N

N

ai iBbiB+ H M HvbBb Q7 i?72 HQM;@ M;2 i

kyR8 * H#Em+Q pQH+ MB+ THmMK2 7" QK ;" Qm
bT +2@#Q M2 Q#b2 p iBQMDb

L2ZHbQM " ;m2- G2 iQ a?BFr K# M -> bb M "2M+?2"

02MF i ° K M aBp FmK - 1HB M qQH7  K-LF MvBbQ J¢

pB/ C2 M .m S 22x-J 'BQM _ M BpQK#QH - 2

hQ +Bi2 i?Bb p2 ' bBQM,

L2HbQM " :m2- G2 iQ a?BFr K# M - > bb M "2M+?2'B7-Cm M S HHQii
HXX ai iBbiB+ H M HvbBb Q7 i?2 HQM;@  M;2 i  MbTQ i Q7 i?2 KyR8 *
# b2/ M/bT +2@#Q M2 Q#b2 p iBQMbX MM H2b :2QT?vbB+ 2- kyky- 3
i3@jN8@kyky X ? H@yksk9o8sd

> G A/, 2 H@yk8k988d
2iiTbh,ff? HXmMBp@ 2mMBQMX7 f? H@yk8k98,
am#KBii2/ QM jy J ~ kyky

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2" * 2 iBp2 *QKKQMb ii B#miBQM 9Xy AMi2 M iB


https://hal.univ-reunion.fr/hal-02524557v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Ann. Geophys., 38, 395-420, 2020

https://doi.org/10.5194/angeo-38-395-2020 Annales
© Author(s) 2020. This work is distributed under Geophysicae
the Creative Commons Attribution 4.0 License.

Statistical analysis of the long-range transport of the 2015 Calbuco
volcanic plume from ground-based and space-borne observations

Nelson Bégué, Lerato Shikwambana?3, Hassan Bencherit3, Juan Pallotta®, Venkataraman Sivakumar?,
Elian Wolfram 4, Nkanyiso Mbatha®, Facundo Orte*, David Jean Du Pree?:, Marion Ranaivombolal, Stuart Piketh?,
and Paola Formentf

1L ACy (UMR 8105, CNRS, Université de la Réunion, Météo-France), Saint-Denis de la Réunion, France

2Space Science Division, South African National Space Agency, Hermanus 7200, South Africa

3School of Chemistry and Physics, University of KwaZulu-Natal, Private Bag X54001, Durban 4000, South Africa
4Centro de Investigaciones en Laseres y Aplicaciones, UNIDEF (CITEDEF-CONICET), UMI-IFAECI-CNRS-3351, Villa
Martelli, Buenos Aires, Argentina

SUniversity of Zululand, Department of Geography, KwaDlangezwa 3886, South Africa

6Department Geography, Geoinformatics and Meteorology, University of Pretoria, Pretoria 0002, South Africa
"North-West University, Unit for Environmental Science and Management, Potchefstroom 2520, South Africa
8Laboratoire Interuniversitaire des Systémes Atmosphériques, UMR CNRS 7583, Université Paris-Est-Créteil,
Université de Paris, Institut Pierre Simon Laplace, Créteil, France

Correspondence:Nelson Bégue (nelson.begue@univ-reunion.fr)

Received: 21 September 2019 — Discussion started: 7 November 2019
Accepted: 30 January 2020 — Published: 26 March 2020

Abstract. This study investigates the in uence of the 2015 source region were consistent with an ash-bearing plume.
Calbuco eruption (41.2S, 72.4 W; Chile) on the total Conversely, sites further from the Calbuco volcano were in-
columnar aerosol optical properties over the Southern Hemi-uenced by ash-free plume. The optical properties discussed
sphere. The well-known technic of sun photometry wasin this paper will be used as inputs for numerical models for
applied for the investigation of the transport and spatio-further investigation of the ageing of the Calbuco plume in a
temporal evolution of the optical properties of the vol- forthcoming study.

canic plume. The CIMEL sun photometer measurements per-
formed at six South American and three African sites were
statistically analysed. This study involves the use of the satel-

lite observations and a back-trajectory model. The passage ¢ Introduction

the Calbuco plume is statistically detectable in the aerosol

optical depth (AOD) observations obtained from sun pho_Given that major volcanic eruptions have the potential to in-
tometer and MODIS observations. This statistical detection/€Ct large amounts of sulfur into the stratosphere, they are
con rms that the majority of the plume was transported over considered to be one of the main sources of stratospheric
the northeastern parts of South America and reached théulfur (Carn et al., 2015; Thomason et al., 2007). Sulfate
South African region 1 week after the eruption. The p|umeaerosols are formed in the volcanic plume by the agueous and
impacted the southern parts of South America to a lessefaseous oxidation of sulfur dioxide (gnd the subsequent
extent. The highest AOD anomalies were observed over théucleation and accumulation of particles and droplets (Wat-
northeastern parts of South America. Over the South Africars0n and Oppenheimer, 2000). Thus, volcanic emissions may
sites, the AOD anomalies induced by the spread of the plum&?ave a signi cant impact on the atmospheric composition
were quite homogeneously distributed between the east an@nd radiative budget (McCormick et al., 1995; Solomon et

