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ABSTRACT
To improve the estimation of the infrared radiances in cirrus clouds, one needs to consider the vertical
inhomogeneities of the cloud properties. The position of the maximum of absorption within an ice cloud is
potentially important to the improvement of the split-window techniques for retrieving particle size and for
understanding the radiative effect of the cloud in the infrared spectrum. Current remote sensing techniques
used for inferring ice clouds hardly reach the level of accuracy required to resolve the vertical inhomogeneities of a cloud and to determine the position of absorption. This study explores the possibility of
retrieving the vertical structures of ice clouds by combining data from two lidar measurements acquired at
the wavelengths of 532 nm and 10.6 m. A method is proposed to retrieve the variability of ice crystal
absorption efficiency at 10.6 m, the particle concentration weighted by the crystal area, and the attenuation
by absorption at 10.6 m. The method is tested against observations collected at Site Instrumental de
Recherche en Télédétection Atmosphérique (SIRTA) in Palaiseau, France. Observations and simulations
both show that lidar observations collected simultaneously at those two wavelengths can be used to determine the level within the ice cloud where maximum attenuation of infrared radiation occurs. The maximum
attenuation may occur near the cloud base or the cloud top, depending on the case studied.

1. Introduction
Cirrus clouds play a major role in the radiative energy budget of the earth–atmosphere system (Liou
1986; Stephens et al. 1990; Lynch et al. 2002). Their net
effect is mainly governed by the competition between
their albedo and greenhouse effects. Both macrophysi-

Corresponding author address: Marjolaine Chiriaco, LMD,
Tour 45-55 3e étage, BP 99, 4 place Jussieu, 75252 Paris Cedex 05,
France.
E-mail: chiriaco@lmd.jussieu.fr

cal and microphysical properties of cirrus clouds regulate these two effects. The global coverage, as well as
the altitude, temperature, vertical structure, and spatial
inhomogeneities of these clouds should be properly
taken into account to quantify their effects. Additionally, ice water content and its spatial distribution play a
significant role in the global radiative effect of cirrus
clouds. Moreover, one of the main uncertainties in their
radiative impact is because of the poor knowledge of
the natural variability of their microphysical properties,
such as ice crystal concentration, particle effective radius, shape, and orientation of ice crystals in space. This

© 2006 American Meteorological Society

Unauthenticated | Downloaded 01/09/23 05:02 AM UTC

JAM2355

538

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

lack of information is especially important for semitransparent ice clouds, which are potentially very efficient for producing greenhouse warming.
Quantifying the role of these clouds in the farinfrared domain is a particularly challenging problem,
because in this part of the spectrum, semitransparent
ice clouds contribute to warming of the atmosphere. At
these wavelengths, absorption and emission processes
are predominant; however, recent studies (Yang et al.
2001) have quantified the slight, but nonnegligible effect of scattering phenomena by ice crystals. Moreover,
a correct estimation of the outgoing infrared radiances
above and below an ice cloud requires a good knowledge of its internal structure (i.e., the vertical variability
of particle concentration, effective radius, and optical
properties). For example, Chiriaco et al. (2004) have
shown that considering different positions of the maximum of absorption within a cloud (cloud top, base, and
middle) can induce a 100% difference on the crystal
size retrieval. Even if some advanced methods (Stubenrauch et al. 1999) based on infrared sounders have significantly contributed to improved observations of the
vertical structure of the atmosphere in the infrared domain, most observations at these wavelengths do not
allow documenting the vertical distribution of crystals
in cirrus clouds.
The current study explores the potential for coupling
data from two lidars to infer the vertical distribution of
ice and particles within midlatitude semitransparent cirrus clouds. The first lidar operates in the visible domain
(532 nm), and has been used for studying semitransparent ice clouds for years (Sassen and Liou 1979; Spinhirne 1982; Sassen 1991; Noel et al. 2002). The second
operates in the far infrared (10.6 m), and has been
principally used to study the dynamics of the lower atmosphere (Post and Neff 1986; Drobinski et al. 1998;
Banta et al. 1999) or cirrus clouds (Intrieri et al. 1993,
1995; Uttal et al. 1995; Dabas et al. 2003). The vertical
resolution of the two lidars allows a precise observation
of the different layers inside the cloud, using their two
complementary wavelengths.
This paper proceeds as follows: presented in section
2 is a theoretical study regarding the sensitivities of
lidar signals (at both 532-nm and 10.6-m wavelengths)
to the vertical distribution of the ice crystal optical
properties. Based on these results, a method is proposed (section 3) for retrieving the vertical variations of
three different variables characterizing the ice cloud:
the particle absorption efficiency at 10.6 m, the particle concentration weighted by ice crystal surface area,
and the attenuation by absorption at 10.6 m. Section 4
presents the cloud observations at the Site Instrumental
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de Recherche en Télédétection Atmosphérique
(SIRTA) in Palaiseau, France and the characteristics of
the two lidar instruments. Section 5 describes the retrieval of the cloud variables for three different cirrus
cloud cases. The theoretical and observed results are
discussed in section 6. The conclusions of this study are
summarized in section 7.

2. Theoretical study
The sensitivity of 10.6-m and 532-nm lidar signals to
various ice cloud properties is examined to estimate the
potential for combining observations from both instruments to improve the cloud property retrieval method.
Actually, the maximum of absorption at 10.6 m within
the cloud is not necessarily at the same altitude as the
maximum of the lidar backscatter signal at 532 nm,
because the pure scattering effect at 532 nm is not simply replaced by a pure absorbing effect at 10.6 m.

a. Properties of ice crystals and cirrus clouds
The natural variability of ice crystals size and shape is
very large (Heymsfield 1975, 1993; Heymsfield and
Platt 1984; Krupp 1991; Miloshevich and Heymsfield
1996) and cannot be fully taken into account in the
current theoretical study. We choose to describe ice
clouds with 18 types of randomly oriented particles presented in Table 1. Each ice crystal is defined by the
particle habit and the radius of a volume-equivalent
sphere (r). The following optical properties are required for the current study: (i) the scattering efficiency
at 532 nm Qsca,part,532; (ii) the extinction (Qext,part,10.6),
scattering (Qscat,part,10.6), and absorption (Qabs,part,10.6),
efficiencies at 10.6  m, linked by Q ext,part,10.6 ⫽
Qabs,part,10.6 ⫹ Qscat,part,10.6; and (iii) the lidar particle
backscatter-to-extinction ratio k 532 and k 10.6 . The
method developed in this study does not require the
knowledge of k532 and k10.6, but only the ratio ␥ ⫽
k10.6 /k532.
At 532 nm, optical properties are calculated by the
geometric optics method (GOM). At 10.6 m, they are
calculated by GOM for large effective radius (r2 and r3
in Table 1), and by the finite-difference time domain
(FDTD) method for small particles (r1). A linear relation between Qsca,part,10.6 and Qabs,part,10.6 is deduced
from values given in Table 1 for each crystal habit (Figs.
1a–d):
Qabs,part,10.6 ⫽ aQsca,part,10.6 ⫹ b.

