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Abstract. Optical and geometrical characteristics of cir- 1 Introduction
rus clouds over Thessaloniki, Greece (40N622.9 E) have
been determined from the analysis of lidar and radiosondéCirrus clouds are made predominantly or wholly of ice
measurements performed during the period from 2000 td€.g. Lynch, 2002). These clouds affect the Earth’s climate
2006. Cirrus clouds are generally observed in a mid-altitudethrough two opposite effects; an infrared greenhouse effect
region ranging from 8.6 to 13 km, with mid-cloud tempera- and a solar albedo effect. The contribution of each effect de-
tures in the range from65° to —38°C. The cloud thickness Pends strongly on cirrus optical properties (e.g. Zerefos et al.,
generally ranges from 1 to 5 km and 38% of the cases stud2003). Thin cirrus clouds usually cause a positive radiative
ied have thickness between 2 and 3km. The retrieval of opforcing at the top of the atmosphere, while thick cirrus clouds
tical depth and lidar ratio of cirrus clouds is performed usingmay produce cooling (Stephens and Webster, 1981; Fu and
three different methods, taking into account multiple scatter-Liou, 1993; Fahey and Schumann, 1999). Significant uncer-
ing effect. The mean optical depth is found to be @&8124  tainties remain regarding the radiative and climate effect of
and the corresponding mean lidar ratio ist3@ sr following  Cirrus clouds (IPCC, 2007). As cirrus clouds play a signifi-
the scheme of Klett-Fernald method. Sub-visuaL thin andCant role in the radiative balance of the Earth’s atmospheric
opaque cirrus clouds are observed at 3%, 57% and 40% ofystem, a clear understanding of their properties at different
the measured cases, respectively. A comparison of the regeographical locations is highly essential for climate model-
sults obtained between the three methods shows good agre#d studies.
ment. The multiple scattering errors of the measured effec- Lidars are regarded as one of the leading techniques for
tive extinction coefficients range from 20 to 60%, dependingremotely studying the characteristics and properties of cir-
on cloud optica| depth_ The temperature and thickness detus clouds. Elastic backscatter and Raman lidars have been
pendencies on optical properties have also been studied iHsed to retrieve information on geometrical and optical prop-
detail. A maximum mid-cloud depth ef3.5km is found at  erties of cirrus clouds, made through the application of meth-
temperatures around—47.5°C, while there is an indication ~ 0ds that have been earlier demonstrated in the literature (e.g.
that optical depth and mean extinction coefficient increase$arrett and Ben-Dov, 1967; Viezee et al., 1969; Davis, 1969;
with increasing mid-cloud temperature. A correlation be- Fernald et al. , 1972; Platt, 1973; Platt, 1979; Klett, 1981;
tween optical depth and thickness was also found. However-ernald, 1984; Grund and Eloranta, 1990; Ansmann et al.,
no clear dependence of the lidar ratio values on the cloudt992). Some key microphysical parameters are the extinc-
temperature and thickness was found. tion coefficient, lidar ratio and depolarization ratio as well as
the mid-altitude and the corresponding mid-cloud tempera-
ture of cirrus clouds (Sunilkumar and Parameswaran, 2005).
The lidar and depolarazation ratios are considered to be of
special importance since are related to microphysics prop-
erties of the ice crystals contained on cirrus clouds, while
mid-altitude and mid-temperature play an important role in
determining cloud radiative properties.
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Comstock and Ackerman (2002) have studied the opti-2 Instrumentation
cal and geometrical properties of tropical cirrus clouds and
found that high clouds occur on average 44% of the time.A two-wavelength combined elastic-backscatter Raman li-
Sub-tropical cirrus clouds are present more frequently at ausdar located at the Laboratory of Atmospheric Physics (LAP),
tral summer than the austral winter as Cadet et al. (2003)'hessaloniki, Greece (40.8l, 22.9 E) is used to perform
have shown. The same study showed that 65% of the totatontinuous measurements of suspended aerosol particles and
cirrus observations are characterized as sub-visual, with agirrus clouds. The system is based on the second and third
optical thickness of less than 0.03. The threshold of 0.03harmonic frequency of a compact, pulsed Nd:YAG laser,
for optical thickness measured at the wavelength of 694 nnmwhich emits pulses of 300 and 120 mJ output energy at 532
was first proposed by Sassen and Cho (1992) in order to seg@nd 355 nm, respectively, at a 10 Hz repetition rate. The op-
arate cirrus clouds to visible and sub-visual. Goldfarb ettical receiver is a 500 mm diameter telescope (1 mrad field
al. (2001) found that-20% of total cirrus cloud occurrences of view). Three Hamamatsu 5600P-06 photomultipliers are
are sub-visual for a mid-latitude lidar station in France. Re-used to detect the lidar signals at 532, 355 and 387 nm. The
ichardt (1999) has found that 70% of cirrus clouds were clas-acquisition system is based on a three-channel LICEL Tran-
sified as subvisual or optically thin ice clouds (optical depthssient Digitizer working in both the analogue (12bit ADC,
bellow 0.3). Sassen and Campbell (2001) have presented 40 MHz) and the photon counting (250 MHz) modes. The
mid-latitude climatology showing that optical depth of cir- vertical resolution of the elastic raw signal at 355 nm is equal
rus clouds is greater than 0.3 fer50% of detected cases. to 7.5m, while of the inelastic signal at 387 nm is equal to
Seifert et al. (2007) have studied optical properties of trop-15m. Several smoothing procedures are applied to the raw
ical cirrus clouds and found 13%, 50% and 37% for subvi- Signals when retrieving the optical properties and are dis-
sual, thin and opaque cirrus clouds, respectively. Many othecussed in the next section. The LAP lidar is operated at a
studies have been performed and mainly focused on tropicdixed-off zenith angle, pointing vertically.
cirrus clouds because of the high frequency of occurrence The LAP lidar was successfully intercompared in the
of sub-visual cirrus clouds and their significant influence onframe of the European Aerosol Research Lidar Network
the Earth’s atmospheric system (Comstock and Ackerman(EARLINET) systems, showing on the average an agreement
2002), as observed by SAGE (Stratospheric Aerosol and Gasf better than 5% for heights above 2km in the backscat-
Experiment) Il (Wang et al., 1996; Wang et al., 1998). ter coefficient (Matthias et al., 2004; Bockmann et al., 2004;
Pappalardo et al., 2004). More technical and measurement

