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ABSTRACT

By using the cloud echoes first successfully observed by China’s indigenous 94-GHz SKY cloud radar, the
macrostructure and microphysical properties of drizzling stratocumulus clouds in Anhui Province on 8 June
2013 are analyzed, and the detection capability of this cloud radar is discussed. The results are as follows.
(1) The cloud radar is able to observe the time-varying macroscopic and microphysical parameters of clouds,
and it can reveal the microscopic structure and small-scale changes of clouds. (2) The velocity spectral width
of cloud droplets is small, but the spectral width of the cloud containing both cloud droplets and drizzle is
large. When the spectral width is more than 0.4 m s−1, the radar reflectivity factor is larger (over –10 dBZ).
(3) The radar’s sensitivity is comparatively higher because the minimum radar reflectivity factor is about
–35 dBZ in this experiment, which exceeds the threshold for detecting the linear depolarized ratio (LDR) of
stratocumulus (commonly –11 to –14 dBZ; decreases with increasing turbulence). (4) After distinguishing
of cloud droplets from drizzle, cloud liquid water content and particle effective radius are retrieved. The
liquid water content of drizzle is lower than that of cloud droplets at the same radar reflectivity factor.
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1. Introduction

Clouds are known to play a crucial role in
the earth’s radiation balance, weather forecasts,
weather modification, and flight safety (Liou, 1986).
The main tools for detecting clouds are airborne
instruments, microwave radiometers, ceilometers,

centimetre-wave radars, satellite observations, ra-
diosondes, and millimetre-wave radars. Among
these, the millimetre-wave cloud radar has proven
to be invaluable for observing non-precipitating and
weakly precipitating clouds. The radar signal can
penetrate thick clouds to observe their internal
structures (Kropfli et al., 1995; Krofli and Kelly, 1996;
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Illingworth et al., 2007). A very important issue re-
garding the use of radars at millimetre wavelengths
is signal attenuation due to clear air, clouds, and
precipitation. The attenuation in terms of rain and
drizzle intensity is presented and discussed in Lher-
mitte (2002). Usually, the wavelengths of millimetre-
wave cloud radars are 3 mm (at frequencies of ap-
proximately 94 GHz) and 8 mm (at frequencies of
approximately 35 GHz). The 94-GHz radars can de-
tect smaller cloud droplets and the early formation of
clouds. Additionally, 94-GHz radars are fairly immune
to ground clutter that is detected through antenna side
lobes in a vertically pointing beam mode because of
their short wavelength (Lhermitte, 2002).

The Ka-band radars in the United States have
been developed since the 1950s. In the early 1970s,
the American Air Force developed TPQ-11 radar
(with 8.5-mm wavelength), which were combined with
Doppler and dual polarization functions and used in
cloud physics research in the late 1980s (Sauvageot
and Omar, 1987; Kropfli et al., 1995). The 35-
GHz synthetic aperture radar and the 35-GHz/94-GHz
millimetre-wave cloud radar were developed in Amer-
ica in 1992 and 1994, respectively (Zhong et al., 2009).
These instruments can be used to detect and identify
ice clouds, supercooled water, and the particle size dis-
tribution of clouds (Zhong et al., 2009). The first un-
manned 35-GHz cloud radar, which was developed in
1996, was used for a cloud radiation test project. It
observed the echo characteristics of non-precipitating
and weakly precipitating clouds for a long term (Cloth-
iaux et al., 1999). The American W-band radars (3-
mm wavelength) were introduced in the early 1980s
and mainly used to study cloud and precipitation
physics in the late 1980s (Lhermitte, 2002). Britain
developed the 94-GHz Galileo and 35-GHz Copernicus
Doppler radars, which were used to invert cloud parti-
cle sizes and density in the 1990s (Hogan et al., 2000).
In 1995, a polarimetric cloud radar with a wavelength
of 3 mm began operating at the GKSS Research Cen-
tre, Geesthacht, Germany. It has been used for case
studies of various stratiform, non-precipitating cloud
systems (Danne et al., 1999). In 2000 and 2003, Japan
developed the 95-GHz airborne cloud profiling radar

and 35-GHz Doppler radar, respectively, which were
used to retrieve the turbulence in clouds, and the ver-
tical velocity distribution of the airflow, among other
variables (Hamazu et al., 2003). In 2006, the 94-GHz
CPR (Cloud Profiling Radar) carried by the CloudSat
satellite provided vertical profiles of liquid water, ice
water, and radiation characteristics of clouds (Zhong
et al., 2010). In the 21st century, millimetre-wave
radars are rapidly developing across the globe.

