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degassing, they have comparable negatives values to low-level SO, degassing. Therefore,
the results obtained must be considered as minimum SO, emissions.

=>» Cloud coverage influence

Previous studies using OMI measurements (McCormick at al. 2012; Carn et al. in press)
highlight the influence of cloud coverage over the detection of SO, emissions. This issue
is also discussed in the Ozone Monitoring Instrument (OMI) Data User’s Guide
(http://so2.gsfc.nasa.gov/). Meteorological clouds have different effects of SO,
measurements depending on the relative position of the clouds and the SO, layer.
According to Carn et al. (in press), the presence of meteorological clouds above the SO,
layer partly masks the SO, signal at low altitudes and accentuate SO, precipitation and
deposition by enhanced wet processes, resulting in an apparent lost of SO,. Conversely,
the presence of high cloud coverage (over 20%) can also be associated with
unrealistically high SO, values and therefore results in an overestimation of the SO,
amount. In addition, values calculated at clouds’ edges can take false very high negative
or positive values (OMSO, Release Specific Information, http://so2.gsfc.nasa.gov/).

The influence of cloud coverage is observed at two different scales in this study. At first,
the annual variations of cloud coverage on background areas correspond to annual
variations of the detected SO, totals (figure IV.3.a). Austral summer corresponds to
higher cloud coverage and lower SO, totals while austral summer corresponds to lower
cloud coverage and higher SO, totals. These variations are caused by the influence of
cloud coverage on the detection of the instrument, and are observed regionally.

Then, the influence of cloud coverage is also observed in a local scale (over Lastarria
volcano). The same annual variations are found (elevated values in austral summer, low
values in austral winter), associated, for cloud fraction values higher than 20%, to drops
in the SO, totals (figure IV.3.b). This effect is observed for SO, emissions in austral
summer (December-January) 2006, 2007 and 2008.

These are two aspects of the same influence of cloud fraction on SO, detection, causing
strong annual variations of the SO, detected on a regional scale, and local drops in SO,
totals recovered for Lastarria volcano.
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It is possible to interpret these variations in two ways. Figure IV.7 can show a constant
decline in SO, emissions at Lastarria volcano, continuously from 2005 to 2010. It can
also show a brutal reduction of the emissions occurring around 2007-2008, while the SO,
emissions in 2005-2007 stay constant with an average value of about ~1220 tons/month,
and the emissions from 2008 to 2010 stay also constant with an average of about ~910
tons/month. However, the low SNR ratio and the important contribution of the
background do not permit to conclude on this point.

2. InSAR results

We obtained 23 scenes from the swath 2282, 16 from the swath 2318 and 20 from the
swath 6404, covering periods of 2626, 1716 and 1611 days, respectively. An example of
retrieved displacement map is shown, for each swath, in figure IV.9. Lastarria ground
displacement signal is observed on each swath, and is in good correlation with previous
results. It shows positive displacements of the ground in the direction of the satellite for
all swaths, meaning that the inflation affecting Lastarria volcano area has a 3-dimensional
component.

Figure IV.9: example of interferograms illustrating LOS displacements for the three swaths (2282,
2318 and 6404 from left to right) covering periods of 2626, 1716 and 1611 days, respectively.
Black lines represent the topographic outline of the relief.

The center of the inflating area is located North-West of the summit of Lastarria volcano
sensu strico. Its location is correlated for the different swaths, which means that the
maximum displacements are taking place at the same geographical location for the three
measured directions.
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Figure 1V.10: time-series of maximum and mean ground displacements (cm) in the LOS of the

satellite for the three swaths.
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Time-series of the displacements have been calculated for each swath in order to estimate
the rate of displacements and to clarify the temporal evolution of the deformation. Results
include the maximum and mean displacements rates calculated in a 100 x 200 pixels
window centered on the location of maximum displacement (figure IV.10) that both
appear to follow the same trends for each swath. The standard deviations associated with
each value are derived from the uncertainty arising from the network inversion process
during time-series calculations (details in I11.2.c).

Mean displacement rates have been calculated on squared areas of 100 x 200 pixels
containing Lastarria deformation signal. Results respectively range from 0.34 cm/year on
the period November 2005 to April 2010 for swath 6404, 0.47 cm/year for the same
period on swath 2318 and 1.11 cm/year from March 2003 to April 2010 on swath 2282.
The higher value obtained for swath 2282 is partly explained by the larger period of time
covered by this swath (more than 2600 days and only ~1650 days only for swathes 2318
and 6404). As a result, swath 2282 is the only one to record the displacements on the
period 2003-2005 with a sufficient number of measurements to allow interpolating the
results. The estimated displacement speed for this particular period is 1.52 cm/year for
swath 2282, while the rate for the period 2007 to 2010 drops to 0.54 cm/year. This last
value is still higher, yet closer, than the displacement rates found for swathes 22318 and
6303.

