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Abstract

South America covers a large area of the globe and plays a fundamental function 
in its climate change, geographical features, and natural resources. However, it still 
is a developing area, and natural resource management and energy production are 
far from a sustainable framework, impacting the air quality of the area and needs 
much improvement in monitoring. There are significant activities regarding laser 
remote sensing of the atmosphere at different levels for different purposes. Among 
these activities, we can mention the mesospheric probing of sodium measurements 
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and stratospheric monitoring of ozone, and the study of wind and gravity waves. 
Some of these activities are long-lasting and count on the support from the Latin 
American Lidar Network (LALINET). We intend to pinpoint the most significant 
scientific achievements and show the potential of carrying out remote sensing 
activities in the continent and show its correlations with other earth science con-
nections and synergies. In Part I of this chapter, we will present an overview and 
significant results of lidar observations in the mesosphere and stratosphere. Part II 
will be dedicated to tropospheric observations.

Keywords: lidar, LALINET, aerosols, atmospheric sciences, remote sensing,  
air quality, environment

1. Introduction

Currently, the world’s leading authority on global warming issues is the 
Intergovernmental Panel on Climate Change (IPCC). The IPCC is a scientific-
political organization, created in 1988 by the United Nations (UN), and received 
the Nobel Peace Prize in 2007 [1, 2]. Since its foundation, the IPCC has issued five 
reports (Assessment Reports), the first in 1990, the next ones in 1995, 2001, 2007, 
and 2014. The next report of IPCC is expected for the year 2022. The IPCC reports 
have reinforced, with growing evidence, that human influence on Earth’s climate is 
incontestable and that the terrestrial climate system’s warming is evident [2].

Aerosols, in particular, can alter the most diverse atmospheric processes, 
significantly affecting weather and climate. For example, they can absorb or scatter 
specific solar radiation wavelengths and radiation reflected by the Earth’s surface 
[3]. They can also modify the albedo (ability to reflect solar radiation on a given sur-
face) and the lifetime of clouds [4]. A decrease in the albedo of clouds, for example, 
can lead to less reflection of radiation from the Sun, contributing to possible global 
warming effects. In this context, it is expected that the aerosol climatological 
behavior in the Earth’s atmosphere and its influence on climate change processes are 
of paramount importance.

The World Meteorological Organization (WMO) has encouraged the creation 
and expansion of networks aimed at atmospheric observations, and ground-based 
lidar networks have acquired great importance, both for atmospheric monitoring 
and research. Thus, regional lidar networks’ development to research the most 
diverse atmospheric configurations is strategic. The main fields where ground-
based lidar measurements can be applied include [5, 6] atmospheric aerosol optical 
properties, urban aerosols and pollution, dust and biomass burning transportation, 
and cloud impacts on climate, planetary boundary layer dynamics, and processes of 
satellite data validation.

In terms of atmospheric structure, ground base lidars cover from the mesosphere 
down to the troposphere, through the stratosphere, and inspect each atmospheric 
layer in question. Under this perspective, laser radars’ operation began in the early 
‘70s by observing stratospheric aerosols in Brazil and continued with sodium atoms 
(Na) concentration in the mesosphere. The stratospheric aerosols and ozone studies 
followed some years later in Argentina [7] and the late ‘80s in Cuba. By the late ‘90s 
and early 2000, the introduction of the lidar for tropospheric studies began.

We intend to summarize the most significant scientific achievements and devel-
opments related to ground-based Lidar remote sensing in South America in the 
next sections. LALINET’s most recent efforts in establishing standard protocols of 
system configurations, quality assurance, measurements, and data processing also 
will be approached [7–11]. The chapter organization should first follow the studies 
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performed in the mesosphere, followed by the work devoted to the stratosphere, 
and then we should show the studies related to the troposphere. These sections will 
be distributed over many specific studies regarding the scientific drives and meth-
odologies employed.

2. Lidar remote sensing in Latin America: LALINET

The South American continent, encompassing 42% of the Americas, is a 
region that shelters the most remarkable ecosystems. Among these, we can cite the 
Amazon Rainforest, which is the largest tropical forest in the world, the Pantanal 
(or Chaco), one of the UNESCO World Heritage Sites [12], and the Andes, the 
most extensive mountain chain in the world, and which hold a plethora of active 
and inactive volcanoes, extending from Venezuela to Patagonia, crossing all the 
continent from north to south. Patagonia, the continent’s southern region, presents 
many plants and wildlife, mostly endemic. It also houses another UNESCO World 
Heritage Site: The National Park Los Glaciares, in Santa Cruz, Argentina [12].

