N

N

Comparison of high cloud characteristics as estimated by
selected spaceborne observations and ground-based lidar
datasets
Artemio Plana-Fattori, Gérard Brogniez, Patrick Chervet, Martial Haeffelin,
Olga Lado-Bordowsky, Yohann Morille, Frédéric Parol, Jacques Pelon,

Antoine Roblin, Geneviéve Seze, et al.

» To cite this version:

Artemio Plana-Fattori, Gérard Brogniez, Patrick Chervet, Martial Haeffelin, Olga Lado-Bordowsky,
et al.. Comparison of high cloud characteristics as estimated by selected spaceborne observations and
ground-based lidar datasets. Journal of Applied Meteorology and Climatology, 2009, 48, pp.1142-1160.
10.1175/2009JAMC1964.1 . hal-00375285

HAL Id: hal-00375285
https://hal.science/hal-00375285
Submitted on 20 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00375285
https://hal.archives-ouvertes.fr

1142

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

Observations and Ground-Based Lidar Datasets

VOLUME 48

Comparison of High-Cloud Characteristics as Estimated by Selected Spaceborne

ARTEMIO PLANA-FATTORL*1t GERARD BROGNIEZ,# PATRICK CHERVET,@ MARTIAL HAEFFELIN,&’**
OLGA LADO-BORDOWSKY, T T YOHANN MORILLE,**## FREDERIC PAROL,* JACQUES PELON,*@@

ANTOINE ROBLIN,@ GENEVIEVE SEZE,# #@@ Anp CLAUDIA STUBENRAUCH**##

* Centre National de la Recherche Scientifique, Laboratoire Atmospheéres, Milieux, Observation Spatiale, Vélizy-Villacoublay, France

* Université de Versailles Saint-Quentin-en-Yvelines, Velizy-Villacoublay, France
# Laboratoire d’Optique Atmospherique, CNRS, Villeneuve d’Ascq, France
@ Departement d’Optique Theorique et Appliquée, ONERA, Palaiseau, France
& CNRS, Institut Pierre Simon Laplace, Palaiseau, France
** Ecole Polytechnique, Palaiseau, France
T+ Ecole Nationale Supérieure des Sciences Appliquées et de Technologie, Lannion, France

# Laboratoire de Meteorologie Dynamique, CNRS, Palaiseau and Paris, France

Universite Pierre et Marie Curie, Paris, France

(Manuscript received 15 February 2008, in final form 7 January 2009)

ABSTRACT

The characterization of high clouds as performed from selected spaceborne observations is assessed in this
article by employing a number of worldwide ground-based lidar multiyear datasets as reference. Among the
latter, the ground lidar observations conducted at Lannion, Bretagne (48.7°N, 3.5°W), and Palaiseau, near
Paris [the Site Instrumental de Recherche par Télédétection Atmosphérique (SIRTA) observatory: 48.7°N,
2.2°E], both in France, are discussed in detail. High-cloud altitude statistics at these two sites were found to be
similar. Optical thicknesses disagree, and possible reasons were analyzed. Despite the variety of instruments,
observation strategies, and methods of analysis employed by different lidar groups, high-cloud optical
thicknesses from the Geoscience Laser Altimeter System (GLAS) on board the Ice, Cloud and land Ele-
vation Satellite (ICESat) were found to be consistent on the latitude band 40°~60°N. Respective high-cloud
altitudes agree within 1 km with respect to those from ground lidars at Lannion and Palaiseau; such a finding
remains to be verified under other synoptic regimes. Mean altitudes of high clouds from Lannion and
Palaiseau ground lidars were compared with altitudes of thin cirrus from the Television and Infrared Ob-
servation Satellite (TIROS) Operational Vertical Sounder (TOVS) Path-B 8-yr climatology for a common
range of optical thicknesses (0.1-1.4). Over both sites, the annual altitude distribution of thin high clouds
from TOVS Path-B is asymmetric, with a peak around 8-9.5 km, whereas the distribution of high clouds
retrieved from ground lidars seems symmetric with a peak around 9.5-11.5 km. Additional efforts in stan-
dardizing ground lidar observation and processing methods, and in merging high-cloud statistics from
complementary measuring platforms, are recommended.

1. Introduction

The observation of geophysical variables requires tem-
poral and spatial resolutions that can resolve the main
features of the object under consideration. On one hand,
Earth would appear bluish for human observers on the
orbits of Mars and Jupiter, and such an appearance would
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be the same after minutes or after days of observation. On
the other hand, the in situ observation of cloud particles
needs high time resolution because cloud layers are not
homogeneous and research aircraft travel at many meters
per second. Intermediate scales to these two examples
are considered in this article, in terms of the characteri-
zation of high-altitude clouds (hereinafter high clouds)
from ground-based and spaceborne instruments.

High clouds are crucially important to global radiative
processes and to the thermal balance of the earth. While
thick high clouds, with a global coverage of only about
5% (Rossow and Schiffer 1999; Stubenrauch et al. 2006),
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are important for the water cycle, optically thin cirrus
clouds, because of their large spatial coverage (Wylie and
Menzel 1999; Stubenrauch et al. 2006), have an impact on
the radiative budget (McFarquhar et al. 2000), and they
play an important role in the dehydration of air entering
the stratosphere (Dessler and Yang 2003).

Now that more and more instruments in orbit are pro-
viding years of cloudiness data [e.g., the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) on board
the A-Train satellite constellation; Winker et al. (2007)],
a challenging task is evaluating such globally consistent
information. A first motivation for this study is hence to
learn more about the differences existing between high-
cloud statistics resulting from a variety of measuring
systems. More specifically, we compare high-cloud al-
titudes from one lidar in space [the Geoscience Laser
Altimeter System (GLAS) on board the Ice, Cloud
and land Elevation Satellite (ICESat)], from a series of
Television and Infrared Observation Satellite (TIROS-N)
Operational Vertical Sounder (TOVS) spaceborne in-
struments, and from a couple of ground lidars in France.
Also, high-cloud optical thicknesses from GLAS are
compared similarly from a number of worldwide mul-
tiyear ground-based lidar datasets.

The second motivation comes from the fact that high
clouds strongly affect the performances of any airborne
electro-optical sensor for limb-viewing observations.
Chervet and Roblin (2006) have developed a model to
determine the performance limitations of an electro-
optical system due to the statistical presence of high
clouds along the line of sight. The model has been ap-
plied to various locations and seasons, using the cloud
climatology of the TOVS Path-B dataset (Stubenrauch
et al. 2006). Airborne sensor performances can be sig-
nificantly impacted by very thin ice clouds (visible op-
tical depth <0.1) especially for lines of sight close to the
horizon, but such clouds cannot be determined by IR
sounders on board satellites using nadir-viewing geo-
metries (Wylie et al. 1994; Stubenrauch et al. 2005).
Ground lidars are well adapted to detect clouds asso-
ciated with small optical thicknesses; hence, they can
be used to improve the climatologic data gathered by
radiometers on board satellites (Platt et al. 1994).
Nevertheless, their measurements are restricted to a few
locations and their detection performances at high al-
titude are limited by lower-atmospheric layers (aerosol,
cloud) and by ambient light. Spaceborne lidars are well
suited for observing high thin clouds: their signal is not
attenuated by lower layers, and their observations are
not limited to a few locations (Winker and Trepte 1998).
However, when they are operated from space, lidar
systems are limited by atmospheric backscattered sig-
nals that have low signal-to-noise ratios on optically thin
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targets (Chazette et al. 2001). Improvement in our un-
derstanding of high-cloud statistics can be reached by
coupling ground-based and spaceborne observations as
well as different types of instruments.