Maximum displacement rates range from 0.80 cm/year for the swath 2318, 0.95 cm/year
for the swath 6404 and up to 2.44 cm/year for the first period and 0.94 for the second
period of the swath 2282. Thus, the large-scale temporal evolution of Lastarria ground
deformation is characterized by a first period of constant deformation with higher
displacement speed (1.52 cm/year) from 2003 to about 2007. Then, from 2007-2008 to
2010, the rate of displacement clearly decreases drops and switch to about 0.50 cm/year
in the direction of swath 2282 to 1.30 cm/year. However, although the displacement rate
changed after 2007, the deformation remains constant during this second period at the
first order. Constant displacements are also observed on swathes 2318 and 6404 that all
show a similar temporal evolution (close displacement rates) although with lower
displacement speeds.

In addition, because the ground displacements are following such a constant evolution, it
has been possible to use a linear regression fit model for each swath. The results of the
modeling are found in figure IV.11 with the calculated slopes (in cm/year). Two linear
regression curves have been used instead of one to fit the variations of swath 2282, and
both results are shown in figure IV.11.
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Figure IV.11: time series of the ground displacements in the LOS of the satellite for the swaths
2318 (green), 6404 (red) and 2282 (blue), and associated standard deviations for a. mean
displacement rates and 6. maximum displacement rates. Linear regression are plotted for each
swath and the coefficients corresponding to the curves’ equations (Y = aX +b) are displayed in
colors corresponding to each swath/track, with corresponding displacement rates. Two linear
regressions have been calculated for the swath 2282, for the periods 2003-2007 and 2007-2010,
respectively.

On the contrary, some other variations in the displacements dynamics are observed on a
smaller scale. These small scale variations are only observed on shorter periods, and do
not last typically more than a few months. From November 2007 to March 2008, swathes
2318 and 2282 show the same diminution of the displacement rate, while from December
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2009 to April 2010, the swathes 6404 and 2318 follow the exact same variation with
decreasing displacements at first follow by the same period of re-increasing
displacements. Both diminution and increasing of the displacement occurred at a similar
rate for the two swaths. However, these variations are small in intensity and may not be
significant in regards to associated standard deviations. In addition, the poor temporal
resolution of the interferometric calculations does not allow concluding on a small-scale
evolution of ground displacements and deformation dynamics at Lastarria volcano.

V. Discussion

Interpretation of the results is limited by the issues encountered in SO, and GSD calculations.
Further development and investigations on the subject would focus on improving and
précising the present results, in order to have a better constrain of the SO, OMI
measurements in one hand, and to obtain more GSD values from the same database in the
other hand.

=> Comparison between Lastarria and the copper smelter signals

The characterization of Lastarria SO, emissions is challenged by the detection limits of
the instrument and contribution of background noise to the recorded signal. However, the
presence of anthropogenic sources of SO, located in the same region and thus affected by
a similar noise as Lastarria volcano is a unique opportunity to compare the natural SO,
signal from Lastarria volcano with anthropogenic SO, emissions from the copper
smelters. Because atmospheric SO, produced by copper smelters originates from
industrial extraction and treatment of copper, it can be theoretically considered as
constant on a monthly average. Correlations coefficients have been calculated on monthly
total SO, emissions (variable 3) for all areas, and are presented in table V. 1.

Good positive correlations are found between background areas (55.6% to 85.5%), as
expected as they do not contain any source of atmospheric SO,. The maximum
correlation (85.5%) found between B2 and B4 was expected as B4 is superimposed to
B2, as well as the very good correlation between B2 and B1. The high correlation
between B1 and B2 (82.9 %) confirms the similar variations observed in both these areas,
and that a general background noise can be estimated from large areas, overwriting the
local variations.
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Table V.1: correlation coefficients (in %) calculated on a monthly basis for all areas regarding
their total SO, missions (variable 3).

LM LS 51 52
77.6 75.9
27.0 34.2
78.1
Scale
80%
70% 829 | 747 | 5563 Bl |
60% 79.7 85.5 (B2
. s0% 721 |B3
B4
Correlation (%) for average S02 mass produced per km2 per day (variable 3)

LM has a strong correlation with S1, S2 and S3 as well as with B1, B2 and B3. This is
coherent with the previous results, as the background noise can contribute for about 50 to
more than 70% of the SO, burdens on a month for all these areas.