The opical depth of clouds is a key parameter in radia- etails concerning the LAP lidar system can be found in the

tive transfer computations and therefore considerable effor iterature (Balis et al., 2003; Amiridis et al., 2005). Within

has'been putin its retrieval. The evaluanon. of ppucal c.jepththe EARLINET project, coordinated lidar measurements are
of cirrus clouds was done through the application of differ- _ - : . .

. : . being performed at 22 lidar stations which are located at
ent methods which are already demonstrated in the literature,

Most of these methods depend on the solution of the :stan-12 European countries. The measurements began on May

dard lidar equation (Barrett and Ben-Dov, 1967; Viezee et al. 2000 and three synchronous observations per week were per-

1565; Davi, 1960: Fernld o l. 1972 Plt, 1873, 107510716 1o M 2000 o Noverbe 2002 st of he
Klett, 1981; Fernald, 1984; Ansmann et al., 1992; Elouragini

and Flamant, 1996; Wandinger, 1998). A different tech- 7€ 20.02' .

nique to determine the optical depth of cirrus clouds from In this study, we present lidar megsurements performed
elastic lidar signal has also been developed. It is based onVer Th_essalonlkl_, for cases when clrrus clouds were ob-
the comparison of the backscattering signals just below an(fe_rved_ in the period 2000-2006. .F|fte(_an cases of Raman
above the cloud, assuming that the lidar signals correctly rep-n'ghtt'me) measurements anq thirty e|g_ht cases of daily
resented the scattering medium (Platt, 1973; Young, 1995measurements were found during the routine schedule of the

Elouragini and Flamant, 1996; Chen et al., 2002,). However,fneasurements. For 49 of the total measurements (53), tem-

these methods have never been compared or validated agairPs?rature vertical profile data from radiosondes were used to

each other using long term lidar measurements yield the temperature of the base and top of the cirrus cloud.

In this study, after a brief description of the lidar sys-
tem used, we present a short description of the data analy3 Methodology
sis methods, along with a typical analysis of a case study.
The main objective of this part of the study is to evaluate theln order to get reliable and quantitative results for the optical
benefits of applying various methodologies to the lidar mea-properties of cirrus clouds three different methods are briefly
surements as well as to investigate the limits of their appli-presented and used in this study.
cability. Finally, a statistical analysis of mid-latitude cirrus  In our study, only clouds with mid-cloud temperature be-
clouds created from lidar data collected in Thessaloniki overlow —38°C are considered in order to avoid a possible im-
the period 2000—-2006 is presented and discussed. pact of water clouds to our measurements. This threshold
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corresponds to cirrus clouds with mid-cloud altitude above , , ,
8600 m. It is important to state that even in this case, some (Rt oot I et it I At il
cloud systems may still be mixed-phase clouds. In case of
different cirrus layers we interpreted them as different ice
clouds only when they were separated by 500 m.

One main aspect of all methods is the accurate determin \m \
tion of the cirrus cloud boundaries. This aspect is of major
importance not only for the correct application of methods
applied here, but also for the precise calculation of the geo-

metrical properties of cirrus clouds. The height of base and s
top of the cirrus clouds are calculated by the lidar signals.

The cloud-base altitude is defined as that point at which
there is an increase in the system’s signal level that equals ™ ———~——- & ———~ o .
two times the standard deviation of the background. To avoid Backsc. Coef. (m'sr") Backsc. Coef. (mi'sr") Backsc. Coef. (m'sr")
the impact of noise, we require that the signal continues to
increase for at least 5 successive height intervals. Cloud topig. 1. Forward and backward solutions of lidar equation by as-
can be determined by calculating the standard deviation ofuming a range independent lidar ratiq@f 10 sr,(b) 15 sr andc)
noise above cloud top, and moving downward in altitude 20sr.
from maximum range. This method was proposed by Platt

et al. (1994). Accordingly, the mid-cloud height is defined as o
the geometric center of the cirrus cloud. Once a priori altitudes of the base and the top of the cloud

