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Abstract

On 4 June 2011, the volcanic complex Puyehue-Cordon Caulle located in the Chilean
Andes erupted, producing a plume of gases and particles that eventually circled the
Southern Hemisphere, disrupting air travel and depositing ash in large quantities. On
eight occasions, the plume passed over the city of Buenos Aires, Argentina, leading
local authorities to close the two international airports.

The eruption occurred during an on-going field campaign when measurements of
the properties of atmospheric aerosol particles were being made in Buenos Aires as
part of a year-long study of the physical and optical properties of aerosol at one site
in the city. The suite of instruments deployed in Buenos Aires were not tailored to
measurements of volcanic ash, but were designed to characterize urban conditions.
Nevertheless, these measurements were analyzed for periods when vertical profiles
of aerosol backscatter, made with a ceilometer, clearly showed the presence of the
volcano plume over the research site and resulted in airport closure.

Aerosol optical thickness derived from AERONET, MODIS and a ceilometer at our
research site, all show enhanced values clearly indicating that the three platforms iden-
tified the volcanic plume simultaneously. However, a quantitative comparison of the dif-
ferent estimates proves difficult, suggesting large spatial and temporal variability of the
plume.

Our results indicate that the number concentration of condensation nuclei (CN), the
mass concentration of particle-bound polycyclic aromatic hydrocarbons (PPAH) and
the light absorption coefficient exceeded the average background values by more than
one standard deviation during the events of volcanic plume. The anomalous concen-
trations of CN suggest new particle formation, presumably from the conversion of SO,,
while the anomalous concentrations of PPAH may come from the uptake of PAHs
on the plume particles or from chemical reactions on the surface of plume particles.
The anomalous absorption coefficients indicate that plume particles may contain cer-
tain compounds that can absorb radiation at 550 nm. Another possible explanation
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consistent with the observations is the scavenging of black carbon from urban sources
as the plume descends through the boundary layer to the surface. In addition, the vol-
canic plume influenced the local meteorology resulting in a decrease of the temperature
when compared to the average temperature during days with no plume present.

1 Introduction

The volcanic complex Puyehue-Cordon Caulle in the Chilean Southern Andes began
an eruptive process at 2.45p.m. on 4 June 2011 (SERNAGEOMIN, 2011) from the
strato-volcano Puyehue, located in the Southern Volcanic Zone (SVZ) at 40.58° S and
72.13° W, and 2240 m above mean sea level. The sub-plinian eruption produced a large
plume of gases and ash particles that reached 10 km in height and that eventually cir-
cled the Southern Hemisphere disrupting air travel on several continents. Large quan-
tities of ash fell in the nearby regions until the end of July, causing major problems in
villages and cities of the Patagonian Andes and permanent closure of airports. Thou-
sands of sheep eventually died of starvation due to the heavy layer of ash that covered
and killed the vegetation that they consume. This complex had previously erupted 51 yr
before, on 24 May 1960, following the M,, = 9.5 great Chilean earthquake about 240 km
to the West (Lara et al, 2004). Gerlach et al. (1988) and Lara et al. (2006) present a
summary of recent eruptions of this volcanic complex while Singer et al. (2008) present
its long-term history.

A couple of days after the 4 June 2011 eruption, the ash was carried approximately
1400 km to the NE, reaching Buenos Aires (34.54° S, 58.44° W) and resulting in major
air traffic disruption at the two international airports that service the city: Aeroparque
(AEP) and Ezeiza (EZE). The volcano continued producing emissions hazardous to
flight operations until December 2011. The National Weather Service of Argentina is
responsible for issuing warnings based upon an ash dispersion model, being a Volcanic
Ash Advisory Center to South America. This information is used by the National Civil
Aviation Administration to advise airlines on the atmospheric conditions related to the
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ash and is the agency with authority to close down aircraft operations at the airports.
However, each airline and pilot evaluated the situation and made the final decision
to operate. The eruption took place while a suite of instruments installed in Buenos
Aires were making measurements in a year-long study to characterize physical and
optical properties of aerosol particles in the city. The project constituted the first such
long-term campaign in the city.

