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Simulation of satellite lidar and radiometer retrievals 

of a general circulation model three-dimensional cloud 
data set 

M. Doutriaux-Boucher, 1 J. Pelon, 
P. Flamant, 4 and M. Desbois 4 

2 G S•ze, 3 H Le Treut, 3 2 V. Trouillet, . . 

Abstract. The inclusion of a backscatter lidar on a space platform for a radiation 
mission, as proposed by various space agencies, aims to bring new information on 
three-dimensional cloud distribution, with a special emphasis on optically thin cirrus 
clouds, which are presently poorly detected by passive sensors. Key issues for such 
cloud observational studies are the detection of multilayered cloud systems, thin 
cirrus, and fractional cloud cover, knowledge that would improve our understanding 
of the global radiation budget. To assess the impact of such lidar measurements 
on cloud climatology, a 1 month cloud data set has been simulated with a general 
circulation model (GCM). The cloud detection capability of a spaceborne scanning 
backscatter lidar is assessed with the use of two detection schemes, one based 
on limitations in the detected cloud optical depth and the other based on lidar 
signal-to-noise ratio. The cloud information retrieved from passive radiometric 
measurements using a procedure like that used in the International Satellite Cloud 
Climatology Project is also simulated from the same GCM cloud data set. It is 
shown that a spaceborne backscatter lidar can improve significantly the retrieval 
of thin cirrus clouds as well as underlying cloud layers. High-level cloud retrieval 
from a spaceborne lidar therefore appears as a powerful complement to radiometric 
measurements for improving our knowledge of actual cloud climatology. 

1. Introduction 

Cloud cover and cloud properties are key parameters 
of the climate system and need to be monitored ade- 
quately for us to understand present-day climate and fu- 
ture climate change. The International Satellite Cloud 
Climatology Project (ISCCP) was designed to build a 
global cloud database from passive satellite radiomerry 
[e.g., $chiffer and Rossow, 1983; Rossow and $chiffer, 
1991]. This data set provides a global distribution of 
cloud parameters, such as cloud optical depth and cloud 
top pressure, from 1983 up to now and has led to con- 
siderable progress regarding the description of spatial 
and temporal cloud distributions [Rossow et al., 1989; 
Rossow and Lacis, 1990], deep convective systems [Del 
Genio and Yao, 1987], relevant cloud microphysics [Han 
et al., 1994], or cloud diurnal cycle [Cairns, 1995]. 
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However, some limitations and discrepancies with 
other remote-sensing techniques have been evidenced 
by comparative studies [Rossow et al., 1993; Liao et 
al., 1995a, b]. These limitations are generally associ- 
ated with the complex three-dimensional (a-D) struc- 
ture of real cloud fields. Other observational systems 
used in conjunction with the afore-mentioned passive 
radiomerry techniques, are therefore required. A com- 
bination of high-resolution infrared radiometer sounder 
(HIRS) and advanced very high resolution radiometer 
(AVHRR) data is used to retrieve multilayered cloud 
systems [Baum et al., 1994, 1995]. High-cloud proper- 
ties are retrieved from the Stratospheric and Gas Ex- 
periment (SAGE II) by an occultation technique [Liao 
eta/., 1995a• bi-Wang:•t aL,•1996]. The cloud param- 
eters derived from satellite sounders and an inversion 

technique, such as the Improved Initialization Inversion 
(3I) procedure, are combined with ISCCP data for un- 
derstanding cloud radiative effects [$tubenrauch et al., 
1996]. 

The climatic importance of cirrus clouds is well rec- 
ognized [Liou, 1986; $lingo aud $1ingo, 1988], but their 
actual amount is still uncertain. Very little is known 
about multilayered cloud systems and, more generally, 
vertical cloud distribution. Yet the vertical distribution 

of clouds is important in determining the surface and 
top-of-atmosphere (TOA) radiative budgets. Outgoing 
longwave radiation is controlled by cloud top height, 
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while downwelling longwave radiation depends on the 
cloud base. Moreover, the atmospheric and surface 
heating rates, which are the quantities that eventu- 
ally affect the atmospheric motions, cannot be inferred 
from the surface and TOA radiation budgets but de- 
pend on the exact vertical structure of the atmosphere 
and cloudiness [Randall et al., 1989; Charlock et al., 
1994]. Few studies report information on cloud vertical 
structure. Warren et al. [1985] reported statistics for 
the occurrence of simultaneous cloud types from sur- 
face observations. Baum et al. [1994, 1995] did a mul- 
tilevel cloud analysis through the use of merged HIRS 
and AVHI•R data. Sheu et al. [1997] combined infrared 
(AVHI•I•) and special sensor microwave imager infor- 
mation to retrieve cloud stratification in tropical areas. 
However, a much larger effort is needed in this direction, 
and new observational systems should be designed and 
tested. In light of previous sensitivity analyzes [Chou, 
1985; Del Genio, 1992; Hansen, 1992; Zhan# et al., 
1995] it appears that approximate absolute accuracies 
of (1) a few tenths for cloud optical depth, (2) a few 
percent for cloud fraction as a function of cloud type 
or altitude, and (3) 200 m on cloud altitude retrieval 
are appropriate for new observational systems. The 
detection and quantification of horizontal cloud inho- 
mogeneities and semitransparent cirrus clouds are also 
goals for the new cloud observational studies. 

