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Abstract

This study provides an analysis of cirrus clouds properties at midlatitude in the southern
part of France from ground-based and spaceborne lidars. A climatology of cirrus clouds
properties and their evolution over more than 12 yr is presented and compared to other
mid-latitude climatological studies. Cirrus clouds occur ~ 37 % of the total observation
time and remain quasi-constant across seasons with a variation within ~5 % around
the mean occurrence. Similar results are obtained from CALIOP and the ground-based
lidar, with a mean difference in occurrence of ~5% between both instruments. From
the ground-based lidar data, a slight decrease in occurrence of ~ 3 % per decade is ob-
served but found statistically insignificant. Based on a clustering analysis of cirrus cloud
parameters, three distinct classes have been identified and investigations concerning
their origin are discussed. Properties of these different classes are analysed, showing
that thin cirrus in the upper troposphere represent ~50 % of cloud cover detected in
summer and fall, decreasing by 15-20 % for other seasons.

1 Introduction

High-altitude clouds, like cirrus, have been recognized as important regulators of the
radiative balance of the earth-atmosphere system (Twomey, 1991), and cover at least
30 % of the earth’s surface (Liou, 1986) based on passive measurements. Conse-
quently, a good understanding of their physical properties is essential to determine
the relative strengths of the solar albedo and infrared greenhouse effects at the top
and within the atmosphere, as well as at the surface (Sassen and Campbell, 2001).
Although the contribution of each effect depends strongly on cirrus optical properties
(Zerefos et al., 2003), the altitude and the vertical extension of these clouds have an
obvious impact on the radiative balance. Thin cirrus clouds usually cause a positive
radiative forcing at the top of the atmosphere, while thick cirrus clouds may produce
cooling (Fu and Liou, 1993; Fahey and Schumann, 1999). Therefore, it is essential to
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identify and document these different parameters at different geographical locations
to improve the parameterization in numerical models and decrease uncertainties in
climate prediction. Lidars designed to monitor cirrus clouds have been deployed at
several observatories around the globe for more than a decade, producing regional cli-
matologies from midlatitude (Goldfarb et al., 2001; Giannakaki et al., 2007) and tropical
observatories (Comstock et al., 2002; Cadet et al., 2003; Thorsen et al., 2011). Lidar
instruments can detect cirrus clouds with optical depths as low as 107° at visible wave-
lengths, whereas many satellite sensors require visible optical depths of ~ 0.1 for cirrus
to be detected and, consequently, may underestimate the actual cirrus occurrence fre-
quency. Lidar measurements provide accurate information on the vertical distribution
of cirrus and, therefore, are now used to develop highly resolved cirrus database. The
objective of this study is to construct a cirrus climatology over the period 1996—-2007 us-
ing a ground-based Rayleigh—Mie—Raman lidar, use this unique data set to investigate
the lidar capabilities to describe their decadal evolutions and compare these results
to those obtained from the spaceborne lidar CALIOP which provides global vertical
profiling information of clouds since June 2006. Some studies have investigated cloud
classification based on their macrophysical properties (Desbois et al., 1982; Keckhut
et al., 2006). This kind of investigations should be useful to identify the different forma-
tion processes and their parameterization in general circulation models. Also to further
investigate the lidar dataset, a statistical multivariate analysis based on morphologic
cloud information derived on a lidar sub-set has been performed.

Section 2 describes the design of the ground-based and spaceborne lidar instru-
ments. Section 3 concerns the retrieval of cirrus clouds parameters. Climatology and
data processing to identify the different cirrus cloud classes are presented in Sect. 4.
Finally investigations about the cirrus clouds long-term evolution and discussion about
their origin are respectively presented in Sects. 5 and 6.
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2 Instrumentation and data description
2.1 OHP ground-based lidar

The Rayleigh—Mie—Raman lidar at the Observatory of Haute Provence (OHP) makes
measurements during nighttime throughout the year except in presence of low cloud
and is situated at 43.9° N, 5.7° E and at 679 m altitude. A brief overview of the instru-
ment is given here; details can be found elsewhere (Keckhut et al., 1993; Hauchecorne
et al., 1992; Sherlock et al., 1999). This lidar uses a doubled Nd-YAG laser which emits
a light pulse of ~ 10ns at 532 nm. The repetition rate is of 50 Hz with average pulse
energy of 300 mJ. Raman channels (nitrogen and water vapour) are an upgrade of
the receiving optics of the Rayleigh temperature lidar that is a part of the Network for
the Detection of Atmospheric Composition Change (NDACC). The cirrus channel used
a 20cm telescope and an optical fiber of 1 mm diameter. The field-of-view is equal
to 1 mrad. Because the measurements were also dedicated to stratospheric aerosol
analyses, an electronic shutter system has been added to reduce the induced noise
due to initial burst. Due to this electronic shutter, clouds are only detected above 6 km.
For Raman channels, the backscattered signals are collected by a telescope of 80 cm.
The backscattered signals are collected by optical fibres mounted on the focal plane
of these telescopes and transferred to the optical ensemble. Counts from 8000 shots
(160s) are pre-accumulated in 75m (0.5 ps) bin intervals and stored to constitute the
raw data. Temperatures used throughout the paper in relation with OHP lidar data were
obtained from radiosondes (Vaisala RS-80 — now modem), which are launched daily
from Nimes (~ 100km from OHP) by the French meteorological center (Météo-France)
at midnight, during lidar operations. The temperature difference between both locations
should stay below a few Kelvins.
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2.2 CALIOP spaceborne lidar