Strong correlations are found between S1, S2 and S3, while S4 is not correlated with any
area with the exception of S3. S1, S2 and S3 also show a good correlation with LM and
background areas. In order to determine which ones of these smelters are suitable for
comparison with LM emissions, maps of the annual SO, burdens are plotted for these
four regions. They show that the SO, emitted is not differentiated from the background
noise for S2 and S3. The respective SO, emissions for S2 and S3 are 2 or 3 times lower in
intensity than LM, and appear to be lost in the background (figureV.I), and therefore
variations recorded in these areas are similar to the noise recorded on B1 and B2, causing
the very high correlation. These areas are not suitable for comparison with Lastarria SO,
emissions.
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S4 does not show a good correlation with any of the background areas or the other
smelters. This smelter is located at 33.5°S latitude, and the local background noise
appears to be different, yet inferior than in Lastarria area. Therefore, the SO, cloud
emitted by S4 is clearly visible on annual maps, although its total SO, emissions remain
lower than LM in intensity (0.06 Tg for LM, 0.03 Tg for S4 for the period 2005 to 2010).
The correlation coefficient between the total emissions for these two areas is 49.2%.
Variations of monthly emissions of SO, per unit area confirm this observation (figure
V.2) and do not show a common tendency or annual correlated signal, which means that
the instrument is detecting two distinct SO, signals.
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Figure V.2: monthly amounts of SO, emissions in tons/km2 for LM and S4.

However, both these signals are the combination of SO, emissions from local sources
(either Lastarria or the smelter) and local background noise (at least 50%). Smelter 4 is
located far southward from Lastarria volcano, and the interpretation to this de-correlation
is that the signal is not affected by the same background noise as all the other areas (table
V.I). Therefore, it is not possible to directly compare S4 and LM emissions without
determining and correcting the signal from this local influence.

Smelter 1, finally, is affected by the same background noise as LM and emits a SO, cloud
visible on annual maps and distinguished from the noise. Thus, is represents the best
chance of comparison with LM emissions (figure V.3). The averaged emissions in tons
per km? appear to be comparable in intensity, although emissions at Lastarria volcano are
slightly higher. Annual-scale variations of the emissions corresponding to higher values
in summer and lower values in winter, associated with cloud fraction influence for
Lastarria volcano and recorded in background areas, are observed on both signals. Thus,
the correlation observed between these two signals can be partly attributed to the noise
influence.
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Figure V.3: time-series of average SO, burdens for LM and S1.

Differences between the two signals include local peaks in the retrieved signal (i.e.
November 2007 for S1, March 2009, peak in LM signal not observed in S1, etc.) and
differences in amplitude changes when the two signals are experiencing similar trends.
However, interpretation of these differences would require a more complete investigation
on these two signals. This implies to identify, for both signals, the contribution of the
background noise on the totals retrieved and on the variations (annual cycle), and to
characterize the influence of local factors (cloud coverage, reflectivity, winds, etc.).
Then, a comparison of the two signals, on a monthly basis, would permit to highly their
differences and thus to retrieve their specific variations.

To conclude, although the comparison between Lastarria and copper smelters emissions
would be a great contribution to the characterization and the interpretation of SO,
degassing, it requires further correction of the signal (especially from local influences)
before being exploitable. Hereabove, we found that a suitable anthropogenic source of
SO, have be located in close proximity to the volcano (in the range of hundreds of
kilometers) to cancel local noise contribution, and would emit a sufficient amount of SO,
to be distinguished from the noise.

=» Limitations encountered with InSAR

Interferograms calculated on Lastarria volcano area, for an extended period of 126
months, brought new insight on long-term evolution ground displacements occurring at
Lastarria volcano. Two periods of relatively constant displacements have been identified
and their respective rates calculated using a liner regression fit. Estimation of the
displacement rates for the first period is based on 11 measurements from swath 2282
only. The general trends observed for swathes 2318 and 6404 on the same period, based
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on 3 and 2 values, respectively, suggest that the displacement rate follow a similar
variation for the three directions investigated, but a better interpretation would require a
higher number of data. Unlike OMI daily database, SAR images of the same zone are
only available every few weeks or months, and this limited temporal density of
measurements represents one of the main limitations of interferometric measurements.
Using images from three different swaths increase the density of data available for a
given period in addition to permit investigation of the displacements in different
directions. However, 181 interferograms out of the 772 calculated have been removed
from time-series calculations for accuracy reasons and to assure the reliability of the
obtained results. 23 scenes of retrieved displacements have been used in time-series
calculations for the swath 2282 over 30 interferograms available. This loss in temporal
density of the data can be sort out by examining and re-calculating the interferograms
concerned before integrating them to the calculations. Therefore, this represents the next
step in specifying the evolution of Lastarria ground deformation signal, using the same
database and on the same period, in order to achieve a better interpretation of the results.
In addition, a further step would be to deduce the eastern and the vertical components of
the deformations from the directions of the 3 swaths and to perform a principal
component analysis from the time-series, to have an overview of the deformation signal
in 3 dimensions.

