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a b s t r a c t

Characterization of cirrus clouds over Buenos Aires (34.6°S, 58.5°W) using a ground based lidar is pre-
sented. The study, carried out for the period 2010–2011, reveals that cirrus are usually found in the
altitude region 8–11 km, with mid-cloud temperatures values varying between �75 °C and 55 °C. The
clouds, whose bases altitudes display significant variability while their tops remains close to the tro-
popause, show geometrical thickness ranging from 1.2 to 5 km, with on average value 3.070.9 km. Most
commonly observed cirri can be characterized as optically thin cirrus rather than dense ones, with a
mean optical depth value of 0.2670.11 and an applied multiple scattering factor η of 0.8570.07. In this
region, the optical depth increases with increasing geometrical thickness with a partially linear corre-
lation. Lidar ratios are also analyzed and on average the value is 32717 sr.

& 2015 Published by Elsevier Ltd.

1. Introduction

High altitude clouds have a major influence on the radiation
budget of the Earth-atmosphere system and induce various cli-
mate feedbacks which cannot be overlooked (Stephens et al.,
1990). In particular, cirrus clouds with large horizontal and vertical
extensions play an important role in the Earth's climate system
through the albedo effect, reflecting solar radiation while the
greenhouse effect traps the long-wave radiation. Additionally,
cirrus clouds are important in the stratosphere–troposphere ex-
change (STE) (Corti et al., 2006) and they have a crucial role in-
teracting with the tropopause layer (Beyerle et al., 1998; Immler,
and Schrems, 2002). In spite of the considerable efforts made in
the last few years regarding cirrus properties, the parameteriza-
tion of these ice clouds remains one of the biggest challenges in
global climate analysis. Given that cirrus plays an important part
in radiative balance and the troposphere–stratosphere exchange a
detailed monitoring of their properties at different geographical
locations is crucial to understand the climate. Many field experi-
ments to measure cirrus clouds have been conducted by various
researchers over a range of latitudes, with different techniques and

different study aims: the INCA project concerning cirrus clouds
over Punta Arenas, Chile (Immler and Schrems, 2002), Satellite
Cloud Climatology Project (ISCCP) (Eleftheratos et al., 2011), the
European experiments on cirrus clouds European Cloud Radiation
Experiment (EUCREX) (Larsen et al., 1998) to name a few. Lidar
remote sensing is a valuable tool for measuring the time and
spatial evolution of the atmospheric boundary layers (e.g. plane-
tary boundary layer, tropopause layer) as well as to investigate the
physics properties of the particles composing cloud, with the ex-
ception of water clouds, because of the capability of the laser beam
to point upward into the atmosphere (Wang et al., 2005) and
providing range resolved information. Laser remote sensors can
provide valuable information of the vertical structure and the
composition of the atmosphere at high resolution. In particular,
elastic backscatter lidars and ceilometers (low-power backscatter
lidars) are very useful in deriving geometrical and optical prop-
erties of the clouds, which are essential in understanding the
cloud radiation effects both at mid-latitudes and in the tropics. The
last two mentioned, both based on the principle of a simple
backscatter lidar, can provide cloud parameters through retrieval
methods under certain assumptions although ceilometers, fully
automatic and operating 24/7, have limitations with the calibra-
tion of the lidar signals because of the low signal-to-noise ratio
(SNR) (Wiegner and Geiß, 2012). A complete report about the lidar
techniques and inter-comparisons can be found in Tapakis and
Charalambides (2013) and Wiegner et al. (2014). Studies on high
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altitude cirrus clouds with information obtained and calculated
from lidar observations were carried out for several decades re-
sulting in a wide range of values for their properties. For example,
Uthe and Russell (1977) at Kwajalein (8.7°N, 167.7°E) using a
ground-based lidar observed cirrus between 12 and 18 km with
geometrical thickness of less than 1 km. Giannakaki et al. (2007)
using a two-wavelength combined elastic-backscatter Raman lidar
located at the Laboratory of Atmospheric Physics in Greece
(40.61N, 22.91E) found that cirrus clouds are generally located at
heights ranging from 8.6 to 13 km, with mid-cloud temperatures
in a range from �65 to �38 °C. Cirrus physical parameters of
primary concern are thickness, mean altitude, mid-cloud tem-
perature and lidar ratio since they play an important role in de-
termining cloud radiative properties (Sunilkumar and Para-
meswaran, 2005). But, it should be noted that the formation of
cirrus, its lifetime, vertical and horizontal extend, dynamics, op-
tical and microphysical properties strongly depend on its location
and therefore no particular analysis can be considered globally
representative of cirrus characteristics. A series of cirrus mea-
surements was conducted in Buenos Aires during 2001–2005 in
order to obtain the first comprehensive lidar based cirrus cloud
analysis for these latitudes (Lakkis et al., 2009). This contribution
showed that at first sight, thick tropopause cirri were found
around the ∼8–11.5 km height range, with thicknesses in the 2.6–
4.2 km range. Although some of the properties of cirrus close to
the tropopause over Buenos Aires were described in that study,
the ground-based lidar observations provide an excellent oppor-
tunity to deepen understanding the geometrical and optical
characteristics of the cirrus clouds. With this in mind, a new set of
measurement was performed in Buenos Aires from February 2010
to December 2011 using a ground-based lidar located at Villa
Martelli, in Buenos Aires province (34.6°S, 58.5°W). The aim in this
case is to study the mean characteristics of the cirrus and their
short-term temporal variations. The study is organized as follows:
in Section 2 a brief description of the lidar system used is pre-
sented together with measurements consideration. In Section 3,
results are presented in the form of macrophysical and optical
properties such as cirrus height, temperature, optical depth and
lidar ratio, for the period for the years 2010–2011. Finally, Section 4
provides the summary.