are chosen, we determine the effective lidar ratio that yields a
zero backscatter coefficient above and below the cloud layer
(Ansmann et al., 1992). Although the extinction coefficient
profile can be incorrect because of the unrealistic assumption
of a range-independent lidar ratio, the determined backscat-
ter coefficient profile, the cloud optical depth, and the mean
cloud extinction-to-backscatter ratio, can still be obtained
Most of the methods that have been developed to retrieve thgjith g high temporal resolution and an acceptable accuracy
optical properties of cirrus clouds depend on the solution of(Ansmann et al., 1992). In the case of a vertically pointing li-
the standard lidar equation. Generally, the two unknownsyay, jce crystals oriented precisely horizontally cause a large
of this equation, the backscatter and extinction coefficientspsckscatter signal due to specular reflection. Few oriented
have to be related using either empirical or theoretical methtrystals are believed to be able to produce strongly enhanced
ods in order to be able to invert the lidar equation. Therepackscattering and unrealistic low lidar ratios (Platt, 1978).
have been many discussions regarding the solutions of thgnys the method in some of the measured cases may be in-
lidar (e.g., Barrett and Ben-Dov, 1967; Viezee et al., 1969;fiyenced by the presence of the specular reflection effect.
Davis, 1969; Fernald, 1972; Platt, 1973, 1979; Klett, 1981, pying the application of Klett-Fernald, a gliding aver-
Fernald, 1984; Elouragini and Flamant, 1996, and Ansmanqalge filter with a window of 300m was applied to smooth
etal.,, 1992). the range corrected signals. In the following, an example of
Forward solution of the backscatter coefficient was foundthe Klett-Fernald method is presented. At the 20 May 20086,
to become rapidly unstable for optical depths greater thara cirrus cloud was observed. The base of the cloud was de-
unity, unless the lidar ratio was specified with extreme accu+tected at 7700 m while the top of the cloud was at 10 500 m.
racy (Platt, 1979). Klett (1981) showed that a backward so-n Fig. 1 we present the backscatter coefficient profiles for
lution of backscatter coefficient was inherently stable. How-three values of the effective lidar ratio (10, 15 and 20 sr) and
ever, Fernald (1984) further pointed out that stability does notwe can easily conclude that solution obtained for LR=15 sr
necessarily mean accuracy. The backscatter coefficient anigads to a zero backscatter coefficient above and below the
an effective lidar ratio can be retrieved, using both Klett andcirrus cloud. At this value we can see that the forward and
Fernald formalism, as proposed by Ansmann et al. (1992)backward solutions tend to give the same backscatter profile.
This lidar ratio corresponds to the ratio of the cirrus optical Thus the effective optical depth can then be obtained equal
depth to the backscatter coefficient integrated over the cirruso 0.13.
layers and can be interpreted as the cirrus-layer “mean” li-
dar ratio. We should also mention that until now we have3.1.2 Transmittance method
not taken into account any multiple scattering correction and
thus the above inversions lead to effective values of lidar ratioln the second method, henceforth called the transmittance
and optical depth. method, the effective optical depth of the cirrus cloud can be

)

9000 22
S5

Height, asl (m
%,

3.1 Methodology for the retrieval of the cirrus optical char-
acteristics

3.1.1 Klett-Fernald method
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Fig. 2. Range corrected signal, along with molecular atmosphererig. 3. Profiles of(a) extinction coefficientb) backscatter coef-
and the applied fits outside of the cloud region. ficient, (c) lidar ratio and(d) multiple scattering parameter, before
and after the correction for multiple scattering effect.

determined by comparing the backscattering signals just be-
low and above the cloud in the case whence lidar signals corbackscatter signal can only be detected in the absence of the
rectly represent the scattering medium (Platt, 1973; Youngstrong daylight background. For the final calculation of the
1995; Chen et al., 2002). A gliding average filter with a win- extinction coefficient at 355 nm, we calculate the derivative
dow of 300 m was applied in order to smooth the signals.of the ratio between the atmospheric number density and the
Two linear fits of the scattering signals just below and aboverange-corrected lidar-received signal. For the calculation of
the cirrus cloud were applied. The transmission and effecthe derivative a linear least square fit with a window of 600 m
tive optical depth of the cirrus cloud can then be obtainedwas applied to range corrected signals. In case of night-time
(Chen et al., 2002). From the calculated backscatter profilefneasurements we also calculated the backscatter coefficient
as given by the Klett-Fernald method, we can thus estimateising both elastical and inelastic backscatter signals (Ans-
the effective lidar ratio. mann et al., 1992), after smoothing with a gliding window of

In Fig. 2 we present the range-corrected lidar signal for theb00 m. For ice particles, which are usually large, compared
20 May 2006. The black line corresponds to the simulatedto the laser wavelength, the wavelength dependence between
molecular profile which was calculated by the use of an airthe extinction at 355 and 387 nm is assumed negligible (Ans-
density profile obtained from a standard atmospheric modemann et al., 1992).
(U.S. Standard Atmosphere, 1976) adjusted to the measured Figure 3 presents the calculated (effective) extinction
ground-level temperature and pressure values, due to the afFig. 3a) and backscatter (Fig. 3b) coefficients and the ef-
sence of radiosonde measurement for this case study. THective lidar ratio profile (Fig. 3c) for 20 May 2006 (“effec-
dashed and dotted lines are the corresponding linear fits oive” optical properties implies calculations without taking
the lidar signal at the cloud base and cloud top, respectivelyinto account multiple scattering corrections). The integra-
In this case study, the transmitance of the cloud is estimatedon of the extinction coefficient leads to an effective optical
to be 0.87, and, the calculated (effective) optical depth isdepth of 0.17, while mean effective lidar ratio is calculated
equal to 0.14. This effective optical depth leads to the esti-as the average of effective lidar ratio and found to be equal
mation of an effective lidar ratio equal to 17 st, taking into t0 26+7 sr. The difference on the lidar ratio that obtained by
account the backscatter profile as computed by the KlettRaman and Klett-Fernald method is attributed not only to the

Fernald method. assumption of a vertically constant lidar ratio for the solution
of elastic differential equation but also to a possible effect of
3.1.3 Raman method specular reflection in the 8.5-9 km altitude range. In addition

Fig. 3 suggests lower values of lidar ratio in the region with

The Raman method is based on the measurement of thgirongest backscatter coefficient. Thus, the effective lidar ra-
elastic-backscatter signal at 355nm and of the nitrogerfio obtained by Klett-Fernald scheme is mainly influenced by
inelastic-backscatter signal at 387 nm which permits the in-the layer with larger backscatter coefficient.

