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ABSTRACT: 
The monitoring of the release of gasses into the atmosphere by natural and 

man-made sources is a necessary and challenging task, due to the several effects 
that gasses have in the dynamics of the complex atmospheric system and their 
consequences for life.  Recent advances in spectroscopy, the emerging of new 
materials and the increased capabilities of computers have allowed to develop 
and implement many gas monitoring techniques such us Correlation 
Spectroscopy (COSPEC), Differential Optical Absorption Spectroscopy (DOAS) 
and Fourier Transform Infrared Spectroscopy (FTIR) which have been 
successfully used in Ecuador.  Here we present the results of the remote sensing 
techniques used in Ecuadorian Volcanoes. 
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1. – Introduction. 
 

The monitoring of the release of 
magmatic gases into the atmosphere by 
active volcanoes is not only important for 
evaluating the state of eruptive processes, 
given that they are the driving force of 
rapid magma transport, but also for 
evaluating the role of those gases in 
tropospheric and stratospheric chemistry 
and climate, as well as in aerial traffic and 
their impact for life and property. 

In recent years, Ecuador have 
experienced the reactivation of four main 
continental volcanoes:  Guagua Pichincha 
(1999-2000), Tungurahua (1999 to 
present), El Reventador (2002 to present) 
and Cotopaxi (2002 to present), with the 
consequent risk for people and the non-
negligible effect upon economy.  The 
Instituto Geofísico de la Escuela 
Politécnica Nacional -IGEPN- 
(Department of Geophysics) is the official 
entity for the monitoring and research of 
seismic and volcanic phenomena in 
Ecuador and have been currently using and 
developing remote sensing techniques for 
volcanic gas monitoring since 1986, when 

a Correlation Spectrometer (COSPEC) was 
acquired. 
 

Last advances in spectroscopy, 
computer sciences and new materials have 
contributed to the development of new 
remote sensing techniques such as 
Differential Optical Absorption 
Spectroscopy (DOAS) and Fourier 
Transform Infra Red Spectroscopy   
(FTIR-S), and their application to 
Volcanology is a well documented 
practice.  The IGEPN are using these 
technologies for a better understanding of 
volcanic activity and forecasting of their 
negative effects. 

2. – Remote sensing of volcanic gases. 

The dynamics of explosive 
eruptions is governed principally by the 
exsolution of magmatic gases like SO2, 
CO2, HCl, HBr and others and their 
interaction with hydrothermal systems.  
Shallow and deep processes as well as 
changes in the style of the eruptive activity 
can be inferred from the qualitative and 
quantitative analysis of the gas output.  
Given the high temperature and corrosive 
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behavior of the volcanic gases and because 
of habitual logistical constraints, their 
monitoring by direct sampling or in-situ 
sensors is difficult, if not impossible.  
Then, the remote sensing techniques are 
preferred, especially when a continuous 
record is required. 

2.a. – Ecuadorian active volcanoes. 

Ecuador has around 55 volcanoes in 
its continental territory and 21 in the 
Galapagos Islands.  From these, 15 have 
presented historical activity with important 
social, economical and cultural effects.  In 
the last six years, the reactivation of 
Guagua Pichincha, Tungurahua, El 
Reventador and Cotopaxi volcanoes, which 
are located near to populated areas, has 
represented an important concern for the 
country and a challenge for the official 
institutions in charge of the public and 
scientific assessment.  Figure 1shows the 
location of the main volcanic complex in 
the continental Ecuadorian territory.  

Various are the hazards related to 
volcanic eruptions, such as lava flows, 
piroclastic flows, lahars, debris avalanches, 
ash and bombs falls, earthquakes and 
others, and the knowledge of the state of 
the eruptive process, whose main goal is 
forecasting, depends on the quantity and 
quality of the techniques employed, whose 
utilization in turn is dependant on each 
particular volcano.  Among the principal, 
routinely developed activities in the 
monitoring of Ecuadorian volcanoes, we 
mention petrological characterization, 
study of historical activity, monitoring of 
seismological activity, ground 
deformation, thermal imaginey, visual 
observations, and, of course, gas 
monitoring. 

The results presented on this paper 
corresponds mainly to gas monitoring at 
Tungurahua  volcano  (Lat. 01°28'S; Long. 
78°27'W), which is located on the eastern 
volcanic row of the Ecuadorian Andes, 120 

 
 
Figure 1. - Principal volcanic complexes in the 
continental territory of Ecuador and their 
location respect to main populated areas 
(adapted from www.igepn.edu.ec ) 
 
km south of Quito. This 5023 m high 
active volcano is notable for its extreme 
relief (3200 m), steep sides, and small 
summit glacier. Beginning in 1998 an 
intermittent series of VT and LP seismic 
swarms warned of impending volcanic 
activity. Guides reported changes in the 
fumarolic activity in the crater in July 
1999. The first COSPEC measurements 
confirmed Tungurahua's new activity, the 
first values being 2300 ton/day in late 
August 1999 which ascended to 10,000 t/d 
in October.  Magma reached the crater on 
11 October.  Since late 1999 until present, 
Tungurahua's activity has had periods of 
low and high activity, the latter being 
characterized by both vulcanian and 
strombolian phases. COSPEC values 
average 1000 t/d, except during more 
active periods. 
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2.b. – Techniques for volcanic gas 
monitoring. 