Backscatter lidar systems have been used for a long 
time to retrieve the structural and optical properties 
of cirrus clouds from the ground and aircraft [Platt, 
1973; Spinhirne et al., 1982; Spinhirne and Hart, 1990]. 
Spaceborne observation has recently been emphasized 
by the Lidar In-space Technology Experiment (LITE) 
[McCormick et al., 1993; Winker et al., 1996]. The 
Earth Radiation Mission has been proposed by the 
European Space Agency (ESA) [ESA, 1996], with a 
payload that includes a backscatter lidar, scanning ra- 
diometers, and a cloud radar. The aim of the mission 
is to improve the retrieval of radiative parameters and 
cloud microphysics (water content and effective radius) 
through a combination of the various instruments. 

Lidars and radars are complementary new instru- 
ments for cloud observation from space: lidars detect 
optically thin clouds [McCormick et al., 1993], while 
radars can penetrate dense clouds [Brown et al., 1995]. 
However, they require dedicated studies and technology 
demonstration. As far as lidar is concerned, the LITE 
mission proved the feasibility and capability of a space- 
borne backscatter lidar [Winker et al., 1996], although 
it was limited to a short shuttle mission. 

In this paper we address the potential contribution 
of a spaceborne backscatter lidar (SBL) to retrieve the 
vertical distribution of cloud fraction and optical depth. 
The emphasis is placed on the 3-D approach. Observed 
cloud data sets where multiple cloud layers are reported, 
such as the ground-based cloud climatology by Warren 
et al. [1985, 1986, 1988], could not be used for this study 

because full information on the vertical cloud struc- 

ture, including the vertical distribution of cloud opti- 
cal depth, is needed. Using an ad hoc (i.e., modeled) 
cloud climatology is actually the only way to circum- 
vent the problem of not having any reliable 3-D cloud 
climatology. We thus used detailed results from a gen- 
eral circulation model (GCM) simulation, along with 
assumptions on the subgrid (i.e., not resolved) scale. 
The model cloudiness shows reasonable agreement with 
available data [Doutriaux et al., 1995a; Yu et al., 1996]. 
The cloud information retrieved from the lidar, and also 
from passive radiometers, is simulated from this GCM 
cloud data set. The two climatologies derived from the 
lidar and the radiometers are then compared and dis- 
cussed. The paper is organized into five sections. The 
cloud data set obtained from the GCM is described in 

section 2. Section 3 presents our methodology to re- 
trieve the 3-D cloud structure from the SBL and ra- 

diometers. The results are discussed in sections 4 and 5. 

2. Cloud Data Set Used in the Study 

2.1. Laboratoire de M•St•orologie Dynamique 
GCM 

As we discussed in the introduction, a cloud database 
is constructed from a i month GCM simulation. The 

Laboratoire de Mdtdorologie Dynamique (LMD) GCM 
[Sadourny and Laval, 1984] was used for this purpose. 
The resolution considered here is 64 points evenly spa- 
ced in longitude and 50 points evenly spaced in sine of 
latitude. The size of the model grid varies from about 
625 x 225 km 2 at the equator to about 400 x 400 km 2 
at 600 latitude. The model has 11 vertical levels pre- 
scribed through the •r coordinate (•r = pips, where p 
and ps are the atmospheric and surface pressures, re- 
spectively). The •r levels and the corresponding approx- 
imate pressure and altitude levels are given in Table 1. 

Cloud water content is predicted through the cloud 
water continuity equation [Le Treut and Li, 1991]. Pre- 
cipitation is a sink of cloud water and is parameterized 
differently for ice and liquid water clouds. Cloud frac- 
tion is predicted by a simple statistical scheme [Le Treut 
and Li, 1991] at each of the vertical levels. On the verti- 
cal, clouds are assumed to fill the whole altitude range of 
a cloudy level. On the horizontal the cloud is defined by 
the cloud fraction, and homogeneous cloud microphys- 
ical and macrophysical properties are assumed. The 
radiative scheme is due to Fouquart and Bonnel [1980] 
for the SW part and Morcrette [1991] for the LW part. 
A random cloud overlap assumption is used to compute 
the radiative fluxes and heating rates throughout the 
integration of the model. There is no diurnal cycle in 
the version of the model used here [Doutriaux et al., 
1995a]. This is not a limitation of the present study, 
because the Sun-synchronous satellite we consider here 
cannot sample the diurnal cycle. 
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Table 1. Distribution of the Vertical Levels in the LMD GCM 

GCM Level 1 2 3 4 5 6 7 8 9 10 11 

rr-p/ps 0.989 0.960 0.907 0.821 0.704 0.563 0.414 0.274 0.157 0.072 0.019 
Pressure, hPa 1002 972 919 832 713 570 420 278 159 73 19 
Altitude, m 90 340 820 1630 2870 4600 6800 9700 13200 17500 23500 

Approximate pressure and altitude of the sigma levels are computed assuming a standard atmosphere. 