2. Experiment system and measurements

The elastic backscatter lidar used is equipped with an Nd:YAG
laser (Continuun – Surelite II) having a pulse width of 5 ns at its
second harmonic 532 nm wavelength with 350 mJ energy with
10 Hz of pulse rate. A dual telescope receiver system is used to
handle the large signal dynamic range (8.2 cm diameter Casse-
grain telescope covers the range between 50 m and 6 km, while a
50 cm diameter Newtonian telescope covers from 500 m up to
28 km) with a field of view (FOV)o1 mrad. The vertical resolution
of the elastic signal at 532 nm is equal to 7.5 m. The lidar system
was continuously operating during the period from February 2010
to December 2011 under clear sky and the measurements were
restricted by the visibility of the cirrus from the ground and the
absence of aerosols or pollutants to guarantee signals with a quite
good signal to noise ratio. The complete dataset corresponds to
40,000 profiles where each profile represents an average of 500
laser shots. To avoid specular reflections for normal incidences
that can happens when ice crystals are horizontally oriented in the
cloud, the lidar beam was tilted 2.5° from zenith.

In order to obtain reliable cloud parameters, the cloud
boundaries must be defined. Immler et al. (2008) pointed out that
a “clear definition of what should be classified a cirrus cloud is
missing to date”. The overlap between the transmitted beam and

the field of view of the receiver determines the lowest altitude
limit (Parameswaran et al., 2004). Comstock et al. (2002) pointed
out that tropical cirrus are generally observed above 9 km. Liu
et al. (2008) found that the cloud base height is usually detected
above the 6 km over semi-arid areas. In an attempt to unify criteria
and to avoid possible and unwanted inclusion of water clouds,
here we will consider the more general definition given by the
International Coordination group on Laser Atmospheric Studies
(ICLAS) (Linch et al., 2002): cirrus clouds derived from lidar
measurements are layers of particle above 6 km situated in an air
mass with temperature of �25 °C or colder, which in addition,
display a large temporal and spatial variability. With that defini-
tion in mind, the cirrus mid-cloud height was defined as the
geometric center of the cirrus cloud (Sunilkumar and Para-
meswaran, 2005) while the cirrus top and base heights were es-
timated following the threshold method developed by Platt et al.
(1994). The method has already been described by several authors
(Giannakaki et al., 2007; Wang et al., 2013), but a brief summary
may be useful here: the cloud-base altitude is defined as that point
at which there is an increase at the lidar signal level equals to two
times the standard deviation above the background level. The lidar
signal is required to increase for at least 5 successive height in-
tervals in order to avoid the impact of noise. Cloud top height can
also be determined by calculating the standard deviation of noise
above cloud top and moving downward in altitude. Optical para-
meters of cirrus clouds can be obtained solving the lidar equations.
The complete set of equations that govern lidar signals and Ray-
leigh scattering theory can be found in Del Guasta et al. (1993),
Chen et al. (2002) or Parameswaran et al. (2004) just to name a
few. But in brief, it is important here to bear in mind that the
backscatter coefficient and an effective lidar ratio can be retrieved
using both Klett and Fernald formalism, as proposed by Ansmann
et al. (1992). The lidar ratio then corresponds to the ratio of the
cirrus optical depth to the backscatter coefficient integrated over
the cirrus layers and can be considered as the weighted “mean”
lidar ratio (Giannakaki et al., 2007). According to Cadet et al.
(2005), the lidar ratio can be obtained using this methodology
with reasonable accuracy (with uncertainty of the 20% at most) in
the case of thin and thick cirrus. The cloud optical depth (τ) is
calculated by integrating the particle extinction coefficient within
the cloud boundaries.

