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a b s t r a c t

Macrophysical and optical characteristics of cirrus clouds were investigated at the Semi-Arid
Climate Observatory and Laboratory (SACOL; 35.951N, 104.141E) of Lanzhou University in
northwest China during April to December 2007 using micro-pulse lidar data and profiling
radiometer measurements. Analysis of the measurements allowed the determination of
macrophysical properties such as cirrus cloud height, ambient temperature, and geometrical
depth, and optical characteristics were determined in terms of optical depth, extinction
coefficient, and lidar ratio. Cirrus clouds were generally observed at heights ranging from 5.8
to 12.7 km, with a mean of 9.071.0 km. The mean cloud geometrical depth and optical
depth were found to be 2.070.6 km and 0.35070.311, respectively. Optical depth
increased linearly with increasing geometrical depth. The results derived from lidar signals
showed that cirrus over SACOL consisted of thin cirrus and opaque cirrus which occurred
frequently in the height of 8–10 km. The lidar ratio varied from 5 to 70 sr, with a mean value
of 26716 sr, after taking into account multiple scattering effects. The mean lidar ratio of
thin cirrus was greater than that of opaque cirrus. The maximum lidar ratio appeared
between 0.058 and 0.3 when plotted against optical depth. The lidar ratio increased
exponentially as the optical depth increased. The maximum lidar ratio fell between 11
and 12 km when plotted against cloud mid-height. The lidar ratio first increased and then
decreased with increasing mid-height.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the past two decades, many studies reveal that
cirrus clouds play a crucial role in the radiation budget
of the earth-atmosphere system [1–3]. The influence of
cirrus clouds on the climate of the upper troposphere is
important, not only because cirrus appear at high alti-
tudes, but also because they consist of non-spherical ice
crystals with complicated absorption and scattering

properties. Cirrus clouds are widely dispersed in the
upper troposphere and regularly cover about 20% of the
total earth’s surface [4].

Cirrus clouds play an important part in modulating
regional and global climate via two complex processes.
One is the albedo effect in which high-altitude cirrus
clouds can scatter or absorb solar radiation, cooling the
Earth’s surface by reflecting solar insolation; the other is
the greenhouse effect, which results in atmospheric
warming due to the trapping of longwave radiation
[5,6]. Liou [1] suggested that tropical cirrus acts as a
greenhouse modulator, whereas the albedo effect is more
effective in mid-latitude cirrus. Fu and Liou [7] reported
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that thin clouds may cause a positive radiative forcing at the
top of the atmosphere, whereas thick cirrus clouds produce
cooling. Additionally, cirrus clouds are crucial to the hydro-
logical cycle of the atmosphere and to stratosphere–
troposphere exchange (STE) processes for water vapor. The
parameterization of cirrus in terms of their macrophysical
and optical characteristics at different geographic locations is
very important for climate models and particularly in the
improvement of the general circulation model (GCM) due to
their important roles in climate, radiation balance, and water
vapor exchange.

However, significant uncertainties remain regarding
the radiative and climatic effects of cirrus clouds [8] and
subsequent predictions of the changing global climate.
Consequently, studies on cirrus are currently being under-
taken worldwide. In an attempt to assess the impact of
clouds on the global climate, many experiments such as
the First ISCCP (International Satellite Cloud Climatology
Project) Regional Experiment (FIRE), Cirrus Intensive
Observations (IFO) [9], the European experiments on
cirrus (ICE/EUCREX) [10], and the Experimental Lidar Pilot
Study (ECLIPS) [11] have been conducted using a variety
of techniques to investigate and improve our knowledge
of cirrus clouds and their radiative properties in different
regions of the globe.