There are many techniques to 
identify and quantify the presence of 
volcanic gases dissolved in the atmosphere 
or aquifers.  Direct sampling in bottles for 
post laboratory analysis offers high 
accuracy, but has limited time and spatial 
resolution, and is usually hazardous to 
obtain.  In situ sensors are an alternative, 
but their application is also limited to 
volcanoes where the logistical conditions 
are favorable; furthermore, the sensors can 
be affected by high temperature and 
corrosion.  Remote sensing techniques can 
be developed from a wide range of 
platforms:  ground, aircraft or satellite and 
also have the advantage of a high spatial 
and temporal resolution, but are usually 
limited to some species and are not very 
accurate.  Nevertheless, the limitations of 
all of these techniques are disappearing by 
incorporating new technologies. 
 
3. Spectroscopic remote sensing 
techniques.  

Selfness, high temporal and spatial 
resolution, the possibility of using active or 
passive configurations from different 
platforms and the increased capability for 
doing simultaneous measurements of 
different species are some of the 
advantages that  spectroscopic remote 
sensing techniques present.  Having been 
used for environmental studies, most of 
these techniques can been easily applied to 
volcanic scenarios.  For these reasons, the 
number of observatories that currently use 
remote sensing techniques for gas 
monitoring is growing worldwide. 

3.a. – COSPEC. 

The Correlation Spectrometer -
COSPEC- is the first and most common 
remote sensing technique employed at 
volcanoes.  This UV sensible, opto-

mechanical instrument is able to measure 
atmospheric SO2 and NO2 by using four 
correlation disks whose slits are correlated 
with the absorption bands of those gases.  
The retrieval of gas abundances (ppm.m) is 
based on the comparison between a blue-
sky and calibration cell (without volcanic 
gas) measurement and a volcanic plume 
scan.   The sensor is a PMT and the design 
allows developing passive measurements 
from the ground (zenith scattered of multi-
axis measurements), an aircraft or a ship.  
The IGEPN acquired the BarringtonR 
COSPEC V in 1986, and has been used in 
the volcanic emergencies of Guagua 
Pichincha, Tungurahua, El Reventador and 
Cotopaxi.  Figure 2 represents the principle 
of the COSPEC measurement. 
 

 
 
Figure 2. – Principle of COSPEC 
measurements.  The correlation between the 
absorption bands of the sample and the slits of 
four correlation masks permit the income of 
UV radiation to the PMT.  The ADC signal is 
recorded and compared to a calibration cell 
measurement to infer the column abundance of 
the gas (adapted from Oppenheimer, 2005) 

3.b. – DOAS. 
The Differential Optical Absorption 

Spectroscopy -DOAS- is a proven method 
for accurate spectral analysis that has been 
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recently applied to volcanic gas 
monitoring.  Eliminating the dark intensity 
(instrumental noise) and isolating the 
broadband structure of the extinction 
coefficients in the Beer-Lambert law (due 
largely to molecular Rayleigh and aerosol 
Mie scattering, as well as the "slow" 
quantum absorption), the slant column 
density (SCD in ppm.m) of UV-absorbed 
species, such as volcanic SO2, can be 
inferred (Platt, 1994). Combining the SCD 
with wind direction and speed data, the 
derivation of the total SO2 flux is possible.  
Figure 3 illustrates the typical DOAS 
retrieval. 
     

 
 
Figure 3. – The DOAS method steps to retrieve 
a single compound concentration.  From the 
upper left panel:  Background (blue) and 
sample (red) spectra;  low pass filtered (blue) 
and measured optical depth (red); lower 
panels:  fitting between the synthetic (blue) 
and measured (red) differential optical depths;  
correlation between the synthetic (blue) and 
measured (red) differential optical depths 
(adapted from Balin, 1997) 
 

The instrumental ser-up we use is 
based on a miniaturized UV spectrometer 
with a 2048 element CCD array.  The light 
incomes by a Newtonian telescope and 
optical fiber to the spectrometer and then is 
digitalized and transmitted to a computer.  
We have both:  a manual mini-DOAS for 
traverses and two ground-based multi-axis 
scanning stations controlled by telemetry.  
Figure 4 shows the scanning DOAS 
instrumental setup and Figure 5 illustrates 
the mini-DOAS system.   