The meteorological parameters used to determine the tropopause
temperature and height as well as the cloud temperature and pres-
sure (height) values were provided by the Argentine Servicio Me-
teorológico Nacional (SMN) and correspond to radiosonde mea-
surements, launched at the nearby Ezeiza operational weather sta-
tion and restricted to 00 UTC and 12 UTC when available.

Multiple scattering effects (MS) must be considered when cir-
rus clouds are analyzed since they are mainly composed of ice
crystals. This effect is strongly related to the field of view of the
lidar used, density and thickness of the clouds. According to
Eloranta (1998) the multiple scattering effect is significant for large
optical thickness (τ41) or large FOV. On the other hand, several
analyzes from Platt (1978) have laid out approaches for quantify-
ing and correcting for the effects of MS and how the correction
factor η must be performed and they pointed out that multiple
scattering is primarily related to the optical depth. According with
Chen et al. (2002), the multiple scattering factor can be calculated
from:

exp 1 1
η τ=

− ( )τ

The smaller value of η the more important the multiple scat-
tering effect is. The latter expression is the one we have used for
this study, considering that we are dealing with τo1 and
FOVo1 mrad.
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3. Results and discussion

To ensure reliable cirrus parameters, each cirrus measurement
was carried out from at least 30 min up to nine consecutive hours,
when the atmospheric conditions were appropriate. Fig. 1 presents
the frequency of occurrence of measured cirrus clouds during the
analyzed period. The seasonal dependence of these clouds should
be analyzed with a higher number of profiles; however from the
available data, the frequency of cirrus clouds appears to exhibit an
annual pattern with the maximum probability of the observation
in the warm months, with an increasing number of clouds during
February–June and September–October, and minimum values
during September 2010, January 2011 and December 2011. These
results are consistent with the values displayed in the Interna-
tional Satellite Cloud Climatology Project (ISCCP) when total
amount of diurnal cirrus clouds is consulted and such a seasonal
behavior may be related to convection processes from lower to
upper troposphere which lead to ice nucleation, as Das et al.
(2010) reported. In addition, this season coincides with the period
of maximum frequency of severe storms observed in Buenos Aires
Province (Canziani et al., 2013)

The distribution of cirrus occurrence with mid-cloud tem-
perature shows that observed cirri population is constrained be-
tween �75 °C and �55 °C, with heights generally confined to the
8–14 km, with top and base heights, mean values, around 11.8 and
8.3 km, respectively. Wider ranges of temperature and altitude
values were reported in several studies from different latitudes.
Sassen and Campbell (2001) have found that the cirrus cloud base
(top) altitude are usually located at 8.2 (11.2) km and �34.4 °C
(�53.9 °C) from University of Utah while Wang and Sassen (2002)
described mid latitude cirrus clouds over Oklahoma with tem-
perature ranged between �40 and �55 °C. Afterwards, Seifert
et al. (2007) observed the cirrus over Maldives with a peak ap-
pearance around �50 to �70 °C. With larger range and more
inclusive values, Das et al. (2010) described cirrus clouds over
Taiwan with heights of 8–18 km and temperatures between �30
and �80 °C. Compared with the finding from the above men-
tioned studies over other latitudes, temperatures and height cirrus
clouds values obtained here agree fairly well.

