hypothesis that multiple particles exist simultane-
ously in the measurement region, which may lead to measurement errors. By modification
of the data, the measurement error caused by the hypothesis is 4.14%, which indicates the
hypothesis is a minor reason. The analysis results of the structure of the sampling transport
tube of FM120 reveal that the droplet loss may be caused by the inspiratory sampling
method of FM120. The loss of large droplets seriously affects the measurement results of
the LWC and reduces the reliability of observation data on cloud microphysical processes.
The loss of small droplets reduces the accuracy of visibility. The sampling method of DHI
is open, which does not cause droplets loss and does not disrupt the spatial distribution of
droplets. Both large and small droplets can be detected by DHI. The research in this paper
provides technical and data support for more accurate measurement of cloud microphysical
parameters and for the study of artificial weather modification. In future research, DHI
will be developed into an airborne instrument capable of accurately measuring clouds at
specific positions in the atmosphere. This can provide accurate calibration data for ground
remote sensing technology.
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