west coasts. The optical characteristics of the plume near th@l-» 1999, 2011). McCormick et al. (1995) showed that the in-
creased aerosol loading following a major volcanic eruption
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can lead to signi cant warming of the middle atmosphere. et al., 2010; Clarisse et al., 2012; Jégou et al., 2013; Kravitz
For instance, a warming ranging from 1 to@was observed et al. 2010; Sawamura et al., 2012). The Southern Hemi-
in the tropical stratosphere following the Pinatubo eruptionsphere, in comparison, has primarily been affected by three
in 1991 (Labitzke and McCormick et al., 1992; Young et al., moderate eruptions since 2010: (1) the Puyehue—Cordén
1994). Using ground-based and satellite observations, variCaulle (40.3 S, 72.1 W; Chile) in June 2011, which emitted
ous studies have shown that a signi cant ozone loss occur.2 Tg of SQ into the upper troposphere and lower strato-
following a major volcanic eruption (Hofmann and Oltmans, sphere (UTLS; Clarisse et al., 2013; Theys et al., 2013; Koff-
1993; Solomon et al., 2005). The sulfate aerosols formednan et al., 2017); (2) the Kelud eruption (7%, 112.2 E;
following these events provide surfaces for heterogeneousndonesia) in February 2014, which injected 0.1-0.2 Tg of
chemical reactions, which lead to ozone depletion (Tie andSGQ; into the stratosphere (Kristiansen et al., 2015; Vernier et
Brasseur, 1995; Solomon et al., 1996; Bekki et al., 1997). al., 2016); and (3) the Calbuco eruption (41X 72.4 W) in
Previous studies have also pointed out that moderate volApril 2015, which released 0.2—0.4 Tg into the UTLS (Bégue
canic eruptions (i.e. a volcanic explosive index between 3et al., 2017; Reckziegel et al., 2016; Mills et al., 2016). The
and 5) can signi cantly modulate the stratospheric aerosolamounts of S@injected during these events are smaller than
loading compared with the “background period” (i.e. free of those injected during the moderate eruptions that occurred
the effects of a major volcanic eruption) (Haywood et al., in the Northern Hemisphere. For instance, the estimation of
2010; Neely 1l et al., 2013). Both ground-based (Hofmann SO, reported for these three moderate eruptions are 10-20
etal., 2009; Trickl et al., 2013; Zuev et al., 2017) and satellitetimes smaller than the Nabro eruption (13\¥ 41.7 E; Er-
(Vanhellemont et al., 2010; Vernier et al., 2011) observationstrea) in June 2011 (Bourassa et al., 2012; Sawamura et al;
suggest that the aerosol optical depth (AOD) of the strato-2012) and a quarter of the amount emitted by the Sarychev
spheric aerosol layer between 20 and 30 km has increaseeruption (48.1N, 153.2 E; the Kuril Islands) in June 2009
by 4 %—10 % yr ! since 2000. Using the Whole Atmosphere (Clarisse et al., 2012; Kravitz et al., 2011; Jégou et al., 2013).
Community Climate Model (WACCM, version 3), Neely Ill  This present study focuses on the analysis of the Calbuco
et al. (2013) showed that the increase in the AOD of theeruption.
stratospheric aerosol layer is likely due to moderate volcanic After 43 years of inactivity, the Calbuco volcano in Chile
eruptions. Satellite observations con rm that the decadal in-erupted on the 22 April 2015 followed by two intense ex-
crease in stratospheric aerosol loadings are linked to a serigdosive events recorded during the same week. The vol-
of moderate volcanic eruptions that each injected around &anic plume spread extensively in the Southern Hemisphere,
megaton of S@into the lower stratosphere (Vernier et al., which was explained by the dynamical context (Bégue et al.,
2011). In spite of the fact that these recurrent volcanic erup2017). Using the advected potential vorticity elds derived
tions inject less S@than major volcanic eruptions, they can for the 400 K isentropic level from MIMOSA (Modéle Isen-
impact the atmospheric radiation budget. Furthermore, takiropique de transport Mésoéchelle de transport de I'Ozone
ing the stratospheric aerosol burden into account in climateStratospherique par Advection) and the Dynamical BArrier
models has been shown to be necessary, as their presence dascation model (DyBAL; Portafaix et al., 2003), Bégue et
act as a signi cant counterbalance to global warming: the soal. (2017) showed that volcanic aerosols are predominantly
called global warming hiatus (Solomon et al., 2011; Fyfe ettransported eastward in planetary-scale tongues. The trans-
al., 2013; Haywood et al., 2013; Ridley et al., 2014; Santerport of the volcanic aerosol plume was modulated by the lo-
et al., 2014). The use of the Canadian Earth System Modetation of the subtropical barrier and the polar vortex, within
(CanESM2), Fyfe et al. (2013) revealed that the moderatevhich most of the zonal transport took place during the rst
volcanic activity since 2000 has contributed to a reductionweek following the eruption (Bégue et al., 2017). During
in global warming with an impact of 0:07 0:07 K. Based the same year, the Antarctic ozone hole reached a histori-
on the use of the HadGEM2-ES coupled atmosphere—oceacal record daily average size in October. The in uence of the
Earth system model, Haywood et al. (2013) showed a globalCalbuco eruption on this signi cant Antarctic ozone deple-
mean cooling of around 0:02 to 0:03K over the period tion has been debated. Using the Speci ed Dynamics—Whole
from 2008 to 2012. They showed that the eruptions may re-Atmosphere Community Climate Model (SD-WACCM) and
sult the perceived hiatus in global temperatures that is causeballoon observations at Syowa (699, 34.6 E), Solomon
by the small cooling effect, but they do not appear to be theet al. (2016) found that the Calbuco eruption might have
primary cause. These previous studies highlight the imporbeen responsible for the extreme ozone depletion recorded
tance of the stratospheric aerosol burden in climate modelsver Antarctic in October 2015. Using the WACCM model
and emphasize the need to pursue the analysis of the modeir its free-running con guration, previous works have also
ate volcanic activity. revealed signi cant Antarctic ozone column losses follow-
Moderate volcanic eruptions are considered to be the mosing the moderate Calbuco eruption (Solomon et al., 2016;
in uential events with respect to the stratospheric aerosollvy et al., 2017). Based on the use of the WACCM model
burden over the last decade. These moderate eruptions haasd balloon observations at Syowa, the South Pole, and
mainly been observed in the Northern Hemisphere (Bourassdleumayer-Station Il (70.4S, 8.2 W), Stone et al. (2017)
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con rmed the assumption that enhanced ozone depletion was presented in Sect. 5; and a summary and the perspectives
mainly due to Calbuco aerosols. Particularly, these stratoof this study are given in Sect. 6.
spheric volcanic aerosols greatly enhanced austral ozone
depletion at 100-150 hPa between 55 and $§Stone et
al., 2017). More recently, Zhu et al. (2018) showed that2 Data and methodology
the Calbuco aerosols depleted around 25% of ozone near
70 S and created an additiona#2 10°km? of ozone hole 2.1 Aerosols and sulfur dioxide observations
area in September 2015 (using the WACCM model). Con-
versely, Zuev et al. (2018) supports the assumption that th@he ground-based sites selected for the analysis of the
stratospheric volcanic aerosols from the moderate-magnitud&ransport and the optical characteristics of the volcanic
eruption of Calbuco could not have contributed to the intensi-plume include nine AERONET sites in South America
cation of ozone depletion. By combining the ERA-Interim and southern Africa: Sdo Paulo (238, 46.4 W), Gob-
reanalysis data and the Hybrid Single Particle Lagrangian Inabeb (23.3S, 15.0 E), Pretoria (25.4S, 28.1 E), Dur-
tegrated Trajectory (HYSPLIT) model, it was found that the ban (29.5S, 31.0 E), Buenos Aires (34.4S, 58.2 W),
volcanic plume was outside the stable polar vortex. Zuev efNeuquén (38.5S, 68 W), Bariloche (41.0S, 71.2 W),
al. (2018) concluded that the cause of the abnormal strato€Comodoro (45.5S, 67.2 W), and Rio Gallegos (51.3,
spheric ozone depletion above the Antarctic during Octobe69.1 W). The location of these sites in the Southern Hemi-
and November was the behaviour of the polar vortex in thatsphere allows for a large-scale view of the transport of
period. Through the analysis of the zonal average backscathe volcanic aerosol plume. Measurements are obtained at
tering from CALIOP, Zhu et al. (2018) showed that the Cal- 15min intervals under cloud-free and daytime conditions.
buco aerosols progressed 16 km toward the South Pole durinhe direct solar extinction and diffuse sky radiance mea-
June. Moreover, Bégue et al. (2017) discussed the meridionaurements are used to compute the AOD and to the re-
spread of the Calbuco aerosols toward the South Pole, whiclrieve the aerosol size distribution, using the methodology
was modulated by the Quasi-Biennial Oscillation. of Dubovik and King (2000). The estimated uncertainty in
The present paper reports on the sun photometry observahe AOD measurements under cloud-free conditions ranges
tions of the Calbuco plume at six South American and threefrom 0.01 to 0.02 (Dubovik et al., 2000, 2006; Eck et al.,
African sites. The geographical location of these sites is help2003, 2005). A detailed description of the CIMEL sun pho-
ful for improving the discussion on the latitudinal distribu- tometer, the AERONET network, and the associated data
tion of the Calbuco plume. Following the Puyehue—Cordonretrieval is given by Holben et al. (1998). The AOD val-
Caulle eruption, an effort was made to deploy the CIMEL ues presented in this work are selected at Level 2.0 (cloud-
sun photometer system over Argentina in order to detectscreened and quality assured) and were downloaded from
aerosols from volcanic ash and Patagonian dust (Otero et alhttp://aeronet.gsfc.nasa.gov/ (last access: 5 March 2020). All
2015). These new databases, which have been integrated intd the available observations performed before the Calbuco
the Aerosol RObotic NETwork (AERONET) global network eruption until 2016 are also used for this work. The avail-
since 2012 and 2013, will be used and analysed in this studyable daily observations and the associated period for each
The usefulness of sun photometry measurements in the insite are reported in Table 1. The number of available daily
vestigation of aerosols from major and moderate eruptionsobservations range from 242 to 3495 (Durban and Neuquén
has been reported in many previous works (e.g. Hobbs etespectively) (Table 1). The difference between these sites is
al., 1982; Gooding et al., 1983; Deshler et al., 1992; Watsormainly due to their activity period. It is worthwhile mention-
and Oppenheimer, 2000, 2001; Porter et al., 2002; Matheing that measurements were made quasi-continuously at each
et al., 2004; Sellitto et al., 2017, 2018). Most of these pre-site during the period selected for this study.
vious studies reported on the investigation of optical proper- During the eruption, lidar measurements were also per-
ties in young volcanic plumes near the source regions. Thdormed at the Bariloche site, which is the closest site to the
aim of this study is to quantify the in uence of the Cal- Calbuco volcano (less than 90 km). The lidar installed at the
buco plume on the total columnar aerosols and to discus§&an Carlos de Bariloche Airport uses aYWAG laser emis-
the spatio-temporal evolution of the optical properties of thesion system based on a Quantel Brilliant B 20 Hz laser, with
volcanic plume during its transport. 366 mJ at 1064 nm (Ristori et al., 2018). The collection of the
The paper is organized as follows: Sect. 2 describes thdackscattered photons is carried out with a 20 cm Cassegrain
observations and the statistical approach used to investigatelescope connected to a spectrometric box via an optical
the transport and the optical characteristics of the plume; abre. The system can detect three elastics lines (355, 532,
description of the transport of the Calbuco plume is given inand 1064 nm), two Raman lines (387 and 607 nm), and water
Sect. 3; the statistical detection of the volcanic plume andvapour (at 408 nm). In this study, elastic lidar signals from
its contribution to total columnar aerosols are provided in532 nm were processed to retrieve the extinction pro le (Fer-
Sect. 4; a discussion of the spatio-temporal evolution of thenald, 1984). The Klett—Fernald—Sassano (KFS) method was
optical properties of the volcanic plume during its transportapplied as the inversion algorithm. The analytical solution

www.ann-geophys.net/38/395/2020/ Ann. Geophys., 38, 395-420, 2020


http://aeronet.gsfc.nasa.gov/

398 N. Bégue et al.: Long-range transport of the 2015 Calbuco volcanic plume

Table 1.Number of available and background daily observations at each site for both the sun photometer and MODIS.