The CALIOP lidar, set on the Cloud Aerosol and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) satellite, is designed to provide global vertical profiling information
of clouds and aerosols. It was launched in April 2006 into a sun-synchronous orbit as
part of the A-Train satellite constellation. A brief description is given here; details of
the CALIOP instrument can be found in Hunt et al. (2009). CALIOP is a 2-wavelength
(532nm and 1064 nm) polarization sensitive lidar. Its laser generates optical pulses of
~ 20ns with energy of 110mJ at each of the two wavelengths and a repetition rate
of 20.16 Hz. Backscatter signals are collected by a 1 m diameter telescope. The fun-
damental sampling resolution of the lidar is 30 m vertical and 335m horizontal. The
high quality of processed CALIPSO data products has been demonstrated through
validation campaigns (Winker et al., 2007; Vaughan et al., 2008) and comparisons
studies with ground-based instruments (Plana-Fattori et al., 2009; Dupont et al., 2010;
Thorsen et al., 2011). In this study, we compare the regional quality of climatological
cirrus clouds properties from CALIOP to those observed from the ground-based lidar at
the OHP. To conduct this comparison study, we have analysed CALIOP measurements
of cirrus clouds over the OHP site from June 2006 to December 2012. We considered
CALIOP observations obtained in the vicinity of the observatory in a domain small
enough to remain consistent with the ground-based statistics, and large enough to ob-
tain enough samples to derive statistics. In an area 100 km wide, CALIOP will only
sample twice per 16 day repeat cycle, providing 45 sampling opportunities per year.
Extending the domain to a 2° x 6° latitude—longitude box yields 300 (day + night) over-
passes with about 45 samples each, resulting in about 14 000 samples (as in Dupont
et al., 2010). Temperature used through the paper in relation with CALIOP data come
from the GEOS-5 general circulation model reanalyses, which are included in CALIOP
data files.
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3 Cirrus clouds properties retrieval
3.1 OHP ground-based lidar

Between 1996 and 2007, the lidar recorded about 7000 h of measurements. To build
the cirrus clouds database, as in Hoareau et al. (2009) we adjusted the integration time
according to discontinuities in the optical thickness time series. An example is provided
in Fig. 1. We followed an iterative method designed to find the multiple change points
in value series. The first step of the sampling methodology is to identify the presence of
clouds based in the optical thickness time series retrieved using the pre-accumulated
lidar signals (over 2min 40s). We then temporally integrate the pre-accumulated li-
dar signals between discontinuities, over periods that represent quasi-stationary condi-
tions. Clouds parameters used in this study are determined using these time-integrated
profiles. Clouds are then identified as cirrus according to two criteria. First, the cloud
layer must be as cold as —25°C (Goldfarb et al., 2001). Second, the Scattering Ratio
(SR), defined as the ratio of the total (molecular and particle) backscatter coefficient
divided by the molecular backscatter coefficient, must be above a defined threshold.
Here we define the SR threshold as its average plus three times its standard devia-
tion in the 17-19 km altitude range. Although aerosols might be present in this altitude
range and affect the signal, higher altitudes cannot be used due to the noise increase
in Nitrogen Raman signal. The boundaries of cirrus clouds are defined as the altitudes
where the scattering ratio falls below the SR threshold. A profile is multi-layer if the SR
stays below the threshold for least 225 m (three successive height intervals) between
two successive layers.

From visible lidar backscatter, only the vertical cloud structure (top and base altitude,
geometrical thickness) can be derived directly with a good accuracy and without any
additional assumptions. Even when using polarization and several wavelengths, retriev-
ing optical and microphysical parameters from lidar requires making many hypotheses
about the particle type, shape and size within the cloud. In addition, this retrieval re-
quires very accurate signals, that for a given lidar (Cadet et al., 2005) are not possible
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when clouds are too thin (too weak differential signals) or too deep (too large extinc-
tion above cloud). In our case, even if we should theoretically be able to retrieve the
extinction and thus the optical thickness directly from the Raman channel, the Nitro-
gen backscatter signal is often too noisy for an accurate retrieval. Retrieving the optical
thickness from the visible channel requires knowing the extinction-to-backscatter ratio,
also known as the Lidar Ratio (LR), which depends on particle shape and size within
the cloud. The estimation of the LR includes significant uncertainty in case of thin or
thick clouds. Recent studies of cloud optical properties have shown the LR frequency
distribution is centered at 25 sr for ice clouds (Yorks et al., 2011). This value is con-
sistent with other lidar measurements made using this technique (Giannakaki et al.,
2007; Immler and Schrems, 2002). In order to have the same confidence in all cases,
including thin or thick clouds, and following the literature, we decided to use a constant
LR of 25sr.