Table 1 shows the dates of the eight periods during which ash affected the air space
over Buenos Aires during June and July forcing both airports to close for at least
one day. Also given in this table is our assessment, based on measurements with a
ceilometer (discussed below) of whether the volcanic plume was present. Entries listed
as “possibly” indicate times when ash appeared to be present but normal flight op-
erations were underway. There was at least one period when flight operations were
cancelled but our analysis of the ceilometer data indicated no ash. More than 5000
flights by the three largest airlines operating from AEP had to be cancelled and/or
re-scheduled during the period of two months considered in this study. Visible images
from MODIS on Terra and Aqua with the volcanic ash plume covering central Argentina
and reaching Buenos Aires, have been featured in the NASA website and can be
found in: http://www.nasa.gov/topics/earth/features/20110606-volcano.html and http:
/lwww.nasa.gov/topics/earth/features/20110615-volcano.htmi .

Following the Eyjafjallajokull volcanic eruption in Iceland in April-May 2010, several
European research groups made ground-based measurements of the volcanic plume
properties, using equipment similar to the one installed in Buenos Aires. In Augsburg,
Germany, Pitz et al. (2011) measured the size distribution of aerosol particles in April
2010 reporting that the mass concentration of PM;, (particles with an aerodynamic
diameter less than 10 um) exceeded the daily limit of 50 pug m™3. Using positive matrix
factorization, they showed that this increase was a result of ash transported from the
volcano. A little farther to the south, in the Alpine region of Germany, during this same
time period, on 19 and 20 April, PM;, was reported to exceed the daily threshold value
at nearly all monitoring stations of the Northern Alpine foothills as well as at mountain
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and valley stations in the northern Alps (Schafer et al., 2011). The entrainment of the
volcanic plume mainly affected the concentrations of coarse particles (>1 um) — inter-
preted as volcanic ash — and ultrafine particles (<100 nm) presumably produced from
chemical processes that converted the sulfur dioxide in the plume to new particles. In
this same region, Flentje et al. (2010) measured the volcanic plume with a ceilometer,
ozonesondes and ground-based measurements that they could connect with the pres-
ence of the ash. In southern France, Hervo et al. (2012) made lidar and ground-based
measurements while the plume was detected over the Puy de Déme and found a clear
augmentation of the normal background aerosol properties. Finally, even farther to the
SE, Bukowiecki et al. (2011) made measurements of the properties of the volcanic
plume at the high altitude research station Jungfraujoch (3580 m a.s.l.) as the ash layer
was advected further south.

The objective of our study is to analyze particle properties at the surface measured
on days when the volcanic plume was above the research site in Buenos Aires. The
next section discusses our measurement system and analysis methodology. Section 3
presents the results of the selected case studies with descriptions of the meteorolog-
ical conditions, the vertical backscattering profiles and the surface measurements. A
discussion of the results is given in Sect. 4 and the conclusions are summarized in the
final section.

2 Methodology
2.1 Instrumentation

A suite of instruments was installed on the roof of one of the buildings of the University
of Buenos Aires (UBA) located at 34.54° S, 58.44° W and at an altitude of approxi-
mately 30m a.s.|, as part of a year-long campaign to characterize physical and optical
properties of aerosol particles. The measurements included the number concentration
of condensation nuclei (CN) larger than approximately 20 nm, the mass concentration
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of particle-bound polycyclic aromatic hydrocarbons (PPAH), the scattering (Bscat) and
absorption (Babs) coefficients at 530 nm and the vertical profiles of backscattered light
from aerosols at a wavelength of 910 nm. In addition, a weather station recorded the
meteorological state of the atmosphere (See Table 2 for detailed instrument character-
istics). Measurements began in April 2011 and continued until December. All the data
was averaged into ten-minute intervals for the analysis discussed below.

