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ABSTRACT

Cloud properties were investigated based on aircraft and cloud radar co-observation conducted at Yitong,
Jilin, Northeast China. The aircraft provided in situ measurements of cloud droplet size distribution, while
the millimeter-wavelength cloud radar vertically scanned the same cloud that the aircraft penetrated. The
reﬂectivity factor calculated from aircraft measurements was compared in detail with simultaneous radar
observations. The results showed that the two reﬂectivities were comparable in warm clouds, but in ice
cloud there were more diﬀerences, which were probably associated with the occurrence of liquid water. The
acceptable agreement between reﬂectivities obtained in water cloud conﬁrmed that it is feasible to derive
cloud properties by using aircraft data, and hence for cloud radar to remotely sense cloud properties. Based
on the dataset collected in warm clouds, the threshold of reﬂectivity to diagnose drizzle and cloud particles
was studied by analyses of the probability distribution function of reﬂectivity from cloud particles and drizzle
drops. The relationship between reﬂectivity factor (Z) and cloud liquid water content (LWC) was also derived
from data on both cloud particles and drizzle. In comparison with cloud droplets, the relationship for drizzle
was blurred by many scatter points and thus was less evident. However, these scatters could be partly
removed by ﬁltering out the drop size distribution with a large ratio of reﬂectivity and large extinction
coeﬃcient but small eﬀective radius. Empirical relationships of Z–LWC for both cloud particles and drizzle
could then be derived.
Key words: aircraft, millimeter wavelength cloud radar, droplet size distribution, reﬂectivity, liquid water
content
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1.

Introduction

Clouds, with their global distribution, have a signiﬁcant inﬂuence on the Earth-atmosphere energy
budget; even a small change in cloud properties will
aﬀect radiative forcing (Slingo, 1990). Several critical microphysical properties of clouds, for instance the
droplet size distribution (DSD), liquid water content
(LWC), and the phase of cloud particles, determine
their radiative properties (Sassen et al., 1999).
By providing detailed information on the temporal
∗ Corresponding