Because China participated relatively late in the
development of millimetre-wave radars, the first 8.6-
mm millimetre-wave radar was used for meteorolog-
ical observations with high sensitivity. The Doppler
and polarized functions were developed by the Chi-
nese Academy of Meteorological Sciences and the
23rd Research Institute of the 2nd Academy of Chi-
nese Aerospace in 2007. Presently, domestic 94-GHz
millimetre-wave cloud radars are being developed. A
94-GHz SKY cloud radar with a Doppler function
is being developed by Sun-create Electronics Com-
pany in Anhui. In China, ground-based radar research
should and will ultimately transfer to airplane-based
radar research.

Retrievals of cloud microphysical parameters are
important to numerical model prediction, weather
forecasting, weather modification operation, and avia-
tion safety. Millimetre-wave cloud radars can be used
to retrieve cloud parameters, such as cloud particle
effective radius and cloud liquid water content. The
primary methods that are used to retrieve microphys-
ical parameters of clouds are empirical relations (At-
las, 1954; Sassen and Liao, 1996; Fox and Illingworth,
1997; Sassen et al., 1999), multiple sensors (Frisch et
al., 1995, 1998; O’Connor et al., 2004), dual wave-
lengths (Hogan et al., 2000), and Doppler spectral
data (Gossard et al., 1990; Babb and Verlinde, 2000;
Shupe et al., 2004). Using the particle size distribu-
tion (PSD) of warm cumulus under plane detecting,
Fox and Illingworth (1997) obtained the empirical re-
lationships between radar reflectivity factor, liquid wa-
ter content, and particle effective radius. Combining
millimetre-wave radar and a microwave radiometer,
Frisch et al. (1998) studied the microphysical param-
eters of stratiform clouds. Shupe et al. (2004) dis-
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cussed the microphysical parameters of mixed-phase
clouds using the Doppler spectrum of a 35-GHz radar.

By using the cloud echoes first successfully ob-
served by a 94-GHz SKY cloud radar, the macrostruc-
ture and the microphysical parameters of low drizzling
clouds in Anhui Province on 8 June 2013 are analyzed
in this paper. Additionally, the detection ability of the
SKY cloud radar is discussed.

2. Radar operational parameters and ratio-
nale

2.1 SKY radar operational parameters

The SKY millimetre-wave cloud radar is the first
94-GHz radar developed by China; thus, it is fairly
challenging to obtain echoes based on the current
hardware technology. The main parameters of the
SKY cloud radar are listed in Table 1.

Table 1. SKY radar operational parameters

Parameter Value

Frequency 94.607 GHz

Wavelength 3.171 mm

Transmit power 1120 W

Pulse repetition frequency 5 kHz

Pulse width 0.5 µs

Range resolution 75 m

Unambiguous range 20 km

Folding velocity 3.9649 m s−1

Beamwidth 0.7◦

2.2 Rationale

The cloud liquid water content and particle effec-
tive radius are important microphysical parameters.
For an assumed log normal droplet size distribution,
the relationships between reflectivity factor, droplet
effective radius (re; μm), and liquid water content
(LWC; g m−3) are expressed as follows (Frisch et al.,
1995; Danne et al., 1999; Shupe et al., 2004):

re = 50 exp(−0.5σ2)N−1/6Z1/6, (1)

LWC = ρ(π/6) exp(−4.5σ2)N1/2Z1/2, (2)

where Z is reflectivity factor (mm6 m−3), N is droplet
number concentration (cm−3), σ is the logarithmic
spread of the droplet size distribution, and ρ is density
of water reflectivity. Equations (1) and (2) indicate

that Z-LWC and Z-re relations can be determined if
σ and N are selected according to the cloud type.

The Z-LWC relationship in weakly non-
precipitating clouds was suggested by Atlas (1954),
Sauvageot and Omar (1987), and Fox and Illingworth
(1997). Many measurements that were taken by air-
craft show that drizzle often appears in clouds with
a reflectivity factor approaching –15 dBZ (Sauvageot
and Omar, 1987). Baedi et al. (2000) obtained the
LWC of stratocumulus with drizzle. The radar reflec-
tivity factor of precipitating particles is larger, but the
contribution to the cloud LWC is minimal. Therefore,
the presence of precipitation in the clouds should in-
fluence the interpretation of cloud water content. As
a result, suitable inversion formulas should be selected
according to cloud particle types.