Figure 1. 
Schematic representation for the location of the LALINET stations in South America. Argentina (AR): 
1-) SMN Headquarters (Buenos Aires), 2-) CEILAP Headquarters (Buenos Aires), 3-) Comodoro 
Rivadavia (Chubut), 4-) Neuquén (Neuquén), 5-) Pilar (Cordoba), 6-) Río Gallegos airport (Santa 
Cruz), 7-) OAPA Río Gallegos (Santa Cruz), 8-) San Carlos de Bariloche (Río Negro), 9-) San Miguel de 
Tucumán (Tucumán). Bolivia (BO): 10-) La Paz (La Paz). Brazil (BR): 11-) Manaus (Amazonas), 12-) 
São Paulo (São Paulo), 13-) Cubatão (São Paulo), 14-) Natal (Rio Grande do Norte). Chile (CH): 15-) Punta 
Arenas (Magallanes), 16-) Temuco (Cautín). Colombia (CO): 17-) UNAL Medellín (Antioquia), 18-) SIATA 
Medellín (Antioquia), 19-) Cali (Valle del Cauca). Edited using Google my maps [14].
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Developing a regional ground-based lidar network in Latin and South America 
is of strategic importance: The knowledge rendered by the high-resolution profiles 
allows the knowledge of a wide variety of atmospheric phenomena to complement 
satellite observations and other retrievals by diverse ground-based instruments. 
Unfortunately, the available infrastructure of lidar stations in Latin America is 
limited in certain aspects. For example, only a few stations operate regularly (con-
trasted to Europe and North America), stations have different instrument designs, 
radiosonde launchings are not occurring nearby all stations, and only a reduced 
number of sun photometers is distributed across the continent [7, 11]. To get around 
such limitations and consolidate standard protocols of measurements, data acquisi-
tion, quality control, and assurance routines, and data analysis, the Latin America 
Lidar Network, LALINET, was established in 2001, during the First Workshop on 
Lidar Measurements in Latin America, held in Camagüey, Cuba, in March 2001 [7, 
11, 13]. It was recognized as being part of the GAW (Global Atmospheric Watch) 
Aerosol Lidar Observation Network (GALION) in 2013 [7, 11, 13]. Figure 1 shows 
the location of the LALINET stations [14].

The next sections of this chapter will present information about mesospheric, 
stratospheric, and tropospheric monitoring by LALINET stations and teams around 
South America and Cuba, plus some significant results. Table 1 below shows the 
operational stations and their characteristics. A detailed description of LALINET 
origin and its evolution is given in Ref. [7]. The Letter of Agreement between 
LALINET and GAW can be found in Ref. [15].

Country, City, Location

Coordinates, Altitude (a.s.l.)

System configuration

Instrument Emits (nm) Detects (nm)

AR, Buenos Aires, SMN
34.5641 S, 58.4171 W, 10 m

Elastic 
Polarized

1064, 532, 355 1064, 532 (∥, ⊥),
355 (∥, ⊥)

AR, Buenos Aires, CEILAP
34.5553 S, 58.5062 W, 26 m

HSRL 1064, 532, 355 1064, 607, (HSRL, ∥, ⊥),
408, 387, 355 (∥, ⊥)

AR, Rivadavia, CRD Airport
45.7922 S, 67.4629 W, 48 m

Elastic 
Polarized

1064,
532, 355

1064, 532 (∥, ⊥),
355 (∥, ⊥)

AR, Neuquén, NQN Airport
38.9521 S, 68.1368 W, 266 m

Elastic 
Polarized

1064,
532, 355

1064, 532 (∥, ⊥),
355 (∥, ⊥)

AR, Pilar, OMGP
31.6755 S, 63.8730 W, 332 m

HSRL 1064, 532, 355 1064, 607, 532 (HSRL, ∥, ⊥), 
408, 387, 355 (∥, ⊥)

AR, R. Gallegos, RGL Airport
51.6117 S, 69.3072 W, 17 m

Elastic 
Polarized

1064, 532, 355 1064, 532 (∥, ⊥),
355 (∥, ⊥)

AR, Río Gallegos, OAPA
51.6004 S, 69.3194 W, 19 m

DIAL 355 (Nd:YAG), 
308 (Xe:Cl)