Site Instruments Period Daily Background
observation
Gobabeb Sun photometer 2014-2016 694 407
(23 S,15E) MODIS 2002-2016 2469 1954
Sao Paulo Sun photometer 2000-2016 1957 1676
(23 S,46 W) MODIS 2002-2016 2884 2369
Pretoria Sun photometer  2011-2015 1222 905
(25 S,28E) MODIS 2002-2016 3432 2281
Durban Sun photometer 2015-2016 232 89
(29 S,31E) MODIS 2002-2016 3731 3216
Buenos Aires Sun photometer  1999-2016 3237 2374
(34 S,58 W) MODIS 2002-2016 3163 2648
Neuquén Sun photometer 2013-2016 678 407
(38 S,68 W) MODIS 2002-2016 3495 2980
Bariloche Sun photometer 2012-2016 463 229
(41 sS,71 W) MODIS 2002-2016 2321 1806
Comodoro Sun photometer  2013-2016 830 546
(45 S,67 W) MODIS 2002-2016 3495 2980
Rio Gallegos Sun photometer 2009-2016 1245 1000
(51 s,69 W) MODIS 2002-2016 1204 689

obtained using the KFS method assumes a constant relationith different spatial resolutions: 250 m (bands 1 and 2),
between the extinction-to-backscattering pro les — referred500 m (bands 3-7), and 1km (bands 8-36) (Bennouna et
to as the lidar ratio (LR) — which is a key point of this method. al., 2013). MODIS aerosols retrievals are carried out sepa-
The LR value is obtained from the values reported in the lit- rately over land and ocean using two independent algorithms
erature (Trickl et al., 2013; Ridley et al., 2014; Sakai et al., (Bennouna et al., 2013). Numerous works such as Kharol
2016), which are associated with the nature of the aerosolsst al. (2011), El-Metwally et al. (2010), and Baddock et
or iteratively using a reference AOD given by the sun pho-al. (2009) have presented a comprehensive description of the
tometer. In this study, we used the AOD given by the sunTerra MODIS and have also outlined its operation. In this
photometer deployed at the Bariloche site. Another paramstudy, the MODIS data aboard the Terra (EOS AM) satellite
eter that we need to retrieve the optical properties is the alwere used: https://giovanni.gsfc.nasa.gov/giovanni/ (last ac-
titude reference, which corresponds to the altitude withoutcess: 10 January 2020). The MODIS AOD data utilized in
an aerosol load. The statistical uncertainties of the opticathis work were collected for the 2002—-2016 period over an
products are calculated based on the Monte Carlo metho®:5 0:5 (latitude and longitude) area centred on each site
(D'Amico et al., 2016), which is widely used in EARLINET in order to analyse local and regional aerosol loadings. We
(the European Aerosol Research Lidar NETwork). The sys-only used high-resolution MODIS retrievals with very good
tematic errors related to the inversion method mainly stemquality ags to generate AOD statistics over these regions.
from the input parameters: the LR and the altitude referencélaking the previously mentioned conditions into account, the
values. On average, the error related to the altitude referenceumber of available daily observations ranged from 1204 to
is 15 %, and the error related to the LR is around 20 %. 3731 (at Rio Gallegos and Durban respectively; Table 1).
The Moderate Resolution Imaging Spectroradiometer The Cloud-Aerosol Lidar with Orthogonal Polarization
(MODIS) is an instrument aboard the Earth observation sys{CALIOP) instrument onboard the Cloud-Aerosol Lidar and
tem (EOS) Terra (EOS AM) and Aqua (EOS PM) satel- Infrared Path nder Satellite Observation (CALIPSO) satel-
lites. The orbit of Terra is timed so that it passes over thelite was used to study the transport of the Calbuco plume.
Equator from north to south in the morning. The orbit of CALIPSO has own in a sun-synchronous polar orbit since
Aqua is timed so that it passes over the Equator from nortri2006 with a cycle of 16 d (Winker et al., 2009). In addition to
to south in the afternoon. MODIS provides radiance mea-CALIOP, CALIPSO is composed of two other instruments:
surements in 36 spectral bands between 0.44 and 15 uni) the Imaging Infrared Radiometer (IIR) and (ii) the Wide
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Field Camera (WFC). CALIOP is an elastically backscat- that is currently used for computing simple and complex
tered lidar operating at 532 and 1064 nm, equipped with aair parcel trajectories (Draxler and Rolph, 2003; Stein et al.,
depolarization channel at 532 nm. Moreover, CALIOP can be2015). The model can also provide information regarding the
categorized into two product levels: level 1 and level 2. Thedispersion, chemical transformation, and deposition simula-
level 1 products are made up of calibrated and geolocatedions of pollutants. The ability of HYSPLIT to derive infor-
pro les of the attenuated backscatter returned signal. Levelmation on the atmospheric transport, dispersion, and depo-
2 products, in comparison, are derived from level 1 prod-sition of pollutants and volcanic ash has been highlighted in
ucts and are classi ed in three types: pro le, vertical feature several studies (Stunder et al., 2007; Chen et al., 2012; Ku-
mask, and layer products (Lopes et al., 2012). Layer prodimar et al., 2017; Sangeetha et al., 2018; Lopes et al., 2019;
ucts provide layer-averaged properties of detected aerosd@hikwambana and Sivakumar, 2019). A detailed description
and cloud. Pro le products provide retrieved extinction and and the historical evolution of the model is given by Stein
backscatter pro les within these layers. The data products aret al. (2015) and is brie y presented here. The calculation
provided at various spatial resolutions. A detailed descriptionof the trajectories is based on a hybrid method between the
of CALIPSO is given in Winker et al. (2009, 2010, 2013). In Lagrangian and Eulerian approaches (Stein et al., 2015). In
this work, the analysis of the 532 nm aerosol extinction co-order to reduce the uncertainties induced by the meteorolog-
ef cient data product for the period from 23 April to 3 May ical elds and the numerical methods employed, HYSPLIT
2015 was used for the identi cation of volcanic plumes on can be run in the trajectory clustering mode. The concept of
the respective days of observation. clustering is a multivariate statistical method that consists of
The Ozone Monitoring Instrument (OMI) data product merging the trajectories that are closer to each other and clas-
OMSO2G is also used to analyse the transport of the SO sifying them into distinct groups. In the present work, the
plume from the source region to South Africa. OMI is a back-trajectory calculations were helpful to determine if the
nadir-viewing spectrometer that has been operating aboartheasured AOD values over the selected sites were associated
the National Aeronautics and Space Administration (NASA) with air masses that originated from the Calbuco volcano.
EOS AURA satellite since July 2004. The AURA satellite The back-trajectories of air masses were calculated every 6 h
occupies a near polar sun-synchronous orbit at an altitudever the selected sites using the Global Data Assimilation
of 705km (Krotov et al., 2016). A full technical descrip- System (GDAS) database for altitudes ranging from 16 to
tion of the OMI data product is given in the OMI Algo- 19km. The back-trajectory calculations were performed us-
rithm Theoretical Basis Documents (Barthia et al., 2002).ing the vertical motion calculation method.
The OMSO2G products used in this work are selected at
Level 2.0, version 3, and are accessible from http://disc.sci2.3 Methodology
gsfc.nasa.gov/Aura/data-holdings/OMI/ (last access: 15 Jan-
uary 2020). The OMSO2G products are obtained from re-The characteristics of the optical properties of the volcanic
ected solar radiation measured in spectral range from 310 toplume were analysed using AOD measurements. The AOD
340 nm. The data used in this work are reprocessed with theneasurements are comprised of the volcanic plume AOD
new algorithm based on principal component analysis (PCA;and the background values. Thus, the aerosols optical depth
Li et al., 2013), which reduces the retrieval noise by 50 % of the volcanic plume at a given wavelength A®D ) can
compared with the previous version. The OMSO2G prod-be obtained by subtracting the background aerosol optical
ucts are available for four vertical distributions in a sampling depth AO ( ) from the AOD () measurements. In pre-
grid of G:125 0:125 with respect to latitude and longi- vious studies, this methodology has been applied to the Mi-
tude (Krotov et al., 2016). The stratospheric layer (STL) datacrotops Il portable sun photometer measurements taken close
set is used for this investigation. Earlier works have reportedo volcano site (Watson and Oppenheimer, 2001; Porter et
that this data set is suitable for studying volcanic eruptionsal., 2002; Mather et al., 2004; Martin et al., 2009; Sellitto
(Sangeetha et al., 2018; Li et al., 2013; Krotov et al., 2016).et al., 2017, 2018). In this paper, this approach was applied
The estimated uncertainty in $@alues under cloud-free and adapted to CIMEL sun photometer measurements taken
conditions for the four vertical distributions ranges from 0.1 at nine sites. To investigate the properties of the volcanic
to 0.4 DU and from 0.7 to 0.9 DU at equatorial and high lati- plume, it is important to make background measurements

tudes respectively. when the atmosphere is clear of volcanic aerosols as well
as measurements during an eruption. Given that CIMEL sun
2.2 Back-trajectory model: HYSPLIT photometers are xed instruments, this requirement is im-

plicitly respected and allows for the de nition of a statisti-
The HYSPLIT model was used to calculate backward cally signi cant background situation. In the present work,
and forward trajectories in order to derive information on the background period is de ned as the period before January
the transport of the volcanic aerosol plume. The National2015 and after January 2016. Except for the Durban site, the
Oceanic and Atmospheric Administration (NOAA) Air Re- AODg ( ) calculation is based on an average of 6 years of
source Laboratory (ARL) developed the HYSPLIT model daily observations (Table 1). The anomalies were ltered out
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in order to obtain the daily optical depth of the “clear” at- as follows:

mospheric layer. Thus, the calculated daily AD) means 2 3s

from April to December were assumed to be within the stan- 1 AoDe. 1/ 2 AODo . 2/
iati D4 5 P P

dard deviation of the hourly recorded data. Moreover, the AOD / AOD /
o . In 2 p- 1 p- 2

perturbation induced by the Puyehue—Cordén Caulle erup- 2

tion (40.3 S, 72.1 W; Chile) (Diaz et al., 2014) on the cal- q

D 1p AODp - 1/ 2C AODp. 1/ In 12 2p (3)

culation of the background values was taken into account. As
a consequence, the measurements performed during the p‘Iahe spatio-temporal data analysis carried out between
riod from June to October 2011 were discarded from the caI-NIODIS and sun photometer instruments helps both to de-
culation of the AOL} ( ). Taking the above-mentioned con- P h

o . . tect the passage of the volcanic plume and its contribu-
ditions into account, the number of observations used for the. .
. . ion to the total aerosol column variation over the selected
calculation of the daily AOR ( ) means ranged from 89 to