Additional information on aerosol optical properties was obtained from the
AERONET sun-photometer (Holben et al., 1998), maintained and operated by re-
searchers at CEILAP (Centro de Investigaciones en Laseres y Aplicaciones) and lo-
cated approximately four kilometers west of the UBA measurement site. While the
AERONET sun-photometer measures at multiple wavelengths, only the aerosol optical
thickness (AOT) at 500 nm was selected for analysis. This wavelength is closest to the
530 nm wavelength used by the PSAP and nephelometer and the 550 nm wavelength
used by the Moderate Resolution Imaging Spectroradiometer (MODIS) that is carried
on the Aqua (Parkinson, 2003) and Terra satellites and whose data we also used to
evaluate the AOT. Finally, note that the AEP airport is located three kilometers south of
the research site, while the EZE airport is 31 km to the SW.

2.2 Analysis strategy

The ceilometer records a range-corrected intensity of light that is backscattered from
an ensemble of aerosols in intervals of 20 m up to 7 km. Hence, the CL-31 ceilometer
functions as a light detection and ranging (LIDAR) sensor (Munkel and Rasanen, 2004)
and is useful for measuring boundary layer height and structure (Mlnkel et al., 2007;
van der Kamp and McKendry, 2010; Tsaknakis et al., 2011). Recently, a ceilometer
network in Europe was used to track the plume from the eruption of the Eyjafjallajokull
volcano (Flentje et al., 2010). As discussed below, the plume from the Puyehue vol-
cano was obvious in the ceilometer measurements at our research site. Furthermore,
we used the ceilometer profiles to compare with the AOT measured with MODIS and
with the AERONET sun photometer (see Sect. 3). In order to carry out this comparison
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we converted the non-dimensional units of power recorded by the ceilometer to dimen-
sions of extinction, as follows.

The extinction coefficient was derived from the sum of the in situ measurements of
light scattering and absorption by the nephelometer and PSAP, respectively. As the
ceilometer data does not provide a quantitative measure of the extinction coefficient,
that is needed for the estimation of the AOT, we proceeded to correlate the in situ
extinction coefficient and the ten-minute averages of the low level ceilometer data (be-
tween 20 and 60 m) for selected periods when the boundary layer appeared well mixed
up to at least 60 m. The extinction coefficient derived from the in situ measurements
is fit to the averaged backscattered power between 20—60 m with a linear regression
constrained to pass through zero. As shown in Fig. 1, the amount of dispersion is suffi-
ciently small to obtain a reasonable relationship between the backscattered power and
extinction coefficient. The best-fit equation presented in the figure was used to convert
the backscattered power from the ceilometer to the extinction coefficient:

z=7000
AOTceiIometer = z 0.556 C,'AZ (1)
z=20

where AZ=20m and C; are the raw counts in the i th channel of the ceilometer.

As Buenos Aires is a megacity with high levels of anthropogenic emissions, the in-
fluence of the particles in the volcanic plume has to be distinguished from the normal
(background), daily trends in particle properties. In order to do this we calculated hourly,
diurnal averages and standard deviations from 15 April 2011, when the measurements
began, to 31 July 2011. We have combined the measurements made during all the
days without volcanic influence: before the first episode, in between episodes and after
the last episode, to estimate the background urban conditions. The different instru-
ments acquire data at different frequencies, as listed in Table 2; therefore, ten-minute
averages of the different variables were constructed to homogenize the dataset.

The diurnal variation of the typical urban conditions in Buenos Aires was deter-
mined in the manner described above, indistinct of day of the week. This typical diurnal
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evolution is characterized by the average of the different variables and their respec-
tive standard deviation. No distinction was made between working and weekend days,
assuming that the variability between them is captured by the standard deviation. The
ten-minute averages of the particle properties during the volcano days are then com-
pared with the background average estimates of the diurnal evolution of the typical
urban conditions, as described above.

Finally, to complement our particle properties, we have analysed also the
mass concentration of the coarse fraction of aerosol particles with sizes
smaller than 10micrometres (PM,,), estimated hourly by the city government
in Buenos Aires. The data we digitized from the graphs displayed in the
web page (http://www.buenosaires.gob.ar/areas/med_ambiente/apra/calidad_amb/red_
monitoreo/index.php?menu_id=34232).

