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Pinatubo — June+2,




Before the satellite era

Stratospheric particles sampled after the
1963 Agung eruption (Mossop, 1964)
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Fig. 10. Qptical depth perturbation of the atmosphere as a func-
tion of time. Also shown are the times of volcanic explosions that had
DVI values in excess of 170. The left side of the figure presents data for
the time period from 1880 to 1925, while the right side presents corre-
sponding information from 1962 to the present. There is a break in the

time scale between these two sides. Pollack et al., 1976

+ Opti i
ptl Cal pertu rbatlons, Fig. 1. Particles collected at 20 km between latitudes 44° and 40° S.
- : - D ADProclADle S4adOW ate vloease pasiicles eaoatad b coltble Bateriny
d I re Ct Sa m pl I ng y |Ce CO reS while the smaller flat ‘rosettes’ areptyplcal of particles present at this

level before the incursion of voleanic dust

Lamb, 1970 (DVI): Hammer, 1977: ‘The material collected on the aircraft windshield is
Ham,,’qer et al 19,80 ’ ’ acid to litmus paper and painfully acid to the tongue.’



Detection of April
1982 EIl Chichon SO,
cloud by the NASA
Total Ozone Mapping Bt L =
Spectrometer (TOMS) ’* B

Krueger (1983)
Krueger et al. (2008)
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Volcanic SO, clouds measured by TOMS
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1978-2005

Total Ozone Mapping Krueger et al., 1995
Spectrometer Carn et al., 2003, 2016




UV satellite remote sensing of volcanic SO,

Carn et al. (2008, 2013, 2016)
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Present: monitoring daily passive degassing from space

Sentinel-5P/TROPOMI - 01/24/2019 18:59-19:03 UT
SO, mass: 0.3684 kt; Area: 12431.81 km?; SO, max: 3.46 DU at lon: -84.35 lat: 10.35 ; 19:00UTC
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Before satellites, records of volcanic activity were largely collated from ground-based
and proxy observations, and hence were incomplete. Remote sensing now provides a
less ‘biased’ view of global (subaerial) volcanism.



: Eyjafjallajokull (Iceland) 2010
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UP TO 7.5 TONS OF AIR
CAND ANY INCLUDED
VOLCANIC ASH) /NGESTED
BY EACH JET ENGINE
EVERY MINUTE ¢

GLASSY VOLCANIC
ASH CAN MELT IN
THE COMBUSTION
CHAMBER

« Near-catastrophic aviation encounters with
volcanic ash in 1982 (Galunggung, Indonesia) B
and 1989 (Redoubt, AK, USA)

« Hazards include jet engine failure or damage,
windshield abrasion, disruption of avionics

 Mitigation:

— Immediate detection of fresh volcanic clouds

— Tracking/forecast of cloud position and altitude Fb

Casadevall (1994a, 1994b); Prata and Tupper (2009)

ASH CAN CLOG
FUEL NOZZLE

THE MELTED ASH
SOLIDIFIES AS

GLASS., COATING
TURBINE BLADES

" ASH CAN ERODE

BLADE EDGES IN
THE COMPRESSOR

Fisher et al. (1998)



STRATOSPHERE

Tropopause
(8-17 km)

co o A TROPOSPHERE
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Hydrometeors

o Effects of volcanic emissions on
volatiles the climate system

Original slide courtesy of A. Robock




Electromagnetic (EM) radiation
— What do remote sensing techniques detect?

Principles of satellite remote sensing
— Ultraviolet (UV) and Infrared (IR) measurements
— Spatial and temporal resolution

Satellite remote sensing of volcanic eruptions
— What information can satellites provide during eruptions?
— What gas species can be measured?
Synthesis of global eruptive SO, measurements
— Degassing and deformation
Passive volcanic degassing from space
— New global database of volcanic emissions



James Clerk Maxwell

E = electric field
B = magnetic field
Ve = Divergence

Vx = Curl

* g (electric permittivity of
free space) = 8.854188x10-12
Farad m"

* uy (Mmagnetic permeability of
free space) = 1.2566x106 T
m A

Vel =0

Gauss’s Law for Electricity

VeB=0

Gauss’s Law for Magnetism

VxE = 0B
ot

Faraday’s Law of Induction

oF
VxB=¢guUu,—
oy Ey

Ampere’s Law




The speed of light 2

Solution to Maxwell’'s Equations:

1. A sinusoidal wave with frequency f and
wavelength A travels with wave speed v, .

2E
Y Wavelength A VzE E— a
E, E’\ v 012

Wave equation
2
1 J°u

Viu=
vZ ot

2. E and B are : 1
perpendicular to

sl

each otherandto So for EM waves, v =
the direction of 3. E and B are in phase.
travel. The fields That is, they have Mg

have amplitudes matching crests,
E, and B, troughs, and zeros.

v="A v=c=2.998x108 m s’



Electromagnetic wave generation

* There is no fundamental constraint on the frequency of electromagnetic
(EM) radiation, provided an oscillator with the right natural frequency
and/or an energy source with the minimum required energy is present

electrons

Microwave

Gamma rays

X-rays | Ultraviolet  Visible Reflective IR Thermal IR
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Water molecule (dipole)




The Electromagnetic Spectruni "2
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HF
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— 100 MHz

Microwave

UHF

— 1 GHz

SHF

— 10 GHz

EHF

— 100 GHz

Far
IR

— 1 THz

Infrared

Thermal
IR

— 10 THz

Near
IR

— 100 THz

Visible

— 1000 THz

Ultraviolet

The EM spectrum is subdivided into a
few discrete spectral bands.

EM radiation spans an enormous range
of frequencies; the bands shown here
are those most often used for remote
sensing.

Boundaries between bands are
arbitrary and have no physical

significance, except for the visible
band.



Absorption of UV radiation by atmospheric gases

Absorption cross-section, cm?
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Absorption of IR radiation by atmospheric gases

Fundamental or normal modes Linear teiatomic (€O N70)

Vi Symmetric stretch

Symmetric stretch Bending Asymmetric stretch
Vi V2 V3

V, Bend (Scissoring)

_ Non-linear triatomic (O5, SO,, H,0O
vV, Asymmetric stretch (O3, 502 H20)
A normal mode is IR-active if

the dipole moment changes CAO A A

_ ) v1 v3 V2
during mode motion. symmetric stretch asymmetric stretch

Overtones, combinations and
differences of fundamental Y
vibrations are also possible liereticns
(e.g., 2V1, V1tVj etC.)

SO,
‘Accessible bands’

vi: 1151 cm1, 8.6 um
v3: 1361 cm-1, 7.3 um — high altitude SO,
vitvs: 2500 cm!, 4 um



Daytime only Daytime or nighttime

UV| Vis | Near-Infrared (NIR) ‘ Thermal Infrared (TIR)

Volcanic gases:  Volcanic gases: SO,, H,S, CO,, CO

SO,, BrO, OCIO SO,
0.3-0.35 um CO, 4 um 7.3 8.6 um SO,, HCI
Microwave
~1 mm
—
Heat flux

Total

03 04 0506 08 11215 2 253 4 5 6 7 891012 15 20 2530 40 50
Wavelength [um]

Transmittance

0



T

Surface reflectance (UV/NIR) or emissivity (IR)




Beer-Bouguer-Lambert (Beer’s) Law,

For a gaseous absorber, absorbance (A) is equal to the product of an
absorption cross-section (o, cm?), the number density of absorbers (N,
molecules cm-3) and the path length (d):

llo (Incoming solar radiation) f = [ — e—GNd
|
100 0O 0900 0 0 0
o0 g Transmittance
d QO %9 ‘Ocoé

. /

vO g% 0 eveo PRSI g
l I (Outgoing radiation) I,

Absorbance

» Absorption is dependent on gas temperature/pressure, hence volcanic
SO, retrievals must use an a-priori plume vertical profile

 Lower troposphere (~3 km; TRL), mid-troposphere (~8 km; TRM) and
upper troposphere to lower stratosphere (~17 km; STL) typically used



Satellite measurements of trace:gases

» Satellites measure the ‘column amount
or ‘total column’ of a gas
» US units: Dobson Unit (DU)

> 1DU=2.69%10' molecules cm=2 =
0.0285 g m2 SO,

> Averaged over satellite footprint (km?)