and spatial structures of cloud, in situ aircraft measurements have played an important role in advancing
our understanding of cloud microphysical and dynamic
processes. However, aircraft measurements are limited
by both the high cost of performing the measurements
and the small sampling volume. A modern aspect of
the study of clouds has increasingly relied on remote
sensing techniques, which monitor clouds with costeﬀective and continuous measurements. Millimeterwavelength cloud radar (MMCR), as one of the most
important remote sensors, has become a powerful tool
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to detect non- and weak-precipitating clouds because
of their sensitivity to relatively small cloud droplets,
low attenuation by atmospheric gases and insusceptibility to ground clutter (Kropﬂi and Kelly, 1996; Kollias et al., 2007).
Many observational studies have been carried out
to characterize cloud properties by incorporating both
aircraft and remote sensing measurements. Morales et
al. (2004), for example, analyzed reﬂectivity from ice
crystals within cirrus clouds and found that the reﬂectivity derived from radar and aircraft was similar
when the aircraft was overﬂying the radar. By analyzing the microphysics of Arctic clouds from a synergetic
aircraft-cloud radar observation, Lawson and Zuidema
(2009) found the agreement between radar and aircraft
data was reasonably good in terms of the reﬂectivity
and derived microphysical parameters for the all-water
and all-ice cases, but was much poorer in mixed-phase
conditions. These features were also demonstrated by
Hogan et al. (2006), who made comparisons between
aircraft measurements and a 3-GHz radar.
The good agreement between radar and aircraft
measurements supports the notion that radar data can
be calculated from aircraft DSDs, and hence has a relationship with the microphysical properties of pure water and ice clouds. Numerous studies in the past have
endeavored to realize the capability of radar to derive
cloud microphysical characteristics, of which one traditional subject focuses on the ability of radar to diagnose precipitating clouds by setting a threshold on
radar reﬂectivity factor. This is important since drizzle has a great impact on cloud morphology and associations with cloud microphysical and dynamical processes (Comstock et al., 2005). However, there seem
to be large uncertainties in determining the threshold reﬂectivity, and a range of values has been used.
From in situ DSD measurements for continental stratocumulus, Sauvageot and Omar (1987) put forward
−15 dBZ as a threshold between precipitating and
nonprecipitating warm clouds, and Chin et al. (2000)
used this threshold for microphysical retrieval of continental stratiform clouds. Baedi et al. (2000) reported
that stratocumulus clouds with reﬂectivities below a
threshold of −20 dBZ are free of drizzle. This threshold was also employed by Frisch et al. (1995) to identify
drizzle-free clouds, and they also found a radar reﬂectivity value of greater than −17 dBZ tends to be an
indicator of the existence of drizzle droplets. Kogan et
al. (2005) chose −17 dBZ as the reﬂectivity threshold
to discriminate between nonprecipitating and precipitating clouds in their study.
Reﬂectivity factor (Z) and some cloud properties,
such as LWC or eﬀective radius (re ), are proportional
to the moments of DSDs. Relationships between these
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parameters can be expected by relating the diﬀerent
moments of DSDs. This is an empirical algorithm
and is generally applied to clouds without drizzle or
drizzle-free ﬂight legs in precipitating cloud. Since
in the Rayleigh regime the in situ reﬂectivity factor
is proportional to the sixth moment of size spectra,
while LWC is proportional to the third moment, a
small population of drizzle drops will dominate the
cloud reﬂectivity but have a weak inﬂuence on liquid
water content, hence bring about a poor correlation
between Z and LWC. From other points of view, the
presence of drizzle droplets is even more frequent in
cloud than its absence. However, a typical radar (without the Doppler spectrum data) cannot distinguish reﬂectivity due to cloud droplets from that due to drizzle particles. Consequently, it is of signiﬁcance to retrieve a Z-LWC relation taking drizzle into consideration in order to estimate LWC from reﬂectivity alone.
As noted in some studies (Krasnov and Russchenberg,
2005; Khain et al., 2008), although a Z–LWC relation
presents more scattering when drizzle droplets exist, it
still conforms to a power relation. Over past decades
a number of relationships have been empirically proposed from airborne DSDs measurements in both marine and continental clouds (e.g. Sauvageot and Omar,
1987; Paluch et al., 1996; Fox and Illingworth, 1997;
Baedi et al., 2000; Wang and Geerts, 2003). However,
there has not yet been a consistent relationship between radar reﬂectivity factor and other properties of
clouds reported in the literature. Such discrepancies
are expected in response to diﬀerent physical mechanisms that have critical inﬂuences on DSDs (Liu et
al., 2008), and Sauvageot and Omar (1987) suggested
taking into account cloud type for the determination
of radar cloud parameter relationships.
In this paper we present results from an aircraft
and MMCR co-observation campaign carried out in
Yitong, Jilin Province, Northeast China. Data were
collected on three days: 28 August, 29 August and 17
September 2010. An analysis of in situ cloud data and
simultaneous radar observations is needed to evaluate
the accuracy of aircraft-derived reﬂectivity. This paper also aims at providing an interpretation of cloud
physical parameters from reﬂectivity.
The structure of the paper is organized as follows.
Section 2 describes the instruments used in this study,
and the method for data processing is presented in
section 3. Section 4 evaluates the accuracy of the aircraft data by comparing the aircraft-derived reﬂectivity factors and coincident radar measurements. The
threshold reﬂectivity factor between drizzle-free and
with-drizzle cloud is estimated and empirical relationships between reﬂectivity factor and LWC are derived
for both cloud and drizzle droplets in section 5. Fi-

In situ probe

The cloud, aerosol and precipitation spectrometer
(CAPS, Droplet Measurement Technologies Co. Ltd,
USA), which has the same capabilities of conventional
Particle Measurement System (PMS) particle probes,
was adopted in this observation to measure the cloud
parameters. CAPS is composed of ﬁve sensors: a cloud
and aerosol spectrometer (CAS), cloud imaging probe
(CIP), liquid water content detector, an air speed sensor, and a temperature probe (Baumgardner et al.,
2001). The two principal instruments available here
were the CAS and CIP probes.
The CAS instrument determines particle size by
measuring the forward-scattered light (4◦ –12◦) from a
particle passing through a laser beam. This technique
is similar to that of the widely used FSSP(Forword
Scattering Spectrometer Probe). Moreover, the CAS
possesses an additional set of optics and detectors to
measure the scattered light in the backwards direction
(168◦ –176◦). Such information provides the potential
to determine the phase (liquid or solid) and the real
component of a spherical particle’s refractive index.
The CAS covers sizes ranging from 0.51 to 50 µm in
diameter, which is usually divided into 30 bins.
The CIP relies on the same optical imaging techniques as in PMS 2D-OAP(Two Dimensional Optical Array Probe). In the CIP probe, there is a 64element photosensitive diode array illuminated by a
laser beam. When a particle passes through the laser
beam, its shadow is projected on the diode array. According to the number of shadowing diodes, the particle’s size is determined. As the outer two diodes
(i.e. one and sixty-four) are rejected from the sizing
counting, the CIP detects particles with diameters between 12.5 to 1550 µm with a 25-µm resolution. The
sampling period of both probes was set to one second,
which was a distance of about 60 m on the ﬂight path.
A series of housekeeping channels on the CIP provide
meaningful digital values, such as relative humidity
(RH), which are calculated from analog-to-digital converter values.
2.2