3 Results

Four case studies were identified in our dataset from 15 April to 31 July, when the
volcanic plume affected Buenos Aires. For brevity, we present in this paper only one of
the case studies in detail; all the other cases were analysed similarly.

3.1 Synoptic description

The synoptic situation in each case, while somewhat different, explains how the vol-
canic plume travelled 1400 km to reach Buenos Aires. On 1 July most of the country
was under the influence of an extended high pressure system, with low level flow from
the S-SW associated with a cold air incursion, clearly depicted by the 500/1000 hPa
thickness field (Fig. 2a). While this situation persisted during the following day (Fig. 2b),
it evolved near the volcano and led to a change in wind direction near the surface. At
850 hPa southerly winds are observed over Patagonia and SW winds over Buenos
Aires on 1 July (Fig. 3a), again leading to a change in direction by 2 July (Fig. 3b),
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which probably transported the newly released material towards Chile and the Pacific.
Higher up in the atmosphere (700 hPa, not shown) the winds advected the volcanic
plume over Buenos Aires, but at 500 hPa the winds were from the W.

3.2 Meteorology and particle properties

Figure 4 presents time series (in local time LST) of the different observed parame-
ters for the period 1-2 July (Julian days 182 and 183, respectively, corresponding
to the fifth plume episode over Buenos Aires, listed in Table 1). The bottom panel
(Fig. 4a) presents the vertical profile of aerosol light extinction derived from the ceilome-
ter backscattering measurements using the relationship discussed in Sect. 2.2 and it is
shown twice to facilitate relating it with the other parameters. The other panels present
a black solid line with vertical bars that correspond to the average values and standard
deviations, estimated from all the days when there was no volcanic influence detected.
The green lines correspond to the 10 min average observations for 1 and 2 July.

Note that on 1 July there is a very inhomogeneous yet thick aerosol layer extending
at times up to 3000 m (Fig. 4a) and showing undulations throughout the two-day pe-
riod suggesting that the volcanic ash plume was likely meandering over the area. The
period from 18:00 on 1 July, lasting until 08:00 on 2 July, shows lower concentration
of aerosols and a subsiding air mass where we can see the top of the volcanic ash
layer descending, associated with increasing light extinction. At this time the local wind
velocity is close to zero (Fig. 4h) inhibiting any dispersal of the fallen ash. This filament
of ash merges into the boundary layer at 10:00 at which time there is a significant in-
crease in the extinction coefficient throughout the mixed layer up to an altitude of about
1000 m. This likely represents not only the volcanic ash that is descending from an
upper layer but possibly the incursion of lower level ash arriving from farther away. The
increase in wind velocity during this period of enhanced backscattering in the evening
of 2 July supports this conclusion.

The CN and PPAH concentrations and the absorption coefficient (Figs. 4b—c) all in-
crease well above one standard deviation on four occasions over this 2 day period. In
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the mornings of each day, all three of these particle parameters exceeded the back-
ground averages by almost a factor of four, and in the afternoons they were greater
than factors of two to three.

The ambient temperature on both days was almost 4 °C lower than the background
average, well below one standard deviation, and the humidity was also much lower
than the background average.

3.3 Analysis of all volcano days

Frequency distributions were derived for the observations of all days with volcanic in-
fluence and compared with the corresponding distributions for all days without such
influence. Figure 5 presents the frequency distributions of the average background
concentration (black line) and for the 8 days when volcanic influence was detected (red
line), for the CN concentration (Fig. 5a), the absorption coefficient (Fig. 5b), the PM,,
concentration (Fig. 5¢) and the PPAH concentration (Fig. 5d). Note that for all param-
eters the distributions present much higher frequencies for large values corresponding
to the days with volcanic influence over Buenos Aires. It is clear that the observations
of those 8 days are not typical of urban pollution and represent enhanced conditions
due to the volcanic ash plume present over the city.