2.2. GCM Cloud Database 

A four-dimensional (space and time) cloud database 
is built by runnning the LMD GCM for the month of 
July, with sea surface temperature conditions of July 
1987. The relevant atmospheric parameters, such as 
temperature, humidity, cloud water content, and cloud 
fraction, are sampled every 3 hours on the totality of 
the 35,200 (i.e., 11x64x50) grid points. The cloud dis- 
tribution simulated by the LMD GCM has been pre- 
viously compared with surface-based [Warren et al., 
1986, 1988] and the ISCCP satellite-based [Rossow et 
al., 1991] cloud climatologies. At about 60% the over- 
all cloud fraction is comparable to the observations of 
ISCCP (as the fraction of cloudy pixels) and surface 
stations (as the fraction of the sky dome covered by 
clouds) [Doutriaux et al., 1995a, b; Yu et al., 1996]. Fol- 
lowing the methodology for cloud validation described 
by Yu et al. [1996], we found midlevel clouds to be un- 
derestimated, whereas low level clouds (stratus) were 
overestimated in comparison with the ISCCP C1 cloud 
data. Stratocumulus clouds are missing off the west 
coasts of North America, Africa, and South America. 
To avoid contamination by spurious very thin model 
clouds, only clouds with visible optical depths larger 
than 0.1 are considered here. The simulated LW cloud 

radiative forcing, which is basically a signature of high- 
level clouds, is in good agreement with the Earth Radi- 
ation Budget Experiment (ERBE) data in the tropics 

and midlatitudes but is overestimated at high latitudes 
[Bony et al., 1992]. Multilayered cloud situations are 
frequent; the (instantaneous) frequency distribution of 
the number of cloudy model levels is typically bimodal. 
It is apparent from Figure 1 that this distribution has 
modes at two to three and five to six cloudy layers. The 
number of cloudy levels simulated by the GCM is ex- 
pected to be larger than the number of cloudy layers in 
the real world because contiguous cloudy levels may in 
fact pertain to a single cloud. While this may appear as 
a drawback of our study, we actually bound the problem 
by considering the maximum and random cloud overlap 
assumptions, as explained below. 

2.3. Cloud Distribution at the Subgrid Scale 

Observations of cloud overlap are scarce. Using U.S. 
Air Force Three-Dimensional Nephanalysis (3DNEPH) 
cloud analyses, Tian and Curry [1989] showed that 
cloud overlap is a function of spatial resolution. Mokhov 
et al. [1995] attempted to derive cloud overlap from 
observation; however, the reported value of cloud over- 
lap depends not only on cloud type and geographical 
region, but also on the horizontal and vertical resolu- 
tions of the observing system or model. Two differ- 
ent, assumptions, commonly used in GCM simulations, 
are considered in the present study: the random cloud 
overlap assumption and the maximum cloud overlap as- 
sumption [Charlock et al., 1994; Mokhov et al., 1995]. 

90N 

60N 

3ON 

3OS 

6O5 

gos 
18o 6ow o 60[ 

Longitude 
180 

Figure 1. Average number of cloudy levels simulated by the general circulation model (GCM) 
of the Laboratoire de M6t6orologie Dynamique (LMD). 



26,028 DOUTRIAUX-BOUCHER ET AL.: SATELLITE LIDAR AND RADIOMETER CLOUD RETRIEVALS 

a-- random b-- maximum 

fl 

2 cloudy levels 

2 Z__ 4 sub-columns 

f2=g2 

fl =gl 

2 + 1 = 3 sub-columns 

+ + + + + 

_ 
f(l) = fl f2 • f(3)=(l-f2) fl • f(1) =gl - gO=gl f(2) = g2- gl f(3)= g3 - g2 

f(2) = (l-fl) f2 f(n)=(1-fl)(1-f2) = 1- g2 

Figure 2. Diagram of the distributions of atmospheric subcolumns within a model grid column 
for (a) the random cloud overlap assumption and (b) the maximum cloud overlap assumption. 
See text for more details. 

Because the objective here is to retrieve not only the 
total cloud cover but also i•s vertical distribution, we 
subsequently divide each GCM column into subcolumns 
of homogeneous horizontal properties according to the 
cloud overlap assumption. 

2.3.1. Random cloud overlap assumption. 
The cloud fractions at the different levels are assumed 

to be independent random variables. We define 2 tm 
subcolumns, where lr• is the number of vertical cloudy 
levels in the model. Subcolumns are characterized by 
uniform horizontal properties (a level in a subcolumn is 
either totally cloudy or cloud free; see Figure 2a). The 
fractional area of a given subcolumn col is given by 

tmax 

f(col) - H {it(col) ft + [1 - it(col)] (1- ft)} (1) 
/=1 

where/max is the number of model levels and ft is the 
cloud fraction at level 1. The cloud presence indicator, 
it(col), is 1 if level 1 is cloudy; otherwise it is 0. 

2.3.2. Maximum cloud overlap assumption. 
Cloud overlap is assumed to be maximum on the verti- 
cal. This situation is particularly representative of deep 
convection at tropical latitudes. The number of sub- 
columns is equal to the number of model cloudy levels, 
lr•, plus one for clear sky (Figure 2b). The fractional 
area of subcolumn is given by: 

f(col) = #cot- #cot-• with col =1 to l,• + i (2) 

where gt are the l,• cloud Ëactions in ascending order, 
g0=0 and gt,,•+• = 1 (see Figure 2b). 

These two cloud overlap assumptions lead to two dif- 
ferent frequency distributions of the subcolumn areas. 

The average area of individual subcolumns is smaller 
for the random cloud overlap assumption, which pro- 
duces a larger number of subcolumns (see Figure 1). 
By decreasing the average area of the subcolumns the 
random cloud overlap is a way to represent some de- 
gree of inhomogeneity at the mesoscale. Subcolumn ar- 
eas are correspondingly larger for the maximum cloud 
overlap assumption. Low level clouds are more read- 
ily overlapped by upper level clouds with the maximum 
cloud overlap assumption than they are with the ran- 
dom cloud overlap assumption (compare f(1) = f•f2 
and f(1) = #•- #0 in Figure 2). Therefore we antic- 
ipate that it will be easier to detect low level clouds 
under the random cloud overlap assumption. Also, the 
total cloud cover is higher with the random cloud over- 
lap assumption. 