 Typical SO, columns in volcanic clouds

» Fresh eruption cloud: 100s — 1000+ DU
» Passive degassing: <20 DU

» Measured column depends on spatial
- o] .
STF =11E; "l atm pressure resolution of sensor

I ——

1 Dobson Unit (DU) = 1 Milli Atmcm g
10U = 0.01 mm thickness at TP © O€NSitivity decreases towards surface

e.g. 800 DU = 8 mm thick layer
1 DU =10 ppmm at STP

Atmospheric column

» Can be converted to mass or
concentration (if cloud thickness is known)

» Snow cover can enhance sensitivity (in the
UV)
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/ Fig. 7. CloudSat 2B-Tau cross section of cloud extinction (km") along OMI orbit 12402 (west-
ern track in tropical Pacific highlighted in Fig. 6); Averaged along-track over OMI pixel (~13 km);
) Pink triangles: OMI optical centroid cloud pressure; Purple diamonds: MODIS minimum cloud-

top pressure within closest passive sensor footprint, orange-filled where MODIS maximum

Sensitivity MR Joiner et al. (2009)
Courtesy of L. Clarisse, ULB * IR cloud top # UV cloud pressure
» SO, altitude can be directly retrieved in some cases (UV and IR)
 Satellite sensitivity increases with altitude in the troposphere
» UV measurements more sensitive to passive degassing (low altitude)



Geostationary Orbit

Polar-Orbiting and Geostationary Satellites ) G e

Polar Orbit

g 5‘; Polar-Orbiting
- ‘\/ Satellite -
:

Geostationary
SEIGING

* Po

©@The COMET Program / EUMETSAT / NASA / NOAA

ostationary (GEO)

~36,000 km altitude

Continuous view of one hemisphere
High temporal resolution (~1-15
min)

Low spatial resolution (~3 km+)
Poor high-latitude coverage (>55°)

lar-orbiting (LEO)
~700-800 km altitude
14-15 orbits per day

Low temporal resolution (hours-
days)

Higher spatial resolution (m, km)
Coverage of polar regions

Lagrange point
~1.5 million km from Earth
Continuous view of sunlit Earth disk
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@ NOAA Satellite and Information Service
2 x .

http://epic.gsfc.nasa.gov

Carn et al., GRL (2018)




Sierra Negra Jun 26, 2018
14:38 UT

Sunrise

I DSCOVR/EPIC - 06/27/2018 14:38 UT
i SO, mass: 55.38 kt; SO, max: 21.56 DU at lon: -96.75, lat: 0.44




Jun 26, 2018
15:43 UT

I DSCOVR/EPIC - 06/27/2018 15:43 UT
° SO, mass: 54.65 kt; SO, max: 30.48 DU at lon: -91.61, lat: -1.67




Jun 26, 2018
16:49 UT

I DSCOVR/EPIC - 06/27/2018 16:49 UT
° SO, mass: 49.16 kt; SO, max: 47.60 DU at lon: -91.73, lat: -2.09




Jun 26, 2018
17:54 UT

I DSCOVR/EPIC - 06/27/2018 17:54 UT

SO, mass: 31.28 kt; SO, max: 40.64 DU at lon: -91.82, lat: -2.46




Jun 26, 2018
19:00 UT

-1

I DSCOVR/EPIC - 06/27/2018 19:00 UT
° SO, mass: 30.24 kt; SO, max: 36.78 DU at lon: -98.68, lat: 0.60




Jun 26, 2018
20:05 UT

nI DSCOVR/EPIC - 06/27/2018 20:05 UT

SO, mass: 31.01 kt; SO, max: 31.46 DU at lon: -98.98, lat: 0.48
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SO, Column (DU)
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Jun 26, 2018
21:11 UT

I DSCOVR/EPIC - 06/27/2018 21:11 UT
° SO, mass: 27.97 kt; SO, max: 31.29 DU at lon: -99.09, lat: 0.53

—
-105 -100

SO, Column (DU)

N




Jun 26, 2018
22:16 UT

2018 22:16 UT
SO, mass: 27.18 kt; SO, max: 25.21 DU at lon: -99.25, lat: 0.30

—
-100

SO, Column (DU)