Two methods are used to distinguish cloud
droplets from precipitating particles. First, particles
with radii less than 25 μm mainly grow by conden-
sation, whereas particles with radii greater than 25
μm mainly grow by coalescence (Cober et al., 1996).
Thus, a 25-μm radius can distinguish different parti-
cle types in clouds (Frisch et al., 1995; Kollias et al.,
2011a). Kollias et al. (2011a) suggested that the value
of Z in the range of –20 to –15 dBZ and the spectral
width of 0.25 m s−1 indicate the generation of drizzle
with radii larger than 25 μm. Second, particles with
radii larger than 100–125 μm are considered precipi-
tation particles because they often reach the ground,
whereas particles with radii less than 100 μm are con-
sidered cloud droplets because their falling speed is
small, according to the relationship between size and
falling speed of the particles (Sauvageot and Omar,
1987). Zong (2013) suggested that the threshold (the
radius of the particles greater than 100 μm) is –15
to –12 dBZ. In this study, we assume that particles
smaller than 50 μm are cloud droplets, whereas those
larger than 1 mm are raindrops. Particles with radii
from 25 to 500 μm are treated as drizzle. Thus, the
distinction between cloud droplets and drizzle drops is
a 25-μm radius. In calm conditions, the falling speed
of cloud droplets is only a few centimetres per second,
which is lower than the atmospheric vertical speed
by 1–2 orders of magnitude. Hence, the cloud droplet
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movement can be regarded as air movement (Kollias
et al., 2002; Shupe et al., 2008).

3. Analysis of the first cloud echoes observed

by SKY radar

On 8 June 2013, the SKY cloud radar success-
fully detected cloud echoes in Hefei, Anhui Province
(31.821◦N, 117.19◦E) for the first time. The specific
time was 1357–1427 BT (Beijing Time) and 1523–1536
BT. The radar was zenith pointing and installed on an
automobile.

3.1 Analysis of weather conditions

To better analyze the cloud radar echoes, we first
examine the background real weather conditions using
satellite cloud images, weather charts, sounding data,
and ground observations on 8 June 2013.
3.1.1 Weather chart analysis

Figure 1 shows the 500-hPa geopotential height
and temperature fields, and 850-hPa wind field at 0800
BT 8 June 2013. A developed cyclone, namely, the
Jiang-Huai cyclone, is seen near Jiangsu Province and
the East China Sea at this time. The cyclone is steered
by the westerlies. Meanwhile, there is a low-level
trough over Jiangsu and Zhejiang provinces, which is
oriented southwest to northeast. An encounter be-
tween the southwest warm moist air flows ahead of
the trough and the northwest air behind the trough
leads to atmospheric instability. Combined with fa-
vorable moisture conditions, it is easy to form clouds
and precipitation. At 2000 BT 8 June (figure omit-
ted), the low trough weakens and slightly shifts to the
east; later, it gradually exits the territory of Anhui
Province and shifts to the east.
3.1.2 Analysis of FY2E satellite cloud image

Figure 2 displays the infrared bright temperature
from the FY2E satellite at 1400 BT 8 June 2013. The
Jiang-Huai cyclone center seems not associated with
severe weather, such as heavy rain. It is clearly seen
that low clouds appear over Hefei City.
3.1.3 Anqing sounding data analysis

The Anqing sounding station is the nearest sound-
ing station (30.53◦N, 117.05◦E) to the radar location;
thus, the sounding data are used as a reference. Figure

Fig. 1. Weather chart of geopotential height (blue) and

temperature (red) at 500 hPa, and wind (barb) at 850 hPa

at 0800 BT 8 June 2013.

Fig. 2. Infrared bright temperature from FY2E satellite

at 1400 BT 8 June 2013.