: sites. The previously described methodology was applied to
i254§2rig/-readbluesiln)é Iﬁ:;gﬁig%ﬁiﬁ;&i p;l;Jtmhz 283‘%'362_ the MODIS observations in order to determine the AOD of
surement and the standard deviation of the AQDAoD,), the volcanic plume AOB.vopis and the background values

. . B2 AODg-mopis at 550 nm. MODIS observations are helpful for
as shown by Sellitto et al. (2017). This uncertainty is given obtaining a good description of the background behaviour

by Eq. (1): S over sites where sampling is not suf cient, such as the Dur-
2 ban site. Table 1 reveals that the MODIS observations used
AOD i ituati
aoDp- /D pop2C B_. 1) to build the background situation are homogenous between

n the different sites and range between 689 and 3216 observa-
tions. Itis necessary to convert the AOD values from MODIS

ments (AOD}) made to compute the average background and sun photometer observations to a common wavelength in
The spectral variability of the volcanic plume was anal- order to compare them. The AOD values obtained from sun

ysed using the Angstrom exponens and the atmospheric photometer at 500 nm were converted to the MODIS wave-

turbidity p (Angstrom, 1964). The Angstrom exponent length following Eq. _(4), which has been used in previous
is a well-known optical proxy for the aerosol size distribution works (Prasad and Singh, 2007; Alam et al., 2011).
(Shaw, 1983; Tomasi et al., 1997). The Angstrom exponent

p is generally close to zero or negative for aerosols wWhoseAODpgis D AODphotometer ———————
extinction properties are governed by large particles (a mean Photometer
radius distribution greater than 1 um). C_onversely,values . where is the Angstrom parameter obtained from sun pho-
greater than 1 are typical of small particles (a mean rad'u%ometer between 440 and 870 nm.
distribution less than 1 um). The Angstrom turbidity is
the best-t value of AODR ( ) at 1 um, which depends on
the total number and refractive index of aerosol particles. Ing Long-range transport of the volcanic plume
this work, the optical properties of the volcanic plume were
analysed at three selected wavelength bands that correspomigure 1a depicts a time-averaged map of the OMI ST, SO
to ultraviolet (UV, 380 nm), visible (Vis, 500 nm), and near- column between 22 April and 1 May. It is clearly shown
infrared (NIR, 1020 nm). Previous works revealed that obserthat SQ injected into the atmosphere is mainly transported
vations at UV wavelengths are helpful for the characteriza-northeastward over South America and passes over the S&o
tion of the optical and microphysical properties of the vol- Paulo site. This gure also reveals a lack of S6bserva-
canic plume (Porter et al., 2002; Mather et al., 2004; Sellittotions over a region spanning from the vicinity of the Cal-
etal., 2017). The Angstrom exponent and turbidity pof  buco site to the southern parts of Argentina. This blind re-
the volcanic plume are calculated at a speci ¢ wavelengthgion obtained from OMI observations has already been re-

wheren is the number of individual background measure-

Modis

; 4)

pair, 380-1020 nm, given by Egs. (2) and (3). ported in previous studies and is the result of a reduced

AODp. 1/i signa_l-toTnoise ratio o_lue to the exposure of _the low-orbiting

5 In AEDP" o s_atelllte_mstrumentatlon to radl_atlon and hlgh-en_ergy par-

P . ticles (Fioletov et al., 2016; Shikwambana and Sivakumar,
In 2 2019). Bégue et al. (2017) pointed out the lack of,S1D-

pDAODp. 1/ (2)  servations over this same region using Infrared Atmospheric

Sounding Interferometer (IASI) measurements. Over South
As reported by Sellitto et al. (2017), the use of a spectralAmerica, the highest SOvalues (2—2.5 DU) are found over
interval that is as large as possible leads to a decrease in tteouthern Brazil and the northern parts of Argentina. It can be
uncertainties of p and p. According to this research, the observed that the out ow of the S(blume towards the At-
uncertainties of the derivede and p values are calculated lantic Ocean is located over the aforementioned region. The
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Figure 1a reveals that the S@lume was transported over
South Africa. The observed SQvalues over South Africa
are around 3 times weaker than those observed over South
America and the Atlantic Ocean. The $@lume then pro-
gressively moved away, which resulted in a decrease in am-
plitude: this was to be expected due to the oxidation of 0
gaseous sulfuric acid which further condensed int&&,—
H>O0 liquid aerosol (Bégue et al., 2017).
Forward trajectories starting at the Calbuco volcano on 22
April at 14:00 UTC were calculated for a period of 10d at
three different altitudes between 16 and 20 km (Fig. 1b). It
is worthwhile mentioning that the trajectories calculated by
the HYSPLIT model are in fair agreement with the shape
of the SQ plume obtained from OMI observations for the
same period. Figure 1b reveals that the air masses from the
Calbuco site leave the South American region on 26 April
for the three selected altitudes. It can be observed that the
out ow of the air masses from Calbuco towards the Atlantic
Ocean is located over southern Brazil and the northern parts
of Argentina for the three selected altitudes (Fig. 1b). It is
worth noting that this spread of the air masses from Cal-
buco obtained from the HYSPLIT model is consistent with
the spread of the SOplume obtained from OMI observa-
tions. Over the Atlantic Ocean, the spatio-temporal distribu-
tion of the air masses from the Calbuco site depends on the
given altitude. The original air masses from the Calbuco site
at 16 km reached the southwestern parts of South Africa on
30 April at around 16.5 km. These air masses travelled to the
eastern parts of South Africa 1d later and reached the south-
western Indian Ocean on 1 May at 16.9 km. Conversely, the
original air masses from the Calbuco site at 18 and 20 km
reached the western and the southern parts of South Africa
on 1 May. The trajectory analysis reveals that the air masses
from Calbuco are advected eastward and mainly in the South-
ern Hemisphere. This result is found to be in agreement with
previous published results (e.g. Begue et al., 2017; Shik-
wambana and Sivakumar, 2018; Zhu et al., 2018). Bégue et
al. (2017) showed that the latitudinal extent of the Calbuco
Figure 1. (a) A time-averaged map of the S@olumn in the lower  plume was bounded by the subtropical barrier and the polar
stratosphere observed by OMI during the 22 April-1 May period. vortex. The air masses from Calbuco were advected between
(b) Forward-trajectory analysis of air masses from the HYSPLIT goyth America and South Africa following the wave shape
r.nodell starting at the Calbuco volcgno cgordinate; at 16 km (blugyf the dynamical barriers (Bégue et al., 2017).
ggek;’qv't(ﬁe%riﬁgs&iﬁ 1r8 kn: _(gre:an l'neAV\;'.th grey dlamendS), "’:‘”d Figure 1c shows a time-averaged map of MODIS AOD at
grey trianglesjc) A time-averaged map o 550 nm between 22 April and 1 May. The AOD values coin-

MODIS AOD (550 nm) during the 22 April-1 May period. The lo- . - . .
cations of the selected sites are indicated by black boxes and the sifé’dent with the forward trajectories calculated from the HYS-

abbreviations: Bariloche (B), Neuguén (N), Buenos Aires (BA), Sao LI model could be explained by the presence of the Cal-
Paulo (SP), Comodoro (C), Rio Gallegos (R), Gobabeb (G), DurbarPUc0 plume. Thus, the synergy between the forward trajecto-
(D), and Pretoria (P). ries and the MODIS observations allows for the determina-

tion of the AOD values associated with the Calbuco eruption.