3. Methodologies for the Retrieval of 
Cloudiness 

We now describe the detection schemes for the ob- 

serving systems we simulate, keeping in mind that the 
objective is to retrieve the total cloud cover and its ver- 
tical distribution. The lidar and radiometer cloud de- 

tection schemes are applied to the subcolumns of each 
pixel (or grid box) overpassed by the satellite. The 
satellite is assumed to be on a polar orbit, at an altitude 
of about 800 km. The analysis procedure is divided into 
four steps: 

1. The GCM grid boxes are sampled according to the 
satellite orbit and divided into independent subcolumns 
using the two selected cloud overlap assumptions. 

2. Each subcolumn is tested which cloud layers are 
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Table 2. Lidar System Parameters 
Considered in the Present Study 

Parameter Value 

Transmitted energy, mJ 100 
Wavelength,/•m 1.064 
Repetition rate, Hz 100 
Telescope diameter, cm 60 
Overall efficiency* 0.15 
Swath, km 600 
Orbit altitude, km 800 

*Optical transmission and detector 

quantum yield. 

detected by the SBL. This point is further discussed in 
section 3.1. 

3. An ISCCP-like algorithm is applied to individual 
subcolumns to derive the cloud top pressure of an equiv- 
alent single cloud layer producing the same infrared ra- 
diative flux at the TOA. The cloud optical depths are 
used to correct the cloud top pressure as would be done 
in the ISCCP algorithm from the information contained 
in the visible (VIS) channel. This step is discussed in 
section 3.2 and further described by Yu et al. [1996]. 

4. The SBL- and radiometer-retrieved global cloud 
distributions are reconstructed from the sampled grid 
boxes and compared with the initial model cloud distri- 
bution. 

Steps 2, 3, and 4 are conducted under the two cloud 
overlap assumptions. 

3.1. Lidar 

The pulsed backscatter lidar provides range-resolved 
information on the scattering properties of the atmo- 
sphere. The backscattered signal is enhanced in the 
presence of clouds. It is also attenuated as the beam 
propagates through clouds. This effect results in a sig- 
nal peak that can be used to define the occurrence of a 
cloud and its range. The cloud detection capability of 
a backscatter lidar thus depends on the signal-to-noise 
ratio (SNR), which can be derived at cloud top from 
the system characteristics. Assuming background noise 
limitation, the SNR can be written as 

SNR- C a v/-ff T 2 (3) 

where C is a constant (with dimension of length) de- 
pending on the lidar characteristics (transmission and 
detection efficiency, telescope size, emitted en- 
ergy, squared range) and cloud properties (backscatter 
to extinction ratio), a is the cloud extinction coefficient, 
and the atmospheric transmission can be expressed as 
T = exp(-•-•t) with •-•t being the optical depth of the 
upper layers. Calculations of SNR using lidar parame- 
ters have been performed as reported in Table 2. These 
parameters are representative of the atmospheric lidar 
(ATLID) spaceborne system as proposed by ESA [ESA, 
1996]. Using such parameters, the background limited 

SNR equation only applies to optically thin cirrus and 
multilayered clouds. The use of such a formulation is 
thus detrimental to the detection of a dense cloud in 

a single layer. However, it is used for the sake of sim- 
plicity, as this last case was not frequently simulated 
(see cloud layer statistics given in Figure 1). A single 
value of the backscatter to extinction ratio (0.05 sr -1) 
has been assumed in the simulations for liquid and ice 
clouds; this yields a value of C equal to 1.3 km. An 
SNR value of 4 allows one to extract the cloud top sig- 
nal from the noise with a false alarm probability below 
5%, over an altitude domain corresponding to a possi- 
ble cloud occurrence [Pelon et al., 1996]. Such an SNR 
value requires about 100 shots (10 shots) to detect a 
cloud with extinction coefficient of 0.3 km -1 (1 km-•). 
Denser clouds, with extinction coefficient greater than 
3 km-•, are detected in a single shot in the absence of 
upper level clouds. In the presence of a multilayered 
cloud structure the attenuation by upper level clouds 
would be the limiting factor, due to the effective dy- 
namical range of the system. We do not account for a 
limited response time for dense cloud detection. This is 
not expected to introduce significant bias because the 
transmission through dense clouds rapidly decreases at 
lower levels. Multiple scattering effects leading to a de- 
crease in the attenuation [Platt, 1979] have not been 
considered either. However, they can lead to a signifi- 
cant improvement in low cloud detection, as was demon- 
strated in the LITE experiment [Winker et al., 1996]. 

The scanning capability of the lidar systems under 
consideration results in a homogeneous distribution of 
shots over a full swath of 600 km, using a 100 Hz rep- 
etition rate laser [Pelon et al., 1996]. This leads to 
a regular shot spacing of about 6 km. For the GCM 
the number of shots is proportional to the size of the 
grid box (e.g., about 7000 shots per grid box near the 
equator). Note that the swath of the lidar is used to 
predict the spatial distribution of lidar shots per sur- 
face unit. It is not used to predict which portion of the 
GCM grid box area is actually sampled. This approach 
would make little sense, since the cloud distribution at 
the subgrid scale is statistical. 