This study aims to investigate the SO, emissions associated with Lastarria
volcano passive degassing, using the high spectral capacities of OMI instrument, to
characterize their intensity and temporal evolution, in order to compare with ground
displacements calculated by InNSAR on the same area and for the same period. However,
high uncertainties associated with OMI measurements and recovering of low-level SO,
emissions have constituted an important limitation in the exploitation and interpretation
of the data. An estimation of the minimum SO, mass emitted is possible, but a precise
characterization of smaller-scale temporal evolution of the emissions remains difficult.
The presence of a local and global influence of the noise has been evidenced, but further
investigations are necessary to perform accurate corrections. The presence of
anthropogenic sources of SO, such as copper smelters close to Lastarria volcano
represents a great opportunity to achieve this goal.

This study gives an overview of the limitations encountered to characterize SO,
emissions on low-level degassing in this area, and proposes a first overview of the local
situation. However, more extended studies are necessary before accurate correction and
interpretation of the OMI results, and this can be helped by the unique opportunity to
compare anthropogenic and natural SO, degassing located in the same remote area.
Achievement of this goal would help developing the use of OMI instrument in regards to
low-level volcanic degassing.

In conclusion, although several limitations have been encountered in both methods,
combined OMI and InSAR results show some common patterns, and two periods of
respectively high and low degassing and inflation rate have been evidenced. However,
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further investigations and conclusions on these similarities would require more
investigations and improvements in both databases.

VI. Conclusion

Lastarria is a quaternary stratovolcano of Northern Chile considered as inactive,
which only recorded activity consists in persistent fumarolic degassing located near the
summit area of the volcano. Lastarria is located on the North-West margin the Lazufre
volcanic system, which is affected since 1998 by a large scale (39 x 45 km?) ground
deformation signal and has been inflating at a constant rate of ~2.5 cm/year for the period
1998 to 2008. In 2003, a second, distinct deformation signal has been revealed by InSAR.
Affecting a 6 km wide area centered on Lastarria volcano itself, it corresponds to an
inflation with an estimated maximum displacement rate of 0.9 cm/year on the period
2003 to 2005. The ground deformation was following the same constant evolution as the
Lazufre signal.

The present study extend the interferometric measurements from ENVISAT-ASAR
instrument on a 126 months period from March 2003 to April 2010, using 3 swaths/tracks
in both ascending and descending modes and using a 15 m oversampled SRTM DEM.
Two distinct periods of constant displacements have been distinguished in the
deformation and the corresponding rates have been estimated for each of the periods
using a linear regression fit. From 2003 to 2007, the ground was deforming with a
constant rate of 2.44 cm/year. Then, from 2007 to 2010, the maximum inflation rate was
0.80 cm/year, 0.95 cm/year and 0.94 cm/year for the directions of the 3 swaths recorded
(2318, 6404 and 2282 respectively).

At the same time, the SO, emissions over Lastarria volcano have been recorded on a 72
months period from January 2005 to December 2010, using the NASA space-based
spectrometer, Ozone Monitoring Instrument. OMI provided daily records of SO, burdens
emitted over Lastarria volcano and surrounding areas. Although monitoring passive
volcanic degassing remains challenging, the SO, signal originated from Lastarria volcano
was clearly identified and differentiated from background noise and corrected from
known issues. Consequent estimation of total SO, burden released by Lastarria volcano is
67.0 kT of SO, on the total period covered by the study (2005-2010), with 45.2 kT (67
%) released from 2005 to 2007 corresponding to an average of 35.7 tons/km?, and 21.8
kT released for the period 2007-2010 (26.8 tons/km?). However, monitoring passive
volcanic and low-level degassing remains challenging and consequently, these values
represent the minimum estimation of Lastarria SO, emissions. The important noise
contribution to the Lastarria signal does not permit to identify a monthly or annual
cyclicity of the emissions. Further investigations are necessary to investigate the
relationship and possible dependency of the SO, emissions and the Ground Surface
Displacement.
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VIII. Annexes

Annex I: Matlab programs used to select and display the SO, time-series and maps from
OMSO, data treated by OMIplot. Comprise 5 files: oMISO2time series.m is used to
plot time-series, sO2maps.m is used to create maps of annual SO, burdens over various
arcas and selecZone.m, so2correct.m and soipcorrect.m are functions used in the
previous programs.

Annex II: list of all SAR images used for each swath (2282, 2318 and 6404), sorted by
date (all dates are in MM/DD/YY'Y format).

Annex III: detailed list of monthly results calculated for Lastarria Medium area from the
OMISO2time series.m program in annex 1.

Annex I'V: Documentations of permission to republish materials used in the report