It can be deduced that the large AOD values (0.6—1) mainly
plume was transported over the Atlantic Ocean by the genobserved over the South American region in the vicinity of
eral circulation and reached the African region. Large, SO the Neuquén site are linked to the Calbuco eruption (Fig. 1c).
values (2—-3 DU) were mainly observed during the transportAnalysis of the forward trajectories and the MODIS observa-
of the plume over the South Atlantic. The Slume thenen-  tions also indicate that a large AOD values (0.6—-0.8) around
tered the western parts of South Africa and spread eastwardo the African region are coincident with the Calbuco plume
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Figure 2. The daily zonal extinction coef cient values (knt) at 532 nm observed by CALIOP over the Calbuco volcano and in the vicinity

of the S&o Paulo site (23, 46 W) on(a) 23 April, (b) 24 April, and(c) 26 April. The red star and the blue square correspond to the location

of the Calbuco volcano and the maximum extinction values respectively. Back-trajectory analysis between the maximum extinction values
and the Calbuco volcano are plotted by the green curve. The CALIPSO overpass trajectories are plotted by the orange curve.

pathways. Over the Atlantic Ocean, the AOD values associ-Calbuco volcano and S8o Paulo site are depicted in Fig. 2.
ated with the passage of the Calbuco plume range betweeHigh extinction coef cient values (greater than or equal to
0.4 and 0.8. 0.35km 1) are observed in the vicinity of the Calbuco vol-
The daily extinction coef cients at 532 nm observed by cano and the Neuguén site between 14 and 18 km (Fig. 2a).
CALIOP between 17:30 and 18:40 UTC on 23 April over the The back-trajectory analysis clearly indicates that this thick
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Figure 3. Daily zonal extinction coef cient values (kmt) at 532 nm observed by CALIOP over the South African regiorfayr80 April

and (b) 3 May. The red star and the blue square correspond to the location of the Calbuco volcano and the maximum extinction values
respectively. Back-trajectory analysis between the maximum extinction values and the Calbuco volcano is represented by the green curve
The CALIPSO overpass trajectories are plotted by the orange curve.

aerosol layer observed by CALIOP is connected to the Calimentary process that mainly impacted the coarse aerosol par-
buco eruption. The aerosol plume is structured in two lay-ticles, such as volcanic ash, near the source region. Figure 2
ers that are separated by weak extinction coef cient valueseveals that the top layer of aerosols increased slightly dur-
(0.01-0.02km?1). The rst layer is found between the Cal- ing transport toward the northeastern parts of South Amer-
buco volcano and the Bariloche site with a vertical extentica from 23 to 26 April. This feature of the volcanic aerosol
of 14-18 km. The second layer is centred over the Neuquémplume over the African region is investigated using the daily
site with a weaker vertical extent ranging from 15.5 to 18 km. extinction coef cients at 532 nm observed by CALIOP over
This two-layered structure of the plume indicates its inhomo-a region extending from 23, 15 Eto 29 S, 31 E (Fig. 3).
geneity at this stage. A total of 1 d later, the volcanic aerosolOn 30 April, a thin discontinuous aerosol layer (less than
layer is observed between the Neuguén and Buenos Aire& km) extending from west to east is visible on CALIOP
sites and is structured into one compact layer spanning fronobservations (Fig. 3a). The highest extinction values (0.05—
16 to 18 km (Fig. 2b). On 26 April, extinction coef cientval- 0.07 km 1) are mainly found in the western parts of South
ues greater than or equal to 0.15 klnassociated with the  Africa in the vicinity of the Gobabeb site, whereas the weak-
Calbuco eruption are observed near the Sdo Paulo site best values (0.02—0.03 krh) are observed in the eastern parts
tween 18 and 20 km (Fig. 2c¢). The altitude of the high ex- of South Africa in the vicinity of the Durban site. This sug-
tinction coef cient values is in agreement with the results gests that the volcanic plume reached the western parts of
obtained by Lopes et al. (2019) from lidar observations overSouth Africa a few days later (as shown above) and prop-
the S&o Paulo site. The spread of the plume over the northagated east, reaching the eastern side of the country on 30
eastern parts of South America is associated with a decreas&pril. Thus, a total of 3 d later, an increase in both the extinc-
in thickness. This decrease could be explained by the sedition coef cient values and the thickness of volcanic plume is
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Figure 4. Daily mean AOD values (550 nm) obtained oyar b) Sdo Paulo(c, d) Buenos Aires, anée, f) Bariloche from sun photometer
and lidar observation&, c, e)as well as MODIS observatior(b, d, f) from 15 April to 1 December. The grey area corresponds to the
in uence of the volcanic plume over a given site. The black line indicates the monthly mean values.

observed in the vicinity of the Durban (Fig. 3b). Conversely, ing the eruption. It also seems that the southern parts of Ar-
the dilution of the volcanic plume is associated with a 50 % gentina were not in uenced by the volcanic plume during
decrease in the extinction coef cient values over the westerrthis period of time. The synergy between the satellite and
parts of South Africa. The observed extinction values overground-based observations reinforces the description of the
South America are around 10 times higher than those oblatitudinal distribution of the volcanic plume. The detection
served over South Africa (Figs. 2, 3). of the volcanic plume from the ground-based observations is
Overall, the satellite observations indicate that the major-discussed in detail in the next section.
ity of the aerosol plume is injected into the lower stratosphere
and propagates toward South Africa during the week follow-
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Figure 5. Daily mean AOD values (550 nm) obtained oyar b) Neuquén(c, d) Comodoro, ande, f) Rio Gallegos from sun photometer
(a, ¢, e)and MODIS observationf, d, f) from 15 April to 1 December. The grey area corresponds to the in uence of the volcanic plume
over a given site. The black line indicates the monthly mean values.

4 In uence of the Calbuco plume on the total columnar  gion. These sites are located in urban and semiurban areas

aerosols dominated by industrial activities and local air pollution (e.g.
vehicle emissions and air traf c). Thus, a north—south gra-
4.1 Statistical detection of the volcanic plume dient appears in the background AOD values obtained from

sun photometer and satellite observations over South Amer-
Figures 4 and 5 depict the daily mean evolution of the AODica (Figs. 4, 5): background AOD values and their variabil-
at 550 nm obtained from sun photometer and MODIS obserity decrease with increasing latitude. The annual mean AOD
vations at six South American sites between 15 April and 1background values range from1Q 4:10 2 in S&o0 Paulo
December. The selected sites allow for an overview of theto 0:03 1:10 2 in Rio Gallegos. The highest AOD val-
latitudinal distribution of AOD over the South American re- ues (with an annual mean of greater than or equal to 0.10)
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Figure 6. Daily mean AOD values (550 nm) obtained oyarb) Gobabeb(c, d) Pretoria, ande, f) Durban from sun photometéa, c, e)and
MODIS observationgb, d, f) from 15 April to 1 December. The grey area corresponds to the in uence of the volcanic plume over a given
site. The black line indicates the monthly mean values.

and the largest variability are observed at Sdo Paulo andvinter (June—August) (Andreae et al., 2004; Freitas et al.,
Buenos Aires respectively (Fig. 4a, b, c, d). These region2009; Torres et al., 2010). Based on sun photometer observa-
are the most industrialized of the selected South Americartions over South America, Hoelzemann et al. (2009) showed
sites (Gassman et al., 2000; Lopes et al., 2019). The AODa clear difference in the AOD behaviour between sites in u-
values over the Neuquén site, which is locatedsduth of  enced by res and those in uenced by urban emissions. This
Buenos Aires, are half of those observed at Buenos Aires omxplains the contrast between the northern and southern parts
average (Fig. 5a, b). In addition to urban and industrial activ-of South America.

ities, the evolution of the background values over S&o Paulo The South American region is in uenced by the regional
and Buenos Aires is in uenced by biomass burning activities, and long-range transport of air masses from several potential
which explain the increase in AOD values during the australsources of aerosols, which induce seasonal variability in the
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Table 2. Averaged anomaly of AOD values and the corresponding standard deviation (as a percentage) induced by the Calbuco plume during
its residence over each site.

Site Sun photometer \ MODIS
Residence time  Anomaly (%D Residence time Anomaly (%)

Gobabeb 1-4 May 22 130% | 1-6 May 201 112%
Sé&o Paulo 27 April-2 May 48 245% | 26 Apri-1 May 434 194 %
Pretoria 6-8 May 14 57% | 2-7 May 207 112%
Durban 4-8 May 28 11.1% | 3-7 May 275 108%
Buenos Aires 27 April-1 May 36 56% | 24 April-3 May 355 2:8%
Neuquén 29 April 4B 0% | 23 April-7 May 372 152%
Bariloche 24-25 April 55 451% | 23 Apri-10 May 602 30:6%
Comodoro 29-30 April 28 1.5% | 26 April-2 May 145 25%