共1兲

The a and b coefficients are different for each habit, but
they are sufficiently close for some habits to associate
them into four classes (given in Table 1); for example,
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TABLE 1. Description of the particle models used in the study to describe the cirrus clouds.
Hollow column

Plate

Aggregate

Class 1

Bullet rosette
Class 2

Column

Droxtal

Class 3

Class 4

r1 (m)
k532
k10.6
Qabs,10.6
Qsca,10.6

8
1.0 ⫻ 10⫺2
1.7 ⫻ 10⫺3
0.71
0.36

7.7
1.4 ⫻ 10⫺1
3.0 ⫻ 10⫺3
0.70
0.33

4.9
1.6 ⫻ 10⫺2
1.1 ⫻ 10⫺2
0.46
0.11

5.8
2.2 ⫻ 10⫺2
3.1 ⫻ 10⫺3
0.59
0.18

8.5
1.5 ⫻ 10⫺1
1.3 ⫻ 10⫺3
0.81
0.43

9
2.4 ⫻ 10⫺2
1.1 ⫻ 10⫺3
0.90
0.53

r2 (m)
k532
k10.6
Qabs,10.6
Qsca,10.6

23.9
1.1 ⫻ 10⫺2
5.3 ⫻ 10⫺4
0.85
0.83

19.1
7.6 ⫻ 10⫺2
5.6 ⫻ 10⫺4
0.83
0.78

14.8
1.0 ⫻ 10⫺2
7.4 ⫻ 10⫺4
0.80
0.58

14.7
8.9 ⫻ 10⫺2
7.9 ⫻ 10⫺4
0.77
0.52

25.4
1.5 ⫻ 10⫺1
5.7 ⫻ 10⫺4
0.91
1.0

26.9
3.7 ⫻ 10⫺2
6.2 ⫻ 10⫺4
0.95
1.1

r3 (m)
k532
k10.6
Qabs,10.6
Qsca,10.6

44.8
1.0 ⫻ 10⫺2
4.7 ⫻ 10⫺4
0.90
0.92

33.8
4.6 ⫻ 10⫺2
4.8 ⫻ 10⫺4
0.89
0.97

29.5
1.0 ⫻ 10⫺2
5.6 ⫻ 10⫺4
0.90
0.89

26
8.4 ⫻ 10⫺2
5.1 ⫻ 10⫺4
0.88
0.77

47.6
1.7 ⫻ 10⫺1
4.4 ⫻ 10⫺4
0.94
1.0

53.8
3.7 ⫻ 10⫺2
5.6 ⫻ 10⫺4
0.96
1.1

a ⫽ 0.21, b ⫽ 0.72

a ⫽ 0.10, b ⫽ 0.84

a and b

a ⫽ 0.31, b ⫽ 0.60

a ⫽ 0.53, b ⫽ 0.46

a ⫽ 0.32 and b ⫽ 0.59 for hollow columns, and a ⫽ 0.29
and b ⫽ 0.60 for plates; hence, hollow columns and
plates are associated into a similar class. Figures 1e–h
show that ratios ␥ ⫽ k10.6/k532 may be associated into

the same classes, in which the ones value of the ␥ coefficient can be considered as constant. Nevertheless,
Fig. 1f shows that this approximation is not valuable for
aggregates when r ⬍ 15 m, introducing uncertainty on

FIG. 1. From the Yang et al. (2001) calculation: (a) Qabs,part,10.6 ⫽ f(Qsca,part,10.6) for crystals
in class 1, where the line is the linear fit between Qabs,part,10.6 and Qsca,part,10.6; (b) same as (a),
but for class 2; (c) same as (a), but for class 3; (d) same as (a), but for class 4; (e) k10.6/k532 ⫽
f(r) for crystals in class 1, where the horizontal line is the constant value of ␥ that is taken into
account in the retrieval method; (f) same as (e), but for class 2; (g) same as (e), but for class
3; (h) same as (e), but for class 4.
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the following retrieval method (section 3) when considering crystal in class 2. Habits are regrouped into classes
in order to allow the crystal habit to vary within the
cloud, because in the following retrieval method this
class is fixed in the cloud.
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b. Lidar equations at 532 nm and 10.6 m
1) GENERAL

LIDAR EQUATION

At all wavelengths, the general lidar equation can be
written as

再 冕

冎

z

S共z兲z2 ⫽ K关␤sca,part,共z兲 ⫹ ␤sca,mol,共z兲兴 exp ⫺2

关␣sca,part, ⫹ ␣abs,part,共z兲 ⫹ ␣ext,mol,共z兲兴 dz ,

0

where S(z) is the backscattered signal, K is a calibration constant, and  is a multiple scattering correction
parameter. The lidar backscattering coefficients by particles ␤sca,part,(z) can be written as functions of k(z)
and the scattering coefficient ␣sca,part,(z) or the scattering efficiency Qsca,part,532(z), if one considers that
there is not any particle size distribution but one single
particle size:

共2兲

tecting cirrus clouds, this coefficient could be considered as being 0.5.
From (2) and (3), the lidar equation at 532 nm is
2

S共z兲532_Nz ⫽ 关2k532共z兲N共z兲 ⫹ ␤sca,mol,532共z兲兴

再 冕

冎

z

⫻ exp ⫺2

关N共z兲 ⫹ ␣sca,mol,532兴 dz .

0

共4兲

␤sca,part,共z兲 ⫽ k共z兲␣sca,part,共z兲
⫽ k共z兲n共z兲r 2Qsca,part,共z兲
⫽ k共z兲N共z兲Qsca,part,共z兲,

共3兲

where N(z) is the particle concentration n(z) weighted
by the ice crystal surface area: N(z) ⫽ n(z)r 2. Molecules contribute to the lidar backscattering coefficients
[␤sca,mol,(z)] and to the attenuation [␣ext,mol,(z)], and
k is the lidar backscatter-to-extinction ratio. Extinction by aerosols is not considered in the following
study, because lidar signals are normalized just under
the cloud base in order to not consider the lower aerosols layers.

2) SIMPLIFIED

LIDAR EQUATION AT

532

NM

At 532 nm, there is no absorption by ice particles
[␣abs,part,532(z) ⫽ 0] and molecules [␣abs,mol,532(z) ⫽ 0];
hence, ␣ext,part,532(z) ⫽ ␣sca,part,532(z) and ␣ext,mol,532(z)
⫽ ␣sca,mol,532(z).
Moreover, the scattering efficiency Qsca,part,532(z) is
equal to 2 (Ulaby et al. 1986) for particles larger than 1
m. The  coefficient is dependant on temperature and
for the clouds considered in this study (that have temperature between 255 and 214 K), it varies between 0.36
and 0.54 (Platt et al. 1998). Nevertheless, other studies
(Platt 1973; Chepfer et al. 1999) show that for the particular case of a visible lidar located at ground and de2

The “N ” index indicates that the signal is normalized to
the molecular contribution. This allows for removal of
the constant K. The contribution of molecules to scattering phenomena ␤sca,mol,532(z) and ␣sca,mol,532(z) depend on the temperature T(z) and pressure P(z) (Collis
and Russell 1976):

␤sca,mol,共z兲 ⫽

⫺4.09

共5兲
and

␣sca,mol,532共z兲 ⫽

␤sca,mol,532共z兲
,
0.119

共6兲

where K is the Boltzmann constant (1.38 ⫻ 10⫺23 J
K⫺1), and wavelength  is given in micrometers.