387, 355,
347, 332, 308

AR, Bariloche, BRC Airport
41.1473 S, 71.1640 W, 837 m

Raman 1064, 532, 355 1064, 532,
408, 387, 355

AR, S. M. de Tuc., TMO
26.7871 S, 65.2068 W, 485 m

Elastic 
Polarized

1064, 532, 355 1064, 532 (∥, ⊥),
355 (∥, ⊥)

BO, La Paz, UMSA
16.5381 S, 68.0686 W, 3420 m

Scanning 
Elastic

532 532

BR, Manaus, Embrapa
2.8906 S, 59.9698 W, 80 m

Raman 355 408, 387

BR, São Paulo, IPEN
23.5607 S, 46.7398 W, 764 m

Raman 1064, 532, 355 1064, 532, 530,
408, 387, 355

BR, Cubatão, CEPEMA
23.8865 S, 46.4370 W, 8 m

Mobile 
Raman

532 532, 607
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3. Mesosphere

Meteors enter in the upper atmosphere at very high velocities (15–70 km s−1), 
and the collisions with the atmospheric constituents cause flash heating until the 
particles melt and their chemical elements vaporize. This ablation process is respon-
sible for the layers of metal atoms as Na, K, Fe, Mg, Ca, Si, among others, which 
occur globally in the mesosphere and lower thermosphere (MLT). This cosmic 
dust’s primary sources are the sublimation of comets as they approach the Sun on 
their orbits through the solar system and the collisions between asteroids.

Lidar use for the upper stratosphere, mesosphere, and lower thermosphere 
investigations started in São José dos Campos, Brazil, in 1969 with a ruby laser 
operated at 694.3 nm. Clemesha and Rodrigues obtained the first aerosol profile 
using lidar in South America in 1971 [16]. The height range of measurement was 5 
to 35 km due to the use of an 8 x 10″ receiver mirror. Later were obtained profiles up 
to 90 km in height using a 48″ mirror. In this work, high concentrations of aerosols 
were observed in the troposphere, a minimum just below the tropopause, around 
15 km height, and higher concentrations in the lower stratosphere.

In 1972, when a new “handmade” dye laser became operational (see a Photo 
of this equipment in Figure 2), it was possible to start measurements of the Na 
layer in the MLT region, using Fabry-Perot interferometers and tuning the laser in 
the Na D2 line, 5890 Å, with a precision of 0.02 Å [17]. This system enabled the 
measurement of the mesospheric Na from 75 to 105 km of height [18]. The system 
continued to be operated regularly for long years obtaining the Na concentration at 
MLT region with different time and height resolutions, the stratospheric aerosol by 
Mie Scattering, and the atmospheric density and temperature from 30 to 65 km by 
Rayleigh scattering. In April 1975, 6 months after the eruption of Volcán de Fuego 
in Guatemala, a massive increase in aerosol loads was observed in São José dos 
Campos, which remained in the atmosphere for almost two years [19].

Through Na profiles between 82 and 99 km obtained with the laser beam directed 
alternately in three positions in the sky, it was possible to estimate the wind’s speed 
in the mesosphere [20, 21]. The velocities vary with height in an oscillatory manner, 

Country, City, Location

Coordinates, Altitude (a.s.l.)

System configuration

Instrument Emits (nm) Detects (nm)

BR, Natal, UFRN
5.8431 S, 35.2043 W, 20 m

Elastic 
Polarized

1064, 532, 355 1064, 532 (∥, ⊥), 355

CH, Punta Arenas, UMAG
53.1344 S, 70.8802 W, 10 m

Raman 
Polarized

1064, 532, 355 1064, 607, 532 (∥, ⊥),
408, 387, 355 (∥, ⊥)

CH, Temuco, UFRO
38.7459 S, 72.6156 W, 108 m

Elastic 532 532

CO, Medellín, UNAL
6.2619 N, 75.5760 W, 1538 m

Elastic 1064, 532 1064, 532

CO, Medellín, SIATA
6.2017 N, 75.5784 W, 1502 m

Elastic 
Polarized

355 355 (∥, ⊥)

CO, Cali, CIBioFi-UniValle
3.3770 N 76.5337 W, 982 m

Elastic 
Polarized

1064, 532, 355 1064 (∥, ⊥), 532 (∥, ⊥),
355 (∥, ⊥)

Details about the contributing teams, measurement protocols, reports, and equipment can be found on the web 
page http://www.lalinet.org. Detection of polarized light in the parallel (∥) and perpendicular (⊥) directions are 
indicated.