For optically thick cirrus, the LR can be affected by multiple scattering. This effect
depends on factors including laser penetration depth, cloud range and height, the field-
of-view of the receiver, particle size distribution and shape (Eloranta 1998; Hogan and
lllingworth, 2003). Sassen and Comstock (2001) assumed a multiple scattering factor
n of 0.9 for subvisible cirrus clouds, of 0.8 for relatively thick clouds and 0.6 to 0.7 for
optically thick clouds. For this study we chose n = 0.75, which implies an uncertainty of
about 20 % on the retrieved optical thickness.

We derived the optical thickness from SR profiles. Because molecular backscattering
can be estimated by a dry air density profile, it can be retrieved from the Nitrogen signal,
so SR can be derived from the ratio of the power in the Rayleigh—Mie and Raman
vibrational Nitrogen channel (Ferrare et al., 2001). The optical thickness (74,s) is then
retrieved by the following expression (e.g. Goldfarb et al., 2001):

zmax
Teirrus = 11-LR- Orayleigh / Nair(2) - (SR(2) — 1)dz (1)

Zmin
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Where Brayieigh = Orayleigh * air(2) @nd the air density number ng(z) are calculated by
the Mass Spectrometer Incoherent Scatter-Extended-1990 (MSISE-90) atmospheric
model, and Opyjeign(532nm) = 5.7 x 10" m* sr".

3.2 Macrophysical and optical properties from CALIOP

In this study, we use the CALIPSO Level 2 v3.01 and 3.02 5 km cloud layer product to
characterize cirrus clouds macrophysical and optical properties. The nominal vertical
resolution of CALIPSO data is 30 m from the surface to 8.2km and 60 m from 8.2 km
to 20.2 km. Cloud layers are identified in CALIPSO backscatter using the selective iter-
ative boundary locator (SIBYL) (Vaughan et al., 2009) which consists of an algorithm
that scans profiles to detect aerosol and cloud layers, and an algorithm to average
profiles and remove detected layers from the profiles before further averaging. Cloud
layers are identified by examining the enhancement of the return signal relative to the
molecular background using a threshold algorithm (Winker et al., 2009). In the multi-
scale approach, the layer finding algorithm performs multiple passes through the data
increasing the amount of horizontal averaging at each pass. After cloud layers are iden-
tified at a particular horizontal resolution they are removed before moving on to further
averaging. In the 5km L2 cloud product three horizontal averaging distances are con-
sidered: 5, 20, 80 km. In this study we consider CALIPSO cloud properties retrieved at
all three distances.

To retrieve the cirrus clouds optical thickness, CALIOP cloud products use three
methods: (1) the transmittance method which requires a clear air signal below the
cloud layer, (2) the lidar equation using a LR of 25 sr and (3) the lidar equation with an
adjustment of the LR to avoid unphysical optical thickness. The large majority (~ 90 %)
of CALIPSO cloud optical thickness uses a fixed LR and a multiple scattering factor of
n = 0.6 for all retrieval types (Thorsen et al., 2011).
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4 Cirrus clouds climatology

As noted in Sect. 3.2 the ground-based lidar at OHP performed systematic measure-
ments over 12 yr (1996—2007). Due to the irregularity of OHP measurements after 2007
due to frequent instrumental failures, their sampling might not be statistically represen-
tative of cirrus cloud properties and we will not use them. Based on the methodology
used to construct the cirrus clouds database (see Sect. 3.1), over the 1996—2007 pe-
riod around 3300 profiles (with cirrus in ~ 1850 cirrus profiles) have been obtained, with
a total of ~ 280 profiles per month over this period (Fig. 2). The total measurements
time is of ~ 7000 h including ~ 2650 h where cirrus clouds have been observed. Fewer
measurements were obtained in 1996 and 2007. CALIOP has measured a mean of
~ 270 profiles (with cirrus in ~ 90 cirrus profiles) per month during nighttime from June
2006 through December 2012 (Fig. 3). That means around 3250 profiles per year,
except in 2006. Although the data sampling is different for both instruments, it is in-
teresting to compare the results obtained for both databases. Contrary to the adaptive
sampling used for OHP data, CALIOP uses three finite integration periods that depend
on the detection or not of a cloud (5 km, 20 km or 80 km, see Sect. 3.2).