dependent determination of the extinction and backscatter

coefficients thus provide the extinction-to-backscatter ratio

(Ansmann et al., 1992). Raman lidar applications are lim-

ited to night time measurements since the weak inelastic

Atmos. Chem. Phys., 7, 5519-5530, 2007 www.atmos-chem-phys.net/7/5519/2007/
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3.2 Multiple scattering effect Multiple scattering parameterF'(z) can be estimated
through Eq. (3) (Wang et al., 2005), when the ratio of total

The transmittance of a light beam through a cloud is in-signal Pit(z), to single-scattering signat (z) is known:

creased by multiple scattering effects, as photons scattered

) . . . 4 |n ba@
out of the sampling volume of the lidar in one scattering F(o) = dz " Pi(z) 3)
event may return to the lidar field of view in subsequent scat- = — 2aeft(z) + L In I;Ot((Z))
' z 1(z

tering events. Also, photons that are scattered at small for-
ward angles are not lost from the lidar beam and may experiA radiative transfer model, provided by Hogan (2006), has
ence enhanced scattering (Young, 1995). Multiple scatteringpeen applied to estimate the relative contribution due to in-
is significant in cirrus clouds and varies with cloud optical dividual orders of multiple scattering. This model approx-
depth, cloud extinction and lidar penetration depth (Wang etimates the intensity of multiply scattering returns by divid-
al., 2005). As Wandinger (1998) showed, multiple-scatteringing the outgoing photons into three populations: photons
errors of measured extinction coefficients are typically in thethat have experienced zero, one and more than one forward-
order of 50% at the bases of clouds and decrease with inscattering event. Each of this population is parameterized
creasing penetration depth to below 20%. Wang et al. (2005)n the model. This model has been compared to Eloranta’s
showed that the presence of multiple scattering can lead tonodel (Eloranta, 1998) for a wide range of cloud profiles and
an underestimation of the extinction coefficient by as large adidar parameters and found that reproduces the high-order
200%, whereas the backscattering coefficient is almost unafEloranta calculation when the latter takes into account 5th
fected. or 6th order scattering (Hogan, 2006). This model was also
The retrieval of optical properties, as showed previous|y,used by Seifert et al. (2007) to estimate the contribution of
leads to effective values of the optical depth and the lidar ra-multiple scattering effects to the effective optical properties
tio. The receiver field of view of the LAP lidar is 1 mrad and Of cirrus clouds during Indian Ocean Experiment (INDOEX).
thus, the effective values are considerably influenced by mul- A laser beam of 0.5mrad full-angle divergence with a
tiple scattering. The approach to correct the estimated valuewavelength of 355 nm, and a receiver field of view of 1 mrad
of cirrus optical depth and lidar ratio depends on the appliecare used in the model simulation. An issue in this simula-
method. For the transmittance method we assume a rangdion is the unknown size of the scatterers in the cloud. The
independent parameter. Following previous studies (Platt enodel used implies hexagonal ice crystals. To estimate an
al., 1987; Sassen and Cho, 1992; Chen et al., 2002), a fac@pproximate value of effective radius, which is needed as
tor 7 is introduced, which describes the multiple scatteringinput for the model, we use the values given by Wang and
effect, henceforth called multiple scattering factor. Accord- Sassen (2002), who had related the effective radius with cir-
ing to Chen et al. (2002) the multiple scattering factor, for arus cloud temperature. The effective radius decreased from
cirrus cloud with an optical depth, is calculated by Eq. (1). 70um at —30°C to 35um at —70°C. The model also re-
quires the single scattering extinction profile and the lidar
_ Tc (1) ratio to estimate the total attenuated backscatter which is
exp(t,) — 1 the backscatter influenced both by attenuation and multiple
scattering effect. The model can also extract six individu-
The smallem is, the more important the multiple scattering als backscatter components (single, double and triple order
effect becomes. However, we should keep in mind that thisof scattering for cloud and molecular atmosphere). However,
approach is very simplified since we assume that multiplethe measurement provides as an output either the effective
scattering factor is only depending on optical depth, not tak-(total) value of extinction coefficient (Raman method) or the
ing into account, the receiver field of view, the laser beameffective value of backscatter coefficient (Klett-Fernald). For
divergence and the size distribution and habit of the scatterthis reason, as a first input we use the effective value of ex-
ers. tinction for the Raman method and the effective backscatter
For the Raman and Klett-Fernald methods a different ap-coefficient profile multiplied by a constant lidar ratio for the
proach is used to address multiple scattering effects. Th&lett-Fernand method. From the computed ratio of the total
effective extinction coefficienter(z), is related to the actual attenuated backscatter profile to single attenuated backscat-
(single-scattering) coefficient(z) through a parameter (z) ter coefficient we can make a first estimation of the multi-
(here called multiple scattering parameter), as Eq. (2) showple scattering parametéi(z), as described in the studies of

n

(Wandinger, 1998; Wang, 2005). Wandinger (1998) and Wang et al. (2002). Then, a first es-
timation of the single-scattering extinction profile can be re-
aeff(z) = (1— F(2)) *a(z) (2) trieved. A second or third iteration step is applied in order

to estimate the parametéi(z) and thus, the correct single
We should notice here that the ratio of the effective opticalscattering extinction profile.
depth to the actual optical depth corresponds to the multiple The contribution of multiple scattering effects to the opti-
scattering factor and thus, to the average valug efF (z)). cal properties of the cirrus cloud for the case study of 20 May,