Today, there are several global and regional networks
of atmospheric observatories that use lidar as their main
monitoring instrument because of the high spatial and
temporal resolution it provides. The lidar technique has
become a quantitative tool for detecting and characteriz-
ing cirrus clouds from the ground (ground-based lidar).
Extensive ground-based measurements have been under-
taken to study the geometrical and optical properties of
tropical high-altitude cirrus and their radiative properties
by various research groups in the tropics [12–14]. Simi-
larly, cirrus clouds have also been widely observed at
mid-latitudes. A ground-based lidar and a passive radio-
meter have been used together to remotely sense the
gross structure and optical properties of cirrus, both at
mid-latitudes and in the tropics [15]. Using a UV Raman
lidar at Geesthacht (53.51N, 10.51E) in northern Germany,
Reichardt [16] reported that cirrus mid-cloud height and
temperature yielded distribution maxima between 9 and
10 km and between !50 and !60 1C, respectively. Sassen
and Cambell [17] determined the cirrus cloud base/top
properties to be 8.79/11.2 km and !34.4/!53.9 1C from
10-yr extensive high-cloud datasets collected from the
University of Utah campus (40.81N, 111.81E). Xue et al.
[18] showed that the peak appearance of high-altitude
cirrus over Hefei, Anhui (31.901N, 117.161E), observed by
L300 Mie lidar ranges from 8 to 11 km. Giannakaki et al.
[19] found that cirrus clouds are generally observed over
Thessaloniki, Greece (40.61N, 22.91E) at heights ranging
from 8.6 to 13 km, with mid-cloud temperatures in a
range from !65 to !38 1C.

It should be noted that cirrus climatology observed by
a ground-based lidar over one particular location cannot
be considered globally representative. Although the
macrophysical and optical properties of cirrus clouds over
north China were described by the lidar observations from
the Earth-orbiting Cloud-Aerosol Lidar with Orthogonal

Polarization (CALIOP) instrument on board the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions (CALIPSO) satellite [20], the ground-based lidar
observations could provide more continuously intensive
measurements, comparing with the satellite observations
of cirrus, so that more accurate properties could be
retrieved [21,22].

The semi-arid area of northwest China is still lacking in
lidar observations of cirrus clouds. Therefore, to under-
stand the morphology and effects of cirrus clouds in this
region, this study was designed to determine the statis-
tical characteristics of cirrus clouds during the period from
April to December 2007 by using ground-based micro-
pulse lidar (MPL-4B) measurements at the Semi-Arid
Climate Observatory and Laboratory (SACOL, 35.951N,
104.141E) of Lanzhou University in northwest China. The
macrophysical and optical characteristics of cirrus clouds
over SACOL are discussed here in detail and are also
compared with other studies made over different geo-
graphic locations.

2. Instrumentation

The Semi-Arid Climate Observatory and Laboratory
(SACOL) is a permanent cloud-research station located
on the western edge of Lanzhou University (35.951N,
104.141E) at the top of Tsuiying mountain (about
1965.8 m above sea level). It was established in 2005.
This site is approximately 48 km from the city of Lanzhou,
which is situated on the southern bank of the Yellow
River in the Gansu province in Northwest China [23].
The elastic-scattering MPL-4B system used for performing
continuous measurements of suspended aerosol particles
and cirrus clouds in this study was installed at SACOL in
2007. Its significant eye-safety feature compared with
standard lidar systems is achieved by using low pulse
energies and high pulse repetition rates. The lidar is
equipped with an Nd: YLF laser pointed vertically, emit-
ting a micro-pulse of 8 mJ output energy at a wavelength
of 527 nm and a 2500 Hz repetition rate. The optical
receiver is a Cassegrain telescope of 178 mm diameter
with a field of view of 0.1 mrad. The vertical resolution of
the elastic raw signal at 527 nm is equal to 75 m.

We defined the ‘‘effective height’’ as the height where
the number of bins with negative signal intensity is larger
than 5 in a 10-point bin. In order to obtain the accurate
properties of cirrus, the signal is considered to be too noisy
for further analysis when the effective height of the lidar
signal falls below 15 km. Moreover, one cloud profile was
generated by a one-minute lidar measurement time;
hence, a measurement period of a few hours often resulted
in hundreds of profiles. Because of the variable nature of
cirrus clouds, ten profiles were averaged to produce one
lidar ratio for a cirrus cloud. There were 1042 data points
in total produced from April to November 2007.

3. Data analysis

Hu et al. [24] have found that the fraction of super-
cooled water is higher at higher latitudes than at lower
latitudes for the same mid-layer cloud temperature. The
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presence of supercooled water clouds is very low between
401S and 401N, except over China. Due to the sulfate particles
in polluted air may coagulate with ice-forming nuclei and
deactivate them, the ice-forming nuclei reduce. In addition,
many more supercooled water clouds in China are observed
during winter and spring seasons. Besides, Doutriaux-
Boucher and Quaas [25] have performed a multitude of short
model integrations and derived a best estimate for the lowest
local temperature where liquid water can exist in a cloud
(Tice¼!32 1C). Houze [26] suggests a range of Tice between
!35 1C and !40 1C.