Our main goal is to intercompare the distributions of
the optical thickness and altitude of high clouds as seen
by selected spaceborne observations to those obtained
from ground lidar datasets. Because of the variety of
instrumentation, strategies, and methods applied to li-
dar measurements, we first devoted a significant effort
toward comparing ground lidar datasets. The article is
organized as follows. Datasets under consideration are
summarized in section 2. A number of comparisons in-
volving high-cloud optical thicknesses and altitudes are
presented in sections 3 and 4, respectively. Our main
findings are summarized in section 5, together with
recommendations for future work.

2. Datasets
a. Ground-based lidar at Palaiseau and Lannion

Lidar observations have been conducted at Palaiseau
(48.7°N, 2.2°E) as automatically as possible, under all
rainless atmospheric conditions. The Site Instrumental de
Recherche par Télédétection Atmosphérique (SIRTA)
observatory deploys a dual-wavelength polarization li-
dar named the Lidar Nuages Aerosols (LNA, for cloud
and aerosol lidar). The LNA’s vertical resolution is 15 m
and the detected wavelengths are 532 nm (parallel and
cross polarized) and 1064 nm (Haeffelin et al. 2005).
The LNA backscattered signal provides information
on the presence of clouds and aerosols in the vertical
column between instrument level and 15-km altitude.
An algorithm based on wavelet transform analysis
(Morille et al. 2007) is applied to analyze all lidar pro-
files and retrieve the vertical structures of clouds and
aerosols layers. Two independent methods described
by Cadet et al. (2005) are applied to estimate the opti-
cal thickness of each cloud layer: molecular integra-
tion (MI) and particle integration (PI). The former
integrates the difference (interpreted as extinction)
between the experimental backscatter signal and the
theoretical molecular lidar return, while the latter in-
tegrates the experimental backscatter signal after as-
suming a ratio (the lidar ratio) between the extinction
and backscattering coefficients. The MI method does
not require any hypotheses about cloud layer micro-
physics but strongly depends on the accuracy of the
estimated molecular lidar return throughout the cloud
layer. This method has been discussed in detail by Young
(1995). On the other hand, the PI method is less sensitive
to the signal-to-noise ratio and does not need to be
normalized in particle-free layers but does require the
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specification of the lidar ratio, which is assumed to be
temperature dependent. We have adopted the relation-
ship applied by Noel et al. (2007), and it provides values
of about 18.9, 21.4, and 22.7 sr at temperatures of —20°,
—40°, and —60°C, respectively. A similar approach using
MI and PI methods is followed in analyzing the GLAS
observations (Palm et al. 2002).

Lidar observations have been conducted at Lannion
(48.7°N, 3.5°W) through short and numerous cam-
paigns, mainly driven by National Oceanic and Atmo-
spheric Administration (NOAA) Advanced Very High
Resolution Radiometer (AVHRR) overpasses and the
lack of low-level clouds. Observations are performed
with a 532-nm backscattering and depolarization lidar
system above the Ecole Nationale Supérieure des Sci-
ences Appliquées et de Technologie (ENSSAT) build-
ing. The vertical resolution is 30 m. Optical thicknesses
associated with cloud layers were estimated by applying
an MI method similar to that employed at SIRTA.

Briefly, ground-based lidar observations have been
conducted at Lannion and Palaiseau for use in a variety
of atmospheric studies, following different strategies
and methods. With the aim of comparing high-cloud
characteristics from other observation systems (ground
based and space borne), these two datasets were com-
piled to be as similar as possible. Both datasets became
available for this study in the form of time-altitude
distributions, describing thousands of cloud layers iden-
tified over more than 3 yr at each site. For each atmo-
spheric profile, the top and base altitudes were taken as
those from the highest and the lowest cloud layers, re-
spectively. Mean altitudes were computed as the arith-
metic average of the respective top and base altitudes,
and the geometrical thickness as their difference. At-
mospheric conditions associated with cloud-base alti-
tudes below 7 km were discarded. The high-cloud
optical thickness was computed for the remaining con-
ditions, by summing the respective layer contributions
provided by the MI-PI methods. Only optical thick-
nesses ranging from 0.003 up to 3 were retained, that is,
up to a typical optical thickness for lidar attenuation-
limited opaque cirrostratus (Sassen and Cho 1992). Re-
maining observations were grouped by day, and all the
days corresponding to less than 10 observations associ-
ated with high clouds were discarded. This rejection
filter was applied to avoid undersampled, or too tran-
sient, meteorological conditions; in the case of Palaiseau
(integration time of 30 s), such a number of observations
corresponds to at least 5 min of high-cloud cover (con-
tinuous or not).

Retained optical thicknesses were then corrected as
suggested by Chen et al. (2002) to include a first-order
approximation of the multiple scattering effects on
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backscatter profiles. Such a correction accounts for the
very intense forward scattering (toward the lidar receiver)
of photons that have been previously backscattered af-
ter a first interaction. According to this method, experi-
mentally derived optical thicknesses TAU are hereinafter
interpreted as their corrected value, exp(TAU) — 1. The
importance of such a correction is strongly dependent
on the magnitude of TAU; for example, experimental
values equal to 0.01, 0.1, and 1 become 0.0101, 0.105, and
1.72, respectively.

The remaining days are hereinafter analyzed as in-
dependent samples of high-cloud cover (base altitude
above 7 km) with no cloud layer underneath. The re-
striction of our interest to the daily characteristics of
high-cloud cover (rather than on the overall ensemble
of lidar-derived data) effectively reduced the sample
sizes under consideration: 69 (193) days corresponding
to at least 10 observations associated with high clouds at
Lannion (Palaiseau) rather than the 18 021 (31 445)
atmospheric profiles associated with them. Such a sta-
tistical treatment can be justified by the fact that these
datasets correspond to different time resolutions (30 s
for Palaiseau, and from 2 to 32 s depending on the date
for Lannion). A suite of parameters was obtained from
the 10 (or frequently much more) observations associ-
ated with high clouds on each day: the number of ob-
servations under consideration, the daily limits of the
high-cloud cover (lowest base and highest top altitudes),
and finally the daily minimum, mean, maximum, and
standard deviation values of the mean altitude, the
geometrical thickness, and the optical thickness of high
clouds.