Another evidence of non-typical urban conditions can be derived from the dispersion
diagrams for pairs of variables, such as is presented in Fig. 6. The correlation between
PPAH and CN is shown in Fig. 6a, where the black dots correspond to the average
background pollution and the red dots show the observed values during the volcanic
influence over the city. Note that for average background conditions the correlation is
quite good between these 2 variables, indicative of common sources or formation pro-
cesses in the atmosphere from precursor gases. In contrast, the measurements show
much less correlation during the 8 days with the volcanic influence. The same behavior
is observed in Fig. 6b, for the correlation between CN and the aerosol absorption co-
efficient. Very little correlation is seen, suggesting that the processes that give rise to
the very small particles and their optical properties are very likely different ones
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3.4 Aerosol Optical Thickness

Given the usefulness of satellites for providing images and optical depth measure-
ments that can be used to track and possibly estimate the atmospheric loading of the
volcanic ash, we evaluated the AOT derived from the measurements with the MODIS
sensor that is mounted on the Aqua and Terra satellites. The AOT from MODIS is pro-
vided at a wavelength of 550 nm and the Terra and Aqua satellites make overpasses of
the Buenos Aires region every day at approximately 14:00 and 18:00 UTC (11:00 and
15:00 LST), respectively. As described in Sect. 2.2, we estimate the extinction coeffi-
cient at 550 nm from the raw, range corrected ceilometer backscatter measurements
and subsequently derive the AOT. The AERONET sunphotometer measurements were
also evaluated during this same period, using the 500 nm channel.

The two airports in Buenos Aires were closed on a number of occasions due to
the threat of volcanic ash to aircraft as discussed in the introduction. These days are
listed in Table 1, along with our assessment of the presence of volcanic ash from the
ceilometer profiles. We have chosen the days in this table to compare the AOTs from
the two satellites with those from the ceilometer and the AERONET sunphotometer.
The ceilometer and AERONET AQOTSs were averaged over one hour intervals before and
after each of the satellite overpasses to provide a single value from each to compare
with the satellite data.

Figure 7 summarizes these comparisons for the volcanic ash episodes over Buenos
Aires during the months of June and July, where the black, green, red and blue bars
represent the AOT from MODIS-Aqua, MODIS-Terra, the ceilometer and AERONET,
respectively. The standard deviations around the means were calculated over the aver-
aging interval from the ceilometer and the AERONET and are shown as vertical bars.
The uncertainty in the MODIS values was estimated from the number of pixels that
were used to compute the AOT from these data. The vertical bars on the Aqua and
Terra measurements were calculated as:

o = (/N/N)AOT )
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where N is the number of pixels.

We see a large amount of variation in this figure. Sometimes all four estimates of
the AOT are in very good agreement, e.g. days 183 and 188, while on other days 2
out of the 4 estimates of AOT might be in close agreement while the other 2 could
be significantly larger or smaller. There doesn’t appear to be a systematic order to the
differences and probably reflects the inhomogeneity of the aerosols in the atmospheric
column, in general, and the large variability in the location of the volcanic ash plume, in
particular. One of the contributing factors to the large variation is the difference in the
volume of atmosphere sampled. The MODIS has a footprint of 10 km x 10 km whereas
the ceilometer and AERONET sunphotometer, with very small viewing angles, sample
a narrow column of air.

The figure also shows colored blocks along the top axis that represent how the de-
cision of the authorities to shut down airport operations (or airlines to cancel flights)
matched what the ceilometer indicated about the presence of volcanic ash in the re-
gion. A red block shows that there were no flights when the ceilometer also indicated
volcanic ash, an orange block shows that there were flights but that the ceilometer pos-
sibly detected ash in the vicinity of the airport and the green block is the case of no
flights when the ceilometer indicated no volcanic ash above it.