The presence of cirrus clouds is frequently associated with the
tropopause layer since their formation process is linked with sy-
noptic scale lifting of air leading to the ice nucleation in low
temperature (Das et al., 2010). Remote sensing observations by
satellite or lidars (Mather et al., 1998; Wang et al., 1996) have re-
vealed the presence of thin cirrus clouds close to that tropopause
layer. The cirrus, generally thin, located in the vicinity of the tro-
popause play a relevant role in dehydrating the air in the lower
stratosphere, as Jensen et al. (1996) reported. Thus, the study of

cloud-top and base altitudes with respect to the tropopause alti-
tude is highly relevant. The distance between cloud-top and cloud-
bottom altitudes and the tropopause are shown in Fig. 2.

The geometrical parameters of the cirrus were obtained as
mean values for the cloud; i.e., average of the parameter de-
termined during the cloud observation.

The tropopause height was obtained following the World Me-
teorological Organization (WMO, 1957) definition: the lowest level
at which the lapse rate decreases to 2 °C/km or less, provided also
the averaged lapse rate between this level and all higher levels
within 2 km does not exceed 2 °C/km. A perusal of the plot reveals
that most cloud-top altitudes are located below but very close to
the transition layer, in more than 50% of the observations at less
than 1 km from the tropopause; i.e., cirrus clouds are very likely
found right under the tropopause. With regard to the cloud base,
the observations show that in all the cases the difference between
the height of the tropopause and cloud base altitude, is at least
larger than 2.5 km. Moreover, the study of cloud-top and bottom
altitude with respect to tropopause altitude reveals that most
cirrus clouds are contained below the tropopause, although a few
of them cross that boundary. Similarly, Sunilkumar et al. (2008)
found cirrus clouds located below and very close to the tropical
tropopause with few of them with tops penetrating the transition
layer and extend into the lower stratosphere.

The macro-physical and optical properties of the cirrus clouds,
especially if they are expressed in average values, represent im-
portant but slightly incomplete information if temporal and spatial
variations are not taken into account. This is due to the fact that
water vapor and ice particles concentration vary within the cloud,
usually as a non linear process (Keckhut et al., 2013). Within that
context, the short term variability of the mean properties is to be
considered. Fig. 3 displays the temporal variation of the cloud al-
titude for 25 May, 2010. As the figure shows the cloud presents a
constant descent of the height within the observation period of
9 h: while the altitude of the cloud top remains almost constant
with a height of around 12 km, the lower cirrus layer, initially
detected close to 9.5 km, extends downward �1.5 km. The average
tropopause altitude on May 2010 was detected cl Q3ose to 12, 5 km,
as the Fig. 2 displays. Such displacements of the cloud boundaries
have been reported by several authors. Parameswaran et al. (2004)
attributed this variation in the cirrus cloud structure to the tur-
bulence existing below the cloud that governs the cloud shape
while Nair et al. (2012) considered that these ascending (descen-
dent) movements of cirrus clouds might have been the result not
only of upper tropospheric updraft but also due to atmospheric
waves.

The previous example is a typical case of observed dense and
highly structured cirrus which are usually found close to the
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Fig. 1. Occurrence of cirrus clouds measured during the period of 2010–2011 over
Buenos Aires.