Table 1. 
LALINET operational stations and their characteristics [7–11].
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with the amplitude increasing with height. These wave-like formations vary slowly 
with time and might be produced by propagating tides in the atmosphere. These 
structures’ common feature is their downward motion with time, consistent with the 
upward propagation of gravity wave energy. The more extended periods of oscilla-
tions are attributed to tides [22, 23]. Lidar measurements of the stratospheric aero-
sols enabled the observation of the eruption of El Chichón in México, eight months 
after in São José dos Campos, Brazil [24]. The transport of aerosols of the Pinatubo 
eruption was much more rapid and could be seen just 45 days after the eruption [25].

Research involving Na has included the first detection of the so-called Sporadic 
Sodium Layers [26]. The events occurred more frequently through periods of more 
significant meteor showers, especially in August. It is common to have sporadic 
E layers coincident with Na enhancement, which suggests that enhanced layers 
are generated by the wind shear distortion of Na clouds originated from meteor 
ablation. A significant result was that the long-lived sporadic layers appear to have a 
different nature from the short-lived ones. The difference is manifested in the more 
extensive duration and broader thickness and how the events are correlated with 
sporadic E layers [27].

In 1992, analyses of the vertical distribution of atmospheric Na layer with lidar 
showed a long-term trend of the centroid height, which decayed by approximately 
700 meters between 1972 and 1987 [28]. However, from 1972 to 2001, the trend was 
93 meters per decade. This new result appears dramatically diminishes the possibil-
ity of long-term cooling of the upper atmosphere [29].

In 1997 a new technique was developed to measure the Doppler temperature of 
the atmospheric Na layer by using a two-element birefringent filter together with 
a 0.2 nm free spectral range Fabry-Perot interferometer to produce a linewidth of 
about 20 pm. It produced a multi-line signal of the laser, with the lines spacing pre-
cisely equal to the separation of D2a and D2b transition of Na. With this assembly, 
it was possible to obtain the mesosphere’s temperature with a 5 K precision, a height 
resolution of 1 km, and a time resolution of 6 minutes [30, 31]. Lately, in 2004 the 
lidar was equipped with a new laser, which permitted more precise measurements 
of the mesopause temperature (see the assembly in Figure 3) [32, 33]. Gravity 
wave’s effects on the temperature in the mesopause were also studied [34, 35].

Figure 2. 
The handmade dye laser for Na probing (it operates from 1972 to 1992). See also in the picture Dr. Barclay R. 
Clemesha (in memoriam), the project’s head.
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Several mesospheric dynamics studies involving other instruments like photom-
eters, meteor radar, and onboard rocket instruments have been made [23, 36–39]. 
A mobile lidar has been developed to measure the Na concentration simultaneously 
with the volume emission profile for the NaD line of airglow in rocket campaigns in 
the Brazilian equatorial region of Alcântara (2.3728 S, 44.3965 W). An illustrative 
photo of this system is shown in Figure 4. This experiment allowed calculating the 
branching ratio of the reaction involved in the Na airglow [40].

Along the time, the São José dos Campos lidar underwent many modifications 
and upgrades. In 1993, the transmitter laser was upgraded with a commercial 
laser (see its illustration in Figure 5). With this upgrade, it was possible to use the 
Rayleigh signal from the clean atmosphere from 30 to 75 km (below the resonant Na 
signal) to measure the relative atmospheric density and the absolute temperature. 
These measurements have been used to study mesospheric temperature general 
behavior and the effects of atmospheric waves [41]. The long series of measurements 
have enabled long-term studies of the mesospheric Na, aerosols, and temperatures 
associated with global change [29, 42, 43]. A dual-beam Na/K lidar was assembled 
in São José dos Campos, Brazil, to extend the Na layer studies and improve the 
knowledge about metal layers in the MLT region. This system was installed owing to 
a cooperative agreement between the National Space Science Center (China) and the 
National Institute for Space Research (Brazil) in November of 2016.

The lidar uses two laser beams of 589 nm and 770 nm to simultaneously measure 
Na and K concentrations by the resonant scattering at MLT. The signal-to-noise 
ratio response allows 3 min time resolution and 96 m of height resolution in the 
profiles [44]. Figure 6 shows the Na/K lidar during operation.