optical properties of aerosols over the country. For instanceported in Table 2 and is depicted by the grey shaded areas in
the transport of dust from the Patagonian region impacts thé-igs. 4, 5, and 6. The estimation of the residence time of the
seasonal variability of the optical properties of aerosols atplume mainly depends on the availability of daily observa-
neighbouring sites such as Comodoro (Li et al., 2010; Oterdions. This condition results in discrepancies in the residence
et al., 2015). Moreover, the southern parts of Argentina argime between the MODIS and sun photometer observations.
frequently impacted by air masses from the Antarctic, whichGiven its good temporal resolution, the daily comparison of
could in uence the variability of AOD over Rio Gallegos the observed AOD from MODIS during the background pe-
(Kirchhoff et al., 1997; Otero et al., 2015). We can also notriod and during the Calbuco event is possible over a long
exclude the hypothesis that the increase in the AOD valueperiod of time. Measurements collected by these two instru-
observed from sun photometer and MODIS measurementments are complementary and allow for the improvement of
performed at Rio Gallegos during the austral winter couldthe estimation of the residence time over the selected sites.
be explained by the transport of air masses from the AntarcThis is clearly illustrated by the Bariloche site, as no mea-
tic region (Fig. 5e, f). Figure 6a reveals that the backgroundsurements were recorded at this site by the sun photome-
AOD values and their variability over Sdo Paulo and Buenoster from 26 April to 10 May during the background period
Aires compare fairly well with the observed values over the (Fig. 4e, f); however, the use of MODIS observations has
Gobabeb site (@0 6 10 2 on average). The background allowed for the estimation of the residence time to be im-
AOD values observed at Gobabeb are slightly lower thanproved, with the conclusion that the plume passed over this
those observed at Durban:{6 8 10 2on average) and site from 23 April to 10 May 2015. In spite of the large
Pretoria (017 8 10 °on average) from both the sun pho- variability in the background values over the S&o Paulo and
tometer and MODIS (Fig. 6). The Gobabeb site, in the NamibBuenos Aires sites, the passage of the volcanic plume is
Desert, is far less sensitive to the effect of urban pollutionclearly visible from the sun photometer and MODIS obser-
than the Durban and Pretoria sites. It can be observed thatations (Fig. 4a, b, ¢, d). This previous comment is also true
all of these African sites exhibit an increase in the AOD val- for the African sites (Fig. 6). It is worthwhile mentioning that
ues during the austral spring season, which is well known tathe residence times obtained for these sites are in agreement
be the biomass burning season (Eck et al., 2003; Garstang etith the chronology reported in the previous subsection from
al., 1996; Das et al., 2015; Piketh et al., 1999; Kumar et al.,CALIOP and OMI observations. It can be observed that the
2017). passage of the volcanic plume is not clearly visible over the
The daily AOD measurements performed between 15southern parts of the South American region. Figure 4e re-
Apriland 1 December 2015 were compared with backgroundveals that the passage of the Calbuco plume over the Rio Gal-
values in order to highlight the passage of the volcaniclegos site is not visible from AOD measurements recorded by
plume. Furthermore, back-trajectory analysis of daily AOD the sun photometer. This could be explained by the low daily
measurements from 2015 with higher than background valsampling interval during 2015. Conversely, the AOD mea-
ues were carried out in order to link these observations tasurements recorded by MODIS from 12 to 25 May 2015 are
the Calbuco plume. Thus, it is possible to determine the reshigher than daily background values (Fig. 5f). The air mass
idence time of the plume over a speci c site. This duration back-trajectory calculations con rm the link between these
is de ned as the period during which AOD measurementsobservations and the Calbuco eruption, which is in agree-
from 2015 fall outside of the standard deviation of the daily ment with the results reported by Zuev et al. (2018). They
background means. The residence time of the Calbuco plumanalysed the trajectory of air masses associated with the Cal-
detected from total columnar aerosols measurements is rebuco volcano from 22 April until the end of August between
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15 and 19km using the NOAA HYSPLIT model. Zuev et that were reported in the previous subsection. Table 2 reveals
al. (2018) showed that the air masses were within the lim-that the highest AOD anomalies (greater than 35 %) are ob-
its of the subtropical stream and the polar vortex, impact-served over the northeastern parts of South America, enclos-
ing the southern parts of South America. However, the aforeing the Bariloche, Neuquén, Buenos Aires, and S&do Paulo
mentioned MODIS observations are within the standard desites. The AOD anomalies for the Comodoro site, which is
viation of the daily background mean. As a consequence, isouth of the Calbuco site, are estimated to bgl261:5 %
is impossible to determine the residence time over the Ricand 145 2:5% from the sun photometer and MODIS re-
Gallegos site following the previously de ned statistical cri- spectively. There seems to be a difference between the sites
teria. Figure 5e and f do not call the passage of the volcanidocated to the north and south of the Calbuco volcano with
plume over the Rio Gallegos site into question but rather sugregards to the AOD anomalies induced by the passage of the
gest that the AOD measurements are not statistically signifplume. It is worthwhile mentioning that the latitudinal distri-
icant. A possible explanation for this is that the amount of bution of AOD anomalies over South America is consistent
aerosols transported toward Rio Gallegos is lower than thewvith the geographical spread of the volcanic plume obtained
amount transported toward the northern parts of South Amerfrom satellite observations. Both the satellite and ground-
ica, which then reaches South Africa a few days later. Thuspased observations reveal that the majority of the volcanic
this lower concentration of volcanic aerosols gets lost in theplume was transported over the northeastern part of South
variability of the background values. In the following sub- America during the rst few days following the eruption.
section, the contribution of the volcanic plume to the total Conversely, the AOD anomalies induced by the spread of
columnar aerosols will be discussed in more detail. the plume from west to east over South Africa have a ho-
mogeneous distribution. On average, the AOD anomalies for
4.2 Statistical variations of the total columnar aerosols  Gobabeb and Durban from sun photometer observations are
estimatedtobe 28 130% and 248 11:1 % respectively,
The daily AOD anomalies induced by the transport of the whereas the values from MODIS observations are estimated
volcanic plume are estimated and calculated as a relative difto be 201 11:2% and 275 10:8% respectively (Table
ference by considering the daily background as a referenc@). On average, the difference between the AOD anomalies
value. The Bariloche site is clearly the most exposed to theobtained from MODIS and sun photometer observations is
volcanic plume, which is illustrated by the signi cant differ- less than 7 % with the exception of the Comodoro site, where
ence (afactor of 2.5 on average) between the daily AOD meathe difference is estimated to be 11.9 %. The discrepancies in
surements from 2015 and the background values (Fig. 4e)term of AOD anomalies between MODIS and sun photome-
During the rst few days following the eruption, the AOD ter observations may be primarily attributed to the estimation
values obtained from lidar and sun photometer observationsf the residence times, as previously mentioned. It is impor-
range from 0.18 to 0.24 (Fig. 4e). This validates that thesdgant to note that the discrepancies between background mea-
high values are not the result of technical artefacts but aresurements from MODIS and sun photometer observations
rather attributed to the passage of the Calbuco plume deshould not be excluded.
tected by two independent ground-based instruments. The The correlation coef cient and mean bias error (MBE) val-
maximum values of the relative difference are observed oveues between sun photometer and MODIS AOD observations
the Bariloche site (Fig. 7c, d). Figures 7c and d reveal thatare depicted in Fig. 8 and reported in Table 3. The corre-
the AOD anomalies calculated from the sun photometer andation coef cient values range from 0.51 to 0.76 with the
MODIS observations during the rst few days after the erup- highest correlation observed over the Pretoria site (Fig. 8c,
tion range from 35% to 85 %. Moreover, despite its geo-d). This is in agreement with previous studies which have re-
graphical distance from the Calbuco volcano site and its sigvealed that MODIS and sun photometer observations are sig-
ni cant background variability, the passage of the plume overni cantly correlated over land instead of over the ocean and
the Sao Paulo site induced signi cant daily AOD anomalies coastal sites due to the low surface re ectivity over land (Chu
ranging from 20 % to 55 % (Fig. 7a, b). The African sites sit- et al., 2002; Vermote et al., 1997; Hoelzemann et al., 2009;
uated in the west, such as Gobabeb, were the rst impactedBréon et al., 2011). It is worth noting that the correlation be-
by the volcanic plume, and AOD anomalies induced by itstween the sun photometer and MODIS observations over the
spread are signi cant. Over the Gobabeb site, the daily AODS&o Paulo site is similar to those observed over Durban and
anomalies ranged from 10% to 55% (Fig. 7e, f). Table 2Pretoria (Fig. 8a, b). In addition, the root-mean-square er-
contains the mean AOD anomaly values calculated duringor (RMSE) was calculated and is reported in Table 3. The
the plume's residence over all of the selected sites. OverRMSE and MBE values range from 4.2 % to 13.2 % and from
all, the AOD anomalies induced by the passage of the plume 9:7% 3:2% to 8.2% 0.9 % respectively. The highest
over the South American sites are higher on average thadiscrepancies between the sun photometer and MODIS mea-
those obtained over the South African sites (Table 2). This issurements (a correlation coef cient lower than 0.60 and a
consistent with the contrast in the extinction coef cients ob- RMSE greater than 9 %) are observed in the southern parts
tained by CALIOP between South America and South Africa of South America, close to the Comodoro and Rio Gallegos

Ann. Geophys., 38, 395-420, 2020 www.ann-geophys.net/38/395/2020/



N. Bégue et al.: Long-range transport of the 2015 Calbuco volcanic plume

409

Figure 7. Daily mean AOD anomaly (%) d#t, b) S&o Paulo(c, d) Bariloche, ande, f) Gobabeb calculated from sun photométerc, e)and
MODIS (d, d, f) observations between 19 April and 31 May.

Table 3. Statistical parameters for the comparison between sun photometer (Phot) and MODIS (MOD) observations for each site.