4.1 Cirrus clouds classification

From the cirrus clouds parameters retrieved from both instruments, a distribution anal-
ysis has been performed. Figure 4 shows the probability distribution functions (PDFs)
of six cloud properties. These properties were derived from lidar measurements, ex-
cept the mid-cloud temperature (Fig. 4, bottom right) that comes from radiosondes
(Sect. 2.1). As these PDFs are not Gaussian, it could be a possible indication of the
presence of different classes. For example, the PDF of the cloud top height (Fig. 4,
top left) suggests two modes, centered near 12km and 9 km. The same can be said
for the cloud thickness (Fig. 4, bottom left), with two modes centered at ~ 1km and
~ 3km. However, visual analysis can be deceptive, and cannot lead to definite conclu-
sions. To discriminate possible cirrus classes more efficiently, we used cluster analysis,

6387

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiq | Jaded uoissnosig

ACPD
13, 6379-6417, 2013

A decadal cirrus
clouds climatology
from lidars

C. Hoareau et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/6379/2013/acpd-13-6379-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/6379/2013/acpd-13-6379-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

a convenient method to separate observations in homogeneous groups. In our case,
observations (defined by the cirrus cloud parameters) are aggregated into a small num-
ber of clusters based on the dissimilarities between them using a Hierarchical Agglom-
erative Clustering (HAC) algorithm (Jain and Dubes, 1988), and based on Euclidean
distance. HAC is performed following the Ward criterion (Ward, 1963), which ensures
that one will find, at each step, a local minimum of the intra-class inertia (sum of the
inertia of the different observations). The aim of HAC is that each observation belong-
ing to a cluster should be as close as possible to another observation of this cluster,
and as far as possible from an observation belonging to any other cluster. The final
number of clusters is selected choosing the most significant discriminative partition
with respect to the dendrogram of the HAC. This dendrogram allows identifying the
statistical optimum number of classes, i.e. the level in the dendrogram where there
is a significant change of the aggregation index, based on the intra-classes variance
using the Ward distance metric. Here, the HAC, performed on the OHP lidar data, sug-
gests the existence of three distinct classes (Fig. 5, left). To ensure the multivariate
analysis is robust, we performed a Discriminant Factorial Analysis (DFA). This super-
vised discrimination technique, applied on already-classified data, identifies the optimal
set of orthogonal projection axes which best separate the classes. These axes are the
discriminant factors, selected to minimize the probability of mis-classification. As three
classes have been previously identified, the analysis is done along two discriminant
axes, F1 and F2 (Fig. 5, right). The DFA corroborates ~ 91.5% of HAC classifications
and re-affects ~ 8.5% from one class to another. The discriminant axes F1 and F2
represent respectively 59.3 % and 40.7 % of the discrimination. We find a correlation
of 94.5 % between the F1 axis and the top of cirrus clouds, and 81.6 % between the
F2 axis and the geometrical cloud thickness. Therefore, these two parameters seem to
be the most important to discriminate the different classes. Performing the multivariate
analysis on CALIOP data over the OHP site also indicates three classes identified from
the HAC analysis (not shown). For CALIOP data, the DFA corroborates ~ 91.8% of
HAC classifications. Results also show a strong correlation between F1 axis and the
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cloud top height (~ 95.4%), and F2 axis and the cloud thickness (~ 82.4%). The mean
and standard deviation for all parameters of each cirrus class are listed in Table 1.
Class 1 corresponds to thin cirrus relatively low in the middle troposphere, class 2 to
high, thick cirrus and class 3 to high, thin cirrus.

We compare in Table 1 these results to a previous classification conducted on one
year of cirrus cloud observations from the OHP lidar (Keckhut et al., 2006). Although
the statistical methods used are different, the present analysis from ground-based and
spaceborne lidar data shows similar results regarding the number of identified classes
and the behaviour of cirrus parameters in each class.

4.2 Cirrus clouds occurrence

Over the OHP, cirrus clouds occur ~ 37 % of the observation time. Subvisible cirrus
(SVC, with optical thickness < 0.03) are observed ~ 38 % of this time, or ~ 14 % of the
total observation time. These results are different from those of Goldfarb et al. (2001),
hereafter GO1, who reported occurrences of ~ 54 % for cirrus clouds and ~ 25% for
SVC over the OHP for 1997-1999. These significant differences can be explained by
definitions of cloud occurrences. GO1 calculates cirrus occurrence from the number
of cirrus detections divided by the total number of measurements. Here, cirrus occur-
rence is defined as the ratio of cirrus detection time on the total measurement time.
A re-analysis of the G01 data set for the 1997-1999 period using our methodology
gives a cirrus occurrence frequency of ~ 37% over the OHP. Overall, cirrus occur-
rences from the OHP lidar and CALIOP remain quasi-constant (Fig. 6), with variations
within 5 % around the mean occurrence observed across seasons for both instruments.
The maximum occurrence is in spring: ~ 42% (OHP lidar) and ~ 38% (CALIOP). The
minimum is in summer: ~ 33% (OHP lidar) and ~ 29% (CALIOP). The mean difference
between instruments is ~ 5%.