www.atmos-chem-phys.net/7/5519/2007/ Atmos. Chem. Phys., 7, 5519-5530, 2007



5524 E. Giannakaki et al.: Characteristics of cirrus clouds over a lidar station

90 T T T T T T T T T

T 30 30

T T
I Cirrus

801 KX No Cirrus []

%
X
9%

25 45.3% 25

XSS
XX
KK
2%
7
o

S
1

o

70

R3S R3S
2 R3S (SS3S
4 PLXKX 9% -1
g2 e B e -
£ BRI FETR] KRS » 36.7%
] RS 2
o [R] RRY BSK 59505¢ — 2
5 5o BIRY KRS Foe o%e% ]
7 — BRRR] KRR BRI o
KX FRXR] RRKY [RER) KRS -
3 1 — B R bessss] k] ko] T ° ]
R3] KR PIRRY R B RS s
2 404 R3] PR B [RL] RRKXA [RRK] @
: B R R 5
S 1 k] BIS] £d] B B B ] 5
2335 RIS B
5 30 B B B B B 2 ke
o ] K33 oz IR BSS] Bess] B9 o] 7
< KRR PRRY B [ RS
£ R e e B e
E RS RS K88 PRAXT KSR RS KSR -
b4 RS KRKY BISK KRXK
] SR (53] 1353 R3] sssd] Bss) ksessd] ke
k5] RS BRXA BRI koS Booes] 5] e
10 4 leSed! KX KXX B RSSK] Kaseded ool ——

PR
fo%e%e!

%
P

%3
K
X
5
X
o
e
o
X
o
RS
o~
X%
dode!
XX

S
(S
KX

%>
K

S
[
%

55 -50 -45 40 35
Mid Height (km) Mid Temperature (°C)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 4. Histogram of the number of cirrus occurrences and the totalFig- 5. Histogram of mid cloud height and mid cloud temperature

number of lidar measurements from 2000 to 2006 as a function off Cirrus clouds.
month.

autumn and spring than in summer. During winter-time the
2006 and for the Raman method is presented in Fig. 3 (solighresence of low-level clouds inhibiting the laser to reach pos-
lines with circles). The multiple scattering paramef&z)  sible cirrus clouds and this is the reason for low frequency of
is decreasing with penetration height, as shown in Fig. 3dlidar measurements. For that reason, the frequency occur-
This means that the multiple scattering error of the effectiverence will not be representative, and is not presented here.
extinction coefficients decreases with increasing penetration

depth. The profile averaged multiple scattering parametey 1  Geometrical and temperature characteristics
F, for the Klett-Fernald and Raman methods, are 0.33 and

0.36, respectively. The difference between these parametec&S other studies have shown (Heymsfield and Platt, 1984:

is small anq Is justified b.y the fact that in the Klett.-F.ernaId Platt and Harshvardhan, 1988; Sassen and Comstock, 2001;
method we introduce as input the backscatter coefficient pro;

' - . -~ 7 “Wang and Sassen, 2002), temperature is an important fac-
file multiplied by the corresponding constant effective lidar ,_ . : . .

: N : : tor in determing cirrus cloud properties. Platt et al. (1987),
ratio, while in the Raman method we import as input the ex-

tinction coefficient profile. For the Klett-Fernald method the Mace et al. (2001), and Sassen a}nd Comstogk (.2.001) have
. . . ) . .~ also shown that cloud thickness is another significant fac-
resulting optical depth will be 0.18 and the lidar ratio will

be 22sr. For the Raman method these values are 0.25 antgr that mfluences cirrus optical properties. Al temperatures
. ; . are obtained from radiosondes, launched at the Thessaloniki
34 sr, respectively. However, the multiple scattering fagtor

C . airport, twice per day, at 00:00UTC and 12:00UTC. The li-
which is calculated for the transmittance method and corre- BRI ;

) . dar measurement is within 2 hours from radiosonde launched
sponds to the profile averaged valugb#F(2)), is equal to hile LAP lidar is approximately 10 km from Thessaloniki's
0.93, much greater than the profile averaged model estimate\g P y

values of(1— F(z)) which are equal to 0.67 and 0.64, for the airport. _The boundaries of the c!oud were determined as pre-
sented in the methodology section.

Klett-Fernald and Raman methods, respectively. Thus, for i ) ]
the transmittance method, multiple scattering effects will in-  Histograms of mid cloud height and mid-cloud temper-
pture are presented in Fig. 5. Cirrus clouds are generally

troduce a small change to the effective optical depth and lida | - ) ) )
ratio, calculated to 0.15 and 18sr respectively. The differ-OPserved in the mid-altitude region from 8.6 to 13km, with

ence between the approaches of multiple scattering effect ar&d-cloud temperatures ranging fror6s® to —38°C. The -
discussed in Sect. 4.2. cloud thickness is generally in the range from 1 to 5 km, with

38% of our cases have thickness between 2 and 3 km. Almost

half of our cases (45.3%) have mid-cloud height in the range
4 Resultsand discussion of 10 to 11 km, while mid-cloud temperature centered around

—52.5C. Wider ranges of mid-heights and mid-temperature
During the period 2000-2006, 53 measurements of cirrusdistributions were reported by Reichardt et al. (1998). How-
clouds were performed, 15 of them were night-time mea-ever, almost 50% of those data were found in ranges between
surements and 38 were day-time measurements. In Fig. 8 and 11 km for the mid-heights and from50 to —60°C
a histogram of the number of cirrus occurrence (black) andfor mid-cloud temperatures. Since this mid-latitude cirrus
the total number of measurements as a function of monthdataset lies in the same height and temperature ranges with
is presented. Cirrus clouds are more frequently observed iour measurements, it is appropriate for direct comparison.
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. . 2.0
Table 1. Seasonal and yearly averages of various cirrus cloud prop- | @ Transmittance
erties. 184 O Raman
1.6 4
Cirrus Properties Cold Warm Annual i)
Base height (km) 8461.0 9.2+1.1 9.0+1.1 1
Mid height (km) 10.60.8 10509  10.3:0.9 £ 127
Top height (km) 11.60.9  11.810  11.20.9 8 104
Thickness (km) 3.81.0 2.6t0.8 2.#0.9 K] 1 °
Base temperatur€C) —36.747.8 —41.14+7.8 —40.6+7.9 a 0‘8'_
Mid temperature¥C) —51.2£5.3 —51.066.1 -51.1455 © 06
Top temperature®C)  —61.3t5.9 —-59.5+5.1 —-60.2t5.4 04_— 5 ooa °
1 o LI ;
0.2 i Cor. Coef. (Transmittance) = 0.82
E o Cor. Coef. (Raman) = 0.90
O'O'OI'I'I'I'I'I'I'I'I'
To further investigate the variability of geometrical and 00 02 04 06 08 10 12 14 16 18 20