Fig. 2. Variations of monthly mean top and base altitudes of cirrus clouds and
tropopause altitude. Vertical bars are the standard deviation.
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tropopause, according several studies. Most of the cirrus clouds
observed in this study persisted throughout the daytime mea-
surement and are dense, while a few of them appeared to be weak
and with intermittent presence. These latter are commonly named
laminar or single layer thin cirrus (Sunilkumar et al., 2008). The
cloud thickness also experiences a temporal variation reaching
3.5 km from the starting thickness of 2.5 km which is to be ex-
pected, considering the cloud bottom variations noted above.
When considering the whole sample, the geometrical thickness
spreads from 1.2 to 5 km, with an average value around
3.070.9 km. Results derived from different analyzes at mid-lati-
tudes show that mean thicknesses can vary across a wide spec-
trum of values. In Thessaloniki, Greece, Giannakaki et al. (2007)
reported cloud thickness ranging from 1 to 5 km with mean value
of 2.770.9 km, while in China, Wang et al. (2013) observed
thickness confined to a range of 0.8–4 km, with an average value of
2.070.6 km. Compared with the results obtained for mid latitude
regions, the mean thickness value over Buenos Aires falls within
the reported range. On the other hand Das et al. (2010) found in
Taiwan geometrical thickness ranging from 0.24 to 6.65 km with a
strong anti-correlation between thickness and cirrus altitude. A
similar trend can be found here if the geometrical thickness is
plotted as function of the altitude (Fig. 4). Note that Fig. 4 displays
thickness, represented at interval of 0.5 km, as function of the base
height of cirrus since the cloud base displayed a higher variability
as previously mentioned (similar trend can be found if the altitude
corresponds to mid cloud altitude). The geometrical thickness re-
mains almost steady for cirrus base altitude o9 km, followed by a
rapid decrease for cirrus base altitude 49 km. The negative cor-
relation between both variables, particularly strong from 9 km
upward, shows that geometrical thickness decreases as the base
height of the cirrus (or mid-cloud height) increases, which implies
that cirrus close to the tropopause layer appear to be thin, con-
firming the results obtained by Sunilkumar and Parameswaran
(2005). According to different researches the presence of cirrus
with high altitude and low thickness could be linked to convective
processes (Canziani et al., 2013).

The optical depth (Fig. 5), also displays a large variability during
25 May, 2010, with increasing values up to 0.4 in the first hours of
the morning and in the late afternoon with decreasing values be-
tween 12 a.m. and 6 p.m. Maximum and minimum values registered
are 0.43 and 0.06 respectively. The example is highly representative
of the observations. Sassen and Cho (1992) suggested that the cirrus
can be classified as sub-visual cirrus with ODo0.03, thin cirrus with
0.03oτo0.3 and dense cirrus with τ40.3. With an average value of

τ below 0.3 on May 25, 2010 the cirrus observed was optically thin,
but considering the short time variations the cloud changes from a
thin categorization to dense in the first hours of the morning and in
the late afternoon. The variability in optical depth depends on the
nature of the composition and thickness of the clouds. It is a function
of three basic values: the cloud thickness, the number density of the
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Fig. 3. Time series of the altitude detected for the cirrus cloud observed on 25 May, 2010. Note that while the altitude of the cloud top remains almost constant with a height
of around 12 km, the cloud bottom experiences a clear descent during the time of observation.
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particles and the mean particle size (Immler and Schrems, 2002;
Platt and Harshavardhan, 1988). If the whole sample during the 24
months is considered, more than 65% of the cirrus over Buenos Aires
can be classified as thin cirrus and the remaining clouds as dense
(Fig. 6 and Table 1), with the lower limit of applied η equal to 0.60. In
accordance with Giannakaki et al. (2007) there is an indication that
optical depth increases with increasing mid-cloud temperature. On
the other hand, results for China reported by Wang et al. (2013)
showed that the optical depth tends to increase when the cirrus
clouds are found in the height range between 5 and 10 km, but when
the cloud height increase to 10–13 km range, the τ decrease with
mean values less or equal 0.3. In order to analyze this trend, Fig. 7
shows the dependence of cirrus cloud optical depth on mid-cloud
altitude. Note that the optical depth is higher when the cirrus clouds
are found in the height range between 8 and 10 km and a rapid
decrease in cloud optical depth can be detected when the mid-cloud
altitude is 410 km. The effect of multiple scattering correction on
the optical depth becomes significant when the optical depth in-
creases; this implies that in more than 80% of the observed thin
cirrus the difference is not significant while for dense cirrus the
optical depth displays a difference of about 30–50% higher. The mean
value of the applied η was 0.857 0.07.

The relationship between optical depth and geometrical
thickness is presented in Fig. 8. There is an indication that mea-
sured and multiple scattering corrected values of τ increase with
increasing geometrical thickness. Seifert et al. (2007) indicated
that thinner clouds would lead to lower optical depth. Sassen and
Comstock (2001) also suggested that a linear relationship between
both variables is found. Even more evident are the values dis-
played by Wang et al. (2013) where both parameters seems to be

in such proportion that doubling the geometrical thickness almost
results in doubling the optical depth. However, the correlation
found in the above mentioned analysis is higher than the one for
our results. Fig. 8 shows that for geometrical thickness values up to
3 km, the relationship is linear but geometrically thicker cirrus
clouds seem to have lower mean τ and in consequence lower
mean extinction coefficients. This may be related with cloud-free
gaps inside the cirrus or with less and (or) smaller mean size
crystals inside the clouds.