3) SIMPLIFIED

LIDAR EQUATION AT

10.6 M

At 10.6 m, the molecules contribute only to absorption
[␤sca,mol,10.6(z) ⫽ 0], hence: ␣ext,mol,10.6(z) ⫽ ␣abs,mol,10.6(z).
Furthermore,  is neglected at 10.6 m because of the
large contribution of absorption by particles and the
weak value of the scattering size parameter. The lidar
equation in (2) can be simplified as

再 冕

z

S共z兲10.6_Nz ⫽ k10.6共z兲N共z兲Qsca,part,10.6共z兲 exp ⫺2

0

In clear-sky conditions, water vapor dominates molecular absorption at 10.6 m in the troposphere, but

冉 冊

P共z兲

⫻ 5.45 ⫻ 10⫺32 ⫻
KT共z兲
0.55

冎

关Qext,part,10.6共z兲N共z兲 ⫹ ␣abs,mol,10.6兴 dz .

共7兲

there is also absorption by CO2. Here, ␣abs,mol,10.6(z) is
computed by considering both water vapor and CO2 on
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FIG. 2. Theoretical profiles of (a) IWC, (b) ice particle effective radius for two microphysics,
(c) absorption efficiency at 10.6 m, (d) concentration n, (e) N, (f) absorption coefficient at
10.6 m, (g) lidar profiles at 10.6 m, and (h) lidar profiles at 532 nm.

the basis of a line-by-line radiative transfer code (Dubuisson et al. 1996) and by assuming the atmospheric
profile of a midlatitude standard atmosphere (McClatchey et al. 1972).

c. Example of lidar signals with two different cloud
microphysics
The sensitivity of the lidar signals to variations in
cloud properties are examined theoretically by simulating the lidar returns.

1) CLOUDS

DESCRIPTION

Two different clouds (A and B) are defined. Both
clouds have the same ice water content (IWC) profile
(Fig. 2a) with a maximum at 8000 m. Both clouds are
composed of hollow columns with r ranging between 0
and 55 m. The effective radius profiles differ for each
cloud (Fig. 2b). For cloud A, the maximum of r is 1000
m below the peak in IWC, and for cloud B, it is located
700 m above the IWC maximum. Figure 2c shows the
resulting Qabs,part,10.6(z). The maximum Qabs,part,10.6(z)

is naturally located at the same altitude as the maximum r(z), because the largest particles are the most
efficient absorbers.
The corresponding n(z) profiles are shown in Fig. 2d.
Both clouds have two n(z) maxima located close to the
cloud top and base, because at these locations r is small
and IWC(z) is not zero. The principal maximum n(z) is
at 8800 m for cloud A, that is, 800 m above the peak
IWC(z), and at 7000 m for cloud B, that is, 1000 m
under the IWC maximum, because of the r(z) differences between the two (Fig. 2b). In Fig. 2e N(z) is
plotted. For both clouds, multiplying n(z) by the crystal
surface area shifts the greatest concentrations closer to
the maximum IWC: 200 m above for cloud A and 200 m
below for cloud B.

2) SIMULATED

LIDAR PROFILES AT

532

NM

The simulated lidar profiles at 532 nm are shown in
Fig. 2h. For clouds A and B, the maximum lidar backscattered signals occurs at the same altitudes as the
maxima in N(z). The difference between n(z) (Fig. 2d)
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and the lidar profile is because of the vertical distribution of the particle size and the attenuation by particles
and the contribution of scattering by molecules.

3) SIMULATED

LIDAR PROFILES AND ABSORPTION

ATTENUATION PROFILES AT

10.6 M

Figure 2f shows ␣abs,part,10.6(z). For both clouds, the
maxima of ␣abs,part,10.6(z) are found at the same altitudes as the N(z) maxima. This correspondence is consistent with the definition of ␣abs,part,10.6(z) and the orders of magnitude of N(z) and Qabs,part,10.6(z). The variability of ␣abs,part,10.6(z) can be expressed as
d␣abs,part,10.6共z兲 dQabs,part,10.6共z兲 dN共z兲
⫽
⫹
.
␣ans,part,10.6共z兲
Qabs,part,10.6共z兲
N共z兲

共8兲

From typical values of n(z) (from 1 to 104 m⫺3; Heymsfield and Platt 1984) and Qabs,part,10.6(z) (from 0.5 to 1;
Yang et al. 2001), it is possible to retrieve their variability:
0.99 ⱕ
0.5 ⱕ

dN共z兲
ⱕ 9.99 ⫻ 103 and
N共z兲
dQabs,part,10.6共z兲
ⱕ 1.
Qabs,part,10.6共z兲

S共z兲10.6_Nz2 ⫽ Qsca,part,10.6共z兲␥

再 冕

1
2

冓

共9兲
共10兲

To first order, the variation in ␣abs,part,10.6(z) is governed by the variation in N(z) (Figs. 2e and 2f). The
variation of ␣abs,part,10.6(z) is secondarily influenced by
the absorption efficiency [Qabs,part,10.6(z)]; this very
slight influence corresponds to the weak differences between Figs. 2e and 2f.
The simulated lidar profile at 10.6 m is shown in
Fig. 2g. For cloud A, the maximum lidar backscattered
signal at 10.6 m occurs at 8300 m, whereas the maximum ␣abs,part,10.6(z) is at 8200 m. For cloud B, the maximum 10.6-m signal is at 7700, which is 100 m under the
maximum of ␣abs,part,10.6(z).

3. Retrieval method
A method coupling the 532-nm and 10.6-m lidar
observations is proposed to retrieve Qabs,part,10.6(z),
N(z), and ␣abs,part,10.6 (z). To retrieve these variables, an
expression of N(z) is extracted from (4). This expression is then introduced in (7), leading to (11) where the
␥ term appears because k10.6/k532⫽ ␥. In the 10.6-m
lidar equation in (7), N(z) is replaced by this expression, which allows the introduction of the ␥ term in
(11):

再冕

z

S共z兲532_Nz2 exp 2

z

⫻ exp ⫺2

VOLUME 45

0

关N共z兲 ⫹ ␣sca,mol;532共z兲兴 dz

冎

冎

⫺ ␤sca,mol,532共z兲

冔

关Qext,part,10.6共z兲N共z兲 ⫹ ␣abs,mol,10.6共z兲兴 dz .