Table 1 summarizes the observations with high clouds
under consideration throughout this study. Seasonal
sampling was less uniform at Lannion, and the overall
number of days with available observations was smaller
than at Palaiseau. At the former site the lidar operations
were basically conducted during short campaigns, while
the latter site is a routine observation facility (Haeffelin
et al. 2005). Coherently, 90% (36%) of the available
days correspond to at least 10 observations associated
with high clouds in the case of Lannion (Palaiseau). A
subset of dataset A is compared with other ground lidar
sites and GLAS results, as is subdataset B with TOVS
Path-B altitude estimates. Except for the ground lidar
results from Gadanki, India; Haute Provence, France;
Réunion island in the Indian Ocean; and the Southern
Great Plains Cloud and Radiation Testbed in the Mid-
western United States (SGP CART) (see Table 3), all the
comparisons account for cloud optical thickness values
that were previously corrected by multiple-scattering
effects. High clouds under consideration in subdataset B
match as closely as possible the optically thin ice clouds
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TABLE 1. Summary of Lannion and Palaiseau datasets of ground lidar observations. DJF stands for December-January—February, and
so on. Full datasets correspond to all the available observations at the beginning of this study. Subdataset A (B) corresponds to clouds
whose base altitude was higher than 7 (8) km and whose experimental optical thickness, i.e., before any multiple scattering correction,
was between 0.003 and 3 (0.095 and 0.88). Respective numbers of days corresponding to at least 10 observations and the numbers of

observations under consideration in each case are also indicated.

Lannion (Sep 2001-Jun 2005)

Palaiseau (Oct 2002-Feb 2006)

DJF MAM JJA SON Total DJF MAM IJA SON Total
Full dataset (days) 8 13 36 20 77 126 136 111 161 534
Subdataset A (days) 8 12 30 19 69 24 48 58 63 193
Relative to full dataset (%) 100 92 83 95 90 19 35 52 39 36
No. of observations 1763 1561 7536 7161 18 021 5035 10 820 6572 9018 31 445
Subdataset B (days) 37 79
Relative to full dataset (%) 48 15
Relative to subdataset A (%) 54 39
No. of observations 6621 7396

that are retrieved by the TOVS Path-B algorithm: base
above 8 km and corrected optical thickness between 0.1
and 1.4 (see section 2d).

Figure 1 presents the subset of dataset A’s observa-
tions associated with high clouds at Lannion and Pal-
aiseau. On a given day, the number of observations
associated with high clouds can be smaller than 10: high-
cloud cover was absent or negligible during lidar oper-
ation, or simply the lidar system was not operating. The
daily variability of the number of observations with high
clouds is significant given that high-cloud cover is nat-
urally variable, and lidar operation can be interrupted.
On average, high-cloud base altitudes are slightly lower
and the top altitudes slightly higher at Lannion than at
Palaiseau, with median values of about 7.02 and 7.55 km
and of 12.00 and 11.46 km, respectively. Such a result
has no apparent reason, although sampling strategy
cannot be excluded. The three bottom panels compare
the optical thicknesses estimated after applying the MI
method to both datasets (Lannion versus Palaiseau, MI
method), as well as the optical thicknesses estimated
after applying two approaches to the same dataset
(Palaiseau, MI and PI methods).

The MI method provided a larger range of values at
Lannion (0.01-2.03) than at Palaiseau (0.02-0.70) and
similar median values (about 0.14); it is challenging to
evaluate the importance of instrumentation issues and
algorithm particularities. At Palaiseau, optical thick-
nesses from the MI method are on average higher than
those from the PI method, with median values about
0.14 and 0.09, respectively. As shown in Fig. 2, optical
thicknesses from these two methods can be very dif-
ferent for a given day. Their correlation coefficient is
weak (about 0.35). Figure 2 shows also that the daily
variability of the optical thicknesses is very high (stan-
dard deviation values are displayed as gray error bars).
Such variability can result from a combination of fac-

tors, including instrument uncertainties and the non-
steady nature of the high-cloud cover above the site.

b. Ground-based lidar at selected sites

High clouds have been observed worldwide with the
help of surface-based lidar instrumentation. Many ob-
servation initiatives have been put into place for periods
covering a few hours up to a couple of years, for a va-
riety of regional-seasonal motives and goals. A non-
exhaustive selection is presented in Table 2. Unfortu-
nately, the time coverage of most of these initiatives was
shorter than 1 yr, reducing their meaningfulness for
climatologic purposes.

A second class of studies has been based on the at-
mospheric monitoring over years at permanent sites.
The advantages of this strategy are somewhat obvious:
uniform sampling of weather systems and of seasonal
features become possible, while the statistical robust-
ness of the datasets created is increased. Long-term
funding is involved and high scientific standards are
required. As a consequence, only a few such datasets
have been established. Sassen et al. (2001) have sum-
marized the longest of them, namely that of the Uni-
versity of Utah’s Facility for Atmospheric Remote
Sensing (FARS) near Salt Lake City. Many years of
observation have been successfully analyzed to fully
characterize high clouds (Sassen and Benson 2001;
Sassen and Campbell 2001; Sassen and Comstock 2001;
Sassen et al. 2003, 2007).

A summary of the datasets under consideration is
provided in Table 3. Only datasets spread over at least
2 yr and sampling all the seasons were taken into account.
Table 3 gives an overview of seven ground-based lidar
observation datasets: two tropical sites in the Indian
Ocean region (Gadanki, India, and Réunion Island) and
five midlatitude sites, two of them in continental United
States (Salt Lake City, and the Atmospheric Radiation
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Lannion - observations with high clouds

Palaiseau - observations with high clouds
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FIG. 1. Distribution of high clouds under consideration (left) Lannion (observations between Sep-
tember 2001 and June 2005) and (right) Palaiseau (observations between October 2002 and February
2006): (top to bottom) daily number of observations with high clouds, daily limits of high clouds, and daily
mean values of their optical thicknesses. The MI method for obtaining optical thicknesses was considered
in both cases, and the PI method was used in the case of Palaiseau only.

Measurement Program’s SGP CART site in Oklahoma),
and three in France (Haute Provence, Lannion, and
Palaiseau). These sites correspond to different land-
scapes, including rural (Gadanki, Haute Provence, SGP
CART), urban (Lannion, Réunion, Salt Lake City), and
a somewhat intermediate situation (Palaiseau); more-
over, one of them can be classified as oceanic (Ré-
union), another is located a few kilometers from the sea
(Lannion), and two others are located near mountain
features (Haute Provence, Salt Lake City). Each dataset
resulted from the application of a particular observation
strategy, from automatic recording to human-dependent
visual identification of ice clouds prior to lidar opera-
tion. Moreover, a particular data-processing chain was
applied to each dataset, providing results to the com-
munity in a variety of formats.

c. Spaceborne lidar

Global spaceborne lidar profiling of atmospheric
clouds and aerosol began in 2003 with the launch of the
GLAS on board ICESat (Spinhirne et al. 2005a). GLAS
was the first spaceborne lidar system for which the op-
tical thickness of semitransparent clouds was opera-
tionally produced. The characteristics of high clouds
from GLAS observations have been presented by
Eguchi et al. (2007); for instance, their optical thickness
is typically greater in the midlatitudes. In the present
study, only the second long period of GLAS observa-
tions (between 1 October and 18 November 2003) is
taken under consideration. As in Eguchi et al. (2007),
we have analyzed the “laser 2a campaign,” ignoring its
first 7 days, for which the data quality was poor. During
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FIG. 2. Scatterplot of high-cloud optical thicknesses at Palaiseau
obtained simultaneously after application of the PI (abscissas) and
MI (ordinates) methods. Black triangles and gray bars indicate
daily mean and standard deviation values, respectively. The one-
to-one correspondence line is also displayed.

this period the 532-nm channel was at its uppermost
sensitivity (Abshire et al. 2005; Schutz et al. 2005).
GLAS measurements are performed with a 65-m-di-
ameter footprint and 172-m along-track spacing (Schutz
et al. 2005). We use GLAS Release-26 products, ob-
tained from the 1-s-averaged data (40 single profiles).
Each averaged profile corresponds to a 7-km along-
track narrow segment.