MMCR

The millimeter-wavelength radar used in this study
is developed by the State Key Laboratory of Severe
Weather (LaSW), Chinese Academy of Meteorological
Sciences (CAMS). It is a fully coherent radar operating
at a frequency of 35 GHz (Ka-band and 8.66-mm wavelength), with a 0.44◦ beamwidth and 30-m vertical resolution. In the Rayleigh scattering regime (scattering

3.

Data processing

Continuous DSDs can be obtained by combining
the CAS and CIP particle data. An example of a completed DSD is shown in Fig. 1. The triangles represent
6
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Instruments and data

by particles whose diameters are much smaller than
the radar wavelength λ) the radar backscattering cross
section is proportional to λ−4 . So, the cloud radar has
an excellent sensitivity to small hydrometeors (Kollias
et al., 2007). Besides, owing to its shorter wavelength,
the cloud radar is negligibly interfered by the Bragg
scatter and ground clutter which aggravate the centimeter radar to interpret the backscattered returns
from clouds. The narrow beamwidth and ﬁne spatial
resolution reduce its sampling volume. The small sampling volume decreases the eﬀects of the Doppler spectrum broadening caused by turbulence (Kollias et al.,
2002). Furthermore, this radar is equipped with dual
polarization, and thus can provide information about
the phase of particles in clouds. Its range gate number is 500, but usually the measurements for the ﬁrst
eighteen gates are invalid. The maximum detectable
height is 14 460 m. Four pulse width options are available (0.3 µs, 1.5 µs, 20 µs and 40 µs), which give
this radar an advantage in detecting diﬀerent kinds
of clouds (Zhong et al., 2011). A narrow pulse width
mode is suitable for observing low clouds, while a long
pulse width mode provides high sensitivity and can detect optically thin clouds, such as cirrus. All of these
factors make this radar an ideal tool for cloud detection.

−1

nally, main conclusions are summarized in section 6.
2.
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Fig. 1. An example of a combined DSD collected for a
60-s period on 17 September 2010. The spectrum of the
combined DSD is expressed by the blue line. The triangles and circles denote the CAS and CIP data, respectively. The last three bins in CAS and the ﬁrst bin in
CIP is eliminated in the combined DSD. The two vertical dashed lines indicate the division that is from 35 to
37.5 µm between CAS and CIP.
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the CAS data, and the circles the CIP data. The composition of the combined DSD was based on three considerations. Firstly, the CAS measurements beginning
with 2 µm was chosen to represent cloud droplets in
light of FSSP’s size range (2–47 µm), and thus the
ﬁrst twelve bins of CAS were rejected. Taking into
consideration that the ﬁrst bins of cloud probes are
unreliable, the data that came from the ﬁrst bin of
CIP were also discarded. Due to the size ranges of
each probe, there was inevitably a breakpoint (or an
overlap) in the combined DSD, and it was hoped that
this would be as narrow as possible. As a result, the
total spectrum was composed of two parts: the front
segment formed by ﬁfteen bins starting from the thirteenth in CAS; and the second half consisting of the
CIP data covering the second to the sixty-second bin.
The breakpoint, lying between 35 and 37.5 µm, is indicated by two dashed vertical lines in Fig. 1. The
combined droplet spectrum was then used to calculate
the parameters, such as total number concentration,
reﬂectivity factor, and LWC.
Three rules were employed to determine a valid
record in our study. Firstly, the total number concentration of droplets needed to be more than 10 cm−3 .
Next, the liquid water content calculated from combined DSDs was required to be above 0.001 g m−3
in order to avoid the impact of aerosols. Finally, the
records had to be in a series of at least ﬁve successive seconds. After that, the data were divided into
many legs, and then the legs with less than 20 records
were purged. The ﬂight pattern and a series of valid
legs are presented in Fig. 2 for the ﬂight on 28 August
2010. The black line illustrates the track of the plane,
and the red and blue segments represent the valid legs
sampled in warm clouds and ice clouds, respectively.