3 presents the T -logP relation over Anqing at 1400 BT
8 June 2013. It is indicated that the water vapor at
low altitudes over the station is sufficient. The differ-
ence between the dew point and actual temperature
is less than 2℃, and the relative humidity is higher
than 85% between 925 and 770 hPa. The differences
are 1℃ and 94% at 925 hPa (near saturation). A stra-
tocumulus layer exists between 925 and 770 hPa, in
which the cloud base is approximately 720 m and the
cloud top is near 2.7 km. The depth of the liquid layer
is approximately 1 km, and the height of the freezing
level is approximately 5.2 km.
3.1.4 Surface observation analysis

According to the surface observation data at
1400 BT 8 June 2013 from Hefei station (31.87◦N,
117.23◦E), which is nearest to the experiment site,
the weather was cloudy, then characterized by inter-
mittent light rain. Fracto-nimbus with a cloud base
height of 300 m developed, which produced 0.2 mm of
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Fig. 3. T -logP plot over Anqing sounding station at 1400 BT 8 June 2013.

rainfall within 6 h and a surface wind speed of 2 m s−1.
The Anqing station, which is a bit farther from the ex-
periment site, recorded cloudiness. Initially, the rain
was light. Stratocumulus clouds were present with a
cloud base of 300 m and a surface wind speed of 4 m
s−1.

3.2 Radar echo analysis

Figure 4 shows the radar reflectivity factor,
Doppler velocity, Doppler velocity spectral width, and
linear depolarized ratio (LDR) during 1347–1357 BT
8 June 2013. As the cloud radar is vertical pointing,
the Doppler velocity is also the mean falling veloc-
ity of the droplets. LDR can reveal the non-spherical
extent of particles. The height of the cloud top is
approximately 2.0 km and the cloud is likely low stra-
tocumulus as judged by previous and current radar
echoes. The Doppler speed at the cloud top indicates a
downdraft. Due to artificial settings, the radar cannot
observe the cloud base. According to surface obser-
vations, the height of the cloud base is approximately
300 m, so the thickness of the cloud is roughly 1.7 km.
Figure 4 also shows that the radar reflectivity factor
of the cloud is –27 to 0 dBZ, and the spectral width
is higher than 0.25 m s−1 (i.e., drizzle exists in the
cloud). The reflectivity factor threshold of the preci-
pitating particles is above –20 dBZ, and the spectral
width of the two types of particles is higher than 0.25

m s−1 (Baedi et al., 2000). Furthermore, the radar re-
flectivity factor, Doppler velocity, and spectral width
increase as the height decreases, indicating growth of
cloud droplet with height. Below 1 km, the corre-
sponding spectral width exceeds 0.4 m s−1, which sug-
gests that the drizzle in the cloud is enhanced. Two
zones of changing velocity are shown at the bottom
of Fig. 4b at 1356 BT. These ambiguous velocities
are due to the fact that the actual velocity exceeds
4 m s−1, which is attributed to large particles. The
LDR is less than –20 dB in the case of spherical par-
ticles, which is consistent with the results obtained
with China’s 35-GHz radar (Sun, 2011). According
to the Doppler velocity shown in Fig. 4b, no up-
ward movement occurs in the cloud. Above 2 km, the
cloud region in which the Doppler velocity reaches 0 or
–3.5 m s−1 appears as noise in the radar system.

Figure 5 shows the vertical profiles of the radar
reflectivity factor, Doppler velocity, Doppler velocity
spectral width, and LDR at 1349 BT 8 June 2013.
The velocity (–3.5 m s−1) jumps to –1.1 m s−1 over a
range of approximately 100 m, which is unreasonable.
It may be explained by the low radar signal to noise
ratio (SNR). Near the cloud top of 2 km, the radar re-
flectivity factor is less than –25 dBZ and the spectral
width is nearly 0 m s−1, which reveals a low concentra-
tion of small particles at the cloud top. Furthermore,
Z is –14 dBZ, which corresponds to a spectral width



NO.3 WU Juxiu, WEI Ming, HANG Xin, et al. 435

Fig. 4. (a) Radar reflectivity factor, (b) Doppler velocity, (c) Doppler velocity spectral width, and (d) LDR during

1347–1357 BT 8 June 2013.

Fig. 5. Vertical profiles of (a) radar reflectivity factor, (b) Doppler velocity, (c) Doppler velocity spectral width, and

(d) LDR at 1349 BT 8 June 2013.