Methods employed in analyzing GLAS observations
are described by Palm et al. (2002), and they are similar
to the methods used for the ground-based retrievals.
The processing algorithms employ two independent
procedures to derive the cloud optical thickness de-
pending on atmospheric conditions. For optically thin
layers (TAU < 0.6), or for cases where the lower
boundary of the layer is close to the surface or within 1 km
of another aerosol or cloud layer, a forward-integration
solution of the lidar equation (as in the PI method) is
employed using the cloud extinction-to-backscatter ra-
tio (lidar ratio) obtained from lookup tables. For suffi-
ciently isolated cloud layers within an approximate
TAU range of 0.1-2, the lidar ratio and TAU can be
independently derived from the loss of signal relative to
the known molecular scattering value just below the
cloud (Hlavka et al. 2005) as in the MI method. Multiple
scattering has been considered by assuming a correction
factor depending on the optical thickness, particle size,
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geometric depth, and mean height of the layer (Palm
et al. 2002). As a result, cloud optical thicknesses can be
determined down to about 0.002 at night, whereas this
limit is about 0.02 for daytime observations (Hlavka
et al. 2005, and our Fig. 5).

d. Spaceborne infrared vertical sounder

The TOVS Path-B dataset (Scott et al. 1999;
Stubenrauch et al. 2006) provides global atmospheric
temperature and water vapor profiles as well as cloud and
surface properties at a spatial resolution of 1° latitude X
1° longitude. At present, the dataset covers the time
period from 1987 to 1995. Cloud pressure P.q and ef-
fective IR cloud emissivity E 4 are retrieved by apply-
ing a weighted chi-2 method to five radiances along the
15-pum CO; absorption band (Stubenrauch et al. 1999a).
The relatively high spectral resolution of the TOVS in-
struments yields reliable cirrus properties, day and night
(Stubenrauch et al. 1999b, 2006). The High Resolution
Infrared Radiation Sounder (HIRS) component of the
TOVS package is sensitive to clouds associated with
visible optical thicknesses above 0.1 (Wylie and Menzel
1999). Cloud altitude has been evaluated (Stubenrauch
et al. 2005) with vertical profiles of backscattered radi-
ation from quasi-simultaneous Lidar In-Space Tech-
nology Experiment (LITE) observations (McCormick
et al. 1993). The cloud altitude determined by TOVS
generally corresponds well to the “apparent middle al-
titude” of the cloud system at 1° (latitude and longitude)
spatial resolution. According to TOVS Path-B, about
30% of the globe is covered by high clouds (defined as
P4 < 440 hPa), and 28% of the Northern Hemisphere
(NH) midlatitudes are covered by high clouds. The
seasonal cycle of high-cloud amount in the NH midlat-
itudes is stronger over land than over ocean. There are
more high clouds in spring and in summer (up to 35%)
than in autumn and in winter (less than 25%).

In the following, only optically thin cirrus (Eqq < 0.5,
corresponding approximately to visible optical thick-
ness <1.4) is compared to high-cloud statistics from
lidar measurements. About 40% of all high clouds in-
cluded in the TOVS Path-B statistics fall into this cat-
egory. High clouds in this analysis are defined as clouds
at altitudes above 8 km (corresponding approximately
to 380 hPa). For the comparison with lidar measure-
ments, P.q had to be transformed into altitude by using
the TOVS Path-B monthly mean profiles of virtual
temperature. The altitude determination of thin cirrus
is more uncertain than for thicker cirrus. Stubenrauch
et al. (2008) have applied the weighted chi-2 method
to data from the Atmospheric IR Sounder (AIRS)
on board the Aqua satellite (Chahine et al. 2006) and
compared the retrieved cloud height with collocated
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TABLE 2. Selected high-cloud observations from surface-based lidar instrumentation.
Source Location Period Remarks

Ansmann et al. (1993)
Beyerle et al. (1998)
Beyerle et al. (2001)
Chen et al. (2002)
Comstock et al. (2002)

Del Guasta et al. (1993)
Flamant et al. (1989)

North Sea (53.5°-55°N, 7°-9°E)

Atlantic Ocean (45°S-35°N, 25°-30°W)

Table Mountain, CA(34.4°N, 117.7°W)

Chung-Li, Taiwan (25°N, 121°E)

Republic of Nauru (0.5°S, 166.9°E)
Dumond d’Urville, Antarctica (66°S, 140°E)
Haute Provence, France (43.9°N, 5.7°E)

Sep-Oct 1989
Oct-Nov 1996
Feb-Mar 1997
Aug 1999-Jul 2000
Apr-Nov 1999

1989-90 (1 yr)
1983-84

Four lidar systems;

38 cirrus cases
57 h in the tropics

(72% with cirrus)
Three lidar systems;

~200 h with cirrus
210 mean profiles with cirrus
5664 h (44% with high clouds)
2770 mean profiles with cirrus
A few weeks of observation

Giannakaki et al. (2004)
Gobbi et al. (2004) Rome, Ttaly (41.8°N, 12.6°E)

Imasu and Iwasaka (1991) Nagoya, Japan (35.2°N, 137.0°E)
Immler and Schrems (2002b)
Immler and Schrems (2002b)
Immler and Schrems (2002a)  Atlantic Ocean (8°S-12°N)
Pace et al. (2003)
Parameswaran et al. (2004)
Platt (1973)

Platt and Dilley (1979)
Platt and Dilley (1979)
Platt et al. (1987)

Mabhe, Seychelles (4.4°S, 55.3°E)
Gadanki, India (13.5°N, 79.2°E)

Platt et al. (1987)
Platt et al. (1994) Global (ECLIPS project)
Platt et al. (1998)
Platt et al. (2002)
Reichardt (1999)
Sassen et al. (1990)

Seifert et al. (2007)

Veerabuthiran and

Thessaloniki, Greece (40.5°N, 22.9°E)

Punta Arenas, Chile (53.1°S, 70.9°W)
Prestwick, Scotland (55.5°N, 4.6°W)

Adelaide, Australia (34.9°S, 138.6°E)
Adelaide, Australia (34.9°S, 138.6°E)
Aspendale, Australia (38°S, 144°E)
Aspendale, Australia (38°S, 144°E)

Darwin, Australia (12.4°S, 130.8°E)
Kavieng, Papua New Guinea (2.5°S, 152°E)
Melville Island, Australia (11.4°S, 130.4°E)
Geesthacht, Germany (53.5°N, 10.5°E)

WI, United States (43°—45°N, 88°-91°W)

Maldives, Indian Ocean (4.1°N, 73.3°E)

Seven cirrus cases

993 mean profiles (45%
with cirrus)

Two periods of intensive
observation

71 h (56% with cirrus)

74 h (35% with cirrus)

“One single cloud across
2200 km”