 

 
 
Figure 4. – Scanning DOAS setup 
 

 
 
Figure 5. – Mini-DOAS setup 
 (adapted from McGonigle et al, 2003) 
 
3.c. – FTIR. 
 

The Fourier-Transform Infra-Red 
(FTIR) spectroscopy is a technique that has 
been widely used in laboratory analyses 
and has also recent and excellent results in 
open path air monitoring.  The typical 
specifications of an FTIR spectrometer for 
field use are a Michelson interferometer, 
cooled broad-band detector, fore-optics to 
present incoming radiation to the 
beamsplitter, and a computer.  The sensor 
is a MCT (Mercury-Cadmium-Telluride).  
The FTIR permits to obtain real time 
measurements of absolute column 
abundances and relative concentration 
ratios for different gasses in a simultaneous 
and quick way.  The retrieval is complex, 
specially for passive (by using natural 
infrared sources) measurements, because 
of many interfering species present.  For 
that reason is imperative to consider 
radiative transfer modeling (RTM) in order 
to infer air mass factors (AMF) in the 
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retrieval of gas concentrations.  As natural 
infrared radiation sources could be used 
the sun, moon, lava domes, fumarolic areas 
or hot clouds, whiles for active 
measurements, an infrared lamp can be 
used, facilitating the retrieval of gas 
concentrations in regards of less optical 
path lengths. 
 

 
 
Figure 6. - Cartoon of field configurations for 
volcano FTIR spectroscopy.  (a) Extended-
occupation active measurements across a crater rim, 
or on flanks of the volcano downwind from the 
vent.  (b) Passive sensing using hot rocks (solar- or 
fumarolically heated surfaces or active lava bodies) 
as an infrared source.  (c) Passive solar occultation 
at various locations downwind from the vent  
(adapted from Oppenheimer et al, 1998) 
 
4. – MAX-DOAS measurements. 
 

Multi-Axis Differential Optical 
Absorption Spectroscopic -MAX-DOAS- 
measurements are being carried on the 
Tungurahua Volcano.  The system is 
composed of two scanning DOAS stations 
(Fig. 4) equipped with a quartz window 
and stepper motor based scanner, a 45 
degree turning mirror, two focusing quartz 
lens, an optical fiber, a UV spectrometer 
(280-420 nm, 0,6 nm resolution), a spread 
spectrum radio and a 12 V car battery.  The 

whole system is inside a metallic 
enclosure. 

Because of the persistent cloudy 
conditions and the difficult access to 
acceptable scanning sites, the use of the 
COSPEC led to few SO2 measurements. 
Thus, it was thought that an automated 
static SO2 scanner, such as the DOAS, 
would allow us to track better the rate of 
SO2 emission at Tungurahua.  The two 
DOAS stations are located 8 and 11 km 
from the volcano's summit and 15 km apart 
(see Map). The prevailing easterly winds 
direct the volcanic plume through the N-S 
scanning path of the DOAS, at 7 km from 
each station. The two stations are 
controlled via telemetry from the 
Observatory, using the DOAS 
program developed at Montserrat Volcano 
Observatory.  About 200 measurements are 
obtained daily during the better sunlight 
hours (0800-1600 hr) of operation of 
DOAS. Additionally, a portable mini-
DOAS, connected to a laptop, has been 
assembled for use on other volcanoes or 
when the plume direction is not covered by 
the static scanners. 
 

 
 
Figure 7. - Hazard map of Tungurahua volcano 
(adapted from Hall et. al, 2002), showing the 
installation sites of the DOAS stations (stars), 
the observatory (box), the scanning plane 
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(white line), the prevalent plume's direction, 
and the telemetry path (dashed white line). 
 
 
4.a. – Radiative Transfer Model. 

Due to the observational 
configuration (MAX-DOAS) mainly used 
in the volcanic SO2 monitoring is 
imperative to consider corrections for 
different optical paths, which demands the 
application of a Radiative Transfer Model 
(RTM).  We propose a very simple single 
scattering radiative transfer model that 
considers the existence of a well localized 
and not too wide “effective scattering 
layer”, based on the Mateer functions for 
ozone localization and the simplest MAX-
DOAS approach (Honninger et al, 2004).  
By this mean, we obtain a geometrical Air 
Mass Factor (G-AMF) that simulates the 
attenuation in a pure Rayleigh atmosphere: 
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Where AMF = Air Mass Factor;  S 
= Slant optical path; V = Vertical optical 
path;  a (0<a<1) altitude factor of the 
effective scattering layer (height = aV);  γ 
= solar latitude angle;  δ = scan azimuth;  α 
= elevation angle;  σ = solar hour angle.  
Then, we obtain corrections for the spectra, 
as seen in Figure 8.  
 
4.b. – Advection-Diffusion Model. 
 