Site Latitude R2 MBE (%) RMSE (%)

() 1 i Phot, (“)’{ODi L i .Phot MOD;/2

iD1 iD1

Gobabeb 23  0.69 82 09 8.2
Séao Paulo 23 0.70 52 1.8 4.6
Pretoria 25 0.76 47 1.7 8.7
Durban 29 071 69 21 6.1
Buenos Aires 34 0.68 7.1 15 4.2
Neuquén 38 0.63 87 29 7.4
Bariloche 41 0.64 76 33 6.3
Comodoro 45 051 97 32 13.2
Rio Gallegos 51 0.59 81 42 104
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Figure 8. Correlation of AOD daily mean observations (550 nm) between sun photometer and MODIS observations during the entire period
of available data afa, b) S&o Paulo(c, d) Pretoria, ande, f) Comodoro. The histograms show the mean bias error (MBE) of the two data
sets against the number of observations for each site.

sites. In particular, the Comodoro site has the weakest correservations for most of the selected sites, which is consis-
lation (0.51) and the lowest MBE value of9:7% 3.2%  tent with previous studies (Ichoku et al., 2005; Abdou et al.,
(Fig. 8e, f). Previous studies have already pointed out the2005; Hauser et al., 2005; Hoelzemann et al., 2009). This
bias in the AOD data sets collected by MODIS and ground-bias may be explained by the fact that sun photometer mea-
based instruments in the Southern Hemisphere between 4&urements are made under cloud-free conditions, whereas
and 65 S (Zhang and Reid, 2006; Shi et al., 2011; LehahnMODIS is able to detect aerosols under cloudy conditions.
et al., 2010; Madry et al., 2011; Toth et al., 2013). Madry et However, sub-pixel cloud can be targeted as aerosols, which
al. (2011) suggested that this bias could be due to the proerroneously raises the retrieved AOD (Hoelzemann et al.,
duction of sea salt particles from the near-surface high wind2009). Conversely, we note that MODIS underestimates the
occurring along this zonal band. Toth et al. (2013) investi- AOD when compared with sun photometer observations over
gated the quality of MODIS data sets in this zonal band bythe S&o Paulo and the South African sites (Table 3). For the
comparing them with CALIOP and sun photometer obser-latter, this was found to be consistent with results obtained
vations. They showed that about 30 %—40 % of the observedy Hao et al. (2005) during the Southern African Regional
bias with the ground-based observations could be attribute&cience Initiative(SAFARI 2000) campaign which showed
to cloud contamination. Table 3, reveals that MODIS overes-that AOD values from MODIS are systematically lower at
timates the AOD when compared with sun photometer ob-470, 550, and 660 nm compared with ground-based measure-
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ments by automated and handheld sun photometers in the re- signi cant increase in larger particles over the Bariloche
gions of intense biomass burning. They suggested that thisite. Thus, this negative correlation reveals the presence of
bias may be due to errors in the assumed aerosol scatterirg thick aerosol layer dominated by larger particles over the
phase function or surface directional properties. Thus, sevBariloche site 2 d after the eruption. These results are found
eral potential causes (surface re ectance, cloud contaminato be in agreement with estimations of Angstrom coef cients
tion, and retrieval bias) could contribute to the discrepanciedor ash-bearing plume that have been reported in previous
between MODIS and sun photometer observations (Tripathstudies (e.g. Watson and Oppenheimer, 2000, 2001; Porter
et al., 2005; More et al., 2013; Kumar et al., 2015). The pre-et al., 2002; Mather et al., 2004; Martin et al., 2009; Sellitto
viously mentioned statistical results indicate that the dailyet al., 2017, 2018). During the minor eruption of the Lascar
AOD values obtained from sun photometer and MODIS ob-volcano (23.4S, 67.7 W, Chile) in 2003, the Angstrom ex-
servations are in fairly good agreement. Overall, the anomaponent p (440-1020 nm) and turbidityp derived from Mi-
lies induced by the transport of the Calbuco plume can be staerotops sun photometer observations for ash-bearing plumes
tistically detected and evaluated using AOD measurements atere found to be smaller than 0.3 and ranged from 0.04 to
mid-visible wavelengths. In order to improve the discussion,0.10 (Mather et al., 2004). Using sun photometer observa-
the observed AOD from the UV to the NIR spectral rangestions during the last Mount Etna (37.H, 14.6 E) erup-
will be analysed in the following section. tion, Sellitto et al. (2017) found the Angstrom exponept
(380—1020 nm) and turbidityp for ash-bearing plumes to
be equalto 0:30 0:22 and 008 0:05 respectively. Dur-
5 Discussion on the optical characteristics of the ing the eruption of the Mount Etna volcano in October 1997,
volcanic plume the Angstrom exponentp (440-1020 nm) and turbidityp
derived from CIMEL sun photometer observations for ash-
The time evolution of the extinction pro le obtained from bearing plumes ranged from0:20 to 0.20 and from 0.16 to
the co-located lidar measurements at 532 nm con rms the0.65 respectively. It is worth mentioning that our Angstrém
presence of the volcanic plume between 12 and 15km orcoef cient estimations are in agreement with the ash-bearing
24 and 25 April over the Bariloche site (Fig. 9a). The spec-plume observed at Mount Etna by Watson and Oppenheimer
tral variability of plume-isolated AOD (AOP) values ob-  (2001).
tained from sun photometer observations during the afore- Figure 10 illustrates that the optical characteristics of the
mentioned period is shown in Fig. 9b and c. For both days,volcanic plume evolved during its transport. On 29 April, the
the AODp evolution is not characterized by wavelength de- AODj values at the Neuquén site were characterized by a
pendence (Fig. 9b) but is similar to those from the UV andwavelength dependence (Fig. 10a). Figure 10a indicates that
NIR spectral range (averagel® 0:05). This optical be- higher AODQ, values were observed in the UV range (ranging
haviour is typical of an aerosol layer dominated by largerfrom 0.08 to 0.27) than in the NIR range (ranging from 0.08
particles such as mineral dust or ash particles (Mather et alto 0.03). This optical behaviour is typical of an aerosol layer
2004; Bégue et al., 2012; Sellitto et al., 2018). The Angstrdmdominated by smaller particles (a radius lower than 1 um).
exponent p and the uncertainty calculated for the 380- Thisis con rmed by the Angstrdm exponeng values which
1020 nm wavelength pair using Egs. (2) and (4) respectivelyranged from 1.2 to 1.5 (Fig. 10a). Figure 10c reveals that the
are also shown in Fig. 9b. The mean Angstrém exponent Angstrém turbidity p values ranged from 0.02 to 0.062 with
values on 24 and 25 April are0:05 0:02 and 01 0:06 a mean value of 04 0:02, which suggests the presence
respectively. These values con rm the dominance of largerof a thin aerosol layer. This Angstrom coef cient estimation
particles with a radius greater than 1 um (Watson and Oppenis consistent with ash-free plumes previously observed for
heimer, 2000). The time evolution of the Angstrom turbidity other volcanic eruptions (Watson and Oppenheimer, 2000,
p and its uncertainty derived using Eqgs. (3) and (5) are de-2001; Porter et al., 2002; Mather et al., 2004; Martin et al.,
picted in Fig. 9c. The p parameter increases with the num- 2009; Sellitto et al., 2017, 2018). For instance, the Angstrom
ber of particles. Thus, the Angstrdm turbidity evolutionis  exponent p (440-1020 nm) and turbidityp estimated from
correlated with the AOPvalues, as depicted in Fig. 9b. As a Microtops observations during the Pacaya volcanic eruption
consequence, wealp values are consistent with the plume (14.2 N, 90.4 W; Guatemala) in 2011 wered 0:7 and
being less thick and with weak AODp values. Conversely,0:05 0:07 on average respectively. Figure 10b depicts the
high p (greater than 0.1, indicating a thick aerosol layer) AODp evolution during the day when the plume reached the
and weak p (less than 0.5, indicating the presence of coarseGobabeb site. Over this site, the time evolution of AOB
particle) can be associated with relevant burdens of largecharacterized by both an increase in the volcanic aerosol bur-
particles, such as volcanic ash (Sellitto et al., 2018). On averden at all wavelengths and a wavelength dependence on 1
age, the Angstrom turbidityp values range from:@6 0:06 May. Thus, higher AOR values were observed in the UV
on 24 Aprilto Q19 0:04 on 25 April over the Bariloche site. range (ranging from 0.04 to 0.15) than in the NIR range
For both days, a negative correlation is observed between th@anging from 0.03 to 0.05). The Angstrom exponept
Angstrom exponent p and the turbidity p. This suggests ranged between 0.3 and 1.5 with a mean value bf 10:75.
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Figure 9. (a) The time evolution of the extinction pro le (532 nm) obtained from lidar observations at Bariloche between 24 and 25 April
2015.(b) The time evolution of the plume-isolated AOD in the UV-NIR wavelength range versus the Angstrom exponent (380-1020 nm)
from sun photometer observations at Bariloche between 24 and 25 April @)TFhe time evolution of the Angstrém turbidity versus the
Angstrom exponent (380—1020 nm) from sun photometer observations at Bariloche between 24 and 25 April 2015.

This suggests that the particle size distribution of the plumeéation suggests the presence of a thin aerosol layer dominated
was not homogenous (Fig. 10b). The plume then progresby smaller particles over the Gobabeb site. These Angstrom
sively moved away, resulting in a weaker signal that lead tocoef cient values are also consistent with the ash-free plume

a decrease inp and a more scattereg. The increase inthe spread over the Gobabeb site on 1 May (Fig. 10d).

Angstrom exponentp is correlated with the Angstrom tur- Overall, the ash-bearing air mass is characterized by a
bidity p (ranging from 0.025 to 0.050; Fig. 10d). This corre- thick plume containing large particles{< 0:30 and p >
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Table 4. The mean and standard deviation for the plume-isolated Angstrom exponent and turbidity from 24 to 30 April for the Bariloche,
Neuquén, Buenos Aires, and Séo Paulo sites. These values are obtained from sun photometer measurements. The empty grids indicate th
no observations were available.