4 Discussion

The synoptic situations observed during all the episodes of volcanic ash affecting
Buenos Aires explain the advection of the ash plume from its emission point 1400 km
SW of the city. The plume was injected at an altitude of around 10 km and, during its
transit, it underwent vertical settling and was subjected to synoptic scale descending
motions. Eventually, the plume reached the top of the city’s boundary layer and was
entrained and mixed with near-surface air, resulting in ash deposition at the surface.
The descent rate observed was too rapid to be the result of particle sedimentation so
dynamic forcing must have been responsible for the subsidence. In fact, the synoptic
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maps all showed that Buenos Aires was always under a high-pressure system of vary-
ing magnitude, with its associated subsidence, when the ash was present (e.g. Fig. 2).
The vertical profiles of aerosol backscatter indicated that the ash layer was already
mixing downward by the time it reached the measurement site. Although the evidence
is not decisive, some of the thermodynamic profiles analyzed (but not shown here)
suggest that the ash absorbed solar radiation, transferred the heat to the local environ-
ment and raised the temperature within the ash layer producing small inversions at the
level of the observed plume. The presence of these mainly hygroscopic ash particles,
also caused the drying of the atmospheric layer. Furthermore, the presence of the ash
layers had lowered significantly the temperature and relative humidity at the surface
(as seen in Fig. 4f and g).

The measurements of particle properties at the surface allowed us to determine
the natural variability of the urban emissions under many synoptic conditions before
the volcanic ash arrived in Buenos Aires. Our results indicate that all of the aerosol
properties at the surface were elevated with respect to the background average when
the ash layer was identified overhead, in most instances observations are more than
one standard deviation above the average background, and showed enhancements of
factors of 2 to 4 above the background average.

The enhanced CN concentration observed was likely related to the formation of new
particles within the plume as it was being advected away from the source, similar to
what was found by Schafer et al. (2011). When this type of volcano erupts, it will emit
not only ash but also a variety of other gases, including water vapor and sulfidric acid
(SH,) and sulfur dioxide (SO,) (Andres and Rose, 1995). The conversion of SO, to
sulfate particles in the presence of water vapor has been well documented in other
cases (e.g. for the Popocatepetl volcano in Mexico City: Raga et al., 1999; Jimenez et
al., 2004) and may explain the observed local increases of very small particles at the
surface. These small particles would be inefficiently removed by the sedimenting larger
particles.
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The increase in the polycyclic aromatic hydrocarbons (PAHs) determined in the par-
ticles by our instrumentation is more puzzling, since clearly PAHs are not emitted by
the volcanic source. This increase had to be the result of the interaction of the normal
urban emissions with the particles in the volcanic plume. At this point, we can only
hypothesize that perhaps gaseous PAH were adsorbed onto the particles in the vol-
canic plume or that chemical reactions were occurring at the surface of these particles
resulting in an increased concentration of PPAH.

The increase in the signal of the absorption coefficient must be related to the compo-
sition of the particles in the volcanic plume. Under normal urban conditions, the mea-
surement of absorption coefficient is directly linked to primary black carbon (BC) from
combustion sources. The particles in the volcanic plume may have contained some
metals that would also absorb light at a wavelength of 550 nm. The newly formed par-
ticles from the gas-to-particle conversion that appeared as enhanced CN concentra-
tions, would not produce this enhanced absorption signal. Another possible explanation
would be that the ash particles descending from the elevated plume were scavenging
the urban BC particles, mixed throughout the boundary layer, resulting in increased BC
measured at the surface by our measurement system.

The analysis of the frequency distributions shows that during days influenced by
volcanic ash, all parameters are much higher than for days that correspond to average
background pollution in Buenos Aires. Moreover, the observations presented in Fig. 5
suggest that the parameters in the days influenced by the volcanic ash are not part of
the same distribution associated with the typical urban pollution.