of approximately 0.25 m s−1 over about 1.5 km; thus,
drizzle appears. Near 1.25 km, at high radar reflec-
tivity factors (–5 dBZ), the spectral width “jumps” to

a higher value (about 0.4 m s−1) and LDR “jumps”
to a lower value (approximately –25 dB). This sug-
gests the increasing contribution of PSD broadening
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to the observed Doppler spectral width values due to
drizzle growth. At even higher radar reflectivity fac-
tors, the spectral width continues to slowly increase
such that the drizzle droplets in the cloud region grow
by coalescence and fall to the ground. Above 1.5–
1.7 km, the radar reflectivity factor, Doppler velocity,
and spectral width increase as the height decreases;
this reveals that the cloud droplets grow mainly by
condensation. A low reflectivity factor (< –20 dBZ)
or low spectral width (< 0.25 m s−1) indicates that
the vertical Doppler velocity is a good representation
of the air motion (Frisch et al., 1995). The spectral
width distribution shows cloud droplets above 1.5 km,
so the corresponding mean Doppler velocities can be
treated as the vertical velocity of the air. Then, the
vertical velocity of the air within the cloud changes
with height. At Z = –25 dBZ (about 1.8 km), we
observe that the vertical velocity of the air is approxi-
mately –1.1 m s−1. The LDR is around –20 dB, and it
does not exist above 1.5–1.6 km, which corresponds to
a maximum Z of –14 dBZ and spectral width of 0.25
m s−1. The values of LDR > –10 dB at 1.7 km are
too large to be credible.

Figure 6 shows the radar reflectivity factor,
Doppler velocity, Doppler velocity spectral width, and
LDR during 1407–1417 BT 8 June 2013. According to
the examination of all the echoes observed by the radar
in the afternoon, some protrusions from the cloud top
appear to be stratocumulus clouds. Drizzle fades away
and evaporates completely before reaching the ground.
The positive velocity within the cloud top at 1409 BT
is caused by the updraft. After 1411 BT, Z changes
from –15 to –35 dBZ and a spectral width smaller than
0.25 m s−1 appears, indicating that the drizzle has dis-
appeared. Additionally, the vertical velocities of the
air within the cloud change greatly with height. At the
0.5-km altitude, values of Z and spectral width of the
cloud decrease to –35 dBZ and 0 m s−1, respectively,
and no LDR exists, which explains the height of the
cloud base. Figure 6 also indicates that clouds with
spectral widths larger than 0.4 m s−1 often exhibit a
higher reflectivity factor (Z > –10 dBZ) due to the
contribution of drizzle.

Figure 7 displays the vertical profiles of radar re-

flectivity factor, Doppler velocity, and Doppler veloc-
ity spectral width at 1409 BT 8 June 2013. Below
2 km, the radar reflectivity factor first increases and
then decreases as height decreases; the spectral width
has a corresponding change, but the Doppler veloc-
ity basically increases as height decreases. This in-
dicates that cloud droplets and drizzle first grow and
then evaporate. At the highest radar reflectivity factor
(–10 dBZ), the spectral width decreases rapidly (from
0.3 to 0.25 m s−1), but the Doppler velocity retains
its highest value (–3 m s−1). This is the contribution
of PSD narrowing to the observed Doppler spectral
width values due to small cloud droplets evaporating
first. At the height of 0.6 km with Z = –27 dBZ,
the Doppler velocity begins to decrease and reveals a
cloud base height of approximately 0.6 km. Although
the largest Z is –10 dBZ and the largest spectral width
is 0.35 m s−1, only one value of LDR appears, so LDR
is not shown.

Figure 8 shows radar reflectivity factor, Doppler
velocity, Doppler velocity spectral width, and LDR
during 1524–1534 BT 8 June 2013. Combined with
previous detections, Fig. 8 indicates that the cloud
has newly developed non-uniformity in the vertical and
horizontal structures (i.e., the cloud top is no longer
flat). The largest reflectivity factor in the cloud is –5
dBZ, at which point drizzle is produced again. The
upper part of the cloud dissipates over time, and the
drizzle evaporates while falling. Meanwhile, the lower
part of the cloud develops over time. The radar re-
flectivity factor, Doppler velocity, and spectral width
increase as height decreases after 1531 BT. When spec-
tral width reaches 0.8 m s−1 and LDR is less than –20
dB, drizzle should fall. At the height of 500 m be-
tween 1531 and 1532 BT, the largest upward velocity is
1 m s−1. Because the Doppler velocity near the cloud
region with upward motion changes continuously, the
upward velocity is updraft, rather than fuzzy velocity,
which indicates air turbulence. This should account
for the rain on the following day.