67 h with cirrus

121 nights with cirrus

Sep 2001-Oct 2002
Feb 2001-Feb 2002

1987-88

Mar-Apr 2000
Sep-Oct 2000

30 May-3 Jun 2000

Feb-Mar 1999
Jan 1999-Mar 2000

Nov 1970 Four cirrus cases

May 1972 Three cirrus cases
Sep-Nov 1975 Five cirrus cases

1978-80 22 winter and 26 summer

cirrus cases

11 cirrus cases

Two periods of intensive
observation

14 cirrus cases

19 cirrus cases

34 cirrus cases

Four lidar systems;
32 h with cirrus

Four periods of intensive
observation

Mar-Apr 1981
1989, 1991

Jan—Feb 1993
Nov-Dec 1995

May 1994-Mar 1996
27-28 Oct 1986

Feb 1999-Mar 2000

Satyanarayana (2004)
Whiteman and Demoz (2004)
Winker and Vaughan (1994)
Wylie et al. (1995)

Trivandrum, India (8.6°N, 77°E)

Andros Island, Bahamas (24.7°N, 77.8°W)

Hampton, VA (37.0°N, 76.5°W)
Madison, WI (43.1°N, 89.4°W)

Jun 1999-Apr 2003

Jul-Sep 1998
1989, 1991
Aug 1993-Apr 1994

190 days (~50% with cirrus)

220 h with cirrus
1000 h (~50% with cirrus)
19 cirrus cases

Cloud-Aerosol Lidar and IR Pathfinder Satellite Ob-
servations (CALIPSO; Winker et al. 2007), using 1 yr
of statistics. This analysis has confirmed the results of
Stubenrauch et al. (2005) showing that the peak of al-
titude difference distributions is around 0, but that the
distribution for thin cirrus is broader than the one ob-
served for thick cirrus.

For the comparisons with lidar results, we note that the
statistics of TOVS Path-B contain both single-layered
and multilayered clouds. The comparison with LITE has
shown that at a spatial resolution of 1° in latitude and
longitude, about two-thirds of the high-cloud occurrences
involve multilayer cloud systems. In the case of multi-
layer clouds, the TOVS Path-B altitude of the highest

cloud layer is retrieved; in general, this altitude is as well
determined as in the case of single-layer thin cirrus.

3. Optical thickness of high clouds
a. Ground-based lidar observations

The seven datasets under consideration are compared
in Fig. 3, in terms of cumulative frequency. Tropical
sites are indicated by black symbols, and midlatitude
sites are indicated by white and gray symbols for sites
located in the continental United States and France, re-
spectively. Additionally, Fig. 3 compares results obtained
from both the MI and PI methods applied to observa-
tions conducted at Palaiseau.
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—i- Gadanki —— Reunion
—o—Haute Provence —0—Lannion

100

<O—Salt Lake City [ SGP-CART
—A -Palaiseau (M) —A—Palaiseau (PI)

75

cumulative frequency (%)
()]
o

optical thickness

FIG. 3. Distribution of the optical thickness associated with high
clouds, at the ground lidar sites summarized in Table 3. MI and PI
indicate the results after applying these two methods to the same
lidar observations at Palaiseau.

Cumulative frequencies for the tropical sites agree
within 10%, with higher frequencies of cloud having
optical thicknesses less than 0.1 than at midlatitude
sites. Such a result (thin clouds are relatively more
frequent at tropical than at other latitudes) is consistent
with previous findings from spaceborne lidar observa-
tions (Eguchi et al. 2007). Results for midlatitude sites
exhibit less agreement than for the tropical sites under
consideration.

In reality, we should not expect similar cloud optical
thickness distributions from lidar observations con-
ducted under different regional atmospheric conditions.
As discussed by Keckhut et al. (2006), a given high-
cloud climatology is conditioned by the weather sys-
tems prevailing on the site under consideration because
they determine to a large extent the variations in tem-
perature, pressure, and water vapor content in air
masses where clouds can subsequently form. For in-
stance, Sassen and Campbell (2001) found that the
strong linkage between cirrus and weather in Salt Lake
City is controlled by upper-air circulations mainly re-
lated to seasonally persistent intermountain region
ridge—trough systems.

Nevertheless, cloud optical thickness distributions
from lidar observations are not exclusively dependent
on regional atmospheric conditions. Particularly in the
case of the datasets under consideration, there are several
notable differences.

VOLUME 48

First, the observation strategy varied from the auto-
matic recording (Palaiseau, SGP CART) to the human-
dependent visual identification of ice clouds previous to
lidar operation (Lannion, Salt Lake City). Subvisual
clouds, with optical thicknesses smaller than 0.03 (Sassen
and Cho 1992), may be undersampled according to the
latter strategy.

Second, somewhat different cloud types are being
compared. Five of seven datasets in Fig. 3 (Gadanki,
Haute Provence, Réunion, Salt Lake City, and SGP
CART) correspond explicitly to high clouds that con-
tain ice particles only (“ice clouds’); nevertheless, the
criteria adopted for identifying ice clouds were not
unique. Such criteria were based on conditions to be
fulfilled regarding the base altitude, the temperature at
the base altitude, the scattering ratio, the linear depo-
larization, the visual appearance, or combinations of
these parameters. The Lannion and Palaiseau datasets
correspond to high clouds identified from the base al-
titude only, and then they may partially consist of liquid
water particles.

Third, different methods were used to calculate cloud
optical thickness, including (a) the molecular integration
method, which involves the interpolation of the mole-
cular backscatter profile above and below each cloud
layer (Lannion and also Palaiseau), and (b) the particle
integration method, which requires the specification of
the lidar ratio associated with the cloud particles (Haute
Provence, Palaiseau, Réunion). As shown by Cadet
et al. (2005), the PI method is more reliable than the MI
method for optical thicknesses smaller than 0.2.

Fourth, the instrumentation varied from one site to
another. Each dataset corresponds to a particular com-
bination of a suite of parameters like maximum pulsed
energy, pulse width and its repetition rate, beam di-
vergence, vertical resolution, noise level, integration
time, and receiver solid angle. The role played by these
parameters on cloud optical thickness remains to be
assessed, and it is plausible that they can impact the
observation of thin and thick clouds. For instance, while
more powerful lidar systems have a higher sensitivity to
cloud particles, there can be an increase in multiple
scattering contributions to lidar return signals. The mul-
tiple scattering contributions increase with optical thick-
ness and depend on the receiver solid angle (Platt 1981).
However, little effort has been undertaken to include
such an influence on the optical thickness evaluation
[e.g., Sassen and Comstock (2001); Salt Lake City da-
taset]. A rough estimate of the forward-scattering in-
fluence is considered in the case of the Lannion and
Palaiseau datasets (see section 2a).

Additionally, high-cloud optical thickness distributions
from ground-based lidar observations can be different
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because of methodological features, too. The evaluation
of the latter influence is not straightforward, making
comparisons involving two given sites difficult.

In the case of the Salt Lake City and SGP CART
sites, distributions are close over a wide range of optical
thicknesses despite differences in sampling atmospheric
conditions (episodic and continuous recording), in iden-
tifying ice clouds (visual inspection and linear depolar-
ization thresholds), and in accounting for multiple
scattering effects (with and without, respectively). Dis-
regarding for a moment these methodological features,
both distributions indicate that the regional atmospheric
conditions are less effective in producing optically thin
high clouds (TAU < 0.1) than the conditions prevailing
at the other sites under consideration.