Although Lanzhou is polluted heavily during winter
and spring seasons, the period of the data used in my
study is from April to November, mainly containing
summer and fall seasons. According to the reasons given
above, in our study, only clouds with mid-cloud tempera-
ture below !38 1C are considered in order to avoid a
possible impact of water clouds to our measurements.

Giannakaki et al. [19] have studied the optical and
geometrical characteristics of cirrus clouds with temperature
below !38 1C over Thessaloniki, Greece (40.61N, 22.91E).
Liu et al. [27] obtained an annually averaged ambient
temperature profile over a semi-arid area and found that
the base height of cirrus cloud should exceed 6 km. However,
because of strong seasonal variations in ambient temperature
at mid-latitudes, the profiles for every month were averaged
to produce annual temperature profiles, and we considered
the height where the ambient temperature is less than
!38 1C to be the base height for the corresponding month.
Table 1 summarizes the height where !38 1C was recorded
from May to December 2007. The information regarding the
vertical distribution of ambient temperature was obtained
from a profiling radiometer (TP/WVP-3000). Table 1 show
that a maximum height for !38 1C of 8.2 km above ground
level (AGL) occurred in July. For seasonal reasons, the height
in summer was distinctly higher than that in other seasons.
The lowest height for !38 1C of 4.8 km occurred in winter.

To obtain reliable, quantitative measurements of the
optical properties of cirrus clouds such as optical depth, the
correct boundary of the cloud must be determined. For this
reason, the ‘‘threshold’’ method developed by Platt et al. [11]
was employed to obtain cirrus clouds boundaries in this
study. The cloud-base height is defined as the point at which
there is an increase in lidar signal level equal to twice the
standard deviation of the fluctuations above the background
level. The lidar signal is required to increase continuously, or
not to decrease, for at least five height intervals. When the
fluctuations in signal below the cloud base are close to zero,
any measurable increase defines the actual cloud base.
Cloud-top height can also be determined by calculating the
standard deviation of noise above the cloud top and moving

downwards [11]. The cirrus mid-cloud height is defined as

Zmid ¼

R Zt

Zb
zReðzÞdz

R Zt

zb
ReðZÞdz

ð1Þ

where Zt and Zb represent the cloud-top and cloud-base
height, respectively. Re(z) is the backscattering ratio, which is
given by

ReðzÞ ¼
bðzÞþbairðzÞ

bairðzÞ
ð2Þ

where b(z) and bair(z) are the backscatter coefficients of
aerosols and molecules at slant range Z, respectively.

From Rayleigh scattering theory, the ratio for the
molecular scatterers is the constant Sair¼sair/bair¼8p/3.
The corresponding parameters for clouds, i.e., the back-
scatter coefficient b(z) and extinction coefficient s(z), are
both unknown, but are related by the extinction-to-
backscattering ratio, namely, lidar ratio Sc, as defined by
Eq. (3).

Sc ¼ s=b ð3Þ

The optical depth t and transmission T can be deter-
mined by the following equations:

t¼
Z zt

zb

sðzÞdz ð4Þ

T ¼ expð!tÞ ð5Þ

Although lidar has the potential for making remote
measurements of atmospheric extinction with excellent
spatial and temporal resolution, an accurate inversion of
the lidar equation imposes stringent requirements for
understanding the lidar ratio in order to retrieve the
backscatter coefficient. So for the present analysis, we
applied the transmittance method [19,29] to derive opti-
cal properties of cirrus clouds. We should mention that
the accuracy of transmittance method for dealing with
cirrus clouds and multiple scattering contributions relies
on signal-to-noise ratio (SNR) and cleanliness of back-
ground aerosol. The cloud transmission or optical depth
was determined by comparing the signals at the cloud
base and top. The error of the optical depth was therefore
proportional to the signal-to-noise that can be repre-
sented by the following expression:

dt& 1
2

DP2
top

P2
top

þ
DP2

base

P2
base

" #
¼

1

SNR2
top

þ
1

SNR2
base

" #
ð6Þ

This method works better for cloud with optical depth
greater than about 0.05 [29]. Large errors were generated
for thin clouds. So the lidar observations were carried out
during the night time only because the influence of solar
light on observations in the daytime, the signal-to-noise
ratio was relatively very poor.