temperature characteristics during the year we have separate Optical Depth, Klett-Fernald

our data into two periods. The “cold period” is regarded to

be from November to March (18 cases), while the “warm Fig. 6. Comparison of cirrus optical depth of Klett-Fernald method
period” is from April to October (35 cases). In Table 1 we With Transmitance and Raman methods.

present the average value as well as the variability in several

geometrical and temperature characteristics of cirrus CIOUd?end to agree with the lidar ratio of the lowest layer of the cir-

for each period and for the whole year, concering Thessa;us cloud. The backscatter coefficients as calculated by the

loniki dataset for the period from 2000 to 2006. The averageKIett-Fernald and Raman methods retrieve the same results

base of cirrus clouds tends to be lower during the cold period . ;
. . . > for measured cirrus clouds structure. This means that the two
while the top of cirrus clouds varies less during the year. The . . : "
; . : ; methods give reliable profiles of backscatter coefficients. In
mean mid height of cirrus clouds appears 0.5 km higher dur- : .
. . : . the transmittance method, as we have already mentioned, the
ing the warm period. The mean thickness of cirrus clouds . .
. o . : . divergence of the signal between the bottom and top of the
is 2.740.9 km and is little thinner during the warm period of .
e loud can procure the real transmittance of the cloud and thus
the year. These small variations between the warm and col . : . .
. . e optical depth. In cases when the signal is too noisy at the
period are reflected in the temperature values as well.
top of the cloud, or there are some lower layers that cannot be
distinguished, the applying fit can lead to erroneous values of

the optical depth and the lidar ratio because of uncertainties

We have applied the methods which were briefly presented inh determining accurately the cloud physical thickness.
the methodology section to all the lidar measurements con- For 13 cases, analyses based on the Klett-Fernald, trans-
taining signals from cirrus clouds. The Klett-Fernald method mittance and Raman methods yield mean optical depths of
gave reliable results for 42 of the cloud cases, while the trans0.38+0.25, 0.34:0.22 and 0.340.25, respectively. Li-
mittance method gave reliable results for 32 of the cases. Thédar ratios values were determined ast3¥, 28t18 and
reasons why these methods do not give reliable results in ce@4+18 sr, respectively. For 29 cases, application of Klett-
tain cases is discussed in the next paragraph. Figure 6 showsernald and transmittance methods, yield mean optical
the direct comparison of the optical depth at 355 nm as dedepths values of 0.380.24 and 0.220.20, and, lidar ratio
rived from the three methods, after taking into account multi-of 31414 and 2514 sr, respectively. The calculated values
ple scattering effects. The two sets of independently derivedor both optical depth and lidar ratio are generally in good
optical depth are in good agreement, with a correlation coefagreement, especially if one considers i) that the transmit-
ficient of 0.82 for the Transmittance/Klett-Fernald compari- tance method uses only the elastic signal while Klett-Fernald
son and of 0.90 for the Raman/Klett-Fernald comparison. formalism use the assumption of a range-independent lidar
The reason that Klett-Fernald method cannot give a reatio for solving the single scattering lidar equation, and, ii)
liable result in all of our cases is the numerical instability the Raman method uses both elastic and inelastic backscatter
that appears at very low optical depths. In cases when thé&ignals.
cirrus cloud is optically thin, this method is not sensitive to  To further investigate the distribution of optical depth, we
changes in the lidar ratio values and thus, lidar ratio cannopresent a histogram of cirrus cloud optical depth in Fig. 7.
be uniquely defined. The disagreement between the KlettThe most prevalent region of cirrus optical depth values is
Fernald and Raman methods exists in some cases is due tetween 0.2 and 0.3. We have found that only 3% of cir-
the assumption of a vertically constant lidar ratio for the so-rus clouds are sub-visual (optical depth03), 57% of cirrus
lution of elastic differential equation. In these cases we haveclouds are optically thin (optical depth between 0.03 and 0.3)
found that lidar ratios derived from the Klett-Fernald method and 40% of cirrus clouds are opaque (optical dejit!3).

4.2 Optical properties of cirrus clouds
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Table 2. Mean optical properties of cirrus clouds for each method before and after correction for multiple scattering.

Method No. of cases  Effective Optical Depth  Optical Depth  Effective Lidar ratio (sr)  Lidar ratio (sr)
Klett-Fernald 42 0.190.17 0.3%0.24 18+12 30t17
Transmittance 31 0.290.26 0.34:0.32 23t20 2924
Raman 15 0.280.19 0.33:0.25 25+13 36+20
15 The values presented in Table 2 may be compared with

other climatological studies. Sassen and Comstock (2001)
had studied mid-latitude cirrus clouds, using an extended
database, and found mean optical depths of 80791 at

694 nm, while the lidar ratio was found equal to 24sr.
Wang and Sassen (2002), had also studied mid-latitude cir-
rus clouds, for the period 1996-2000, and found that most
of the cirrus clouds were optically thin, with a mean effec-
tive optical depth of 0.580.67. Cirrus climatological re-
sults from Observatoire de haute Provence in France are pre-
sented by Goldfarb et al. (2001) and suggest as more preva-
lent optical depth in the region from 0.03 to 0.1. In addition,
Seifert et al. (2007) have studied the optical properties of cir-
rus clouds over the tropical Indian ocean during Northeast
(NE) and Southwest (SW) monsoon seasons. They found
a multiple-scattering corrected optical depth of GP526
(NE) and 0.34-0.29 (SW), while the lidar ratio values were
found to be 339 sr (NE) and 2911 sr (SW).