At this stage we considered two lidar schemes: a first 
one corresponding to a detection capability limited by 
the SNR as previously defined and a second one corre- 
sponding to a detection capability limited only by the 
attenuation. The cloud detection performance of this 
first lidar is related to the SNR value computed over 
each subcolumn from the number of shots, transmission, 
and cloud extinction coefficient. The number of shots, 
N, reaching a given subcolumn assumes a uniform laser 
shot density over the model grid box and is the product 
of subcolumn fraction area and total number of shots 

over the model grid box. The cloud detectability is 
therefore a function of the distribution of subcolumn 

areas and, in turn, the cloud overlap assumption. The 
cloud extinction coefficient c• is computed as the ratio 
of the cloud optical depth to the model level thickness. 
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, I 
Wi ,fi 

At each grid-box 
ps Surface pressure 
Ts Surface temperature 

At each level 

W Liquid water path 
f Fractional cloud cover 

q Water vapor content 

Cloud overlap assumption 
-> Uniform cloudy sub-columns 

Radiative transfer model x 
Infrared radiance at TOA vis 

Apparent cloud-top temperature '1; ir 

NO 
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R Infrared flux at the top-of-atmosphere 
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Figure 3. Schematic diagram of the ISCCP-like algorithm, also referred to as the IR+VIS 
channel scheme. Here, W is the vertically integrated water content, re is the effective cloud 
droplet radius, p is the water density, and rvis and fir are the visible and infrared cloud optical 
depths, respectively. 

This first scheme is referred to as an "SNR-limited li- 

dar." The detection performance in the second scheme 
is independent of the cloud backscatter, cloud extinc- 
tion coefficient, or number of shots. This corresponds 
typically to a system working at high SNR, allowing de- 
tection from a single shot, as long as the optical depth 
threshold is not reached [Pelon et al., 1996]. This lidar 
will be referred as an "ideal lidar." On the basis of sig- 
nal dynamics range of typical existing backscatter lidars 
[Spinhirne and Hart, 1990] we have set the attenuation 
threshold to correspond to an integrated optical depth 
of 3 between the lidar and the cloud layer top. Above 
this value no cloud is detected. For both lidar systems 
the cloud layer fraction retrieved at one model level is 
the sum of the cloudy subcolumn areas detected at that 
level. 

3.2. Radiometers 

We also simulate the radiometer cloud retrieval, fol- 
lowing a procedure described in detail by Yu et al. 
[1996]. This procedure is close to the ISCCP cloud re- 

trieval algorithm [Rossow et al., 1991]. It is assumed 
here that the radiometers detect all the cloudy sub- 
columns and their respective areas. The key point is 
therefore the detection of the altitude of an equivalent 
cloudy layer. As for the ISCCP algorithm, and what- 
ever the number of cloudy levels is, a single layer of 
cloudiness can be retrieved. The altitude of the equiv- 
alent cloudy layer is estimated for each cloudy subcol- 
umn in four successive steps. First, we calculate, for 
each subcolumn, an upward infrared (IR) radiance at 
the TOA, from the model temperature, water vapor, 
and cloud vertical profiles. This corresponds to the 
radiance that would be measured by a nadir-looking 
satellite. Second, TOA IR radiances are computed 
using the same temperature and water vapor profiles 
and assuming a single-layer, IR radiation opaque cloud, 
which is placed successively at each of the model lev- 
els. The model level giving the best fit to the TOA IR 
radiance computed in the first step is the level of the 
equivalent cloud retrieved by the radiometry. Third, 
the cloud optical depth rvIs is computed as the sum 
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Table 3. Monthly Mean Model Cloud Fractions and Sampled Cloud Fractions 
From the Polar-Orbiting Satellite 

Model Level Cloud Fraction, % 
All Grid Boxes Sampled Grid Boxes 

Relative Difference, % 

I 8.8 8.9 1.6 

2 17.3 17.4 0.3 

3 26.0 26.0 0.0 

4 13.0 13.0 0.1 

5 6.2 6.3 0.3 

6 8.4 8.4 0.1 

7 11.8 11.7 0.2 

8 17.6 17.5 0.4 

9 20.6 20.6 0.1 

10 0.8 0.7 2.6 

11 0.0 0.0 0.0 

The relative difference between the two (in percent) is indicated in the last column. 

of the model cloud optical depths over the vertical of 
the subcolumn, assuming cloud droplets with effective 
radius of 10 y.m. Fourth, rvIs is used, if necessary, to 
adjust the cloud top pressure (and the corresponding 
model level) determined during the second step. Since 
most optically thin clouds are likely to be cirrus, an 
empirical relation between the infrared optical depth 
qR and the visible optical depth WIs is assumed where 
qR = 0.5 W•s, following Platt and Stephens [1980] and 
Rossow ½t al. [1991]. If fir is greater than 4.5 (corre- 
sponding to a transmission less than 1%), the cloud is 
considered opaque, and no adjustment is done. If not, 
the cloud is considered semitransparent, and the cloud 
top temperature is adjusted accordingly. A flowchart 
of this retrieval procedure is given in Figure 3. This 
retrieval scheme is referred to as the "IR+VIS chan- 

nel" scheme. At night, only the first two steps can be 
achieved, and the scheme is referred to as the "IR chan- 
nel only" scheme. Since there is no diurnal cycle in 
the GCM, the IR channel only scheme and the IR+VIS 
channel schemes are applied to the whole data set. 

In ISCCP a cloudy pixel is assumed to be completely 
and uniformly covered by clouds. Although this as- 
sumption can bring errors in the real world ISCCP- 
derived cloud cover and cloud optical properties, it is 
not the case here, as we are working directly on homo- 
geneous subcolumns rather than pixels. 