0

In midlatitudes, cirrus clouds are frequently optically
thin. Hence, for those specific clouds, the arguments
of the exponential parts are small so this part can be
approximated with a Taylor series. The dependencies of the lidar signals as discussed for Fig. 2 suggest
that a rough estimation of Qabs,part,10.6(z) is sufficient
for correctly determining the variability of N(z) and
␣abs,part,10.6(z) within the cloud. Hence, in a primary
stage, only the zeroth order of the series is used. In the
second step, this estimation of Qabs,part,10.6(z) is used to
obtain N(z), considering the first order of the Taylor
series. For the third step, ␣abs,part,10.6(z) is deduced from
Qabs,part,10.6(z) and N(z).

a. Retrieval of the ice crystal absorption efficiency
at 10.6 m
By only considering the zeroth order of the Taylor
series for estimating Qabs,part,10.6(z), the transmission
term is neglected. Even if rigorously valid for subvisible

共11兲

clouds only, this approximation will be applied to the
whole semitransparent cloud in order to make a rough
estimation of Qabs,part,10.6(z). The error induced by this
approximation will be examined in section 6.
Under those conditions, Qsca,part,10.6(z) drops out of
(11):
2

Qsca,part,10.6共z兲 ⫽

2S共z兲10.6_Nz
2

␥关S共z兲532_Nz ⫺ ␤sca,mol,532共z兲兴

.
共12兲

With this expression, values of Qabs,part,10.6 and Qext,part,10.6
can be deduced from (1).

b. Particle concentration retrieval
To retrieve N(z), a first-order Taylor series is applied
to (9), and the integrands are written as discrete summations. It is then possible to write (11) at a level i, with
cloud base at b:
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冓

2
2S共i ⫹ 1兲10.6_Nzi⫹1
⫽
␥Qsca,part,10.6共i ⫹ 1兲

再

⫻

再

冎
冎

i

2
S共i ⫹ 1兲532_Nzi⫹1
1⫹2

兺 关N共j兲 ⫹ ␣

sca,mol,532共 j 兲兴⌬z

j⫽b

i

1⫺2

兺 关Q

ext,part,10.6共 j 兲N共 j 兲

⫺ ␤sca,mol,532共i ⫹ 1兲

冔

⫹ ␣abs,mol,10.6共 j兲兴⌬z .

j⫽b

共13兲

The zeroth order of (13) is zero because of the Qsca,part,10.6(z) expression in (12):

再兺
i

2
S共i ⫹ 1兲532_Nzi⫹1
2

冋兺

i

N共 j兲⌬z ⫹ 2

j⫽b

i

⫺4

兺

i

␣sca,mol,532共 j兲⌬z ⫺ 2

j⫽b
i

N共 j兲⌬z ⫹

j⫽b

兺

册冋兺

兺

j⫽b

冋兺

兺␣

abs,mol,10.6共 j 兲⌬z

j⫽b

To isolate N at a given level i, the contribution of each
term at level i is dropped out of the sum terms. Equa-

冋兺

i

N共 j兲 ⫹ Qext,part,10.6共 j兲N共 j兲 ⫹

j⫽b

j⫽b

sca,mol,532共 j 兲

共16兲

and
i

关N共 j兲 ⫺ Qext,part,10.6共 j兲N共 j兲兴 ⫹

i

兺

兺␣

j⫽b

⫺ 2␤sca,mol,532共i ⫹ 1兲Qext,part,10.6共i兲,

j⫽b

N共 j兲 ⫹

共14兲

共15兲

i⫺1

i⫺1

⫽ 0.

i⫺1

2
B共i兲 ⫽ 2S共i ⫹ 1兲532_Nzi⫹1
1 ⫺ Qext,part,10.6共i兲 ⫺ 2⌬z

2
C共i兲 ⫽ 2S共i ⫹ 1兲532_Nzi⫹1

册

册冎

tion (14) then leads to a second-degree polynomial
form, A(i)N(i)2 ⫹ B(i)N(i) ⫹ C(i) ⫽ 0, where

2
A共i兲 ⫽ ⫺4S共i ⫹ 1兲532_Nzi⫹1
Qext,part,10.6共i兲⌬z,

冋兺

abs,mol,10.6共 j 兲⌬z

i

Qext,part,10.6共 j兲N共 j兲⌬z ⫹ 2

j⫽b

⫺ 2⌬z

兺␣

j⫽b

i

再
册冎
再兺

abs,mol,10.6共 j 兲⌬z

i

Qext,part,10.6共 j兲N共zj兲.⌬z ⫹

j⫽b

⫹ ␤sca,mol,532共i ⫹ 1兲 2

兺␣

j⫽b

i

␣sca,mol,532共 j兲⌬z

j⫽b

⫹ ␣abs,mol,10.6共 j兲

i

Qext,part,10.6共 j兲N共 j兲⌬z ⫺ 2

册冋兺

兺 关␣

sca,mol,532共 j 兲

i⫺1

␣sca,mol,532共 j兲

j⫽b

冋兺

i

Qext,part,10.6共 j兲N共 j兲 ⫹

j⫽b

i⫺1

⫹ 2␤sca,mol,532共i ⫹ 1兲

i

Qext,part,10.6共j兲 ⫹

j⫽b

兺␣

abs,mol,10.6共j 兲

j⫽b

where N(i) at each level zi can be retrieved by iterating
step by step from the cloud base (zb) to the cloud top
(zt). To initiate this procedure, the concentration in the
first cloud-base layer N(b) is deduced from the value of
Qsca,part,10.6(b) and the lidar equations at cloud base (zb):
S共b兲532_Nzb2 ⫽ 2.k532共b兲N共b兲 ⫹ ␤sca,mol,532共b兲 and
共18兲
S共b兲10.6_Nzb2 ⫽ Qsca,part,10.6共b兲k10.6共b兲N共b兲.

共19兲

The values of k532(b) and k10.6(b) are deduced from the
Yang et al. (2001) database, consistent with the value of
Qsca,part,10.6(b).

⫺ ␣abs,mol,10.6共 j兲兴

j⫽b

册

兺␣

abs,mol,10.6共 j 兲

j⫽b

册冎
共17兲

,

Equations (18) and (19) lead to two independent determinations of N(b). To have the best estimation, the
average between those two relations is calculated. Values of N(b) are used to initialize (16) and (17) and to
calculate N(z) at each level of the cloud.

c. Absorption coefficient retrieval at 10.6 m
The particle absorption coefficient at 10.6 m is obtained by multiplying the particle absorption efficiency
(12) with the particle concentration:

␣abs,part,10.6共z兲 ⫽ N共z兲Qabs,part,10.6共z兲.

共20兲
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The accuracy of S(z)10.6 is estimated in the appendix,
and the uncertainty will be discussed in section 6.

4. Observations
The method proposed to retrieve the cloud properties using both infrared and visible lidar is applied to
midlatitude cirrus clouds observed at the SIRTA
ground-based site.

a. Instruments
1)

VOLUME 45

LIDAR INSTRUMENTS

The SIRTA 532-nm lidar is a classical Nd-Yag
zenith-viewing lidar, with a temporal resolution of
1 min and a vertical resolution of 15 m. It measures
both the backscattered signal and linear depolarization
ratio and is operated 4 days per week from 0800 to
2000 LT. The cloud-base and -top altitudes are derived
from the lidar profile in the parallel channel with a
threshold method.
The SIRTA 10.6-m lidar is a heterodyne Doppler
lidar (HDL) with scanning capabilities. It has been operated in field campaigns to study atmospheric flow
dynamics (Drobinski et al. 2003). The HDL main characteristics are a single-mode TE-CO2 laser transmitter
operating at 10.6 m. The TE-CO2 laser pulse has a
duration of about 3 s and is characterized by a gainswitched spike, an intrapulse frequency chirp of 1–1.5
MHz, and a pulse spectral width of 0.2–0.3 MHz. The
gain-switched spike lasts about 300 ns and contains
most of the energy, so the spatial resolution for heterodyne intensity measurement (which is the relevant measurement in this study) is about 15 m. The average
output energy is 170 mJ, and the pulse repetition frequency is 2 Hz. For the current study, there are 100
shots by line of sight averaged over a 1-min interval.
Depending on the case, there were four or five lines of
sight, which lead to a temporal resolution of 4 or 5 min.
When there are four lines of sight, the directions are 5°
at each cardinal point from the zenith angle. When
there are five lines of sight, a zenith line of sight is
added to the original four. The sampling resolution
along each line of sight is 15 m.