According to the RH measured by CIP (the green line
in Fig. 2), a portion of cloud in the ﬂight was accurately selected.
4.

Comparison of reflectivity obtained from
aircraft and radar

4.1

Reflectivity calculated from in situ measurements

Two scatter modes, Rayleigh and Mie scattering,
are applied to the backscattering of the millimeterwave radiation caused by hydrometeors. Lhermitte
(1990) pointed out that at 35 GHz, for particle diameters below 2.7 mm, the Rayleigh backscatter is
within 3 dB of the Mie backscatter. In other words,
the Rayleigh assumption is roughly valid for particles
with a diameter smaller than 1 mm at Ka- band (Ellis
and Vivekanandan, 2011). As a result, Rayleigh theory has been employed in many studies to calculate
the reﬂectivity factor Z (mm6 m−3 ) from cloud and
drizzle droplets at 35GHz. However, to gain more accuracy, Z was computed based on the Mie function in
our study:
 Dmax
106 λ4
N (D)σb (D)dD ,
(1)
Z=
4π 5 |K|2 0
where σb (cm2 ) is the Mie backscatter cross section,
|K|2 is the dielectric factor (with a value of 0.8797 for
water and 0.176 for solid ice when calculating at 35
GHz), and N (D)dD (m−3 ) is the number concentration of particles with diameter between D and D+dD.
Z is then denoted by 10lgZ in a unit of dBZ. The reﬂectivity factor is generally referred as reﬂectivity in
this study.
4.2
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Fig. 2. Flight pattern for the 28 August case. The black
line represents the track of the plane; the green line represents RH measured by CIP; and the red and blue segments represent the valid legs sampled in warm clouds
and ice clouds, respectively.

Since the MMRC did not work properly on 29 August 2010, the simultaneous MMCR and aircraft observation data were taken from two ﬂights, from 1240:46
to 1247:22 LST 28 August 2010 and from 1302:00
to 1342:25 LST 17 September 2010. The stratiform
clouds were detected on both of these two days. The
match in time was done simply by using the same
times for data gathered by both sensors, and the ﬂight
patterns during the co-observation period are shown
in Fig. 3. From this ﬁgure, it is clear that the cloud
parcels sampled on the two days were moving towards
the MMCR, as indicated by the wind direction. An
assumption was adopted that the cloud properties did
not change between the time when sampled by the aircraft and by the radar, typically a few minutes (Hogan
et al., 2006). Thus, it is reasonable to evaluate the accuracy of the in situ measurements by comparing with
the radar measurements.
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Fig. 3. (a) Flight pattern for the 28 August case during the co-observation period. The black dot shows
the position of ground-based MMCR and the arrows represent the wind direction. (b) The same as (a),
but for the 17 Sep case.

Fig. 4. (a) Radar reﬂectivity with the ﬂight path superimposed for 28 August 2010. The black line indicates the
track of the aircraft. (b) Reﬂectivity comparison between in situ measurements and MMCR, where the in situ
data are represented by triangles and the MMCR data by circles. Both are averaged over a 5-s period. The blue
dashed line represents the horizontal distance between the aircraft and MMCR.

In the 28 August case, the aircraft ﬂew at an altitude of 5.5 km, spanning temperatures from −3◦ C to
−2◦ C. The enhanced reﬂectivity ﬁeld (bright band)
below 5 km (in Fig. 4a) indicated melting and the
existence of ice particles above. Also, the linear
depolarization ratio (LDR) data from MMCR (not
shown here) conﬁrmed the presence of ice. Therefore,
in situ reﬂectivity was calculated by employing the
backscattering coeﬃcient of ice particles, and to reduce
the variance in number concentration, a ﬁve-secondaveraged distribution spectrum was used instead of the
DSD gathered in real time.
Figure 4a presents the reﬂectivity detected by
MMCR, and the black line represents the track of the
ﬂight at the same time when MMCR collected the
information. The radar reﬂectivities in the bins on