4. Results 

4.1. Effect of Sampling From a Polar-Orbiting 
Satellite 

Whereas the ISCCP cloud data set is obtained from 

a large number of observations from both geostation- 
ary and polar-orbiting satellites, a single polar-orbiting 
satellite achieves a rather low sampling of the Earth's 
cloudiness. Although it is beyond the scope of this 
study to discuss the systematic and random errors 

caused by sampling from a polar-orbiting satellite, we 
first examine this point with our GCM cloud data set. A 
similar approach was used by Barkstrom [1997] to sim- 
ulate the orbital coverage of the geoscience laser altime- 
ter system and the Pathfinder instrument for cloud and 
aerosol spaceborne observations satellites in the Col- 
orado State University GCM. We compute the cloud 
fraction of the model from the polar-orbiting satellite 
sampling (25 samples per grid box and per month) and 
compare it with the initial field, which includes all the 
samples (240 samples per grid box and per month). The 
instrument has a transverse scanning with a full swath 
of the size of a model grid box at the equator (see Ta- 
ble 2). For now we assume that the cloud fraction is 
perfectly retrieved at all optical depths we discuss the 
performance of the detection schemes in the next sec- 
tions. The number of observations in a sampled grid box 
is assumed to be large enough to introduce no additional 
limitation. Since the GCM we are using has no diurnal 
cycle, it is not possible to assess the systematic errors 
arising from the diurnal bias of such a polar-orbiting 
satellite. Rossow [1994] has shown that these errors 
are typically of the order of 0-15% for a nadir-sampled 
observation compared with an eight-times-daily ISCCP 
observation on a monthly mean average and a 2.50 res- 
olution. In contrast, it is possible here to assess the 
random errors due to undersampling. Results are listed 
in Table 3 as global averages at different model levels. 
It is seen that the differences between the full- and the 

satellite-sampled observations remain below 0.6% ex- 
cept for GCM levels 1 and 10. This finding means that 
a single satellite carrying an ideal SBL with a swath 
of about 600 km is sufficient to retrieve an accurate 

global monthly mean cloud fraction. Because the tem- 
poral variability of the low level cloud cover is small in 
our GCM, the impact of undersampling remains small 
in the lower troposphere (Figure 4a) but increases at 
higher levels (Figure 4b), where it can be significant in 
some regions. 
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basis for (a) low-level clouds (model level 2 at about 340 m) and (b) high-level •1ouds (model 
level 8 at about 9700 m). 

4.2. Lidar Cloud Retrievals 

The vertical distribution of the cloud fractions re- 

trieved by the simulated lidars and radiometers are 
shown in Figure 5 as global monthly averages for the 
two cloud overlap assumptions. The SNR limitation in- 
troduces significant differences for the detection of up- 
per cloud layers. An ideal system detects about 100% of 
upper level clouds (e.g., model levels 8 and 9 at average 
altitudes of 9.8 and 13.6 km) in contrast to 84% for an 
SNR-limited lidar using the maximum cloud overlap as- 
sumption. This limitation is due to the presence of both 
thin and dense clouds at high altitudes (Plate 1). Thin 
high level clouds, with average optical depth lower than 
unity, are found at middle and high latitudes. They are 
not detected if the number of shots is not sufficient and 

the SNR is below the threshold. Dense high level clouds 
occur in the tropics at the top of cloud turrets related 
to deep convection and may extend over large areas, as 
suggested by the larger average optical depths shown 
in Plate 1. In such situations the cloud attenuation 

dramatically increases in the lower layers, and under- 
lying dense clouds cannot be detected. The maximum 
and the random cloud overlap assumptions give com- 
parable results for high clouds, with a slightly better 
detection for the former assumption. Low level clouds 
are better detected under the random cloud overlap as- 
sumption, which may be more relevant in midlatitude 
regions. The two lidar detection schemes give similar 
results for low level clouds because the SNR is higher 
and somewhat counterbalances for transmission losses 

due to the presence of upper level clouds. A maximum 
of 61% of the model cloud fraction is retrieved at model 

level 3 (700 m) for the random cloud overlap assump- 
tion. The limitation in SNR does not introduce a major 
loss in the lidar detection performance in comparison 
with an ideal system. It is, however, critical for the 
detection of thin cirrus clouds. 

4.3. Passive Radiometer Cloud Retrievals 

The radiometer-retrieved cloud fractions are shown 

in Figure 5 as global averages for the two cloud over- 
lap assumptions and for the two retrieval schemes (IR 
channel only and IR4-VIS channels). As we discussed 
previously, adjustment from the VIS channel informa- 
tion improves the retrieval of upper level clouds. Both 
schemes (IR channel only and IR4-VIS channels) give 
comparable results for low clouds, as optical depths are 
large and no correction is needed. As for the lidar, 
better results are obtained by using the random cloud 
overlap assumption. Under the maximum cloud over- 
lap assumption the retrieved cloud fraction at levels 9 
and 10 is about 74% of the model cloud fraction for an 

IR+VIS radiometer. If the IR channel only scheme is 
used, only 34% of the model cloud fraction is retrieved. 
The remaining cloud fraction is assigned to lower levels. 
In any case, there is a tendency to underestimate cloud 
top height. The IR channel only scheme shows better 
performances for midlevel layers. However, an analysis 
in terms of zonal averages reveals that the cloud frac- 
tion retrieved by radiometers can be larger than the 
original model cloud fraction for midlevel layers of sub- 
tropical latitudes (Figure 6d). Overestimation is clearly 
apparent on a grid box basis, as Plate 2 shows. This is 
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Figure 5. Comparison of lidar- and radiometer-retrieved cloud fractions with the model cloud 
fraction on a global average and according to the satellite sampling: (a) maximum cloud overlap 
assumption and (b) random cloud overlap assumption. 

mostly the signature of low level clouds overlapped by 
high level clouds, which are retrieved as midlevel clouds. 