Sassen and Campbell (2001) had found that cirrus clouds op- We can further compare the contribution of multiple scat-
tical depths were below 0.3 for 50% of the cases includedering effects as calculated for the different methods. The
into their mid-latitude station cirrus climatology analysis, range-independent parametgthat is used in the transmit-
while Reichardt (1998) found that cirrus clouds have Opti- tance method has a mean value of @&86l. However, the
cal depth lower than 0.3 for 70% of the cases studied. Ouicorresponding profile averaged parameter F(z)), which
results show that 60% of the cirrus clouds are subvisual olis ysed in the Klett-Fernald and Raman methods, is smaller
optically thin (that means optical dept@.3). and mostly ranges from 0.6 to 0.75. This means that the con-
In Table 2, we present the mean values of the optical depthribution of multiple scattering effects as applied in the trans-
and the lidar ratio, as were calculated for all of our casesmittance method is smaller than the calculated contribution
before (effective) and after correction for multiple scattering to the Klett-Fernald and Raman methods, especially for op-
effects. The values which are presented in Table 2 are not ditically thin clouds. These differences in the multiple scatter-
rectly comparable, as they are not referring to the same casesg correction between the two approaches were found also
of cirrus clouds. We note that the mean optical depth, as dein the rest of the cases. Some typical values of multiple scat-
rived from the transmittance method, is high because of thdering factor, as given by Chen et al. (2002) arg=0.58 for
instability associated with its determination for cirrus clouds z.=1 and»=0.95 fort.=0.1. Sassen and Comstock (2001)
with low optical depths (discussed in Sect. 4.2). Also, we assume that multiple scattering factor is of 0.9 for subvisual
should mention that the specular reflection effect has probeirrus clouds, of 0.8 for relatively thick clouds and of 0.6 to
ably been observed in some of the measured cirrus cloud8.7 for optically thick clouds. However, these assumptions
cases. In 20% of the total cases where Klett-Fernald methodre in contradiction to the model results. Multiple scattering
was applied, the results showed an unrealistic effective lidasimulations show an increase of the multiple scattering fac-
ratio of 5 sr. This may be attributed to the specular reflectiontor with optical depth. The values of the multiple scattering
and thus can introduce a strong bias towards smaller lidar rafactor is approximately 0.6 for optical depths lower than 0.1,
tios. This is possible the reason that the average values of thehile for optical thicker clouds this factor ranges from 0.6
effective and multiple scattering corrected lidar ratios, esti-to 0.8. Thus, we should mention that the approach for deal-
mated by Klett-Fernald method, are lower than the averagéng with cirrus clouds and multiple scattering contribution,
ones calculated by Raman method, as it is demonstrated iwhen the transmittance method is used, is very simplified
Table 2. and can lead to unrealistic estimates for thin cirrus clouds.

23%

No of cases

00 01 02 03 04 05 06 07 08 09 1.0
Optical Depth

Fig. 7. Histogram of cirrus optical depth.
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However, when transmittance method is used, neither the ex- 1o
tinction coefficient nor the backscatter coefficient profiles are
available in order to use model simulations. We have also
found that the multiple scattering paramefé&t) is decreas-
ing with penetration height. This means that multiple scatter- 0
ing errors of measured extinction coefficients decrease with '*
increasing penetration depth. Similar results were reported
by Wandinger (1998). Assuming that the backscatter coeffi-
cientis almost unaffected from multiple scattering, lidar ratio
errors are affected only by the extinction coefficient errors.

11.9%11.9%

No of cases

Optical depth

4.3 Temperature and thickness dependencies on cirrus op- . 2_‘ jt %
tical properties

T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Thickness (km)