It is essential to point out that, up to the present time, this is the unique K lidar 
system operating in the Southern Hemisphere (SH). For the first time, it was pre-
sented the nocturnal and seasonal behavior of K and Na concentrations measured 
simultaneously at SH [44]. The seasonal variation of these two metals was deter-
mined, and it is interesting to note their different behavior even though both are 
alkali metals and come from meteor ablation. Semiannual variation is observed in 
both metal concentrations with different maxima: K shows its maxima around the 

Figure 3. 
Photo presenting the continuum narrowband tunable laser for Na concentration and Mesopause temperatures. 
It operated at São José dos Campos measuring mesopause temperature from 2007 to 2009 and Na concentration 
from 2006 to 2016. This photo was taken by Barclay R. Clemesha (in memoriam).
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solstices more pronounced around June, and Na concentration shows a maximum 
around May and a broad one centered in September [44]. A plausible interpretation 
of the different seasonal changes between Na and K concentrations is presented 
in Ref. [45]. This analysis is based on two points: 1) the neutralization of K+ ions 
is particularly favored at low temperatures through summer (North Hemisphere), 
and 2) cycling between K and its primary neutral reservoir KHCO3 is substantially 
temperature independent [44]. Unfortunately, the first argument is not significant 
for this latitude, where the mesopause temperature has not a great summer to 
winter variation [33].

Figure 5. 
Photos showing the candela laser system assembled at INPE São José dos Campos in 1993. This system operated 
between 1993 and 2006—Photos taken by B. R. Clemesha (in memoriam).

Figure 4. 
Photo illustrating the INPE mobile lidar used during rocket campaigns in the Brazilian equatorial region of 
Alcântara, on 31 may 1992.
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4. Stratosphere

4.1 Historical overview

The first lidar measurements concerning stratospheric aerosols in Latin America 
were performed in Kingston, Jamaica, between 1964 and 1979 [46]. The lidar sys-
tem held for these measurements was managed by the University of the West Indies 
and supported by the US Air Force [47]. Its primary purpose was to investigate the 
atmospheric profile, measuring molecular scattering. Moreover, the system proved 
valuable for measurements of stratospheric aerosol layers at wavelength 694 nm 
[48]. These lidar measurements from Jamaica represented a pioneering role, con-
comitantly with different research teams, developing lidars’ capacities to measure 
aerosols in the lower stratosphere [49]. Those measurements were also an essential 
contribution to the stratosphere’s early studies in the tropics [50].

In 1969, a new lidar instrument was designed and developed at INPE by Prof. 
Barclay Clemesha (see Section 3 for details). This equipment’s primary objective 
was to investigate the mesosphere dynamics; besides, stratospheric aerosol mea-
surements were also performed. The first measurements were carried in 1970 at 
wavelength 694 nm [16], and regular measurements began in 1972 [51]. This project 

Figure 6. 
Picture showing the dual-beam Na/K lidar located at São José dos Campos, Brazil. The vertical orange beam is 
at 589 nm for Na scattering and the infrared one at 770 nm for K scattering. This last is not visible in the photo, 
but the red star indicates the beam position. Liu Zhengkuan took the original photo.
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was responsible for collecting the longest stratospheric aerosol profile measure-
ments in Latin America and the Southern Hemisphere’s tropical zone, extending 
from 1971 to 2016. It includes stratospheric aerosols profiles from the two more 
significant volcanic eruptions of the XX century second half: the first happened in 
Mexico on 04 April 1982 (El Chichón), and the second in the Philippines on 14 June 
1991 (Mount Pinatubo) [51, 52]. Measurements conducted at INPE between 1972 
and 2016 proved the value and the importance of the stratospheric aerosols’ long-
term monitoring. They have rendered information to understand the stratospheric 
aerosols layer evolution in the Southern Hemisphere’s tropics since the ‘50s [53].

A Cuban-Soviet scientific cooperation agreement supported the deployment 
in 1988 of a lidar system designed for stratospheric aerosols measurements at the 
Camagüey Meteorologic Center in Cuba [54]. The instrument operated intermit-
tently between 1988 and 1997, providing stratospheric aerosols measurements 
from the Mount Pinatubo eruption in 1991. The 1988–1990 lidar aerosol profiles, 
at 532 nm, combined with satellite measurements, have been used to study back-
ground stratospheric aerosols in the Caribbean [55]. Camagüey Lidar Station (CLS) 
stratospheric aerosols profiles from Mount Pinatubo also contributed to the study 
of the radiative impacts of the eruption at regional [56] and global [57] scales. 
Moreover, the Camagüey lidar database was also used to validate the stratospheric 
aerosol SAGE II satellite measurements from Mount Pinatubo eruption [58, 59]. 
Furthermore, it was used to generate an extinction climatology in the UV for cor-
recting Brewer ozone measurements [60].