Regarding the occurrence of cirrus clouds classes, for classes 1 and 2, cirrus clouds
are more frequently observed during winter and spring (Fig. 7). For class 1, during
winter and spring, the mean occurrences represent ~ 32% (OHP lidar) and ~ 35%
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(CALIOP) of cloud cover detected, and decrease to ~ 24 % and ~ 23% in mean during
summer and fall. For class 2, mean occurrences are similar: from ~ 33% (OHP lidar)
and ~ 38% (CALIOP) of the cloud cover detected during winter and spring, to ~ 26 %
and ~ 31% during summer and fall. Regarding class 3, variations are opposite across
seasons and more important. Maximum occurrence is in summer and fall. During these
seasons, cirrus clouds represent ~ 49 % (OHP lidar) and ~ 46 % (CALIOP) of the cloud
cover detected. During winter and spring, the relative part of these clouds decrease by
15—20 % with mean occurrence observed of ~ 34% and ~ 26 % for the OHP lidar and
CALIOP, respectively.

We find no clear relation between monthly averages of cirrus occurrence and mid-
cloud temperature when all cirrus clouds are considered. Correlation coefficients be-
tween both are ~ -0.2 from OHP lidar data and ~ —-0.5 from CALIOP data (Fig. 8).
However, we find higher correlations when different classes are considered: —0.72
(OHP) and -0.93 (CALIOP) for class 1. Occurrence, for this class, increases by
~5-10% when the mid-cloud temperature decreases by ~ 10°C. The same trend
is observed for class 2, even if the correlation between both parameters is weaker
(r =-0.52 and -0.57, respectively for OHP and CALIOP data). Finally a good corre-
lation was found between the occurrence of class 3 cirrus clouds and the mid-cloud
temperature (r = 0.83 and 0.72, respectively for OHP and CALIOP data). For those
clouds, contrary to classes 1 and 2, mid-cloud temperature and occurrence are posi-
tively correlated; occurrence increases by a rather weak, ~ 5%, was found when mid-
cloud temperature rises by ~ 10°C.

4.3 Macrophysical properties

The mean Cloud Thickness (CT) retrieved from the OHP lidar (all cirrus clouds) is

1.64 £ 1.11km. This is smaller than values from previous midlatitude studies of cirrus

clouds over Western North America (40° N) (2.79 + 1.38km) by Sassen and Comstock

(2001) (hereafter SCO1) and over South Europe (40.6°N) (2.7 +£0.9) by Giannakaki

et al. (2007) (hereafter GO7). It is however in good agreement with Min et al. (2011)
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(hereafter M11) who found a mean CT of 1.60+1.15km over North China (35° N-45° N),
and with GO1 who found a mean CT of 1.4 +1.3km. Our results from the OHP lidar are
also in good agreement with the mean CT of 1.54 + 1km we derived from CALIOP
data over the OHP. Cloud Base Height (CBH) we derived from the OHP lidar agree
with most of these studies and those retrieved from CALIOP data (9.28 + 1.77km,
9+ 1.1km, 9.16 + 1.83km and 8.85 + 1.56km, respectively, for this study, GO7, M11
and CALIOP data), except with SC01 who found a mean CBH of 8.17 + 1.95km. We
found a mean Cloud Top Height (CTH) of 10.94+1.68km, in good agreement with M11,
SCO1 and CALIOP data (10.77 £ 0.9km, 10.97 £ 1.72km and 10.4 £ 1.62km, respec-
tively) but smaller than the one reported by G07 (11.7 £ 0.9km). Globally, cirrus clouds
physical parameters over the OHP are similar to results obtained by M11, and most pa-
rameters agree well with other studies. To further analyse cirrus clouds properties de-
rived from CALIOP over the OHP and those derived from the OHP lidar, we compared
both datasets for extended (1996—-2007 and 2006—2012, respectively for OHP lidar and
CALIOP) and coincident period (June 2006 to June 2007). During the extended period,
results derived from CALIOP are in good agreement with those derived from the OHP
lidar, showing a mean CT of 1.54 + 1km. This difference decreases during the coin-
cident period (1.61 £ 1.1km and 1.56 + 1km for OHP lidar and CALIOP, respectively).
Clouds observed from the OHP lidar are higher than those observed from CALIOP, by
~ 0.5km on average during the extended period and by ~ 0.1 km during the coincident
period.

As discussed previously (Sect. 4.1), three distinct classes of cirrus clouds have been
retrieved from the OHP lidar and CALIOP observations: a first class of thin cirrus (~
1km) in the middle troposphere (mid-height of ~ 8km), a second one thicker (~ 3km) at
~ 10km and a last one with a thickness of ~ 1km at ~ 11km. Considering the different
classes retrieved during the extended period, monthly means of physical parameters
for each class have been examined (Fig. 9). The variability of CT for each class is
relatively constant across months, with a mean monthly variation of ~ 0.05km around
the mean CT for the class 1, of ~ 0.1 km for the class 3 and the largest, ~ 0.3km, for the
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class 2 (the class with thickest clouds). These values have been retrieved from OHP
lidar and CALIOP data (mean CT for each class is shown in Table 1). Similar results
have been retrieved regarding the variability of Cloud Mean Height which keeps quite
constant from one month to another. A mean monthly variation of ~ 0.15km around
the total mean value has been observed for the class 1 and 3 from both CALIOP and
the OHP lidar, and of ~ 0.3km for the class 2. Parameters for class 2 cirrus clouds
agree well with results from GO07. This could suggest that cirrus clouds occurring over
Thessaloniki in South Europe are mainly from class 2.