2

S共z兲10.6_Nz ⫽ S共z兲10.6z2

2)

LIDAR CALIBRATION

Outside cloud and aerosol layers, the 532-nm lidar
signal is backscattered only by molecules. The 532-nm
lidar signal is normalized with respect to the molecular
backscattering profile of a particle-free zone below the
cloud. The molecular backscattering coefficient
␤sca,mol,532(z) is computed with (5) using pressure and
temperature profiles obtained from Météo-France radiosonde data that were taken daily at 1200 and 0000
UTC at Trappes, which is 15 km from SIRTA. The
532-nm lidar signal is then imposed to be equal to molecular one (that is computed) just under the base of the
cloud, and in a range of 200 m, which allows the complete profile to be normalized.
The 10.6-m lidar signal cannot be normalized to
molecular signal, because at this wavelength, there is
mainly absorption by molecules and no scattering, leading to a very low signal-to-noise ratio (SNR). Usual
approaches consist in calibrating the 10.6-m signal
against a solid reflective target or against a low and
thick cloud composed of liquid water (Elouragini 1995).
Those approaches cannot be applied to calibrate the
current dataset because such a target was not available,
and no low, thick liquid water clouds were measured
during the campaign. Hence, the 532-nm lidar information is used to normalize the 10.6-m lidar signal by
neglecting the cloud transmission at the base of the
cloud at 532 nm as at 10.6 m, permitting the coupling
of the two lidar equations as follows. The calibration
altitude is chosen as the first cloud layer for both lidars,
so it has a very large SNR.
All of the parameters necessary for the normalization
are known, except for the scattering efficiency for the
particles at 10.6 m. For effective radii larger than 15
m, Qsca,part,10.6(z) ranges between 0.5 and 1. An arbitrary value of 0.6 is used to normalize the signal. The
impact of this value will be discussed in section 6a.
Then, the 10.6-m lidar signals at other levels are normalized as follows:

␥Qsca,part,10.6共b兲关S共b兲532_Nzb2 ⫺ ␤sca,mol,532共b兲兴

b. Cloud cases
A multilidar minicampaign was conducted at SIRTA
in October and November 2002 for testing the proposed method. Both lidars were operated simulta-

2S共b兲10.6zb2

.

共21兲

neously in nonoperational modes for the 10.6-m lidar
during a 2-h period whenever the right conditions were
present—thin to thick cirrus clouds without loweraltitude cloudiness. As shown by Mishchenko (1991),
oriented particles in cirrus clouds are associated with
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TABLE 2. Description of three ice cloud cases observed at SIRTA.

Date

UTC (532-nm lidar)

UTC (10.6-m lidar)

Cloud-base height and temperature

Cloud-top height and temperature

8 Oct 2002
14 Oct 2002
6 Nov 2002

0828–1632
0754–1732
0848–1118

1133–1324
1036–1249
0954–1046

6150 m–251 K
5500 m–255 K
6950 m–247 K

11 000 m–214 K
8000 m–240 K
10 750 m–217 K

weak values of the lidar depolarization ratio and large
values of the lidar-backscattered signal. This is not the
case for the three studied clouds; hence, they do not
correspond to particle with specific orientation. Table 2
summarizes the dates and time periods of the observations for both lidars.
Figure 3 shows an example of the temporal evolution
of the lidar-backscattered signals at 532 nm (Fig. 3a)
and 10.6 m (Fig. 3b) for the 6 November case averaged over 5-min intervals because of the constraints
imposed by the 10.6-m measurement cycles. The two
lidars were separated by 150 m. The two figures do not
show exactly the same cloud boundaries, particularly
the cloud top, which differs by ⬃2000 m. Moreover,
because the 10.6-m signal is not sensitive to molecules,
the 10.6-m SNR is very weak outside of the cloud (Fig.
3b), whereas the 532-nm lidar signal becomes noisy
3500 m higher than the cloud top (Fig. 3a).
Those differences can be explained by the following
three reasons: First, the 532-nm lidar signal is backscat-

tered by both molecules and particles, and this allows
for a significant SNR at the cloud edges, and so too at
the cloud-top and -base altitudes. The 10.6-m lidar
signal, because of its larger wavelength, is not backscattered by molecules, only by cloud particles. Therefore,
its SNR is very weak out of the cloud. Hence, the cloud
top cannot be estimated from the 10.6-m signal only.
The synergy between the 10.6-m and the 532-nm lidars removes the ambiguity. Second, for both lidars to
avoid specular reflections resulting from eventual ice
crystals horizontally oriented in space, the vertical line
of sight has a small zenith angle. The real direction of
the line of sight can fluctuate within a few degrees, and
an offset between both lidars could exist, leading to
discrepancies between the cloud base seen by the 10.6m lidar and the 532-nm lidar. For application of the
retrieval method, the possible altitude difference between both lidars is corrected by aligning cloud bases
for both lidar signals. Third, absorption occurs at 10.6
m, but not at 532 nm. Hence, a part of the 10.6-m

FIG. 3. Evolution of the logarithm of lidar backscattered signal as a function of time for the
6 Nov 2002 (a) 532-nm and (b) 10.6-m backscattered signal.
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FIG. 4. For 8 Oct 2002 with values averaged between 1210 and 1220 UTC: (a) 532-nm lidar
profile, (b) 10.6-m lidar profile for the four classes of microphysics, and (c) particle absorption coefficient profile at 10.6 m ␣abs,part,10.6(z) for the four classes of microphysics.

signal is absorbed within the cloud, and the signal is
attenuated quickly as compared with the 532-nm beam.