Returning to our example on May 25, 2010, within the cloud
the lidar ratio also displays a spatial and temporal changing pat-
tern, with measured values spreading through the 20–43 sr range.
According to different studies, the lidar ratio can vary within a
wide range of values depending on the properties of ice crystals
and with height with no clear tendency (Chen et al., 2002). Over
the Andros Islands, the lidar ratios were mostly in the range from
10–40 sr, with mean measured values of 2078 sr. Similar lidar
ratios were also derived from lidar observations in Taiwan (25°N)
presented by Chen et al. (2002). Wang et al. (2013) found lidar
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Table 1
Percentage of cirrus classified into different categories.

Cirrus category τ (%) Corrected τ (%)

Sub-visual – –

Thin 57.9 68.4
Dense 42.1 31.6
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Fig. 7. Scatter plot of mean optical depth values with respect to mid cloud heights.
Mean value of mid-cloud height is taken for every 0.5 km interval. Standard error is
shown with vertical bars.

Fig. 8. Mean values of optical depth, uncorrected and multiple scattering corrected
values, versus geometrical thickness grouped in intervals of 0.5 km. Standard de-
viations are shown as verticals bars.
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ratio values varying from 5 to 70 sr and they argued that mean
lidar ratio in thin cirrus generally are higher than the opaque ones.
Observations over Utah revealed mean values of about 35, 27, 22,
22, and 21 sr for optical depth around 0.12, 0.25, 0.5, 1, 1.2, and 2.5,
respectively.

Immler et al. (2008) argued that the reason for the shift in the
lidar ratio with latitude is currently unknown. Differences in par-
ticle size and shape are possible explanations. Alternatively, a
change of the properties of the interstitial aerosol could also have
an appreciable influence on the measured optical properties of
optically thin ice clouds. Generally, the particles size is known to
decrease with altitude. Since cirrus altitude increases with de-
creasing latitude this trend could explain the change in cirrus lidar
ratio. The average measured value on May 25, 2010 was around
28715 sr which is in line with above reported values; this value
reaches 32717 sr if we consider the complete dataset. Statistically
the obtained values are in good agreement with earlier studies of
cirrus. The dependence of the cirrus lidar ratio -mean values- on
mid-cloud altitude is shown in Fig. 9. There is no clear inter-
dependence between both variables although it is possible to
distinguish two maximum values corresponding to heights around
10 km. Previous and subsequent values of Lr are smaller, and thus
10 km might be considered as a turning point but, nonetheless this
trend should be supported with further detailed analysis.

4. Summary

Optical properties of cirrus clouds observed using a ground-
based lidar at Buenos Aires during 2010–2011 have been analyzed.
The sample shows cirrus cloud heights ranging from 8 to 14 km
where the temperature is between �75 °C and �55 °C. The
maximum frequency of occurrence appears to be related with
warm months whereas minimum occurrence is found during the
austral winter. With the exception of a few cirri with the cloud-
tops above the tropopause, most of them are found below the
tropopause, with their tops located just below and close to the
transition layer.

On average, the geometrical thickness is 3.070.9 km, though
the cirrus bottom displays a significant daily variability during the
lidar measurement. A strong anti-correlation between thickness
and cirrus altitude is found. Considering the short term variations,
the optical depth exhibits a pronounced variability but on average

most of the cirrus are thin, according to the classification proposed
by Sassen and Cho (1992). Hence the scattering correction be-
comes significant only in 20% of the sample with mean value close
to 0.85.

Measured and multiple scattering corrected τ values show that
for geometrical thickness values up to 3 km the relationship is
linear but geometrically thicker cirrus clouds seem to have lower
mean τ. This may be related with the size and distribution of the
crystals inside the cloud. The lidar ratio values vary in the whole
sample from 28 to 39 sr, with a mean value around 32.7717.0 sr,
which statistically is in good agreement with earlier cirrus studies.
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