Multiple scattering is important in cirrus clouds and
varies with cloud optical depth and cloud extinction. For
clouds with optical depth higher than 0.1, multiple
scattering must be considered because it alters the cloud
optical properties [28]. Wang et al. [28] reported that
the existence of multiple scattering can result in an under-
estimation of the extinction coefficient by 200%; however,
the backscattering coefficient is almost unaffected. The

Table 1
Height at !38 1C from May to December 2007.

Month May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

!38 1C height 7.5 7.5 8.2 8.0 7.2 6.9 5.4 4.8
AGL (km)

J. Wang et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 122 (2013) 3–12 5



approach for the correction of the estimated values of cirrus
optical depth and lidar ratio depends on the method
applied. For the transmittance method we assume a
range-independent parameter. Following previous studies
[15,22,29], a factor Z was introduced that describes the
multiple-scattering effect, henceforth termed the multiple-
scattering factor. According to Chen et al. [29], the multiple
scattering factor is calculated by Eq. (7).

Z¼ t
expðtÞ!1

ð7Þ

The smaller the value of Z is, the more important the
multiple-scattering effect becomes. However, this approach is
very simplistic because the multiple-scattering factor is only
dependent on optical depth.

4. Results and discussion

4.1. Macrophysical characteristics

During the period from April to November 2007, 1042
samples of cirrus clouds were selected to study the cirrus
climatology over SACOL.

Fig. 1(A) presents the relative probability distribution
of the measured cloud-base height. Cirrus cloud-base
height ranged from 4 to 13 km (AGL). The cloud-base
height was mostly between 5 and 10 km (97.8% of
measurements). The cloud-base height yielded a distribu-
tion maximum between 7 and 8 km, with 37.4% of
measurements being in this range. Fig. 1(A) also indicates
that only 0.2% of our samples had a cloud-base height
between 4 and 5 km, whereas 0.2% of samples were above
12 km, with the data presented as a normal distribution.
Fig. 1(B) presents the probability density functions for the
cloud-top height, showing that 92.7% of samples had
a cloud-top height in the range of 8 to 12 km; 74% had a
cloud-top height between 9 and 11 km. Fig. 1(C) presents the
distribution of the cirrus mid-cloud height over SACOL. Cirrus
clouds were generally observed in the mid-latitude region
from 5.8 to 12.7 km, with a maximum between 8 and 10 km.
Of the samples, 93.5% had a mid-cloud height between 7 and
11 km. A histogram of cloud geometrical thickness is pre-
sented in Fig. 1(D). The thickness of cirrus cloud was confined
to a range of 0.8!4.0-km, with a mean value of 2.070.6 km.
In 77.3% of the samples, the thickness of cirrus clouds was
between 1.0 and 2.5 km. The maximum geometrical depth
fell between 3.5 and 4.0 km, and the minimum occurred in

Fig. 1. Frequency occurrence at 1-km intervals of cirrus height for cloud-base height (A), cloud-top height (B), mid-cloud height (C), and the relative
frequency distribution of cirrus geometrical thickness at 0.5-km intervals (D). % indicates the percentage of occurrence of cirrus.
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the range of 0.5–1.0-km. When compared with results
obtained in mid-latitude regions, which are presented in
Table 2, Fig. 1(D) indicates that the geometrical thickness of
cirrus clouds over SACOL was smaller.

Results presented in Table 2 are compared with
measurements derived from lidar systems taken at other
latitudes so as to identify similarities and differences in
cirrus properties for different latitudinal bands. Table 2
summarizes the observations of cirrus properties and
highlights some remarkable differences compared with
characteristics noted in other latitudinal bands. From
Table 2, it can be seen that the cloud-base and cloud-
top height and the cirrus thickness increased with
decreasing latitude. The maximum thickness of 2.7 km
was observed in Thessaloniki, Greece. However, the mean
height values recorded in the present work, both in cloud-
base and cloud-top heights, as well as mean thickness
values, do not agree with the mean values reported in
Table 2. Compared with the findings from studies over
other regions, the macrophysical characteristics of cirrus
clouds over SACOL tended to be reduced. This comparison
may imply differences in the meteorological and geogra-
phical conditions between the latitudinal bands. These
differences may be caused by the use of different lidar
systems and algorithms to retrieve the cirrus clouds
properties from lidar measurements.