4.4 Dependence of cirrus clouds properties on temperature

The dependence of cirrus clouds optical depth and geometrical thickness on mid-cloud
temperature is presented in Fig. 10. Considering all cirrus clouds, clouds are thickest
(~ 2km) near ~ —42.5°C, and thinner at warmer and colder temperatures (Fig. 10, bot-
tom). This is true for OHP lidar and CALIOP data over the OHP. These results are in
agreement with SC01 and GO07, but disagree with M11, who found that clouds were
thicker at warmer temperatures. The largest optical depths are observed at ~ 42.5°C,
and are smaller for warmer and colder temperatures. At colder temperatures (near
—-65°C), optical depths are small compared to warm temperatures (near —30°C) al-
though cloud thickness for these temperatures is similar (~ 1km). These trends ap-
pear in CALIOP and OHP lidar data, however optical depths from CALIOP are gener-
ally larger than those from the OHP lidar. This difference is more important for cirrus
clouds with mid-cloud temperature warmer than —45 °C. For these temperatures, op-
tical depths retrieved from CALIOP are ~ 2.5 times larger than those from the OHP
lidar, against ~ 1.5 times at temperatures colder than —45 °C. However the differences
we find between optical depths derived by CALIOP and the OHP lidar all fall within un-
certainty intervals. When different classes are considered (Fig. 11), cloud thicknesses
as well as optical depths belonging to class 1 and 3 seem quite constant with temper-
atures. Class 2 clouds show an increase in thickness and optical depth with warmer
temperature up to ~ 37.5°C. At even warmer temperatures, optical depth and thickness
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decrease slightly according to CALIOP data. The OHP lidar did not observe enough
cirrus from this class at temperatures warmer than —37.5 °C to support any conclusion.

5 Cirrus clouds long-term evolution

Because the OHP database spans more than 12 yr, it becomes possible to examine the
evolution of cirrus occurrence frequency and macrophysical properties. We restricted
most of our analysis to OHP lidar observations; although we include an investigation
regarding the extension of OHP lidar data with CALIOP data in an attempt to estimate
the decadal variation of cirrus clouds parameters.

5.1 Occurrence

In curve fitting, it makes sense to give the least amount of weight to points that are the
least reliable. This is properly accomplished statistically by weighting each point by the
inverse square of its standard error when calculating the best-fit slope. This is particu-
larly important in our case, given the inhomogeneity in acquisition time over the period
1996—-2007 (a few hours up to several tens of hours per month). Here, we relate the
standard error of cirrus clouds occurrence to the acquisition time. Figure 12 shows the
most frequent acquisition time is ~ 30 min, for nearly 25 % of profiles obtained. If we
considered that each observation of 30-min profile represents an independent obser-
vation, which is statistically the case considering the sampling method used (Sect. 1),
each profile derived from the sampling methodology can be considered as an indepen-
dent sample of a finite population. The size of the population, depending on the month,
has a fixed upper bound of n profiles of 30 min. Therefore, it is possible to construct
a confidence interval on the statistic computed from sample information, which is used
to estimate the cirrus clouds occurrence of the entire population. The mean standard
error associated to this occurrence is on average ~ 10% over the whole period, ~ 15%
before 1999 and ~ 9% after (Fig. 13). For weighted least squares straight line fitting,
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the best fit values of the slope a and the intercept b, when the error resides with y;, are
then given by:

2= DA W D WXV = D WX D WY

2
D Wi D wixE = (3 wix;)

()

and
2
_ DA WiX; DI Wi = DI WiXi 2 WX

2
Diawi i WiX/2 - (X wix;)

where the weight is defined by
wy=1/ (af) (4)

and o; is the standard error associated to the value y;.