The dependence of optical depth on cirrus cloud thickness is
shown in Fig. 8. In order to investigate this dependence we
have grouped cirrus clouds cases into 0.5km intervals. Werig 8. Dependence of optical depth on 0.5km intervals of thick-
should mention that cirrus cases analysis that refer to thickness. The dashed line represents the regression line given by Ans-
ness lower than 1.5km are of low significance. There is anmann et al. (1993). At the top, the histogram of cirrus clouds oc-
indication that optical depth increases with increasing thick-currence observed per thickness interval is presented. No error bar
ness. To the top of Fig. 8 a histogram showing the absoluténeans that the result is based only on a single measurement.
number of cirrus clouds occurrence per thickness interval is
presented, while the per cent are also mentioned. Sassen
and Comstock (2001) showed that these parameters follovis presented in Fig. 9c. For the remaining data shown in
a linear relation. For comparison, the relation found at theFig. 9b there are indications that the cloud optical depth in-
ICE’89 campaign (Ansmann et al., 1993) is also plotted increases as the mid-cloud temperature increases. Other stud-
the same figure (dashed line). The correlation found to thées have also investigated the dependence of optical depth
ICE’89 campaign is higher than the one for our study. Thison mid-cloud temperature and found that these parameters
may attributed to the different distributions in mid-cloud tem- are connected either linearly (Sassen and Comstock, 2001)
peratures because warm clouds tend to have higher opticalr through a second-order polynomial function (Sunilkumar
depths. However, the correlation that was found in this studyand Parameswaran, 2005; Platt et al., 1987). Finally, the de-
seems to be in a good agreement with the corresponding copendence of the ratio of optical depth to thickness (mean ex-
relation found by Reichardt (1998), since the two datasets aréinction coefficient) as a function of mid-cloud temperature is
lying in the same height and temperature ranges. Althougtexamined. Excluding the point of temperature bele60°C
not shown here, we have also studied the dependence of liddwhich is of low statistical significance since it is referring
ratio on cloud thickness and no clear tendency was found. to only one measurement), we found that the mean extinc-
The dependence of cirrus cloud thickness on mid-cloudtion coefficient decreases with mid-cloud temperature. The
temperature is presented in Fig. 9a. Thicker cloudsresults of Fig. 9 are in agreement with those of Reichardt
(~3.5km) are observed at temperatures~of47.5C, de-  (1998) both concerning the pattern and the absolute values.
creasing in thickness both for higher and lower temperaturestiowever these results are indicative only and more cases
Platt et al. (1987), showed a well defined peak at highershould be collected to our database for a more accurate con-
temperatures arouné40°C for mid-latitude clouds. Our clusion. Although not shown here, we have also studied the
results are in agreement with Sassen and Comstock (200Hependence of lidar ratio on mid-cloud temperature and no
who have also presented the dependence of cloud thickne$dear tendency was found.
on mid-cloud temperature. Sunilkumar and Parameswaran
(2005) studied tropical cirrus clouds and found that this peak
is shifted to lower temperatures, in the range-e€80° to 5 Summary and conclusions
—70°C. The conclusion of Sunilkumar and Parameswaran
(2005) that mid-latitude cirrus clouds are generally warmerThis study provides an analysis of the geometrical and tem-
and thicker than those over the tropics is in agreement withperature characteristics as well as the optical properties of
our results. However, we should keep in mind that the num-mid-latitude cirrus clouds. Our results show that cirrus
ber of samples corresponding to temperatures belé@ C clouds were observed between 8.6 to 13 km, with mid-cloud
is limited. Furthermore, the dependence of the optical deptitemperatures ranging from65° to —38°C and a mean thick-
on cirrus thickness is shown in Fig. 9b while the dependenceness of 2.#0.9km. We have also provided the optical
of the mean extinction coefficient on mid-cloud temperatureproperties of mid-latitude cirrus clouds as were calculated
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30 following the scheme of Klett-Fernald formalism. Sub-visual

(Q) - cirrus clouds represent 12% of our measurements before the

correction for multiple scattering while this percentage is re-
duced to 3%, after the correction. In addition, we have com-
pared the resulting optical depth and lidar ratio and found
a good agreement between the three methods applied. The
comparison has been performed to the single-scattering val-
ues of the optical depths and correlation coefficients of 0.82
and 0.90 were found for the Transmittance/Klett-Fernlad
% % % % method and the Raman/Klett-Fernlad method respectively.

No

i

i

I

In the following we report briefly the benefits and restrictions
of each method.
The main advantage of the Transmittance method is that
30 45 B0 35 %0 %5 it does not require any microphysical hypotheses about cir-
Mid Temperature (C) rus clouds. However, this method depends on the condition
30 of the atmosphere outside the cloud because the presence
©) of aerosol particles can affect the lidar signals significantly
g 35.9% due to Rayleigh scattering effects. Another limitation of this
%10 20.5% method is that optically thin cirrus clouds have too low opti-
77% 10.2% cal depth to produce rapid enough convergence for the solu-
tion. In that case there are more uncertainties related with the

Thickness (km)

-

K=l
W
a

2.6%

° errors in the estimation of the boundary height or for noise or
0.8, offset calculations of the lidar signal at the calibration range,
£ o6l as also Young (1995) have presented. On the other hand, the
a Klett-Fernald method uses a strong elastic-backscatter sig-
% 04 nal that is several orders of magnitude larger than the Raman
© 02 signal in order to retrieve the backscatter coefficient. This
is considered as a main benefit of this method. However, to
00 40 45 B0 85 60 65 solve the lidar equation through the Klett-Fernald formalism
Mid Temperature (C) we assume a range independent lidar ratio. The accurate es-
%0 (©) timation of the extinction coefficient is possible through the
20 Raman lidar technique and thus makes this method a power-
{% 85.9% ful tool for cirrus studies. The independent measurement of
S0 23X 2 backscatter and extinction profiles and thus lidar ratio pro-
o — 26% files is only possible through the Raman method. Neverthe-
07 less, this method can be applied only for night- time mea-
0.8, surements.
g 0.5 ° We have also investigated the dependence of optical prop-
o 0.4 erties on temperature and geometrical characteristics. A
> 0.3] maximum mid-cloud depth is in the range-©8.5 km at tem-
E 02 ¢ peratures betweenr45°C and —50°C, and decreases both
L0y % % % % for lower and larger temperatures. An indication that op-
tical depth and mean extinction coefficient increases with

40 45 0 S8 60 65 increasing mid-cloud temperature is found, while a depen-

dence of optical depth on the geometrical thickness of cirrus
_ _ _ _ clouds was also found. Our results seem to demonstrate that
Fig. 9. Depedencies o) thicknesgb) optical depth andc) mean  mjq-latitude cirrus clouds are warmer, lower and thicker than

extinction coefficient on C intervals of mid cloud temperature. tropical cirrus clouds. However, a more extended database is
At the top of each figure, histograms of cirrus clouds occurrencer}eeded to strengthen these ind,ications

per mid-temperature interval are presented. No error bar means thal
the result is based only on a single measurement. Acknowledgements. E. Giannakaki acknowledges the support of
the PENED 2003 project. The project is co-financed 75% of public
expenditure through EC — European Social Fund and 25% of public
expenditure through Ministry of Development, General Secretariat
through three different methods. A mean optical depth ofof Research and development and through private sector. Measure-
0.31+£0.24 and a mean lidar ratio of 217 sr were found ments were performed in the frame of the EU-funded EARLINET

Mid Temperature (°C)
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