By 1994 the Laser and Applications Research Center (CEILAP - UNIDEF) in 
Buenos Aires, Argentina, developed various lidar systems for atmospheric research 
[7]. One of these devices was designed to measure the atmospheric boundary layer, 
cirrus clouds, and tropospheric aerosols, operating at wavelength 532 nm [61]. A 
collaborative study between CEILAP and CLS evaluated how this lidar system could 
also be used for the higher troposphere and lower stratospheric aerosols research. 
Upon analyzing two tropospheric aerosols profiles extending into the lower strato-
sphere, encouraging results were found [62]. In June 2005, another lidar system was 
designed and installed by CEILAP in Río Gallegos, Patagonia. This instrument’s 
primary goal was performing measurements of stratospheric ozone, tropospheric 
and stratospheric aerosols, and water vapor. In particular, stratospheric aerosol 
profiles are used to correct the stratospheric ozone [63].

Western South America is bordered by the Andes, which divides the continent 
into two distinct regions. In South America, the vast majority of active volcanoes 
are located in the eastern part of the continent, and ash eruptions are routinely 
reported throughout the region. The volcanic activity includes periods of ash 
eruptions and cycling eruptions that spread out over months or even years [64, 
65]. Great active volcanoes in South America are Nevado del Ruíz, in Colombia; 
Cotopaxi, Tungurahua, and Reventador, in Ecuador; Villarrica, Llaima, Nilahue, 
Lascar, Chaitén, and Calbuco, in Chile; El Misti, Ubinas and Sabancaya, in Peru; 
Aracar, Copahue, and Planchón-Peteroa in Argentina. There are no reported active 
volcanoes in Paraguay, Uruguay, Venezuela, Guyana, Suriname, and Brazil [64, 65].

On 22 April 2015, in Chile, the Calbuco volcano erupted and injected a signifi-
cant amount of ashes and aerosols into the atmosphere [66].

The volcanic aerosol profiles in both the upper troposphere and the lower 
stratosphere, which originated from the Calbuco volcano eruption in Chile on 22 
April 2015, were measured by different lidar stations in South America [7]. It was 
the first time that LALINET lidar stations, distributed across the continent, could 
analyze aerosol profiles together during an event. Lidar stations located in Buenos 
Aires, Comodoro Rivadavia, San Carlos de Bariloche, Neuquén, and Rio Gallegos 
(all five in Argentina), Concepción (Chile), and São Paulo (Brazil) observed the 
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aerosols profiles [7, 67]. LALINET stations’ capabilities to operate in a coordinated 
way in case of a volcanic eruption were challenged, highlighting the coordination 
among LALINET teams.

On 23 April 2015 (one day after the eruption), the lidar system at the University 
of Concepción measured the aerosols profiles between 5 and 9 km, showing a 
multilayer structure. Both layers merged at around 7 km, decreasing its intensity 
and narrowing. The following day 24 April 2015, the two layers registered in the day 
before at Concepción were detected in the nighttime by the lidar system placed in 
Buenos Aires, Argentina, in heights varying between 5 and 7 km showing a drown-
ing leaning. The aerosol’s multilayer formation was present at both lidar sites when 
identified for the first time. Lidar measurements conducted at IPEN in São Paulo on 
27 April 2015 (five days after the eruption) exhibited aerosols found at an altitude 
of about 19 km in the stratosphere (Figure 7) [66]. Those lidar extinction profiles 
were confronted with those measured by the Ozone Mapping and Profiler Suite 
Limb Profiler (OMPS/LP) instrument, revealing promising results [7].

4.2 Differential absorption lidar measurements in Argentina

The behavior of trace constituents in the Earth’s upper atmosphere, dictated by 
diverse physical processes, is of particular interest for the balance of stratosphere 
and mesosphere. Expressly, ozone has a principal function by absorbing the short-
wavelength UV radiation (which might damage life) and keep the radiative budget 
stable [68]. For those reasons, ozone has been at the focus of the middle atmosphere 
research effort [69, 70].