5. Results: Application to three case studies
a. 8 October 2002
Figures 4a and 4b depict both lidar signal profiles
averaged between 1210 and 1220 UTC 8 October 2002,
zoomed in the cloudy area. For this case, the line of
sight is 5° to the north of the zenith, necessitating an
angular correction of the 10.6-m profile. The 532-nm
lidar profile (Fig. 4a) is normalized using a molecular
profile, as explained in section 4a. It shows a cloud
between 6.35 and 9 km, that is, between 251 and 214 K.
The 10.6-m profile normalization depends on the
choice of the microphysical model (Table 1). Hence,
there are four different normalized 10.6-m lidar pro-

files with similar shapes but different values. A cloud
composed of ice crystals in class 2 (aggregates and bullet rosette) has the largest backscattered signal at 10.6
m, and the smallest signal is for a cloud composed of
crystals in class 3 (columns). For this cloud, whatever
the microphysics, the maximum 10.6-m lidar signal
occurs 200 m lower than that of the 532-nm one (summarized in Table 3).
The method developed in section 3 is applied to this
case and allows for the retrieval of Qabs,part,10.6(z), N(z),
and ␣abs,part,10.6(z) (Fig. 4c). The ␣abs,part,10.6(z) profiles
have the same shape whatever the cloud microphysics,
but are maximal at the same altitude as the 10.6-m
lidar signal (i.e., 6.9 km), or 300 m lower, depending on
the cloud microphysics (Table 3). The ␣abs,part,10.6(z)
profiles start diverging at 7.3 km, certainly because the
10.6-m SNR starts being too weak at this altitude. A

TABLE 3. Altitudes at which the different variables are at a maximum, for all cases.

␣abs,part,10.6(z) max (km)

8 Oct
14 Oct
6 Nov

2

2

S(z)532_Nz max (km)

S(z)10.6_Nz max, all classes (km)

Class 1

Class 2

Class 3

Class 4

7.1
6.0
8.1

6.9
5.8
8.3

6.6
5.7
7.6

6.6
5.5–5.7
7.3–7.6

6.9
5.7–5.8
7.6

6.9
5.8–5.9
7.6–7.9
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FIG. 5. Same as Fig. 4, but for 14 Oct 2002 averaged between 1210 and 1220 UTC.

cloud composed of crystals in class 4 (droxtals) absorbs
the most at 10.6 m. For a cloud composed of crystals
in class 1 (hollow columns and plates) or 2 (aggregates
and bullet rosettes), there is a large absorbing layer
near the cloud base (at 6.6 km). Hence, the most absorbing layer in the infrared is located 200–500 m under
the altitude where the 532-nm lidar signal is maximal,
depending on the cloud microphysics.

b. 14 October 2002
The cloud observed during 14 October 2002 is located at a lower altitude than the previous case. The
temperatures range between 255 and 240 K. This cloud
was relatively warm, but the average lidar depolarization ratio is 30%, which shows that it is composed of
ice. Furthermore, the 532-nm lidar signal is strongly
attenuated, indicating that the true altitude of the cloud
top is not known. Nevertheless, the retrieval method
can still be applied to the low cloud layers.
The bispectral lidar-normalized profiles (Figs. 5a and
5b) indicate a cloud between 5.4 and 8 km. Both profiles are averaged between 1210 and 1220 UTC, and the
line of sight is the same as for the 8 October 2002 case,
requiring an angular correction. As for the 8 October
case, the 10.6-m lidar profiles are normalized for the
four microphysics classes (Fig. 5b). The four resulting
profiles have a similar shape, with a maximum located
200 m under the maximum 532-nm lidar signal. The

␣abs,part,10.6(z) restitution is shown in Fig. 5c. The four
␣abs,part,10.6(z) profiles have the same shape, with a similar tendency as that for 8 October 2002: a cloud composed of droxtals absorbs the most in the infrared. Depending on the cloud microphysics among the four proposed, the most absorbent layer in the infrared is
located between 5.5 and 5.8 km, that is, between the
532-nm and the 10.6-m lidar signal maximum (also
shown in Table 3).

c. 6 November 2002
For 6 November 2002, the 532-nm lidar profile (Fig.
6a) shows a cloud located between 7 and 9 km, that is,
between 247 and 225 K, when the profiles are averaged
between 1005 and 1015 UTC. For this case, the lines of
sight for both lidars are vertical, so there is no correction necessary. As for the two other cases, the normalization of the 10.6-m lidar signal leads to four possible
profiles, with similar shapes but different values (Fig.
6b). For the four classes of microphysics, the signal is
maximal at 8.3 km, that is, 200 m above the altitude
where the 532-nm lidar signal is maximal. As for the
two previous cases, four profiles of ␣abs,part,10.6(z) (Fig.
6c) are retrieved. For classes 1 and 2, the 10.6-m absorption is maximal at 7.6 km, that is, under the 532-nm
and 10.6-m lidar signal maxima. For a cloud composed
of class 3 or 4, the curves are off scale, but the most
absorbent layer in the infrared is located at an altitude
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FIG. 6. Same as Fig. 4, but for 6 Nov 2002 averaged between 1005 and 1015 UTC.

above 8.25 km, which is higher than the maxima of
532-nm lidar signal.

6. Discussion
a. Impact of the assumptions
The assumptions used in the retrieval method can
affect the results at some level.

1) THE IMPACT OF ARBITRARILY CHOOSING
Qsca,part,10.6(b) FOR NORMALIZING THE 10.6-M
SIGNAL

To evaluate the impact of the choice of Qsca,part,10.6(b)
⫽ 0.6, ␣absnpart,10.6(z) was also retrieved for 0.4 and 0.9,
which are other possible values of Qsca,part,10.6(z). Figure 7 shows that the choice of this arbitrary value has
only a weak consequence on the absolute values of the
retrieved parameter, and no consequence concerning
its variability. For the three cases, the maxima and
minima are exactly at the same altitudes. The absolute
values of all retrieved parameters are linked to this
arbitrary value. Hence, only the variability of the different parameters can be used and not their absolute
values.

2) THE IMPACT OF Qabs,part,10.6(z)
␣abs,part,10.6(z) RETRIEVAL

ACCURACY ON

As shown in section 3a, only the zeroth order of the
Taylor series approximation is considered for the

Qsca,part,10.6(z) and then Qabs,part,10.6(z) retrievals. It is
clear that the accuracy of Qabs,part,10.6(z) is not good, but
as shown in section 2c(3), the variation of ␣abs,part,10.6(z) is
governed by the variation of N(z) and not by the variation
of Qabs,part,10.6(z). Hence, only a rough estimation of
Qabs,part,10.6(z) is sufficient for correctly determining the
variability of ␣abs,part,10.6(z). This is confirmed in Fig. 8,
where ␣abs,part,10.6(z) has been retrieved for three different
profiles of Qabs,part,10.6(z) (for 14 October 2002). The first
Qabs,part,10.6(z) profile is from the retrieval method, as explained in section 3, for microphysics in class 1; the second
one is for the Qabs,part,10.6(z) that is constant within the
cloud and equal to 0.7 [the minimal value of
Qabs,part,10.6(z) in class 1], with a consistent constant value
of Qsca,part,10.6(z) ⫽ 0.33; the third profile is similar to the
first, but for Qabs,part,10.6(z) ⫽ 0.9 [the maximal value of
Qabs,part,10.6(z) in class 1] and Qsca,part,10.6(z) ⫽ 0.97. The
three ␣abs,part,10.6(z) profiles obtained are very similar,
with different values but same variability. Hence, whatever the shape of the Qabs,part,10.6(z) profile, ␣abs,part,10.6(z)
has maxima at the same altitudes.