In the case of Lannion and Palaiseau, optical thick-
ness distributions disagree (by 10% or more) even after
the application of the same approach for integrating
backscatter profiles, the same (first order) multiple scat-
tering corrections, and the same procedure for compil-
ing daily events rather than individual atmospheric
profiles. Consideration of instrumental issues and their
compromises (resulting in different integration time
values) and the observation strategy seem to be the
major candidate ‘“‘methodological” reasons for such
disagreements. However, regional atmospheric features
cannot be discarded. Because of the geographical lo-
cation of these sites (Lannion is located a few kilome-
ters from the sea), it may be argued that the prevailing
atmospheric conditions are influenced by midlatitude
storms traveling in the east Atlantic [see, e.g., typical
trajectories shown in Fig. 5 of Joly et al. (1997)]. Ap-
plication of such a hypothesis to the analysis of tenths of
days with lidar observation under the occurrence of high
clouds is far from straightforward.

Seasonal features are presented in Fig. 4 for selected
midlatitude sites. Such a presentation, site by site
(rather than season by season), allows a clearer analysis
because the methodological factors affecting the cloud
optical thickness distributions—instrumentation, obser-
vation strategy, integration method—remain unchanged.
The Palaiseau and SGP CART datasets correspond to
weaker seasonality, in the sense that similar cumulative
frequencies were obtained. Recall that both datasets
have an automated measurement strategy. In the case of
Palaiseau, more than 100 days of lidar operation by
season had been completed by February 2006 (see Ta-
ble 1). We note that the Haute Provence and Lannion
datasets exhibit different seasonal features. Both data-
sets have been built after the scientific-oriented selec-
tion of atmospheric conditions before starting the lidar
operation. Table 1 shows that in the case of Lannion not
only the seasonal distribution of the lidar operation has
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been very inhomogeneous (4.5 times more days in sum-
mer than in winter) but also such an operation has been
very oriented toward high-cloud observations (90% of
operation days corresponded to at least 10 observations
with high clouds).

b. Spaceborne and ground-based lidar observations

For the sake of a proper comparison, we have limited
our interest to GLAS observations for which the surface
(land or sea) return was unambiguously identified. We
kept only data for which the optical thickness of all the
layers was available, and the altitude base of the lowest
layer was above 7 km.

The upper-left panel in Fig. 5 compares the global
distributions of high-cloud optical thickness, after sep-
arating the GLAS daytime (black) and nighttime back-
scatter profiles (gray line). Atmospheric background due
to scattered sunlight can be strong enough to disturb
observations performed with a spaceborne lidar, re-
ducing its ability to detect optically thin clouds. As can
be seen in Fig. 5, GLAS daytime observations do not
show the occurrence of high clouds associated with
optical thicknesses smaller than 0.02. The nighttime and
daytime global distributions become closer after dis-
carding optical thicknesses smaller than 0.02 in the
nighttime distribution (crosses).

In the following discussion, only distributions of cloud
optical thickness resulting from GLAS nighttime ob-
servations are considered. To obtain a sufficient number
of GLAS observations, we focused on two latitude bands
(20°S-20°N, and 40°-60°N), roughly corresponding to
the locations of the ground sites.

In the upper-right panel in Fig. 5, three different cri-
teria employed in identifying high clouds are compared
for both latitude bands: base temperature colder than
233 K (black squares), base temperature colder than
253 K (white squares), and base altitude above 7 km
(single-color curves). It is relevant to note that Eguchi
et al. (2007) have identified cirrus clouds from GLAS
observations through a criterion combining the base
temperature and altitude. Eguchi et al. defined ice
clouds after their base temperature (colder than 233 K),
and adopted base-altitude thresholds of 5 and 8 km for
midlatitudes and the tropics, respectively. As shown in
our Fig. 5, base altitudes above 7 km and base temper-
atures colder than 253 K identify essentially the same
clouds for both latitude bands. This is also the case after
adopting a cloud-top temperature threshold of 233 K, as
in Sassen et al. (2008) (results not shown). For both lat-
itude bands, the importance of thin clouds (TAU < 0.01)
increases in adopting 233 K instead 253 K as a base
temperature threshold.
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FIG. 4. Seasonal distribution of the optical thickness associated with high clouds, at four ground lidar sites
under consideration.

In the following analysis, high clouds that were iden-
tified through their base altitude (lower threshold at
7 km) are considered from GLAS observations. In the
center panel in Fig. 5, we have compared GLAS and
ground lidar distributions of high-cloud optical thick-
nesses for the tropics and northern midlatitudes. For the
latter, results from ground lidars come from different
longitudes and prevailing cloud regimes (continental
United States, France). Longitudinally integrated opti-
cal thicknesses from GLAS observations consistently
correspond to cumulative frequencies that are inter-
mediate to those from ground lidars. Differences be-
tween the optical thickness distributions are large for
the tropics, where both ground lidar datasets charac-
terize ice clouds (see Table 3). Such differences de-
crease as the base altitude of the GLAS selected high
clouds increases from 7 to 12 km (see left-center panel
in Fig. 5). Such an effect depends on the optical thick-

ness itself, being greater at 0.1 than at 0.01. The small
frequency of very thin (TAU < 0.01) GLAS clouds
compared to ground lidars might be associated with
different cloud sensitivities. Nevertheless, a further anal-
ysis is limited by the regional limitation of ground lidar
statistics as well as by the short time coverage of the
GLAS dataset under consideration.

Section 3a compared high-cloud statistics at different
sites from ground-based lidar observations. The latter
have been performed with the help of different instru-
mentation, conducted according to different strategies,
and analyzed through different methods. The opera-
tion of a spaceborne lidar system provides the possi-
bility of investigating the respective statistics with the
help of unique instrumentation, observation strategies,
and methods of analysis. Moreover, spaceborne lidar
observations likely provide a better assessment of cloud
tops than those that are ground based.
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F1G. 5. Distributions of the optical thickness associated with high clouds from GLAS and selected
ground lidar sites: (top left), global results (daytime, nighttime, and nighttime after discarding events
corresponding to TAU < 0.02); (top right) latitude-averaged results after no temperature threshold,
and after two temperature thresholds at cloud base; (middle) latitude-averaged distributions from GLAS
and selected ground lidar sites at tropical and northern midlatitudes; and (bottom) a variety of GLAS and
ground lidar results at (left) Lannion and (right) Palaiseau (see text).

Although more consistent, such an investigation has
inherent limits, like some bias in sampling the diurnal
cycle and sampling over a given time period. The bot-
tom panels in Fig. 5 present a sensitivity test performed
in an attempt to reduce the geographical domain under
consideration for GLAS observations. As previously,
blue lines in Fig. 5 indicate the longitudinally integrated
optical thickness distribution from GLAS nighttime
observations for the 40°-60°N latitude band. Regions
extending over 3° in latitude and 6° in longitude cen-
tered on Lannion and Palaiseau were quite arbitrarily
defined (not too large to be representative of the cloud
cover properties over the site, not too small to have a
sufficient number of GLAS observations). Thick gray

lines show the resulting optical thickness distributions,
obtained from 92 and 155 averaged profiles associated
with high clouds, respectively, over Lannion and Pal-
aiseau. Differences between respective GLAS optical
thickness distributions reached 10% or more.