We find a slight, and statistically insignificant, decrease of ~ 3% per decade in cirrus
clouds occurrence. The corresponding standard deviation of the residuals and the pre-
diction interval of the linear regression are shown in Fig. 14. By performing the same
analysis on the different classes (Sect. 4.1), the occurrence of class 1 cirrus increases
by ~ 0.8 % per decade. For the class 2, the occurrence increases slightly more: ~ 1.8 %
per decade. In contrast, for class 3, the occurrence decreases by ~ 3.2% per decade.
For these analyses, the error estimate is more than one standard deviation and corre-
sponds to a 90 % confidence interval (a = 0.1). For each class, the variations indicated
have not been found statistically significant considering this confidence interval. By su-
perimposing the cirrus occurrence time series from CALIOP and from the OHP lidar,
a slight difference of about 1 % is observed during the coincident period (Fig. 15). This
difference increases by the end of 2007 to reach 5 %. Although this difference is prob-
ably due to the sampling and the algorithm in use for each instrument, the tilt of laser
emission that occurred for CALIOP at the end of 2007 (see e.g. Noel and Chepfer,
2010) could play a role in the slight decrease in cirrus clouds occurrence retrieved by
CALIOP from this date. However more investigations are needed to verify this.
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5.2 Macrophysical properties

Here we investigate the decadal variation of macrophysical cirrus cloud properties.
Considering all cirrus clouds and the same approach as in Sect. 5.1 regarding the
curve fitting method, we find a slight and statistically significant (a = 0.1) increase in
cloud thickness of ~ 0.15km per decade. Regarding the cloud mean height (CMH), we
found no significant change. By taking into account the different classes (Sect. 4.1),
we find statistically insignificant long-term changes in CMH: +0.06 km, —0.13km and
—-0.14km per decade for class 1, 2 and 3, respectively. We find that CT increases for all
classes. This variation is not statistically significant for class 1 (~ 0.07 km per decade)
but is significant for class 2 (+0.35km per decade) and 3 (+0.2km per decade).

6 Summary and discussion

This study provides an analysis of cirrus clouds properties at midlatitude in the southern
part of France from ground-based and spaceborne lidars. Based on the ground-based
lidar database which spans more than 12yr, a climatology of cirrus clouds properties
and their evolution over time have been presented and compared to CALIOP over the
OHP site and other mid-latitude climatological studies. Our results show that cirrus oc-
cur ~ 37 % of the total observation time and subvisible cirrus represent ~ 38 % of these
observations, or ~ 14% of the total observation time. We have also shown overall cir-
rus occurrence remain quasi-constant across seasons. CALIOP and the ground-based
lidar lead to similar results, with a mean difference in occurrence of ~ 5% between both
instruments. Cirrus clouds were observed at a mean height of ~ 10.1km with a mean
thickness of ~ 1.6km. Clouds are thickest (geometrically and optically) at temperatures
of ~ —-42.5°C, and are thinner at warmer and colder temperatures. Comparisons with
other midlatitude studies reveal quite good agreement although some discrepancies,
depending to the parameter observed, have been indicated and may be related to geo-
graphical differences in cirrus types. Our findings based on a clustering analysis show
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and re-affirm the presence of 3 distinct cirrus cloud classes over the OHP with similar
results regarding the behaviour of cirrus parameters in each class both for CALIOP
and the ground-based lidar: thin cirrus in the middle troposphere (class 1), thick cirrus
in upper troposphere (class 2) and thin cirrus in upper troposphere (class 3). Although
it is difficult to infer from our results the origin of cirrus from these classes, complemen-
tary studies and case studies can provide some hints. Thin cirrus clouds (~ 1km) in the
upper troposphere (similar to class 3) have already been observed over OHP, investi-
gated (Keckhut et al., 2005) and found to be associated with air masses coming from
subtropical regions. Numerical simulations using an isentropic transport model were
able to reproduce such type of clouds (Montoux et al., 2010), confirming they originate
in the isentropic transport of moist air from subtropical regions to mid-latitudes and can
be classified as synoptic cirrus. They are formed into filamentary wet tongues, and ap-
pear a relatively short time on lidar observations. Their thin vertical extension is in good
agreement with the clustering analysis. Cirrus from the second class (thick upper tro-
posphere) probably come from more “standard” meteorological phenomena, of larger
scales associated with relatively fast ascension of warm air mass due to frontogenese
processes. Finally, cirrus from the third class (thin middle troposphere) could originate
from contrails formed by aircrafts. Lamquin et al. (2012) report that such clouds could
be expected over Europe around 250 hPa mainly because this area is frequently sat-
urated with respect to ice. The thickness of these observed clouds and the altitude of
saturated air let us think that this 3rd class could be associated to old contrails turned
into cirrus clouds.

Analyzing the properties of these different classes indicated that ~ 50% of cirrus
clouds observed in summer and fall are from class 3, decreasing by 15-20 % in win-
ter and spring. For class 1 and 2, opposite variations have been observed. Cirrus
of these classes are more frequent during winter and spring, and each class rep-
resents ~ 30-35% of cirrus clouds observations during this period, decreasing by
5-10% during summer and fall. Moreover, the occurrence of clouds from these two
classes increases by ~5-10% when mid-cloud temperature drops by ~ 10°C, with
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anti-correlation coefficients of ~ 0.8 (class 1) and ~ 0.5 (class 2). For clouds from the
class 3, a correlation of ~ 0.8 between occurrence and mid-cloud temperature has
been found, with occurrence increasing by ~ 5% when mid-cloud temperature rises by
~ 10°C. This unexpected result for class 3 seems to indicate that temperature is not
the main pertinent parameter. The case studies analysed previously indicate that wet
air coming from the Tropics through filament may be the origin of these cirrus clouds. In
this case, one could expect their occurrence be driven primarily by circulation patterns.
These patterns are probably also correlated with temperature, which would explain the
positive correlation.