5. Comparison of Performances 

5.1. High Level Clouds 

According to our analysis, a lidar would allow better 
high level cloud detection capabilities than would ra- 
diometers (IR+VIS channels), as Figure 6 shows. High 
level cloud detection and height assignment (i.e., at 
model levels 8, 9, and 10) are dramatically improved. 
However, significant differences are observed in upper 
level cloud detection between an ideal and an SNR- 

limited lidar. Cirrus clouds with optical depths larger 
than 0.1 are detected with a 100% probability in the 
former case and 84% in the latter case when the maxi- 

mum cloud overlap assumption is used. This probability 
decreases to 71% for the random cloud overlap assump- 
tion, in comparison with 60% and 53% for the IR+VIS 
and IR radiometers, respectively. The differences in the 
results obtained under the two cloud overlap assump- 
tions can be explained by the differences in subcolumn 
areas. For the random cloud overlap assumption, sub- 
column areas are smaller, with a subsequent lower num- 
ber of shots per subcolumn and a lower SNR value. For 
the passive radiometers the systematic underestimation 
is explained by the high occurrence of multilayered high 
clouds, which are retrieved at only one level. Plate 3 
shows the difference in cloud fraction simulated by the 
GCM and retrieved by the lidar and radiometer systems 
at model level 9 (altitude, 13,200 m) by using the ran- 
dom cloud overlap assumption. Both systems capture 
the spatial variability in high level clouds. The lidar 

appears to perform better and gives a better quantita- 
tive retrieval, although introduction of a realistic SNR 
limits the detection performance. The use of the IR 
channel only scheme leads to very poor results. 

By simulating the lidar retrieval on equivalent homo- 
geneous subcolumns, the lidar performs probably better 
than it would in the actual atmosphere, as thin cir- 
rus clouds are often patchy and inhomogeneous at the 
mesoscale. The results also appear consistent with the 
fact that a single cloud layer is reported in each cloudy 
subcolumn in the radiometer retrieval. This leads to a 

lower retrieval by the radiometer of cirrus clouds em- 
bedded in large multilayered systems. It is conceivable 
that our procedure and the model cloud distribution en- 
hance this detrimental effect. Although the radiometer 
performances depend on •he original cloud fraction and 
analysis procedure, we note that the retrieved cirrus 
cloud fraction in our ISCCP-like simulation is 10-13%, 
close to the ISCCP estimate [Yu et al., 1996]. This find- 
ing would support the idea, expressed in other places, 
that the ISCCP algorithm underestimates cirrus cloud 
cover. 

5.2. Midlevel Clouds 

For midlevel clouds (model levels 5, 6, and 7) the IR 
channel only radiometer reports the largest cloud frac- 
tion, while the lidar and IR+VIS radiometer exhibit 
comparable performances with a detection efficiency of 
30% (see Figure 5). With the use of an SNR-limited 
lidar, midlevel clouds are even more poorly detected. 
Looking at zonal means, we again attribute this under- 
estimation to the presence of thin clouds at high lati- 
tudes. However, if a high level cloud overlies a low level 



26,034 DOUTRIAUX-BOUCHER ET AL.- SATELLITE LIDAR AND RADIOMETER CLOUD RETRIEVALS 

35 3 

• [ /'• •-•-• Ideal lidar r J • • [ 1/• o-o IR radiometry r j • 
o •25 ' ' ' o •2 i 

õ •15 •1 
0 10 0 1 •o ,' 

0 0 - 
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90 

Latitude Latitude 

(a) Level 2 (~340 m)- Lidar- Random (b) Level 2 (~340 m) - Radiometry - Random 

[ I1 • Ideal lidar J f o, I ,-o IR rad 20 lidar • 2 

.g,o 
o 

o o ...... 
-90 -60 -30 0 30 60 90 -90 -60 -30 

Latitude 

o- • IR radiomerry 
•- -• /R + VIS radiometry 

0 30 60 

Latitude 

(c) Level 5 (~2870 m) - Lidar- Random (d) Level 5 (~2870 m) - Radiometry - Random 

o• ' 30 

õ 25 

• 15 
o 

• lO 

5 

0 

Model 
/R radiometry 

eti F 

90-0 0 ' 
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90 

Latitude Latitude 

(e) Level 9 (~13200 m)- Lidar- Random (f) Level 9 (~13200 m) - Radiometry - Random 

Figure 6. Zonal mean cloud fraction retrieved by (a, c, e) lidar and (b, d, f) radiometry for 
different model levels and for the random cloud overlap assumption. 

cloud, the IR+VIS radiometer often detects the cloud 
as midlevel. Therefore most of the midlevel clouds re- 

trieved by the radiometer in this simulation correspond 
to multilayered clouds in the model. This finding is 
evidenced in Figure 6d, where the retrieved cloud frac- 
tion is higher than the model cloud fraction at tropical 
latitudes, mostly in the southern hemisphere. Com- 
parisons between the retrieved and the model cloud 
fractions over individual grid boxes (Plate 2) also show 

that the passive radiometer retrievals can lead to much 
higher values, especially when the actual cloud fraction 
is small. An excess cloudiness of about 5% is observed 

on average. 