Bariloche \ Neuquén |  Buenos Aires | S&o Paulo
P P | P P | P P | P P
24 April 0:.01 0.16
( 0:02) ( 0:02)
25 April 0.02 0.19
( 0:05) ( 0:02)
26 April \ \ \
27 April 1.6 0.01 1.3 0.04
( 0:6) ( 006)| ( 0:2) ( 003
28 April 0.8 0.01 1.1 0.04
(03 (0005 | ( 04 ( 002
29 April 1.4 0.04 1.2 0.02
( 0:1) ( 0:02) (02 (06
30 April 0.87 0.05
( 0:09) ( 0:006)

Table 5.The mean and standard deviation for the plume-isolated Angstrom exponent and turbidity from 1 to 8 May for the Gobabeb, Pretoria,
and Durban sites. The empty grids indicate that no observations were available.

Gobabeb Pretoria Durban
P P \ P P \ P P
1 May 0.35 0.03
( 0:9) ( 0:.007)
2 May 0.42 0.16
( 0:06) ( 0:006)
3 May 1.1 0.06
( 0:75) ( 0:005)
4 May 0.87 0.01 0.55 0.05
( 0:11) ( 0:008) ( 0:14) | ( 0:02)
5 May 0.72 0.02
( 0:36) ( 0:006)
6 May 1.5 0.004 1.1 0.04
( 0:41) ( 0:002) | ( 0:30) ( 0:005)
7 May 1.2 0.02 1.85 0.014
( 0:40) ( 0:01) | ( 0:85) ( 0:012)
8 May 0.5 0.09 1.18 0.02
( 0:30) ( 0:01) | ( 0:23) ( 0:01)
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Figure 10. The time evolution of the plume-isolated AOD in the UV-NIR wavelength versus the Angstrom exponent (380—-10&20fam)
29 April over Neuquén an¢b) for 1 May over Gobabeb. The time evolution of the Angstrdm turbidity versus the Angstrém exponent
(380-1020 nmjc) for 29 April over Neuquén antl) for 1 May over Gobabeb.

0:16) that are mainly located near the Calbuco site (at siteAngstrém exponent p tends to decrease slightly over time
such as Bariloche) during the rst few days after the eruptionwith the exception of the Sdo Paulo site where it remains
(24-25 April). Due to the sedimentation process, these largdairly constant (ranging from 1.1 to 1.3). These values are
ash particles fall out quickly close to the source region. Thein agreement with the Angstrom exponentretrieved from
fraction that survives the near-source fall-out processes artidar observations over S&o Paulo (Lopes et al., 2019). The
then transported over long distance. Hence, sites further fronslight decrease is clearly visible at the Buenos Aires, Gob-
the Calbuco volcano are in uenced by this ash-free air massabeb, and Durban sites where the Angstrom expongiig
characterized by a thin plume composed of small particlesoughly half the above-mentioned values and reaches a value
(p O3and p< 0:15). These results are consistent with lower than 0.6 on average (Tables 4, 5). These low Angstrom
previous studies indicating that the volcanic plume is domi-coef cient values suggest that the plume evolves over time so
nated by larger particles near the source (Hobbs et al., 1982hat large particles dominate the distribution with a lower op-
Rose et al., 2000; Watson and Oppenheimer, 2000; Webstdical depth. The decrease in the Angstrom exponerdould
etal., 2012). Rose et al. (1982) showed that this phenomenohe due to enhanced particle growth in the plume induced by
could be explained by competing mechanisms involving themicrophysical processes such as aggregation or coagulation.
adsorption of smaller particles by ash. As reported by Spark§ he balance between growth and removal processes impacts
et al. (1997), aggregation processes are more important nedhe residence time of the volcanic plume and its size distribu-
the source. The evolution of the plume thickness obtainedions. Moreover, the time evolution of the optical properties
from sun photometer observations are consistent with theof the volcanic plume over the selected sites could also be
evolution obtained from CALIOP observations and thoseexplained by the dynamical context. Indeed, the ageing of an
presented in Sect. 3. Furthermore, the time evolution of theaerosol plume is a complex mechanism controlled by many
optical characteristics of the plume over the selected siteparameters (Bégue et al., 2012; Guermazi et al., 2019).

was also analysed via the estimation of the Angstrém coef -

cients. Their mean values are reported in Tables 4 and 5. Over

the selected sites, the Angstrom turbiditydoes not evolve

signi cantly over time and is less than 0.06 on average. The
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6 Summary and conclusion plume over these sites. The optical evolution of the volcanic
plume during its transport was in agreement with previous
The in uence of the Calbuco eruption on the total columnar works (Hobbs et al., 1982; Rose et al., 2000; Watson and Op-
aerosol optical properties in the Southern Hemisphere hapenheimer, 2000; Webster et al., 2012; Sellitto et al., 2018)
been presented in this investigation. The study mainly fo-and can be explained by microphysical processes as well as
cuses on the analysis of the sun photometer measuremeniy dynamics (Baker et al., 2014; Bégue et al., 2017; Guer-
performed at six South American and three African sites.mazi et al., 2019; Nimgomba et al., 2019). The Angstrom co-
Satellite observations (MODIS, OMI, and CALIOP) were ef cients were useful to obtain a rst estimation of the optical
combined with ground-based observations (sun photometecharacteristics and the size distribution of the aerosol plume.
and lidar). Moreover, a back-trajectory model (HYSPLIT) Nevertheless, the Angstrom coef cients were not suf cient
was used in order to investigate the transport of the volcanido describe the ageing of the aerosols plume during its trans-
plume. The spatio-temporal evolution of the volcanic plume port in detail. The parameters that contributed to the ageing
obtained from satellite observations was found to be consisef the Calbuco plume require further investigation and will
tent with ground-based time series and was also in agreeform the basis for a forthcoming study.
ment with previous works. It is found that the majority of the
plume aerosols were injected up to the lower stratosphere and
propagated towards South Africa during the week following Data availability. The aerosol optical properties from ground-
the eruption. The spread of the plume over the northeastbased (sun photometer) and satellite (MODIS and CALIOP) ob-
ern parts of South America was associated with a decreasgervations are available on-line from the sources listed in the pa-
in thickness. The satellite observations pointed out that thé?®"- The sulfur dioxide measurements from OMI observations are
southern parts of Argentina were not in uenced by the vol- available on-hng from the sources listed in the paper. The Ildar’ d_ata
canic plume during the rst few weeks following the erup- rI\chrded at Bariloche are available from the Servicio Meteoroldgico
. cional upon request.
tion. The synergy between the space-based and ground—baseé1
observations has allowed for further description of the plume

over the So_ut_hern parts _Of Sou_th America. Author contributions.NB analysed the sun photometer measure-
The statistical analysis applied to the sun photometer anthents and performed the back-trajectory analysis using the HYS-
MODIS observations emphasized the presence of a northeL|T model. LS contributed to the MODIS and CALIOP data anal-
south decreasing gradient in the background AOD valuessis and interpretation. VS analysed the sulfur dioxide measure-
over the South American region. The highest AOD valuesments from the OMI observations. JP was responsible for the re-
were observed at the Sdo Paulo and Buenos Aires sitegieval of the aerosol optical properties from lidar observations. All
which are the most industrialized regions of the selectedauthors contributed to data analysis and interpretation as well as to
South American sites. The statistical detection of the plumethe preparation of the paper.
agreed with the chronology of the plume transport obtained
from satellite observations. Moreover, this statistical ap- o .
proach revealed that the plume also impacted the southerﬁo_mpet'ng interestsThe authors declare that they have no con ict
parts of South America, albeit to a lesser extent. The anoma2f Interest.
lies induced by the transport of the Calbuco plume on the
e e e e el powcemente k. Eovar Qul Ld tro
) ’ Paulo Artaxo, Brent Holben, Salvador Jacobo, Stuart Piketh,
anomalies e.lre ob.serv'ed over. the northeastern parts of th§i|lian Maggs-Kolling, Derek Grif th, Sivakumar Venkataraman,
South America. Given its proximity to the Calbuco volcano, ang their staff for establishing and maintaining the Bariloche,
the Bariloche site was the most impacted by the volcanicNeuquén, Buenos Aires, Sao Paulo, Comodoro, Rio Gallegos,
plume with daily AOD anomalies ranging from 35 % to 85 %. Gobabeb, Pretoria, and Durban sites used in this investigation
Over the South African sites, the AOD anomalies induced(http://aeronet.gsfc.nasa.gov/, last access: 5 March 2020). The
by the dispersion of the plume were homogeneously dis-authors would like to thank the members of the Servicio Meteo-
tributed. The observed contrast between the South Americafplogico Nacional (SMN) for their contribution to data acquisition
and African regions was highlighted by the extinction values©ver South America. The authors are grateful to JICA (Japan
from CALIOP observations. International Cooperation Agency) _and JST (Japan Science and
From the spectral variability of the plume, only the AOD echnology Agency) for the funding support of SAVER-Net

.__(South American Environmental Risk-Network). The MODIS
was analysed from the UV-NIR spectral range. The Opt'calobservations used in this paper were produced using the GIO-

characteristics of the plume near the source region are Consigjnni online data system, which is developed and maintained

tent with an ash-bearing plume. This spectral analysis of theby NASA GES DISC (https://giovanni.gsfc.nasa.gov/giovanni/,
plume reveals the evolution of its optical properties over siteSast access: 10 January 2020). We would like to acknowledge the
that are located further from the Calbuco volcano. Thus, theomi (http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI, last
Angstrom coef cient values are consistent with an ash-freeaccess: 15 January 2020) and CALIPSO (http://www.https.com//:
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