Figure 9 displays the vertical profiles of radar
reflectivity factor, Doppler velocity, Doppler velocity
spectral width, and LDR at 15:31:03 BT 8 June 2013.
The upper part of the cloud disappears gradually, and
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the radar reflectivity factor of the lower part of the
cloud generally increases as height decreases. Thus,
the particles increase, but the corresponding Doppler

velocity first increases and then decreases. At 0.6 km,
updrafts occur, which lead to the velocity decrease be-
low 0.8 km. This is associated with a large spectral

Fig. 6. (a) Radar reflectivity factor, (b) Doppler velocity, (c) Doppler velocity spectral width, and (d) LDR during

1407–1417 BT 8 June 2013.

Fig. 7. Vertical profiles of (a) radar reflectivity factor, (b) Doppler velocity, and (c) Doppler velocity spectral width at

1409 BT 8 June 2013.
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Fig. 8. As in Fig. 6, but for 1524–1534 BT 8 June 2013.

Fig. 9. Vertical profiles of (a) radar reflectivity factor, (b) Doppler velocity, (c) Doppler velocity spectral width, and

(d) LDR at 15:31:03 BT 8 June 2013.

width and an LDR increase from –20 to –18 dB. The
minimum Z = –16 dBZ corresponds to a measurable
LDR by the radar and shows that the threshold can

be reduced in the case of air turbulence. By analyz-
ing test data, the threshold is found to be commonly
–11 to –14 dBZ and to decrease with turbulence en-
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hancement (e.g., the lowest threshold in the test is –20
dBZ).

Among all the radar echoes on the experiment
day, the detectable minimum reflectivity factor is
about –35 dBZ at 1 km. The echo data show that it
has drizzled off and on, which agrees with the actual
weather reports. The radar can clearly observe the
rapidly changing microphysical parameters and the
physical characteristics of the stratocumulus clouds.

4. Retrievals of cloud microphysical parame-

ters

The detection capability of the SKY cloud radar is
further analyzed by cloud microphysics retrievals dur-
ing 1347–1357 and 1407–1417 BT. Because the clouds
are warm, we retrieve the cloud liquid water content
and particle effective radius. It is known that radar
reflectivity factor is proportional to the sixth power
of the particle diameter. Therefore, echo intensity of
the cloud is controlled by the drizzle in the cloud, but
the contribution of the drizzle to the liquid water con-
tent is smaller than that of cloud droplets at the same
echo intensity. For the clouds containing drizzle, the
cloud water content is obtained by using the equation
in Baedi et al. (2000). Furthermore, the effective radii
of the cloud droplets and drizzle are estimated based
on Eq. (1).

According to Frisch et al. (1995), Baedi et al.
(2000), and Kollias et al. (2011a, b), when retrieving
particle effective radius, we use the Doppler velocity
spectral width of 0.25 m s−1 as the threshold to distin-
guish cloud droplets and drizzle in the cloud. During

1347–1357 BT, a logarithmic spectral width of 0.32,
a concentration of 35 cm−3 for cloud droplets, and a
concentration of 0.05 cm−3 for drizzle, are used. The
particle effective radius and cloud liquid water content
retrieved are depicted in Figs. 10 and 11, respectively.
Figure 10 shows that the cloud droplet effective ra-
dius in the upper boundary of the cloud is approx-
imately 10 μm. The effective radii of a number of
drizzle droplets at the 500-m altitude are 70–100 μm.
According to surface observations, it is drizzling. The
particles in the cloud should grow while falling to the
ground. Therefore, an effective radius larger than 70
μm for a large number of drizzle droplets in the cloud
is reasonable in the inversion. In fact, cloud droplets
are also found in the area, but are not reflected be-
cause the reflectivity factor of the drizzle obscures the
reflectivity factor of the cloud droplets.

Figure 11 indicates that the liquid water content
of the cloud is mainly 0.2–0.6 g m−3. The lowest wa-
ter content is located at the cloud boundary, while the
highest water content reaches 0.99 g m−3, according
to the calculations. When the drizzle is stronger, the
cloud water content is larger. Based on the statistics,
the cloud liquid water content of stratus or stratocu-
mulus is 0.4–0.8 g m−3, so the results are reasonable.

By using the same method, the particle effective
radius and cloud liquid water content during 1407–
1417 BT are retrieved and shown in Figs. 12 and 13,
respectively. The logarithmic spectral width of 0.31,
the concentrations of 35 cm−3 for cloud droplets, and
0.01 cm−3 for drizzle, are used in Eq. (1). Figure 12
indicates that the effective radius of cloud droplets is
approximately 10 μm, the largest drizzle is 79 μm, and

Fig. 10. Effective radius of the particles in the cloud during 1347–1357 BT 8 June 2013.
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Fig. 11. Liquid water content of the cloud during 1347–1357 BT 8 June 2013.