Researchers’ interest in performing lidar measurements from the southern 
region of the southern hemisphere dates back to 1995. Researchers from CEILAP, 
together with Prof. Gérard Mégie (who was then head of the Service d’Aéronomie 
in France), considered conducting a campaign to measure ozone profiles using 
a DIAL (differential absorption lidar) system, in Patagonia, Argentina [71]. The 
configuration and installation of the lidar system began as a collaboration linking 
the two institutions. For the DIAL technique, two laser wavelengths are used to 
measure atmospheric ozone. One wavelength is well absorbed by ozone, while the 
other not. After the wavelengths travel into the atmosphere and are backscattered 

Figure 7. 
Quick-look of the RCS at 532 nm measured at SPU Lidar Station on 27 April 2015. The SPU Lidar Station 
is installed at the Center for Lasers and Applications of the nuclear and energy research institute (CELAP/
IPEN) in São Paulo. The signal between 18 km and 20 km shows aerosols originating from the Calbuco volcano 
eruption on 22 April 2015, in Chile.
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to two receivers, it is possible to make a ratio of the measurements, allowing direct 
determination of the ozone concentration as a function of range.

The instrument became operational in 1997 in Villa Martelli, Buenos Aires, 
where the headquarters of CEILAP is located. The initial version had only one 
telescope, which was 50 cm in diameter. It operated successfully until 2002. Later, 
the number of telescopes was increased to four, and a spectrometer was added. The 
apparatus was fine-tuned at the Villa Martelli headquarters.

The Service d’Aéronomie loaned the equipment’s electronic project and a con-
tainer, which had already been used in the Arctic. However, financing was still an 
issue. Fortunately, since 1999, CEILAP has cooperated with the Tohoku Institute of 
Technology in Sendai, Japan. The Japan International Cooperation Agency (JICA) 
supported the south’s entire measurement campaign. It further contributed to acquir-
ing a new Nd:YAG laser, which is imperative to the DIAL instrument. In this way, the 
SOLAR (stratospheric ozone lidar of Argentina) campaign started in June 2005 [72].

The campaign’s feasibility study was conducted, considering the nocturnal cloud 
cover over four towns in Argentine Patagonia. The data were compared with those 
corresponding to days when the Antarctic polar vortex crosses over these towns.

Different tracers were also considered, such as the total ozone column values 
measured by total ozone mapping spectrometry, the equivalent latitude method, 
and the potential vorticity maps calculated for the mid-stratosphere, according to 
studies carried out in collaboration with the Service d’Aeronomie in France and the 
National Institute for Environmental Studies in Japan.

The city of Río Gallegos region met the necessary conditions for the measure-
ments. It is located at 2612 km from Buenos Aires, on the River Gallegos estuary 
banks, and has 140,000 inhabitants. Like other cities in southern Argentina and 
Chile, Río Gallegos is reached by the ozone hole’s edge during the austral spring. 
However, compared with its counterparts, it has a more significant number of 
clear nights or nights with less than one-eighth cloud cover, which means more 
opportunities for making measurements with the ozone DIAL. Río Gallegos also 
hosts the National University of Southern Patagonia, whose staff could participate 
in the campaign, and is near to Punta Arenas, Chile, where another research group 
has used a Brewer instrument to make ozone measurements, in cooperation with 
Brazilian researchers. On 10 June 2005, the team set off overland for Río Gallegos in 
two trucks that traveled 2612 km from Buenos Aires to the Military Air Base in Río 
Gallegos, where a mobile laboratory was set up. The base is located 18 km from the 
center of the town [72, 73].

A Xe:Cl excimer laser emission at 308 nm is employed for the absorbed wavelength 
in the DIAL technique, and an Nd:YAG laser at 355 nm third harmonic line is employed 
as the reference wavelength. Six channels are used for signal acquisition [72]. Four of 
them detect the emitted wavelengths’ elastically backscattered signal (high energy 
mode for the higher altitude ranges, attenuated energy for the lower ranges), and two 
correspond to the Raman wavelengths [72]. The CEILAP’s DIAL instrument setup is 
shown in Figure 8, and its full description can be found in Ref. [10].

The CEILAP Lidar Division, in cooperation with other national and inter-
national institutions, has organized the SOLAR (Stratospheric Ozone Lidar of 
ARgentina) Campaign as a part of environmental investigations in the Southern 
Hemisphere [72]. This campaign’s objective was to monitor different atmospheric 
constituents using remote sensing techniques, mainly related to lidar, in Argentina’s 
southern part. The most critical and complex instrument involved in this campaign 
is a differential absorption lidar capable of producing precise and accurate strato-
spheric ozone profiles [72, 73].