the ﬂight path were compared with the simultaneous
in situ measurements, as shown in Fig. 4b. The blue
dashed line indicates the horizontal distance between
the two sensors. It can be seen from Fig. 4b that the
agreement in this case was poor at the beginning and
end of the co-observation period, when the two sensors coordinated well in terms of distance. The discrepancies in reﬂectivity became smaller in the middle
period though the distance between the two sensors
being greater. By a careful inspection of Fig. 4a, it is
clear that the variation of deviation has a relationship
with the portion of cloud in which the plane ﬂew. The
two sets of reﬂectivity results diﬀered from each other
to a large degree when data were collected at the cloud
top. In contrast, the agreement between the two was
relatively good when sampled inside the cloud.
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Several factors were responsible for the deviation.
The most signiﬁcant one was the diﬃculty of exactly
matching up the aircraft and radar samples due to imprecise collocation between the two sensors and their
distinct sample volumes. The CAS and CIP probes
had sample volumes of 25 cm3 s−1 and 16 L s−1 , respectively, assuming an aircraft speed of 100 m s−1 . At
an altitude of 5.5 km, the sample volume of MMCR
was nine orders of magnitude greater than the CAS
probe volume, and six orders of magnitude greater
than the CIP volume. The large sample volume of
MMCR would have led to a problem of an unﬁlled
radar beam at the edge of the cloud (Brown and Illingworth, 1995). Nevertheless, the impact would have
been minor due to the small gate space of MMCR
(only 30 m). Besides, the cloud was spatially inhomogeneous, a feature that is known to be more intense at the cloud top than in the cloud, leading to
the large deviation between the measured and in situ
reﬂectivity when the data were collected at the top of
the clouds. Other possible causes were the reduced
precision of radar measurements at low signal-to-noise
ratios, large uncertainties in both measurement platforms, and the attenuation caused by water droplets.
In the 17 September case, the aircraft ﬂew at an
altitude of 3.0 km, and temperatures detected at this
height were all above 0◦ C. Therefore, this case comprised an all-water cloud and we calculated reﬂectivity
assuming Mie scattering from water droplets. The collected spectra in this case were averaged over a 10-s
time period. The reﬂectivities derived from both radar
and calculations are shown in Fig. 5. Similar to the
case of 28 August, over the initial period from 1302 to
1317 LST 17 September 2010, when sampling at the
top of cloud, the in situ results were much higher and
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more ﬂuctuated than the radar data. It is possible
that the volume of the radar may have been averaging
in clear air, thus revealing a lower reﬂectivity. After 1317 LST 17 September 2010, the plane was completely inside the cloud and the level of discrepancy
became frequently smaller. From 1317 to 1323 LST
17 September 2010 in particular, the reﬂectivity measured by radar was quite comparable to that derived
from aircraft measurements, and the two sets of reﬂectivity results generally followed a similar tendency.
Then, along with the increase in distance, the diﬀerences between the two grew large again.
The RMSE for the reﬂectivity measured by MMCR
and derived from DSD was calculated for the two cases
with data gathered inside the cloud. Taking into account that a greater horizontal distance will result in
less correlation between the two sets of reﬂectivity
results, the data that were sampled over the period
when the aircraft ﬂew beyond 60 km of the MMCR on
17 September were eliminated. The resulting RMSE
value was 6.1 dBZ for the 28 August case, and 5.5
dBZ for the 17 September case, indicating that the
discrepancy in reﬂectivity was a little larger for the
former. This larger bias could be ascribed to the algorithm that was used to calculate the reﬂectivity from
the DSDs. The ice particles were simply assumed to
be solid spherical particles, regardless of their densities and habits. Moreover, the cloud was actually mixphased, rather than an all-ice cloud. The average number concentration of cloud droplets was 163 cm−3 , with
a maximum value of 587.4 cm−3 , and the liquid water
content was up to 0.25 g m−3 in the co-observation
period. According to Hobbs et al. (1980) a high density of particles occurs only when supercooled water is
present. The liquid water will induce rimming, which

Fig. 5. The same as Fig. 4, but for the case on 17 September 2010. The two kinds of reﬂectivity are
averaged over a 10-s period.

NO. 5

not only promotes the growth of ice but also increases
particle density. This may explain why the calculated
reﬂectivity was lower than the value measured by radar
in some time intervals (see Fig. 4b). On the whole,
the reﬂectivities obtained from MMCR and measured
DSD were comparable when both instruments were
close in time and space, which validates the accuracy
of aircraft-derived radar reﬂectivity values and, further, substantiates the feasibility of a radar-based description of microphysical characteristics.
5.