In summary, the optical thicknesses from GLAS and
ground lidar are consistent on northern midlatitudes
(center-right panel in Fig. 5); despite the variety of in-
struments, observation strategies, and methods of anal-
ysis employed by different research groups, no major
bias can be attributed to such GLAS high-cloud statis-
tics. Nevertheless, additional work remains to be accom-
plished in order to understand GLAS results in the tropics.
Regional evaluation is a challenging task, requiring larger
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and regular datasets as well as the adoption of homo-
geneous procedures and systems.

4. Altitude of high clouds

Cloud ““limits” (e.g., bases and tops) depend on the
radiation wavelength of the observation, because each
particle size (and shape) interacts differently with the
wavelengths used in atmospheric remote sensing. This is
obvious for ice clouds observed simultaneously with the
help of visible lidar and microwave radar (see, e.g., Fig. 4
in Haeffelin et al. 2005). Procedures for cloud altitude
identification from lidar measurements have been de-
veloped and compared (e.g., Wang and Sassen 2001).
Such an issue can be assumed to be negligible when
comparing altitude statistics resulting from observations
performed with two visible lidar systems, but becomes
important when cloud-top estimates from visible lidar
and infrared sounder spaceborne observations are com-
pared (Stubenrauch et al. 2005).

Two comparison exercises are presented in this sec-
tion, as contributions to a deeper understanding of high-
cloud altitudes as estimated from different measuring
systems. As a first exercise, selected lidar datasets are
compared: ground-based observations at Lannion and
Palaiseau, and latitude-integrated results from GLAS.
Altitude estimates should agree better than their re-
spective optical thickness estimates since they do not
involve an integration method, a lidar ratio assumption,
or a multiple scattering correction.

Figure 6 presents altitude and geometrical thickness
distributions in a four-row, four-column display format.
The first column (from the left) corresponds to the
whole subdataset A of ground lidar high-cloud statistics
(Table 1), while the three remaining columns show re-
sults for three ranges of cloud optical thickness (i.e.,
<0.03, between 0.03 and 0.3, and >0.3). These classes
have been defined by Sassen and Cho (1992) in char-
acterizing ice clouds. Variables displayed from the first
to the fourth rows correspond to the highest top alti-
tude, the mean altitude, the lowest base altitude, and the
geometrical thickness distributions emerging from days
corresponding to at least 10 ground lidar observations as-
sociated with high clouds. Results for Lannion (Palaiseau)
are shown with green (blue) bars, excepting situations in
which the number of days was considered to be arbi-
trarily small. Selected displays include respective in-
formation from the northern midlatitudes after analysis
of nighttime GLAS observations (gray bars).

The ground lidar results agree for the intermediate
range of optical thicknesses (0.03-0.3): daily values of
the highest top, mean altitude, lowest base, and geo-
metrical thickness peak near 11.5, 9.5, 7.5, and 1.5 km,
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respectively. The highest top and geometrical thickness
assume slightly greater values, and the mean altitude
and lowest base slightly lower values, at Lannion than at
Palaiseau. It is difficult to separate the relative impor-
tance of the prevailing weather systems, of the obser-
vation strategy, and of the limited sample size on such
small differences. Results associated with the whole
range of optical thicknesses (left panels in Fig. 6) are
somewhat dominated by those in the 0.03-0.3 range;
the latter correspond to more than 59% and 83% of
days under consideration, respectively, for Lannion and
Palaiseau. In general, results obtained from Palaiseau
indicate that optically thinner high clouds (TAU < 0.03)
were associated with higher altitudes and smaller geo-
metrical thicknesses. Results from Lannion show that
optically thicker high clouds (TAU > 0.3) were also
geometrically thicker (peaking near 2.5 rather than
1.5 km) and their tops were higher (peaking near
12.5 rather than 11.5 km).

Selected altitude and geometrical thickness distribu-
tions from GLAS observations were included in Fig. 6.
Excepting mean altitudes corresponding to optically
thin clouds, the agreement between the ground and
space lidars is remarkable: their respective distributions
peak within 1 km. More effort remains a requirement
in comparing respective altitude estimates under other
climatic conditions.

As a second exercise, thin cirrus altitude statistics
from TOVS Path-B, covering a period of 8 yr, were
compared to ground-lidar results at Lannion and Pal-
aiseau. The former dataset corresponds to cloud alti-
tudes above 8 km, and to visible optical thicknesses with
TAU between 0.1 and 1.4 (see section 2d). Regions
extending over 3° in latitude and 6° in longitude cen-
tered on Lannion and Palaiseau were taken into ac-
count. The optical thickness ranging from 0.1 to 1.4 and
the lower base altitude threshold of 8 km were also
adopted in the Lannion and Palaiseau ground-based
datasets. As a result, among the 69 (193) days corre-
sponding to at least 10 observations with high clouds
associated with base altitude above 7 km and TAU
between 0.003 and 3 at Lannion (Palaiseau), only 37
(79) days were retained, that is, about 54% (39%) of
previously considered high clouds (see Table 1). Since
TOVS Path-B retrievals are equally distributed over the
year, a proper comparison with the results from ground-
based lidars requires a sampling as uniform as possible
throughout the year. The inspection of both ground li-
dar datasets revealed that such a condition was not
fulfilled. The 37 (79) days with high clouds that were
retained are distributed as 6, 6, 17, and 8 (10, 25, 19, and
25) for winter, spring, summer, and autumn, respec-
tively, in the case of Lannion (Palaiseau).
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FIG. 6. Distributions of altitude and geometrical thickness associated with high clouds from ground lidars at Lannion (green) and
Palaiseau (blue), and from GLAS nighttime observations for the latitude band 40°-60°N (gray bars). Figures in parentheses indicate the
respective numbers of days corresponding to at least 10 observations associated with high clouds. Results displayed through white bars
correspond to values of such numbers of days that were quite low (and hence their significance was smaller): (top to bottom) daily highest
top, mean altitude, daily lowest base, and geometrical thickness; (left to right) all TAUs, TAU < 0.03, TAU < 0.3, and TAU > 0.3.

The top panels in Fig. 7 compare the distributions of
thin cirrus altitude from the TOVS Path-B climatology
(dashed bars) to those of the high-cloud mean altitude
as obtained from ground lidar observations. The ordi-
nates correspond to the vertical resolution of the TOVS
Path-B altitude estimates. Ground lidar results are
presented in Fig. 7 using three different statistics: the
daily highest mean altitude (white), the daily median
value of mean altitudes (gray), and the daily lowest
mean altitude (black bars). Altitude estimates from
TOVS Path-B agree better with the latter at both sites.
The mean altitudes from ground lidar do not exceed
13.5 km at either site. In the TOVS Path-B retrieval,
clouds for which the chi-2 method did not provide a
physical solution have been set to very thin cirrus (or
clear sky) with E,q = 0 and P.q = 106 hPa, the latter

corresponding to the highest altitude value in Fig. 7.
The three distributions from ground lidar highlight
the diurnal variability of the altitude of cloud altitude.
The bottom panels in Fig. 7 present geometrical thick-
ness distributions of high clouds associated with the
daily minimum and daily maximum mean altitude.
Over Lannion, both distributions are quite similar and
broad. Over Palaiseau, the geometrical thickness of the
lowest clouds is slightly smaller than that for the highest
clouds.