3) THE

IMPACT OF THE FIRST-ORDER

TAYLOR

SERIES APPROXIMATION

The transmission terms T2 of the lidar equations
were examined by computing the full transmission term
using the values of Q a b s , p a r t , 1 0 . 6 (z), N(z), and
␣abs,part,10.6(z) deduced from the retrieval method:
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FIG. 7. For 14 Oct 2002, ␣abs,part,10.6(z) retrieved using microphysics in class 3 and for
values of Qsca,part,10.6(zbase) ⫽ 0.4 (solid line), 0.6 (dashed line), and 0.9 (dotted line).

再 冕
再 冕

T 210.6 ⫽ exp ⫺2 关Qext,part,10.6共z兲N共z兲 ⫹ ␣abs,mol,10.6共z兲兴 dz

冎

冎

and

T 2532 ⫽ exp ⫺2 关N共z兲 ⫹ ␣sca,mol,532共z兲兴 dz .

Figure 9 shows the transmission terms within the cloud
for 14 October, and the values of the first-order Taylor
Series of these terms. The transmission exceeds 0.99 at
both wavelengths with values sufficiently close to 1 to
apply a Taylor series for the retrieval method. Furthermore, the difference between the complete term and its
Taylor series is so small that it cannot be seen in the
figure. It shows that the part of error on the retrieval,
which is because of the assumption of the Taylor series,
is very weak.

4) IMPACT

OF THE

10.6-M

LIDAR SIGNAL

ACCURACY

The accuracy of S(z)10.6 is estimated in the appendix.
The resulting uncertainty on the 10.6-m lidar profile
for 14 October 2002 is shown in Fig. 10a, and the retrieved ␣abs,part,10.6(z) is in Fig. 10b. Those figures show
that the three profiles of absorption are very close. The
part of error resulting from this variability is negligible.

5) CHOICE

共22兲
共23兲

OF OPTICAL PROPERTIES

Another assumption concerns the choice of optical
properties. As mentioned in section 2a, the current results have been obtained in considering 18 different ice
crystal models randomly oriented in space. Those models do not pretend to reproduce the natural real variability, which is much more complex and can include
particles preferentially oriented in the horizontal plane.
Future studies would require other particle shapes,
sizes, and orientations in space to be tested; this cannot
be done, for instance, because optical properties are not
consistently computed at 532 nm and 10.6 m for others
particle types.

b. Discussion of the results
The results of observations and simulations are compared to verify their consistency, and by doing so, check
the validity of the proposed retrieval method. Because
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FIG. 8. For 14 Oct 2002, ␣abs,part,10.6(z) retrieved using three different profiles of
Qabs,part,10.6(z): profile retrieved using the described method for microphysics in class 1 (solid
line), profile is constant in the cloud and equal to 0.7 (dashed line), and profile is constant in
the cloud and equal to 0.9 (dotted line).

of the uncertainties in the absolute values discussed
earlier, only the variability of the different parameters
is compared for simulations and observations. Clouds
can be separated into two classes: one with the maximum 532-nm signal located higher in the cloud than the
maximum 10.6-m signal, and the second defined by
the contrary situation. These differences can be interpreted as the different partitioning of r within the ice
cloud (Fig. 2b).
For clouds in the first class (simulated cloud A and
the 8 and 14 October observed cloud cases), Fig. 2b
shows that the larger particles seem to be located in the
lower layer of the cloud. Moreover, for those cases the
simulations and observations consistently show that the
altitude of the maximum ␣abs,part,10.6(z) is located below
the altitudes of the 532-nm lidar signal maximum. This
difference in altitude is about 100–500 m.
On the contrary, for clouds in the second class (simulated cloud B and the 6 November case when the cloud
is composed of columns or droxtals), Fig. 2b shows that
the large particles may be located in the upper cloud
layers. For those cases, observations and simulations
are also consistent in that the maxima in ␣absnpart,10.6(z)
are located above the altitude of the 532-nm lidar signal
maximum.

In situ data are not available to verify the results.
However, the retrieved parameters have a realistic order of magnitude in regards to Heymsfield and Platt
(1984) who summarized different ice cloud in situ measurements of n(z), and Yang et al. (2001) who computed relevant theoretical crystal properties. The retrieved ␣abs,part,10.6(z) are inferior to 10⫺3 m⫺1. Even if
this is not very constraining, this is consistent with the
range obtained by Heymsfield and Platt (1984) (4.10⫺9
and 8.10⫺5 m⫺1 for r ⫽ 50 m, and 0.75 ⫻ 10⫺7 and 1.5
⫻ 10⫺3 m⫺1 for r ⫽ 200 m).

c. Consequences for passive remote sensing
application in the infrared domain
The above results, related to the position of the
maximum of attenuation by absorption at 10.6 m
[␣abs,part,10.6(z)], may be useful for passive remote sensing techniques that are using infrared wavelengths for
studying ice clouds. These methods are often used to
retrieve ice crystal effective radius and IWC (Inoue
1985; Ackerman et al. 1990; Minnis et al. 1998; Baum et
al. 2000; King et al. 2003), and they require the knowledge of the level of the maximum of absorption within
the ice cloud to get precise results. As soon as the ice
cloud is semitransparent, this level can hardly be deter-
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FIG. 9. Calculation of the atmospheric transmission at 532 nm (solid line), of its first firstorder Taylor approximation (dotted–dashed lines), of the atmospheric transmission at 10.6
m (dashed lines), and of its first first-order Taylor approximation (dotted line) for 14 Oct
2002, from the obtained results using microphysics in class 3.

mined from passive remote sensing observations, leading to very large uncertainties on the particle effective
radius estimation.
In the framework of the preparation of the future
Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) lidar-in-space missions
(Winker et al. 2003), a first improvement (Chiriaco et
al. 2004) consists of using the cloud base and top as
derived from the Nd-Yag lidar, and considering that the
most absorbent layer is located somewhere between the
two. Unfortunately, the temperature difference between the cloud top and base can reach 10 K or more,
and so bias the effective radius retrieval.
The 6 November 2002 case is used to quantify this
bias (Table 4). The brightness temperature that would
be seen by a passive radiometer if the cloud contained
an opaque layer is computed for three different configurations wherein the opaque layer is located 1) at the
cloud top, 2) at the altitude of the maximum of 532-nm
lidar backscattered signal, and 3) at the altitude of the
maximum attenuation by absorption at 10.6 m. The
brightness temperatures TB at 8.65 m are computed
with the Dubuisson et al. (1996) radiative transfer code
and give the following successively: 1) TB ⫽ 225 K, 2)
TB ⫽ 237 K, and 3) TB ⫽ 244 K.

Those strong differences in brightness temperatures
can lead to very different retrievals of the particle effective radius. As an example, in applying the Chiriaco
et al. (2004) technique to the radiances observed with
the Moderate Resolution Imaging Spectroradiometer
(MODIS) on board the satellite Terra, in the far infrared (8.5, 11.15, 12 m) above the SIRTA, one can retrieve the following values of effective radius: 1) r ranging between 19 and 57 m, 2) 10 m ⬍ r ⬍ 32 m, and
3) 6 m ⬍ r ⬍ 21 m. The most realistic result of
particle effective radius is the third one, when the
opaque cloud layer is situated at the altitude of the
most absorbent layer within the cloud. The range of
other retrievals illustrates the uncertainty on the effective radius when no information on the level of the
most absorbent layer is available.