Data application

5.1

Threshold reflectivity for drizzle

5.1.1 Definition of drizzle
Generally, two size ranges are adopted to deﬁne
drizzle in most studies. One common criterion uses a
diameter of 50 µm to discriminate cloud droplets and
drizzle (e.g. Frisch et al., 1995; French et al., 2000).
The classiﬁcation depends on diﬀerent droplet growth
mechanisms. Droplets smaller than 40 µm in diameter grow mainly through condensation, while growth
of larger droplets is dominated by coalescence (Cober
et al., 1996). Another deﬁnition restricts drizzle size
to a range of 200–500 µm in diameter (Sauvageot and
Omar, 1987), a deﬁnition that is based on the relationship between size and terminal velocity. The terminal
velocity of droplets with a diameter smaller than 200
µm is negligible, and droplets larger than 500 µm in diameter are quite likely to reach the ground, thus being
referred to as raindrops. The latter deﬁnition of drizzle was employed in this study because droplets with
a diameter larger than 200 µm were very common in
our observations.
The combined DSDs altogether had 76 bins.
Droplets detected in the ﬁrst 22 bins were considered
to be cloud particles, whereas those from the 23rd to
76th bins were used to determine drizzle presence. If
there were no droplets measured in the last 54 bins in
one sampling period, this cloud sample was classiﬁed
as a drizzle-free case; otherwise, a drizzle case.
5.1.2
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Statistical method

In order to ﬁnd out the threshold reﬂectivity to
diagnose drizzle and cloud particles for MMCR, the
probability distribution functions (PDFs) of reﬂectivity due to drizzle and drizzle-free data were calculated
individually from combined observed DSDs by utilizing Mie Theory, as mentioned in section 4. Because
the cloud droplet size distribution spectra and related
microphysical properties are determined by diﬀerent
mechanisms in horizontal and vertical directions (Liu
et al., 2008), only horizontal ﬂight legs were investigated in this part of the study. Legs that contained

scarce drizzle records were rejected to ensure suﬃcient
statistics. Besides, records sampled at temperatures
below 0◦ C were also excluded in case of ice particles.
Two statistical methods proposed by Wang and
Geerts (2003) were adopted to ﬁnd out the threshold and are brieﬂy described here. For reﬂectivities of
drizzle and cloud droplets, there is an overlapped part
in most cases (see Fig. 6), meaning the reﬂectivity corresponding to the cross point of the two PDFs can be
chosen as the threshold. It should be noted that this
method is sensitive to the sample number and the bin
width, with more samples and a broader bin width
leading to smoother PDFs. Therefore, sometimes the
PDFs may ﬂuctuate intensively and there is more than
one cross point in the PDFs (Fig. 6b). In such a situation, this method tends to fail.
The second method is to calculate a coeﬃcient
called the “hit rate” to determine the drizzle reﬂectivity threshold, deﬁned as:
H = (n00 + n11 )/n .

(2)