The frequency distribution of mid-cloud temperatures
observed by the TP/WVP-3000 profiling radiometer is
presented in Fig. 2. Although temperature observations
were confined to the 0!10 km height range, almost 43.6%
of observations had a cloud-top height below 10 km.
Fig. 2 shows that the temperature of cirrus clouds below
10 km ranged from !53 to !31 1C. Fig. 1(B) and Fig. 2
indicate that the distributions of the cloud-top height and
temperature were shifted toward greater height and a
lower temperature, with maximums between 9 and
10 km and between !45 and !50 1C, respectively. The
distribution of mid-cloud and cloud-base temperatures
displayed a maximum between !45 and !50 1C and
between !40 and !45 1C, respectively. The mid-
latitude cirrus over Oklahoma studied by Wang and
Sassen [35] ranged from !40 to !55 1C. Reichardt [16]
reported that the frequency distribution of cirrus mid-
cloud temperatures ranged between !55 and !60 1C
over Geesthacht, Germany. Platt et al. [15] studied the
tropical cirrus over Darwin and found that the maximum
probability of cirrus mid-cloud temperatures was from

!60 to !70 1C. Seifert et al. [33] studied the cirrus over
Maldives and found mid-cloud temperatures between
!50 and !70 1C. Wider ranges of height and mid-
temperature distributions over Chung-Li were reported
by Das et al. [32], with the occurrence of cirrus between
heights of 8 and 18 km and mid-cloud temperatures
between !30 and !80 1C.

4.2. Optical properties

Fig. 3 shows cloud occurrences with different optical
depths at intervals of 0.1 km as a probability distribution.
The optical depth generally fell between 0.058 and 1.359,
with a high probability of 0.1–0.2 optical depth. The
probability of occurrence for smaller values of t was high
and decreased with increasing t. The following estima-
tions of t can be made from their visual appearance:
tr0.03 for sub-visual, 0.03rtr0.3 for thin, and
0.3rtr3.0 for opaque cirrus clouds [22]. According to
Sassen and Cho [22], the optical properties of cirrus and
the frequency distributions for cirrus categories are pre-
sented in Table 3. Table 3 indicates that the cloud types
over SACOL were mainly thin and opaque cirrus. The lidar
ratio in thin cirrus, with a value of 32sr, was greater than
the lidar ratio in opaque cirrus. Fig. 3 and Table 3 manifest
that for 47.2% of samples, the average t was below 0.3,
indicating that half of the cirrus clouds over SACOL were

Table 2
Mean values and standard deviation (parentheses) of cirrus macrophysical properties.

Location Cloud-top height (km) Cloud-base height (km) Geometrical depth (km)

Prestwick, Scotland [30] 55.51N, 4.61W 9.6 8.3 (8.5) 1.2
Haute Provence, France [31] 441N, 61E 10.7 9.3 1.4
Salt Lake City, USA [17] 40.81N, 111.81E 11.2 8.79 1.81
Thessaloniki, Greece [19] 40.61N, 22.91E 13 8.6 2.7 (0.9)
Lanzhou, China 35.951N, 104.141E 10.0 (1.1) 8.0 (1.0) 2.0 (0.6)
Chung-Li, Taiwan [32] 24.581N, 121.101E 14.43 (1.9) 12.34 (2.2) 2.08 (1.2)
Hulule, Maldives [33] 4.11N, 73.31E 13.7 (1.4) 11.9 (1.6) 1.8 (1.0)
Buenos Aires, Argentina [34] 34.61S, 58.51W 11.82 (0.86) 9.63 (0.92) 2.41 (0.95)
Punta Arenas, Chile [30] 53.11S, 711W 9.5 8.8 (7.9) 1.4

Fig. 2. Frequency distribution of mid-cloud temperature below 10-km
height.
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optically thin. Giannakaki et al. [19] have found that 60%
of the cirrus clouds are sub-visual of optically thin cirrus
clouds. Reichardt [16] found that cirrus clouds optical
depths are below 0.3 for 70% of the cases studied, while
Sassen and Campbell [17] show that cirrus clouds have
optical depth lower than 0.3 for 50% of the cases included
into their mid-latitude cirrus. The frequency of thin cirrus
at SACOL was close to the probability of optically thin
cirrus reported by Sassen and Cambell [17]. The errors
caused by the proportion of different cloud types
observed in different latitudinal bands and sensitivity
differences between the different instruments are of low
significance.