7. Conclusions and perspective
This paper studies the potential for combining 532nm and 10.6-m lidar observations to retrieve vertical
profiles of four cloud properties: the profile of particle
absorption efficiency at 10.6 m, the profile of particle
concentration weighted by the crystal area, the profile
of the attenuation by absorption at 10.6 m, and the ice
water content profile. A new method for retrieving
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FIG. 10. For the 14 Oct 2002 case using microphysics in class 3: (a) 10.6-m lidar signal (solid
line) and its variability (dashed line), and (b) ␣abs,part,10.6(z) profile (solid line) and its variability calculated from lidar variability (dashed line).

those variables was presented and applied to three
cases of midlatitude semitransparent cirrus clouds observed at the SIRTA ground base site at Palaiseau,
France, during the autumn season.
This study shows that absolute values of the different
variables cannot be retrieved with the proposed approach, but their variability within the cloud can be
correctly retrieved for three of the considered variables.
Moreover, relationships between the level of maximum lidar signals at 10.6 m and 532 nm and the level
of the maximum of the different variables have been
studied, using both observations and simulations. When
the large particles are located in the lower part of the
cloud (and the small ones below), the lidar signal
maxima are located in the upper layer, and the maximum of the infrared absorption is in the lower layers.
On the contrary, when the small particles are located in
the lower part of the cloud, the lidar maxima are lo-

cated in the lower layer, and the maximum of the infrared absorption is in the upper layers.
Moreover, the proposed method gives access to the
level of maximum attenuation by absorption at 10.6 m
within the ice cloud; in two cases it is located close to
the cloud base, and in the third case close to the cloud
top. It is never collocated with the maximum of the
532-nm lidar signal, but it is always closer to it than to
the cloud base or top. In the future, a statistical study
based on a significant amount of cirrus cloud observations may allow highlighting tendencies concerning the
position of the maximum of attenuation by absorption
within midlatitude cirrus clouds.
The method proposed in this paper is new and shows,
for the first time, the high-resolution vertical variability
of attenuation by absorption at 10.6 m [␣abs,part,10.6(z)],
information that is typically very hard to obtain in ice
clouds. As such, it may have significant consequences
for ice cloud studies using remote sensing observations

TABLE 4. Simulation of brightness temperatures for different cloud altitudes in a radiative transfer code, in comparison with measured
brightness temperature from MODIS data. Impact on the particle radius obtained with the split-window technique is shown.
Position of the opaque cloud in simulations

Alt (km)

Tbase (K)

TBB (K)

TBMODIS (K)

Result of the split window

Top of the cloud
Max of 532-nm backscattered signal
Max of 10.6-m absorption

9
8.2
7.8

249

225
237
244

252

19 m ⬍ r ⬍ 57 m
10 m ⬍ r ⬍ 32 m
6 m ⬍ r ⬍ 21 m
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in the infrared domain that could be used to calibrate
the infrared lidar signal. Even if it gives only the variability of cloud absorption in the infrared and not its
absolute value, it could reduce errors on two important
ice cloud parameters: the particle effective size retrievals within ice clouds and the radiative upward and
downward fluxes emitted by ice clouds. The estimation
of the particle size as well as the cloud-emitted fluxes
are based on remote sensing techniques that are highly
sensitive to the vertical variability of the absorption
within the cloud, and particularly the temperature of
the cloud layer that absorbs/emits the most radiation.
This paper shows that, considering the level of absorption maximum within the cloud, the top of the cloud can
induce a 30-K difference on the computed brightness
temperature and a 100% error on the retrieval of the
effective radius. The dual-lidar method can help find
this level, which is hard from passive remote sensing
observations, in particular when the cloud is semitransparent.
Based on the results shown in the current paper, future work will consist, in a first step, of comparing the
effective radius obtained for semitransparent cirrus
clouds with different techniques (Minnis et al. 1998;
King et al. 2003; Platnick et al. 2001; Chiriaco et al.
2004) applied to MODIS observations during SIRTA
overpasses, deriving the level of maximum absorption
within the cloud from dual-lidar observations and comparing it with the derived cloud temperatures. The
method itself could be improved by adding a complementary constraint like a very narrow field-of-view infrared radiometer collocated with 10.6-m lidar observations to constrain the cloud properties retrieval. In a
second step, more cases of dual-lidar observations
should be analyzed in order to relate the maximum of
the absorption to the 532-nm backscatter signal in the
framework of the preparation of the future CALIPSO
lidar that would fly in formation with several infrared
radiometers in space missions.
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APPENDIX
Accuracy of S(z)10.6 Estimate
The vertical variability of the 10.6-m signal power
S(z)10.6_N, averaged over a range gate ⌬z ⫽ NcTS

(where N is the total number of samples within the
range gate and TS is the sampling period) is related to
the 10.6-m signal statistical properties, driven by the
number of independent samples M in the range gate.
The quantity M is defined as (Goodman 1984):
2

M ⫽ S10.6_N ⲐS2 10.6_N .

共A1兲

This quantity is the statistical mean of the average lidar
signal power S(z)10.6_N, and the variance of S(z)10.6_N;
M 1/2 measures the relative amplitude of the statistical
fluctuations of the signal. This parameter has to be
computed in order to estimate the statistical uncertainty on the lidar signal.
Here M 1/2 includes the random fluctuations of the
return signal resulting from the speckle effect and the
random fluctuations of the noise. It can be shown that
M is given by (Guérit et al. 2002)
1
1
⫽
M M

冉

冊 冋 冉
2

SNR
1 ⫹ SNR

1
⫹
N

1⫺

冊册
2

SNR
1 ⫹ SNR

,

共A2兲
where SNR is the signal-to-noise ratio, also called in the
lidar community carrier-to-noise ratio (CNR); M is the
number of independent time speckles in the atmospheric return. Guérit et al. (2002) have shown that M
can be approximated by
M ⬇ 公1 ⫹ 4N 2wS2 T S2 ,

共A3兲

where wS is the spectral width of the signal. In the nacc
case signals are accumulated, then M → naccM (Dabas
et al. 1998).
In the present experiment, N ⫽ 300, nacc ⫽ 10, TS ⫽
10⫺2 s, and wS has been estimated to be about 0.3
MHz (Dabas et al. 2000). This leads to M ⬇ nacc ⫻ 3.4
⫽ 34. The evaluation of M to evaluate the variability of
S(z)10.6_N requires the estimation of the SNR, which
assumes that the noise power can be measured accurately a priori. It is not an issue for this 10.6-m lidar
because the bulk of the noise is the detection shot noise
controlled by the local oscillator, which is constant with
time.
In the cirrus cloud, SNR → ⬁ so M → M ⬇ 34, that
is, S10.6_N ⫽ S10.6_N/5.8, whereas outside the cirrus, the
aerosol content is very low so that SNR → 0 so M → N
⫽ nacc ⫻ 300 ⫽ 3000, that is, S10.6_N ⫽ S10.6_N/54.8.
We neglect the shot-to-shot laser pulse energy fluctuations: at high SNR the variability is dominated by
speckle effect, and at low SNR the variability is dominated by the local oscillator shot noise, which is constant with time.
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