In this method, a value of reﬂectivity is selected to be
a threshold in advance. If a sample contains no drizzle
and the reﬂectivity pertaining to this sample is below
the assumed threshold, then this sample is included
into n00 . Equally, n11 consists of samples which are
with drizzle and have a reﬂectivity exceeding the assumed threshold. The value of n is the total number of
samples in one case. After utilizing this method on a
series of assumed threshold reﬂectivities between −20
and −5 dBZ, the one corresponding to the maximum
hit rate was considered to be the optimal threshold.
5.1.3 Results
Some of the PDFs of reﬂectivity are displayed in
Fig. 6. It is clear that the two kinds of PDFs separated
well from each other, merging together only within a
small part. The upper limits of Z for drizzle-free cloud
varied between −10 and −5 dBZ, while the lower limits of Z for drizzle were above −20 dBZ, or even −10
dBZ. Therefore, it was reasonable for us to expect
a threshold of reﬂectivity that can discriminate withdrizzle cloud from drizzle-free cloud.
The two types of threshold are indicated by vertical lines in Fig. 6. The dashed and solid lines demonstrate the value determined by the cross point and hit
rate methods, respectively. The diﬀerences between
the two kinds of thresholds were quite acceptable, the
maximum occured in a case of a leg on 17 September
(see Fig. 6c) and was within 2.5 dBZ, thus verifying the
reliability of deﬁning a reﬂectivity threshold for drizzle. We then deﬁned the mean value of the two thresholds to be the ultimate threshold. It can be seen that,
despite the two ﬂights having undergone diﬀerent syn-
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heights on 17 September 2010.
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optic conditions, and data having been collected in different parts of the cloud, thresholds derived from these
ﬂight legs showed good agreement, almost spanning
from −15 to −12dBZ, except a leg on 29 August shown
in Fig. 6a. Wang and Geerts (2003) studied reﬂectivity
of drizzle-containing and drizzle-free clouds at diﬀerent cloud altitudes and concluded that the threshold
and the merging of reﬂectivity PDFs are both heightdependent, increasing monotonically from cloud base
to cloud top. A section of the ﬂight on 17 September, which contained two horizontal legs at diﬀerent
heights, was selected and the PDFs of reﬂectivity plotted, as shown in Fig. 7. It can be seen that there was
indeed a correlation between height and threshold. As
the aircraft crossed the cloud at altitudes of 3.06 and
3.03 km, the corresponding threshold was about −10
and −12 dBZ, respectively. This may be one explanation for the disparities of thresholds. However, owing
to the lack of complete macrostructural information of
the cloud, we unfortunately cannot further prove the
relationship between threshold and altitude here.
5.2
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culated from samples taken from horizontal legs in order to avoid the impact of diﬀerent mechanisms in horizontal and vertical directions. The relationship of Z
and LWC is shown as a scattergram in Fig. 8. Both
the drizzle-free and drizzle-containing partitions were
taken into account, represented by the red and blue
points, respectively. A clear relation exists between Z
and LWC when there were no drizzle droplets.. However, points calculated from the drizzle partition are
dispersed widely and thus a correlation between Z and
LWC was not evident. The scatter brought about by
drizzle was excluded according to two criteria. One
was based on Gerber’s (1996) investigation on microphysical properties of drizzling clouds, who concluded
that a threshold of re of 16 µm can be used to identify heavy drizzles. The other was a ratio between
radar reﬂectivity and the extinction coeﬃcient Z/α,
for which a logarithmic value of 1.8 indicates the existence of heavy drizzle (Krasnov and Russchenberg,
2005). The extinction coeﬃcient α is deﬁned as:
α = 2π

Relationship between Z and LWC

Deriving the liquid water content of water clouds
from cloud radar reﬂectivity can be achieved simply by
applying a relationship between reﬂectivity and LWC.
Both reﬂectivity and LWC are calculated from airborne DSD measurements, and then linked together
by ﬁtting the scattering data. A form of power law is
commonly deployed to express the Z–LWC relationship:
Z = aM b ,

(3)

where M stands for LWC, a and b are regression parameters. Some published Z–LWC relationships are
listed in Table 1. The ﬁrst three relationships between LWC and radar reﬂectivity are only valid for
clouds without drizzle-sized drops and the last two are
for clouds containing drizzle. Whether drizzle-free or
with-drizzle cloud, there are no consistent correlations
between LWC and reﬂectivity because of the diﬀerent
size distributions and physical mechanisms (Khain et
al., 2008).
This section is concerned with Z–LWC relation cal-



Ni ri2 × 10−6 ,

(4)

where Ni is the number of particles measured in the
ith bin, and ri is the mid-radius of the ith bin and in
a unit of mm.
The diamonds in Fig. 8 show the DSDs with re <16
µm but lg(Z/α)1.8, which are ﬁltered out. Consequently, deviating points were considerably reduced.
The classical form of power law was adopted to
express the Z–LWC relationship. By regressing with
the least-squares method, relations were derived as follows: Z = 3.77×M1.22 , for cloud without drizzle; and
Z = 46.08×M1.6, for cloud containing drizzle.
Although the values of b in the two relationships
were similar to previous studies, the values of a deviated a lot from published values. One possible explanation for this is related to the deﬁnition of drizzle
we adopted in our study. We categorized droplets into
cloud particles with a diameter below 200 µm, rather
than 50 µm. Another likely explanation is the high degree of spatial variability of DSD in diﬀerent regions
and diﬀerent types of clouds (Deng et al., 2009), hence
inducing diﬀerent microphysical properties.

Table 1. Regression parameters of the Z–LWC relationship using in situ measurements.