Furthermore, dispersion diagrams between the observed variables (Fig. 6) indicate
that the nature of the processes that relate them is very different during average back-
ground urban pollution and during those days with volcanic influence. Variables that in
an urban setting would be correlated (e.g. CN and absorption coefficient, associated
with emissions from diesel vehicles such as buses) are not correlated at all during the
days with volcanic influence.
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An attempt at a quantitative comparison of all the different estimates of AOT (from
satellite and ground-based) suggests that it is a very difficult task to accomplish (Fig. 7).
Estimates from MODIS on Terra and Aqua correspond to “instantaneous” measure-
ments at two different times of the day and they varied from 50 % to factors of 2 for
the same day. This would be indicative of the transient nature of the plume over the
selected area. Differences between AOT values determined at the AERONET site (lo-
cated about 4 km from our research site) and our estimate from the ceilometer would
indicate spatial variability of the plume and in most cases the ceilometer values were
smaller than AERONET ones. The largest estimate from AERONET was 1.2 on 13
June, while the largest value from MODIS-Aqua was 1.05 on 14 June, suggesting that
the bulk of the plume arrived after the overpass of Aqua on 13 June. AERONET values
were usually higher than the other three estimates.

5 Summary and conclusions

A suite of instruments deployed on the roof of one of the buildings of the University
of Buenos Aires, initially installed to make urban pollution measurements, was used to
detect and characterize several intrusions of volcanic ash that affected the city during
June and July 2011.

We have presented here a variety of remote and in situ measurements and the
synoptic conditions prevalent during one the case studies when both airports in Buenos
Aires were closed to air traffic due to the presence of an ash cloud. While not presented
here for brevity, all the other case studies showed similar results. The measurements by
remote sensing and corresponding analysis allow us to make the following conclusions:

— The ceilometer clearly identified the volcanic plume aloft and the measurements
showed the descent of the plume into the boundary layer.
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— Quantitative AOT estimates are possible from the ceilometer measurements
based on an algorithm relating the raw backscatter with the extinction derived
from in situ measurements under well-mixed conditions in the boundary layer.

— There is consistency between the values of AOT derived from AERONET,
ceilometer and MODIS, since all three platforms were able to identify the volcanic
ash plume simultaneously.

— Quantitative comparison of the different estimates of AOT is difficult, suggesting
large spatial and temporal variability of the plume.

— AOT estimates by the ceilometer are consistently smaller than those from
AERONET.

The analysis of the in situ measurements during the periods when volcanic ash was
present over the research site leads to the following conclusions:

— All the particle properties increased beyond the average background by at least
one standard deviation, demonstrating the sensitivity of the instruments to identify
the plume signature at the surface.

— The anomalous concentrations of CN suggest new particle formation, presumably
from the conversion of SO,.

— The anomalous concentrations of PPAH may come from the uptake of PAHs on
the plume particles or from chemical reactions on the surface of plume particles.
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— The anomalous absorption coefficients indicate that plume particles may contain
certain compounds that can absorb radiation at 550 nm. Another possible
explanation consistent with the observations is the scavenging of black carbon
from urban sources as the plume descends through the boundary layer to the
surface.

— The presence of the ash layer caused a decrease in temperature and relative
humidity at the surface.
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Table 1. List of all the episodes that led to shut down of airport operations at Aeroparque (AEP)

and Ezeiza (EZE) airports during the months of June and July 2011.

NHESSD
1, 1507-1534, 2013

Julian Calendar Episode Inferred by Listed in publication

day day No ceilometer data  “Lima Victor No. 35”

157 6 June 1 Yes Flight operations at EZE cancelled at night

158 7 June 1 Yes No flight operations at AEP and EZE during the morning.
EZE re-opened at noon, AEP at 4p.m.

159 8 June 1 Yes Normal operations at AEP and EZE

160 9 June 2 Possibly (fog?)  No flight operations AEP nor EZE

161 10June 2 Yes Operations resume at AEP and EZE at 7 p.m.