     In order to obtain gas fluxes, we have to 
combine the instrumental signal (column 
abundance in ppm.m or equivalent) with 
the plume width and plume speed and 
corrections for optical paths (AMF), 
elevation effects (pressure and temperature 
gradients), and scan perpendicularity.  
When, for cloudiness or any other 
difficulty, is not possible to constrain the 
distribution plus the vent diameter.  The 
standard deviation is dependant on the 

plume speed and direction obtained by 
observations, local weather stations, Civil 
Aviation Service or Satellite.  Figure 10 
represents the assumption above described. 
 
 

 
 

 
 

 
Figure 8. – (Above) Schematics of the assumption 
of the radiative transfer model:  the existence of the 
effective scattering layer.  (Bellow) Geometry of 
the RTM for MAX-DOAS measurements 
 

 
 
Figure 9.  Comparison between the measured (red) 
and the AMF-corrected (blue) average UV radiation 
intensity 
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plume width, we use a Gaussian 
Advection-Diffusion Model, which is the 
simplest solution to the diffusion equation. 

Then, the plume width is twice the 
standard deviation of the concentration       

 
 

 
 
Figure 10. -  Representation of the Gaussian 
Advection-Diffusion Model used for constraining 
the plume width 
 
     When the scanner is able to detect the 
initial and final angles corresponding to the 
boundaries of the plume, an elliptical cross 
section is assumed for the plume, and then 
the plume width is: 
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     With the factors defined in Figure 11. 
 
 

 
 
Figure 11. – Representation of the elliptical cross 
section assumed for the plume 

5. – Results. 

 
     The remote sensing of volcanic SO2 has 
given an invaluable help in the knowledge 
of the state of the eruptive process, by 
giving information about both shallow and 
deep events inside the volcano.   

The techniques used at Ecuadorian 
volcanoes are complementary, because 
whilst the COSPEC and DOAS methods 
give integrated data about SO2 output, 
FTIR is able to inform about concentration 
ratios among many species, as seen in 
Figures 12, 13, and 14.    
 
 

 
 
Figure 12. – Concentration ratios between SO2 and 
HCl (left) and between HCl and HF (right) 
measured by the FTIR spectrometer at Masaya 
volcano, Nicaragua (adapted from Oppenheimer, 
2005) 
 
 

 
 
Figure 13. – Record of SO2 output measured by 
DOAS at Tungurahua volcano during the period 
July, 2004 – March, 2005 
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Figure 14. – SO2 output at Tungurahua volcano 
measured by DOAS on March 24, 2005 
 

One of the most important features 
of these spectroscopic methods is the high 
accuracy reached by applying RTM and 
corrections for temperature and pressure.  
Figure 15 shows the fitting window in the 
DOAS retrieval. 
 
 

 
 
Figure 15. – Fitting window showing the accuracy 
in the DOAS method.  Blue line corresponds to the 
measured and dashed red line to the theoretical 
differential absorption spectrum of SO2.  The 
correlation coefficient is 0,97 
 
     A challenge in the application of these 
techniques is the persistent cloudiness in 
the volcanic areas, which affects the 
reliability in the results in a non-negligible 
way.  The low cloud conditions around 
Tungurahua greatly hinder DOAS SO2 
measurements.  Thus, we primarily use 
measurements made during the less cloudy 
hours (typically 14h00-16h00 hours daily, 
see Fig.) and from the station that has 
better observing conditions. Since the 
climatic conditions along the scanning path 

are not visible from the Observatory, the 
UV radiation intensity -as given by the 
current spectrum gauge- is employed as a 
guide for selecting the best observational 
conditions. By no means ideal, this 
procedure, however, provides daily SO2 
values for Tungurahua made under similar 
UV intensity conditions. 
 

 
 
Figure 16. – Cloudiness affects the SO2 
measurements in a non-negligible way.  
The yellow and green graphics corresponds 
to a clear sky and cloudy sky days, 
respectively.  The valleys are indicators of 
the presence of clouds.  Also saturation at 
noon is observable 
 
 
Conclusions. 
 
     Spectroscopic remote sensing methods 
for volcanic gas monitoring have been 
successfully used in Ecuador.  COSPEC, 
DOAS and FTIR spectroscopy allow 
obtaining integrated gas fluxes or 
concentration ratios with high accuracy 
and in a portable, potentially 
automatizable, and very versatile way.  
Incorporating radiative transfer modeling 
and other considerations are very important 
in the retrieval, as well as identifying the 
spectra affected by cloudiness, interference 
of other species or instrumental saturation.  
Interpretation of results is considerably 
improved when other volcanological 
parameters are simultaneously measured, 
and the new spectroscopic techniques are 
able to be compared with, for example, 
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seismological data, because of the high 
spatial and temporal resolution now 
obtained. 
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Figure 17. – DOAS Station located to the Southwest of Tungurahua volcano.