Sauvageot and Omar (1987)
Fox and Illingworth (1997)
Wang and Geerts (2003)
Baedi et al. (2000)
Krasnov and Russchenberg (2005)

a

b

Cloud type

0.030
0.012
0.044
57.544
323.59

1.31
1.16
1.34
5.17
1.58

non or very weakly precipitating stratocumulus and cumulus
non precipitating marine stratocumulus
non precipitating marine stratus
stratocumulus with light drizzle
stratiform clouds with heavy drizzle
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Fig. 8. Scattergram of reﬂectivity versus LWC, computed from the combined DSDs on horizontal ﬂight legs.
The blue and red dots are for drizzle-free and drizzle
cases, respectively. The diamonds are the scatter points
as a result of drizzle drops and were ﬁltered out. The ﬁtted Z–LWC relationships are represented by the dashed
line for cloud particles and the solid line for drizzle drops.

6.

Summary

Along with the development of millimeterwavelength radar, it is valuable to study microphysical
characteristics of clouds by remote sensing methods,
which can give wide coverage in both time and space
with low cost. Observations of clouds through a combination of aircraft measurements and a 35-GHz cloud
radar took place over Yitong, Jilin Province, China, in
2010, the results of which provided a good opportunity
to retrieve radar-based cloud microphysics.
The airborne measurements were used to calculate
reﬂectivity according to Mie theory. The comparison
between the calculated reﬂectivity and the value measured directly by MMCR showed that: (1) in both water and ice cloud the results were in good agreement
when the aircraft collected data inside the cloud and
had a good spatial collocation with the ground-based
MMCR; and (2) in ice cloud they showed a relatively
large deviation thought to result from the occurrence
of liquid water in the cloud. The RMSE values for the
two reﬂectivities were 5.5 dBZ for the water cloud case
and 6.1 dBZ for the ice cloud case. The discrepancy
may have been due to several factors, including the
inconsistent sample volumes of airborne probes and
radar, diﬀerent regions detected by the two sensors,
incomplete ﬁlling of range gates of MMCR, and uncertainties in in situ measurements and reﬂectivity retrievals. Nevertheless, the level of agreement in warm
cloud conﬁrmed the accuracy of both in situ and radar

VOL. 30

measurements and made it possible to derive relations
between reﬂectivity and cloud microphysical properties based on the aircraft data collected during this
ﬂight.
One relation of interest in this paper was the
threshold reﬂectivity above which drizzle drops are
prone to be present. Drizzle drops were identiﬁed by
the CPI probe, and the calculated reﬂectivity showed
drizzle was unlikely to present below −20 dBZ. There
was just a small overlap between the two PDFs of
reﬂectivity due to cloud particles and drizzle drops,
indicating the existence of the threshold. Two different statistical methods were deployed to obtain this
threshold, and it was found that both of them achieved
similar values, within a diﬀerence of 2.5 dBZ. Their
average was used as the ultimate threshold. For most
cases, these thresholds varied in a range of −15 to −12
dBZ, regardless of the synoptic conditions, and were
close to those reported in previous studies.
The relationship between reﬂectivity and LWC was
also provided. Unlike traditional studies on this subject, the entire DSD spectra were investigated, involving cloud partitions containing drizzle droplets. In
comparison to cloud particles, drizzle drops brought
about many scatter points to the Z–LWC diagram
and, as a result, the derivation of a Z–LWC relation for
drizzling cases was not as straightforward as drizzlefree cases. It appears that most of these scatter points
were related to particles with large Z/α ratios (logarithm value 1.8) but small re (<16 µm). After removing these scatters, the correlation of Z–LWC for
drizzle cases became much more evident and empirical
Z–LWC relations for both types of case were regressed
with the least-squares method.
Owing to the large variance in DSDs, there is no
universal relationship that can capture the microphysical properties of cloud in diﬀerent regions. With respect to cloud in a certain region, a more accurate empirical correlation should be derived from in situ data.
Our work studied the threshold of precipitation and
the Z–LWC relationship from two ﬂights over Northeast China. There were deviations between our retrievals and previously published results, which were
concerned with stratus and stratocumulus clouds in
European and North American areas. So far, this
work can largely be considered as exploratory, mainly
because of the small number of sampling data and
lack of information about cloud macroscopic properties. More data are needed to evaluate and correct the
relations between reﬂectivity and cloud parameters derived in this paper. Additionally, there is a need for
future work aimed at understanding the eﬀects of the
physical mechanisms that lead to the diﬀerences in the
relationships.
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