162 11Jdune 2 No Normal operations at AEP and EZE

163 12June 2 Possibly Normal operations at AEP and EZE

164 13June 3 Yes No flight operations AEP nor EZE

165 14 June 3 Yes Flight operations at EZE resume at night

166 15Jdune 3 No-rain Flight operations at AEP resume in the morning

172 21June 3 No Normal operations at AEP and EZE

173 22June 3 Possibly Normal operations at AEP and EZE

175 24 June 4 Yes No flight operations AEP nor EZE. Operations at AEP
resume at 5.30 p.m. EZE resumes at night

176 25June 4 Yes Normal operations at AEP and EZE in the morning

182 1 July 5 Yes At 2 p.m. both AEP and EZE stop operations.

183 2 July 5 Yes Operations resume after 8a.m.

184 3 July 5 No Normal operations at AEP and EZE

188 7 July 6 Yes Operations at AEP and EZE stop at 6 p.m.

189 8 July 6 Yes Normal operations resume in the afternoon

191 10 July 7 No No operations from around local noon at AEP and EZE

192 11 July 7 No Operations resume after 11 a.m.

207 26 July 8 Yes Operations stop at AEP and EZE around noon

208 27 July 8 Yes Operations resume mid-morning at EZE and

mid-afternoon at AEP
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Table 2. Description of instrumentation deployed at the research site at the University of Buenos

NHESSD
1, 1507-1534, 2013

Impact of
Puyehue-Cordon
Caule 2011 eruption

Aires.
Parameter Instrument Institute Detection Accuracy Frequency
Limit
Temperature, Davis Inc. UBA -50°to +50° +1° 1Hz
RH, Weather Station 0to 100 % +5%
Pressure 100t0 1024 +1mb
Horizontal Davis Inc. UNAM 0to50ms™ 1Hz
Winds Weather Station
Condensation TSI CPC UNAM 0.02pm +15% 1Hz
Nuclei 3010
Particle-Bound EcoChem PAS UNAM 0.3Hz
Polycyclic 1000
Aromatic Photoelectric
Hydrocarbons Aerosol Sensor
Absorption Radiance Re- UNAM 1 Mm™ +25% 1Hz
Coefficient search PSAP
Scattering Radiance Re- UNAM 1Mm™ +25% 1Hz
Coefficient search
Nephelometer
Backscattering Vaisala UNAM 20m to 0.5Hz
Vertical Profile Ceilometer 7000 m,
CL-31 with 20 m
resolution
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Fig. 1. Shown here is the extinction coefficient, derived from the nephelometer and PSAP mea-
surements as a function of the raw backscattering, range corrected counts from the ceilometer
averaged between 20 and 60 m. Each point represents a ten minute average.
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Fig. 2. Sea level pressure (in hPa, black contours) and 500/1000 thickness fields (in dam,
green dotted contours) for 06:00 UTC on (a) 1 July 2011 and (b) 2 July 2011. The blue line
corresponds to 540 dam and the red line to 570 dam. The square indicates the location of the
Puyehue volcano and the dot corresponds to the location of Buenos Aires. Terrain elevations

greater than

a) 0600 UTC July 1, 2011

1500 m are shaded.
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Fig. 4. Time series for the period 1-2 July, 2011 showing (a) the vertical profile of aerosol
extinction (in Mn~", red indicates the highest values), (b) CN concentration, (¢) PPAH concen-
tration, (d) absorption coefficient, (e) PM,,, (f) temperature, (g) relative humidity and (h) wind
velocity. The black solid lines are the daily average background from days with no volcanic ash
and the vertical bars are one standard deviation. The green lines show the ten-minute averages
observed those days.
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Fig. 7. The aerosol optical thickness (AOT) is shown here from the MODIS instrument on the
Agua (black) and Terra (green) satellites and derived from the ceilometer (red) and AERONET
(blue). The ceilometer and AERONET AOT are averages made over the time periods of Aqua
and Terra overpasses. The vertical bars represent the uncertainties, derived for the satellite
measurements from the number of pixels from which the AOT was derived, and the computed
standard deviations from the averaged values of ceilometer and AERONET. The days shown
are taken from Table 1 and the color-coding indicates how the ceilometer identified volcanic
ash compared with the decision to close an airport. VA corresponds to Volcanic Ash.
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