The data in Table 3 demonstrate that different cirrus
categories had different lidar ratios. Similar properties of
the lidar ratio are also presented in Fig. 4, which shows a
scatter plot depicting the variation in cirrus optical depth
with corresponding variations in lidar ratio. To distinguish
among the different cirrus categories, a solid and a dashed
line are used to differentiate three cirrus categories at the
optical depth values of 0.03 and 0.3. The lidar ratio varied
from 5 to 70 sr. The lidar ratio of thin cirrus was widely
spread through the 5–70 sr range, with a peak appearance
below 30 sr. Note that the lidar ratio of opaque cirrus was
spread in the 5–50 sr range, with a mean lidar ratio in
opaque cirrus of 13 sr. The highest lidar ratio of 32 sr, as
shown in Table 3, was found in thin cirrus. It is apparent

from Fig. 4 that the peak lidar ratio occurred at an optical
depth between 0.058 and 0.3. As the optical depth
increased above 0.3 (i.e. opaque cirrus), the lidar ratio
decreased exponentially. Sassen and Comstock [36], using
LIRAD, calculated the mean lidar ratio to be 25716 sr
for mid-latitude (40.81N, 111.81E) cirrus in the USA.
Giannakaki et al. [19] derived a lidar ratio of 28717 sr for
mid-latitude (40.61N, 22.91E) cirrus in Greece. The mean
lidar ratio in cirrus clouds over SACOL was 22716 sr,
which was lower than that in these previous studies
because of the lower altitude and frequent occurrence of
both thin and opaque cirrus at SACOL. The lidar ratio at
SACOL was close to the mean value of 24 sr reported by
Min et al. [20].

4.3. Dependencies of cirrus clouds properties

To further investigate the relationship between macro-
physical and optical characteristics of cirrus clouds over
SACOL, the relationship between cirrus cloud optical and
geometrical depth is presented in Fig. 5. Standard errors are
shown as vertical bars. Both measured (solid symbol) and
values corrected for multiple scattering (hollow symbol) of
optical depth are shown. Fig. 5 gives an indication that
optical depth increased with increasing geometrical depth.
In both cases, the correlation was quite good. The effect of
the multiple-scattering correction on the optical depth was
so small for thin clouds (0.03rtr0.3) that can be ignored;
however, the effect of multiple scattering on opaque cirrus
(0.3rtr3.0) strengthened rapidly with increasing geome-
trical depth. For comparison, the relationship found during
the ICE’89 campaign [37] is also plotted in the same figure
(dashed line). The correlation determined by the ICE’89
campaign was lower than the relationship between mea-
sured optical depth and geometrical depth in our study
when optical depth below 0.3. This finding might be
attributed to the 52.8% of opaque cirrus that tended to have
greater optical depth.

Table 3
Statistics of optical properties of cirrus observed over SACOL from April
to November 2007.

Cirrus category
[22]

Sc

(sr)
t Corrected

Sc (sr)
Corrected
t

Frequency
(%)

Sub-visual cirrus
(tr0.03)

— — — — 0

Thin cirrus
(0.03rtr0.3)

32 0.185 35 0.204 47.2

Opaque cirrus
(0.3rtr3.0)

13 0.581 17 0.843 52.8

Fig. 4. Scatter plot of the lidar ratio with respect to optical depth at 0.1
intervals. The solid line and dashed line represent optical depth of 0.03
and 0.3, respectively.

Fig. 3. Frequency distribution of the optical depth of cirrus clouds
(0.1-km intervals).
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Fig. 6(A) shows the dependence of the cirrus cloud
lidar ratio on mid-cloud height. The lidar ratio plot
indicates that the cloud mean lidar ratio fell between 10
and 50 sr, with a turning point at 11–12 km. The cirrus
mean lidar ratio at 10–13 km was higher than the mean
value in the 5–10-km range. The dependence of optical
depth on mid-cloud height is shown in Fig. 6(B). There is
an indication that optical depth increased with increasing
cloud height in the 5–10-km range. However, when the
cloud height increased to 10–13-km range, the optical
depth decreased, with a mean value of less than 0.3.
Cirrus clouds encountered in the range of 8–10-km height
were generally opaque. We should stress that the effect of
multiple scattering on the opaque cirrus clouds was of
significance. Moreover, the mean value of Z was 0.870.1
and the lower limit of Z was 0.5.

The relationship between mid-cloud height and 1=Sc is
presented in Fig. 7(A). With the increase of mid-cloud
height in the range of 5–9-km, the value of 1=Sc decreased
linearly. A change occurred in the 9–10-km range. Platt

et al. [15] found a change occurring between 8 and 9-km
height. Clouds with high temperature are corresponding
to high value of 1=Sc (Seen in Fig. 7(B)).