Fig. 12. Effective radius of the particles in the cloud during 1407–1417 BT 8 June 2013.

Fig. 13. Liquid water content of the cloud during 1407–1417 BT 8 June 2013.

the drizzle gradually disappears as time passes.
Figure 13 indicates that the cloud water content is

0.1–0.8 g m−3. The low cloud water content is located
at the boundary of the cloud and higher cloud water
content is located near the cloud center. Additionally,
the water content in the cloud area containing large
drizzle droplets is approximately 0.6 g m−3.

If the cloud during 1407–1417 BT is mistaken for

weak cloud (i.e., drizzle is not distinguished from cloud
droplets), the effective radius and liquid water con-
tent can be calculated by using the empirical relations
proposed by Fox and Illingworth (1997). Figure 14a
shows that the cloud particle effective radii are 7–20
μm, larger particles mainly exist in the middle of the
cloud, and the particle effective radius decreases over
time. However, the result is not reasonable because
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Fig. 14. (a) Effective radius and (b) liquid water content of the cloud, assuming no precipitation in the cloud during

1407–1417 BT 8 June 2013.

drizzle is missed in the inversion. Figure 14b shows
that the liquid water content is 0.1–3.5 g m−3 and the
cloud liquid water at the boundary is low. The liquid
water content for the cloud without drizzle after 1411
BT is reasonable, but that of the cloud containing driz-
zle is clearly overestimated. Therefore, the results of
the retrievals are greatly impacted by the judgment of
whether it is drizzling or not in a cloud.

5. Conclusions

By using the cloud echoes first successfully de-
tected by China’s indigenous 94-GHz SKY cloud
radar, the detection capability of the cloud radar is
evaluated through analyzing the macrostructure and
microphysical parameters of stratocumulus clouds.
The results prove to be of good reference for further
research and improvement of the W-band cloud radar.

(1) The cloud radar can observe the time-varying
macro- and microscopic cloud parameters and reveal
the microscopic structures and small-scale changes of
the clouds such as turbulence. The evolving echoes
reflect changes of droplet parameters and structures
of the cloud with drizzle. In our experiment, the de-

tectable minimum reflectivity factor is about –35 dBZ
(i.e., the radar’s sensitivity is high). Observations of
the echoes are consistent with the actual weather con-
ditions.

(2) The vertical air velocity of low clouds changes
with time and height. The velocity spectral width of
a certain type of particle is small, but the spectral
width containing cloud droplets and drizzle is large.
When the spectral width is more than 0.4 m s−1, the
radar reflectivity factor is usually larger (more than
–10 dBZ). The threshold is commonly –11 to –14 dBZ,
which corresponds to a measurable LDR by the radar
and decreases with turbulence enhancement.

(3) After distinguishing the cloud droplets from
drizzle, we obtained the liquid water content and the
effective radii. Drizzle has a high radar reflectivity fac-
tor, but it has lower liquid water content than cloud
droplets at the same reflectivity factor. In the experi-
ment, the effective radius of the droplets in the cloud
is approximately 10 μm, the drizzle effective radius is
greater than 25 μm, and the largest effective radius is
over 90 μm.

Because we assume that the values of the particle
concentration and logarithmic spectral width in the
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inversion are constant, the results using the Z–re re-
lationship have uncertainties. The uncertainties in
all-liquid clouds are approximately 50% for LWC (Fox
and Illingworth, 1997) and 13% for re (Frisch et al.,
2002). The inversion results are not validated by an
effective mean. In the present study, no attenuation
correction is applied to the W-band radar reflectivity
measurement. The attenuation is proportional to the
liquid water content in the region of Rayleigh scatter-
ing. Because the cloud radar is still being developed
and debugged, no other echoes have been obtained
and strong noise sometimes occurs in the detecting
system. Furthermore, we did not remove the noise in
the inversion. In later work, the software and hard-
ware systems of the radar will be improved, more
stable and reliable data can be obtained, and airborne
detection should ultimately be implemented. When
using the Doppler radar output spectrum, we can
invert and retrieve the droplet liquid water content,
drizzle liquid water content, drizzle effective radius,
and vertical movement of the air in a precipitating
cloud. In the future, the simultaneous use of several
remote sensing instruments with different wavelengths
is desired to reduce the errors due to inaccuracies in
the measured quantities.
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