Finally, we could not find a statistically significant trend in long-term cirrus cloud
occurrence. Conclusions were similar when considering different classes. We find no
significant long-term trend in cloud height, either taking into account all cirrus clouds
or each class separately. Finally, we find a statistically significant increase in cloud
thickness for cirrus clouds from class 2 and 3, of ~ 0.35km and ~ 0.2km, respectively.

As more investigations are required to confirm attribution assumptions for cirrus
clouds classes, we plan to investigate the origin of these classes by analyzing the rela-
tionship between synoptic conditions and clouds observations for the different classes.
It will improve the understanding of cloud formation processes and their parameteri-
zation in models. As a good agreement has been found for the identification of cirrus
clouds classes over the OHP between CALIOP and the ground-based lidar, we also
plan to apply the clustering analysis to all CALIOP detections.
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support of CNES and INSU. Authors thank CNES (Centre National d’Etudes Spatiales) for the
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Table 1. Characteristics of the different classes identified over the Observatory of Haute
Provence (OHP) site. Class 1 to 3 represent respectively thin cirrus in the middle troposphere
(Thin MT), thick cirrus in the upper troposphere (Thick UT) and thin cirrus in the upper tropo-
sphere (Thin UT). The references A, B and C correspond respectively to the update analyses
(1996-2007), the analyses performed by Keckhut et al. (2006) over the year 2000 and in using

the CALIPSO data up to now (2006—-2012).

Class 1 Class 2 Class 3

Characteristic Reference Thin MT  Thick UT Thin UT
Occurrence (%) A 28 30 42

B 36 27 35

C 30 33 37
Mean altitude (km) A 8.1+1 10.4 +£1 11.2+1.1

B 86+£09 98x07 11509

C 79+07 98x+06 10.8+0.6
Geometrical thickness (km) A 1.3+0.8 29+1 1+£04

B 09+06 32x0.9 0.9+0.6

C 1+04 261 1+0.5
Optical Depth A 0.1+£02 05+04 0.07+0.06

B 02+02 08+04 0.1+0.1

C 02+05 0.6+0.6 0.1+£0.3
Top altitude (km) A 8.8+1 11.9+0.9 11.7 £1

B — — —

C 84+08 11.1+09 11.3+0.7
Mean temperature ("C) A -38+9 -52+6 -56+7

B -41+6 -50+6 -58+6

C -37+9 -49+6 -55+6
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Fig. 1. Data sampling method. On the left, the top panel represents the evolution of a cirrus
cloud over time. The bottom panel corresponds to the optical thickness for the same period. For
both panels the vertical black line shows when a significant change point in the optical thickness
time series is detected, leading to the situation A (with cirrus cloud) and B (without cirrus cloud).
The corresponding scattering ratio profiles for both situations, A and B, are illustrated on the
right.
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Fig. 4. Probability density functions of macrophysical cirrus clouds parameters derived from the
OHP lidar (blue) and CALIOP (red). Panels (a) to (f) correspond respectively to the distribution
of the cloud top, mean and base height, the cloud geometrical and optical thickness, and the
mid-cloud temperature.
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data (gray), from Goldfarb et al. (2001) (black) and from CALIOP data (red).
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Fig. 7. Seasonal cirrus clouds occurrence over the OHP site according to the different cirrus
clouds classes. Panels (A-C) represent the class 1 (thin cirrus in middle troposphere), 2 (thick
cirrus in upper troposphere) and 3 (thin cirrus in upper troposphere), respectively. For each
histogram, the gray bars represent the results obtained from the OHP lidar data and the red
bars those derived from the CALIOP data.
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C1 and C3 labels on the right-upper corner of panels.
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Fig. 11. Average optical depth (top) and geometrical thickness (bottom) in 5°C intervals of mid-
cloud temperature for each cirrus clouds class. Panels on the left correspond to the analysis
performed from OHP lidar data and panels on the right correspond to those performed from
CALIOP.
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Fig. 12. Probability density function of the integration time for OHP lidar data. Integration time

is determined from the data sampling method (see Sect. 3.1 for details). Full Screen / Esc
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Fig. 14. Evolution of cirrus clouds occurrence from the OHP lidar. The black line with dots
represents the cirrus clouds occurrence considering all cirrus clouds (top row) and each class
(indicated at the top left corner of panel). The blue line represents the linear trend calculated
over the entire time series (see Sect. 5.1 for details). Dashed blue lines represent the confi-
dence interval (0.9) of the estimate and the dashed red lines the standard error of the estimate.
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Fig. 15. Evolution of cirrus clouds occurrence from the OHP lidar (black) and CALIOP (red),

considering all cirrus clouds.
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