Fig. 1(C) indicates that 86.8% of cirrus clouds were
located below a height of 10 km; the dependences of their
optical properties on mid-cloud temperature are demon-
strated in Fig. 8, which presents mean values of cloud
geometrical depth, lidar ratio, optical depth, and extinc-
tion coefficient versus mid-cloud temperature. Fig. 1
indicates that the higher cirrus clouds are also thinner.
Consequently, we inferred that the thickness of cirrus
clouds was reduced at lower temperatures. Fig. 8(A)
indicates that variation in cirrus geometrical depth
decreased with mid-cloud temperatures at SACOL, but
the standard deviation was just as large, with a maximum
again occurring in the !50 to !45 1C range. This result
was in qualitative agreement with other cirrus statistics
at Aspendale [15] and Thessaloniki [19]. Fig. 8(B) gives the
relationship between the lidar ratio and mid-cloud tem-
perature. Although less variation in the lidar ratio was
found with variation in mid-cloud temperature, there was
a decreasing trend in the standard deviation of the lidar
ratio with increasing mid-cloud temperature.

The dependence of optical depth on mid-cloud tem-
perature is shown in Fig. 8(C), and the dependence of the
mean extinction coefficient on mid-cloud temperature is
presented in Fig. 8(D). Fig. 8(C) and (D) demonstrates that
both optical depth and the extinction coefficient showed a
strong negative correlation with the mid-cloud tempera-
ture. However, our results are in disagreement with
results from other studies that showed increased optical
depth and extinction coefficient with increased mid-cloud
temperature [19,22,36,38]. These discrepancies are likely
a consequence of the range observed by the TP/WVP-3000
profiling radiometer, which was confined to 10 km.

5. Summary and conclusions

This paper presents macrophysical and optical char-
acteristics of mid-latitude cirrus clouds using micro-pulse

Fig. 5. The relationship between measured (solid symbol) and multiple
scattering-corrected (hollow symbol) optical and geometrical depth over
0.5-km intervals. Standard errors are shown as vertical bars. The dashed
line represents the regression line given by Ansmann et al. [37].

Fig. 6. Dependence of lidar ratio (A) and optical depth (B) on 1-km intervals of mid-cloud height.
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lidar data and profiling radiometer measurements over
SACOL in northwest China during the period from April to
December 2007. The results are representative of fairly
extensive sampling of cirrus clouds at a mid-latitude

station. Taking into account these caveats, we summarize
the most important features.

Cirrus clouds were generally observed at heights ran-
ging from 5.8 to 12.7 km, with a mean of 9.071.0 km.

Fig. 7. The relationship between mid-cloud height (A), mid-cloud temperature (B) and 1=Sc .

Fig. 8. Mean values of geometrical depth (A), lidar ratio (B), optical depth, (C) and extinction coefficient (D) versus mid-cloud temperature. Values
are grouped in intervals of 5 1C. Standard deviations are indicated by vertical bars.
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During the study period, 53.3% of the samples had a
temperature between !50 and !45 1C. The cloud geo-
metrical depth ranged from 0.8 to 4.0 km, with a mean
thickness of 2.070.6 km. Table 2 indicates that the
geometrical properties of cirrus clouds measured in our
study were reduced compared with results previously
reported for mid-latitude cirrus.

Cirrus optical depth at SACOL varied from 0.058 to 1.359,
with a mean value of 0.39470.267, and the most frequent
occurrence was between 0.1 and 0.2. The extinction coeffi-
cient had a mean value of 0.17670.084 and a range of
0.048–0.478. The results derived from lidar indicated that the
cloud types over SACOL were mostly thin and opaque cirrus.
Optical depth increased with increasing geometrical depth up
to 10 km. In Fig. 5, the effect of multiple scattering on thin
cirrus was of little importance, while the impact on opaque
cirrus with small multiple scattering factor was significant.
The mean multiple scattering factor was 0.870.1, with a
lower limit value of 0.5. The dependence of cloud optical
depth and the extinction coefficient on mid-cloud tempera-
ture was the opposite of findings of previous studies, which is
probably attributable to fact that the data from the profiling
radiometer were confined to within 10 km. The lidar ratio of
cirrus clouds over SACOL varied from 5 to 70 sr, with a mean
value of 22716 sr. The maximum lidar ratio occurred
between 0.058 and 0.3 when plotted against optical depth.
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