5.3. Low Level Clouds 

For low level clouds the lidar performance is de- 
graded, but still better than that for the passive (IR + 
VIS) radiometer, with 50% and 40% retrieved cloud 
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Plate 1. Cloud optical depth at model level 8 (-,•9700 m). 

fractions, respectively. This difference is mainly due to 
situations with simultaneous occurrences of a low level 

cloud and a thin cirrus. In such a situation the lidar can 

detect a low level cloud and reports its exact altitude, 
while the radiometer gives an equivalent cloud level be- 
tween the two cloud levels. The attenuation by upper 
cloudy layers makes it difficult for the lidar to detect 
low level clouds when two or more dense cloud layers 
are present. However, the detection of a multilayered 
cloud system should further benefit from the cloud in- 
homogeneities at the lnesoscale, as the lidar spot size is 
only a few hundred meters. We also assumed perma- 
nent daytime measurements, which allow the use of a 
correction scheme for the altitude assignment of the ra- 
diometer retrieval but reduce the detection capability of 
the lidar. Better lidar performance would be obtained 
during nighttime operation, when radiometry is limited 
to the 11% channel detection only. Therefore both in- 
struments appear complementary: cloud fraction, cloud 
layer altitudes, and the optical depth of semitranspar- 
ent clouds could be accurately retrieved. This is an 
advantage of combining lidar and radiometer measure- 
ments, as the optically thin high level clouds important 
to the Earth's radiative budget are very poorly detected 
during nighttime. 

5.4. Sensitivity to Lidar Characteristics 

The performance of an SNR-limited lidar needs to be 
improved. Because the cloud detectability is limited by 
the cloudy subcolumn areas, as discussed in section 3.1, 
there is a need for further improving the lidar detection 
performance of optically thin cirrus clouds over small 
cloudy areas during daytime. It is possible to decrease 
the swath to about 300 km and shift the satellite to a 

lower orbit (400-600 km) to increase both the spatial 
density of shots (by a factor of 2) and the SNR (by a fac- 
tor of close to 3). Improvements in the algorithms that 
would allow cloud detection at SN1% as low as 2 with a 

small false alarm error are also under study [Flesia et 
al., 1996]. 

The use of a nonscanning system has the advantage of 
a simplified design. It leads to an improved horizontal 
resolution and to substantial improvements in the SNR, 
but this configuration is detrimental to the horizontal 
representativeness of the measurements. Combining a 
nonscanning lidar and high-resolution IR+VIS imagers 
on a same platform may thus be considered as a com- 
promise. Such a solution is under study at ESA in the 
framework of the Earth Radiation Mission. 

6. Conclusion 

The detection of multilayered cloud systems and pro- 
per retrieval of the cloud altitude are critical to deter- 
mine the Earth-atmosphere radiative budget. A key 
problem for radiometers is to retrieve cloud boundaries 
(especially during nighttime) and to detect multilayered 
cloud systems. A spaceborne backscatter lidar, used in 
synergism with a radiometer, could overcome some of 
these limitations. 

This study provides a first assessment of how well 
cloud fraction and cloud vertical structure are retrieved 

by a spaceborne backscatter lidar using a three-dimen- 
sional GCM cloud distribution. Simulations were also 

performed for an 11% channel only and a two-channel 
(11%+VIS) spaceborne radiometer, using an ISCCP-Iike 
analysis scheme. This is so far the only way to conduct a 
meaningful comparison of cloud detection performances 
between several instruments. Further improvements in- 
cluding more representative spatial cloud features, such 
as cloud inhomogeneities, should be considered. This 
study could also be repeated with another GCM cloud 
data set or when a more comprehensive cloud data set 
becomes available Our main results are stated below. 

Random errors caused by sampling of a polar-orbiting 
satellite are small on a monthly average even for a re- 
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Plate 2. Scatterplots of lidar-retrived cloud fractions, radiometer-retrieved cloud fractions, and 
model cloud fractions on a grid box basis using the random cloud overlap assumption. Black 
dots, model level 3; red dots, model level 5; and green dots, model level 8. The retrieved cloud 
fractions in Plate 2b, which are above the 1:1 line, are an illustration of the limitations of the 
radiometry inversion in the presence of multilayered cloud structures. 
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duced swath. Systematic errors due to the cloud diurnal 
cycle were not assessed in the present study. 

Cirrus are poorly detected by radiometry (less than 
60%) because (1) they are spread over the two or three 
highest levels and (2) thin cloud top altitude is not accu- 
rately determined in multilayered cloud systems. Fur- 
thermore, when a procedure using Il• channel only is 
considered, a significant reduction in the detection of 
cirrus is observed, whereas the detection of midlevel 
clouds is enhanced. With respect to this problem, 
a spaceborne lidar should lead to significant improve- 
ments in the cloud climatology of upper level clouds. 
About 70-80% of cirrus clouds are detected with an 

SNiP-limited lidar, assuming the same distribution of 
cloudiness. The differences in upper cloud detection 
between an ideal and an SNR-limited lidar are due (1) 
to the presence at high latitudes of optically thin cirrus 
that would require a larger SNR (a higher number of 
shots and/or backscattered power would be required) 
and (2) to the presence of dense high level clouds at 
lower latitudes, which increases the transmission losses. 

In our study, radiometers report more midlevel clouds 

than do lidars. However, some of these midlevel clouds 
are artificially retrieved by the radiometers in the pres- 
ence of simultaneous high and low clouds. The ideal 
lidar and the SNiP-limited lidar report a small but not 
insignificant fraction of the low level clouds. 

While spaceborne lidar measurements are suited for 
vertical cloud structure retrieval, VIS and Il• imagers 
offer the required performance for spatial cloud analy- 
sis. Therefore the combined use of these instruments 

should bring large improvements in the present cloud 
climatology. 
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