Whereas the high-cloud altitude distributions with no
cloud layers underneath are relatively symmetric with
peak values at 9.5-11.5 km from both ground lidar
datasets (daily median values of mean altitudes, top
panels in Fig. 7), the altitude distributions for thin cirrus
from TOVS Path-B are strongly asymmetric, with peak
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F1G. 7. Distributions of the altitude and of the geometrical thickness associated with high clouds at (left)
Lannion and (right) Palaiseau. Analysis is restricted to days corresponding to at least 10 observations with
high clouds, associated with base altitude above 8 km and an optical thickness between 0.1 and 1.4 (see
text). (top) Comparison of altitude estimates from TOVS Path-B and daily maximum, median, and
minimum values of the mean high-cloud altitude from ground-based lidar observations. (bottom) The
geometrical thicknesses that correspond to the daily minimum and maximum of the mean altitudes.

values at 8-9.5 km. There are three reasons that could
explain the discrepancies:

1) The atmospheric conditions under consideration are

different: thin cirrus with no cloud layer underneath
from ground-based lidar observations are compared
with thin cirrus from TOVS Path-B. The latter cor-
responds in a large fraction (more than two-thirds)
to multilayer cloud systems. An independent analy-
sis (N. Lamquin, Laboratoire de Météorologie Dy-
namique, 2008, personal communication) of 1 yr of
CALIPSO L2 data (Winker et al. 2007) sampled
over the Palaiseau site shows a nearly symmetric
distribution peaked at 10 km. In the case of multi-
layer high clouds (half of the cases with layers sep-
arated by more than 800 m), the altitude distribution

2)

3)

of the highest cloud is slightly shifted to lower alti-
tude values.

The statistics of the datasets are very different: the
TOVS Path-B climatology provides measurements
twice per day over 8 yr, whereas the ground-based
lidar observations were only performed on selected
days, in total 37 and 79 days, respectively, for Lannion
and Palaiseau.

The uncertainty of the TOVS Path-B altitude deter-
mination for thin cirrus is larger than for thick cirrus.

A further comparison is presented in Fig. 8, for the

latitude band 40°-60°N. The thin cirrus altitude from
TOVS Path-B is compared to the middle altitude of the
highest cloud layer with optical thicknesses between
0.1 and 1.4 as seen from LITE and GLAS observations,
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FI1G. 8. Distributions of the middle altitude of the highest cloud layer from GLAS (black bars)
and from LITE observations (gray bars), and of the cloud altitude estimated from TOVS Path-B
(dashed); all distributions are averaged over 40°-60°N.

with no exclusion of cases with cloud layers underneath.
TOVS Path-B and LITE distributions correspond both
to the 10 days of LITE operation in September 1994
(see further details in Stubenrauch et al. 2005), whereas
the GLAS data correspond to October—November 2003.
The distributions agree quite well, with a peak around
9.5 km.

S. Summary and recommendations

The statistical description (‘‘climatology’’) of clouds
occurring in the upper troposphere (“‘high clouds”) has
been the goal of a number of earlier studies. A variety of
measuring systems have been employed in evaluating
their optical thickness and altitude. Crucial points in
these comparisons are (i) the effects of varying instru-
ment sensitivity and measurement strategies on the
retrieval of optically thin cirrus, (ii) the statistical
meaningfulness of the dataset, and (iii) the restriction
of measurements in the case of multiple layer cloud
systems.

Our main findings can be summarized as follows:

1) Cloud optical thickness distributions from two tropi-
cal ground lidar sites (Gadanki in India, and Ré-
union Island in the Indian Ocean) agree, with both
indicating more thin high clouds than at midlati-
tudes. Results from five midlatitude sites (Haute
Provence, Lannion, Palaiseau, Salt Lake City, and
SGP CART) exhibit a relatively large variation.
Regional atmospheric conditions certainly play a role

2)

3)

4)

in explaining such a variation, although notable dif-
ferences exist among the datasets under consider-
ation regarding lidar observation strategy and data
processing.

The top, mean, and base altitudes, as well as the
geometrical thickness of high clouds, were studied
as a function of the optical thickness using ground
lidar observations at Lannion and Palaiseau. No
major disagreement was noted between these sites.
Optical thickness distributions from a spaceborne
lidar system (GLAS) and ground lidar sites are con-
sistent at northern midlatitudes despite the variety of
instruments, observation strategies, and methods of
analysis employed in establishing five high-cloud
statistics from ground-based measurements. The re-
duced sample size inherent in the GLAS observa-
tions in boreal autumn 2003 did hindered a deeper
comparison, site to site, with ground-based optical
thickness distributions.

Altitudes of thin cirrus from the 8-yr cloud TOVS
Path-B climatology, resulting from the processing of
spaceborne infrared sounder observations, were
compared with mean altitudes of high clouds (a) with
no lower clouds underneath, (b) with cloud altitudes
higher than 8 km, and (c) with 0.1 < TAU < 14,
from ground-based lidar measurements at Lannion
and Palaiseau. From all days corresponding to at
least 10 observations with high clouds observed at
Lannion (Palaiseau), 54% (39%) correspond to this
category, which roughly agrees with 40% of thin
cirrus out of all high clouds observed by TOVS in
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these regions. The distribution of the altitude of thin
cirrus obtained from the TOVS Path-B climatology
is asymmetric, with a peak between 8 and 9.5 km,
whereas the ground-based lidar climatologies pro-
vide symmetric distributions with a peak between
9.5 and 11.5 km. Spaceborne lidar measurements
provide distributions with peaks around 10 km. Single-
layer high clouds from ground-based lidar observa-
tions seem to be slightly higher and thinner relative
to the total (spaceborne) statistics. This is a result
that needs to be investigated further using collocated
datasets.

Moreover, some recommendations for future work
emerged during the development of this study.

1) High-cloud statistics from ground-based lidar mea-
surements could be more effectively compared after
the adoption of a common observation strategy. If
continuous recording cannot be implemented, efforts
should be undertaken toward improving the seasonal
sampling. Because of the difficulty in standardizing
human visual inspection, it would be preferable to
record continuously even for a few hours so as to not
automatically discard the thinnest subvisual clouds.
A number of routine ground-based lidar observation
programs are being conducted, among them the Mi-
cro Pulse lidar Network (MPLNet; Campbell et al.
2002), whose results shall be included in a future
study.

2) High-cloud optical thickness distributions from lidar
measurements could be more effectively compared
after the application of a common method for inte-
grating layer optical thicknesses, or at least methods
following a similar approach. If taken into account,
multiple scattering corrections and temperature in-
fluences on lidar ratio could be presented in more
detail, allowing proper comparisons with sensitivity
tests on selected parameters.

The synergy between ground-based and spaceborne
lidar observations should be explored in future studies by
including instruments like CALIOP aboard CALIPSO
(Winker et al. 2007). As noted by Sassen et al. (2008),
thin cloud layers that have been ignored by ground-
based instruments (because of attenuation due to the
presence of an optically thick lower cloud layer) could
be more properly observed from a spaceborne lidar.
Observations using infrared sounders are complemen-
tary on the optical thickness scale, and this fact could
constitute the starting point of more robust climatol-
ogies of high clouds in the near future. This is also the
case for back-scattered and limb-viewing transmitted
solar radiation observations, as well as for observations
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performed through lidars and radars. The combination
of results from two, three, or more of these measuring
systems appears to be a sensible approach toward fully
characterizing the entire family of high clouds on the
global scale.
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