The most substantial decrease of the ozone column over Río Gallegos through 
the 2005 spring was observed on 8 October, with a total ozone column of 196 DU 
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estimated from integrating an ozone profile based on the lidar measurement and 
the US Standard 1976. This value expresses a decrease of 45% in the total ozone col-
umn concerning the mean total ozone value outside the ozone hole for this month 
(about 350 DU). Figure 9 shows the measured lidar profile on this day (dashed 
line), together with the ozone profile measured on 17 October (dotted line), which 
corresponds to standard ozone conditions outside the ozone hole (about 357 DU). 
The figure also shows the climatologic profile (black line) from the SAGE II mea-
surements, which corresponds to the mean of the ozone measurements outside the 
ozone hole for the 1995–2004 period.

From the full set of lidar measurements, were selected 37 lidar profiles that 
match the HRLS profiles. The monthly mean lidar profiles were confronted 
with similar profiles measured by the High-Resolution Dynamics Limb Sounder 
(HIRDLS) device onboard the NASA-Aura satellite. The collocation criteria for 
selecting satellite data were set using a distance of up to 500 km from site measure-
ment and a temporal selection of about twelve hours for the measurement time. 

Figure 8. 
Experimental setup of differential absorption lidar (DIAL) developed at CEILAP.

Figure 9. 
Lidar ozone profile inside (dashed line) and outside (gray dotted line) ozone hole in Río Gallegos. Climatologic 
profile for October from SAGE II data (black line) [74].
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The mean stratospheric ozone lidar profile for October in Río Gallegos is shown in 
Figure 10. For comparison, the same quantity from satellite data is included.

In general, good agreement between lidar and satellite data was found (inside 
the statistical error bar, with a relative difference of around 10%). The maximum 
disagreement between lidar and satellite data was observed in August mean profiles 
around 30 km. For October, the agreement was better than 10% above the ozone 
peak concentration. In general, it was observed that the variability of lidar profile 
concentrations is higher around the ozone peak, decreasing with height.

Differential Absorption lidar techniques have been demonstrated to be a reliable 
remote sensing technique to retrieve the stratosphere’s ozone profile [73]. Argentina 
has used DIAL techniques since 1999. In 2005, with French and Japanese research-
ers’ collaboration, the Lidar Division of CEILAP established a new site in Southern 
Patagonia, the South Patagonia Atmospheric Observatory (OAPA). This device has 
been part of Network Data for Atmospheric Composition Change (NDACC) since 
2008, and the research using its measurements allows the study of ozone hole over-
pass from South America [75] and the satellite validation in the South Hemisphere. 
After the SOLAR Campaign, several initiatives were carried out related to strato-
spheric ozone monitoring in Argentina. For example, the UVO3-Patagonia (2008–
2010) and SAVER-Net projects (2013–2018) were the research activities made in 
collaboration with JICA, and Japanese and Chilean Researchers went more in-depth 
the observation of ozone in vertical profiles and total ozone column [76].

5. Conclusions

Part I of this chapter offered the opportunity to give a scientific overview of cur-
rent and past lidar observation activities conducted in South America, with Cuba’s 
participation. This overview spans over almost 50 years of activities and grants how 
this part of the world is concerned with laser remote sensing of the atmosphere in 
almost its whole structure: Mesosphere and Stratosphere. This top-down approach 

Figure 10. 
Mean lidar profile (black line - error bar corresponds to ±1 std) and mean HIRDLS (white line) ±1 std. 
(shadow area) for October.
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also followed a chronological delivery of results, with the first results coming from 
the region in the highest portion of the atmosphere (mesosphere), and going down-
wards to stratospheric, and finally at the tropospheric studies. If, in the first years, 
these activities started as individual initiatives at different countries and research 
groups levels, the creation of a federative lidar network, namely LALINET, helped 
somehow to have more coordinated measurements. Moreover, the implementation 
of SAVERNET in Argentina and Chile improved how these joint measurements 
are conducted. The studies conducted in the mesosphere account for one of the 
most extended time series of lidar data, being of great importance in the Southern 
Hemisphere. Also, significant results about Na and K concentrations and their vari-
ability over almost three decades are available. The studies of ozone concentration 
in the stratosphere also provided relevant results, unprecedented for this portion of 
the globe. Part II of this chapter will be dedicated to tropospheric lidar observations.
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