N




Jun 26, 2018
23:21 UT
Sunset

I DSCOVR/EPIC - 06/27/2018 23:21 UT
° SO, mass: 12.62 kt; SO, max: 15.89 DU at lon: -102.31, lat: -9.87

—
-105 -100 95

SO, Column (DU)

15 20 25 30 35 40 45




Satellite instrument spatial resb‘lution

Detection requires that a volcanic plume cover a large fraction of the sensor pixel
or instantaneous field of view (IFOV)

For most instruments, IFOV size also varies across the swath
For large volcanic clouds (>IFOV), footprint size is less important
Pixel size is ultimately constrained by the available photon flux



Sentinel-5P TROPOMI SO, measurements

Sentinel-5P/TROPOMI - 05/06/2018 22:58-22:59 UT - Orbit 2916

SO, mass: 1.75 kt; Area: 38383 km?; SO, max: 12.15 DU at lon: -155.40 lat: 19.23 ; 22:58UTC
-156.50 -156 -155.50 -155
T T

« ESA Sentinel-5P

TROPOMI instrument | ;s
(launched Oct 2017) : : 140
- Improved volcanic T
plume resolution (in the | | | : _3,02
UV) with 7 x 3.5 km | | | 1 E
pixel size | | | 1*°E
- Some IR sensors (e.g., ; | 3 |.f|2-0§
ASTER) have higher | ; | g 15
spatial resolution but o | PP I’y :
lower SO, sensitivity IRPPE PR e s . P I
and temporal resolution || e | | 05
: i ? 00




Volcanic gases detected from spec

Volatile species

UV/IR AP RERPRRRERE
Sensor” = 8 8 < ) % Lm) & 8 o 5 Timespan
TOMS* 1978-2005
SBUV* (P) 1978-present
HIRS* 1978-present
GOME 1995-2003
MODIS* 1999-present
ASTER 1999-present
MOPITT 1999-present
SCIAMACHY (L) I | 20022012
MIPAS (L) 2002-2012
AIRS 2002-present
ACE (L) 2003-present
SEVIRI 2004-present
OMI 2004-present
MLS* (L) 1991-2001; 2004-present
TES (P) 2004-present
GOME-2* 2006-present
TASI* 2006-present
OMPS* 2011-present
VIIRS 2011-present
CrIS 201 1-present
AHI 2015-present
GOSAT (P) 2009-present
0CO0-2 N 2014-present

* = Multiple sat.
P = Profiler

L = Limb

B = Confirmed
1= Possible?

» Compositional bias
towards SO,

» >20 daily polar-
orbiting SO, sensor
overpasses

Carn et al. (2016)



Calbuco Chile, April 2015 (C. Gutierrez/AP)
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7: Wolf (05/25/15 GOES-13) 15: Southiare Rills (0271110 Meteosal-9)
30 8: Sarychev Peak (06/13/09 MTSAT-1R) 16: Supercell (05/24/11 GOES-13)

17: PyroCb (08/04/10 Meteosat-9)

20

10

Eritrea

Number of Sdev Above Mean Growth

0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Event

Anomalous vertical growth rates of volcanic clouds (wrt meteorological clouds)
used to detect explosive eruptions in geostationary satellite data and issue alerts

» Used operationally by some Volcanic Ash Advisory Centers (VAACSs)



“split-window™ ash
signature

By

oy B
& -
id-level >
teo cloud

- -1 0 1
BTDI11-12 um] [K]

False Color Imagery (12-11um, 11-8.5um, 11um)

Prata, 1989; Pavolonis et al., 2015

Transparent Meteorological Cloud

Brightness Temperature

Band 4 -Band 5 = Positive
Band 4 > Band 5

Band 4 Band 5

Refractive Index
Water*: 1.111+0.199i
lce**: 1.258+0.409i

Refractive Index
Water*: 1.153+0.097i
lce**: 1.091+0.168i

(10.341.8 um) (11.542.5 um)ay

Emitted Thermal Energy From Underlying Surface

Transparent Volcanic Cloud

Brightness Temperature

Band 4 -Band 5 = Negative
Band 4 <Band 5

Band 4 Band 5

Refractive Index
Andesite*
2.053+0.610i

Refractive Index
Andesite*
1.839+0.138i

(10.341.3 um) (11.542.5 um)

Emitted Thermal Energy From Underlying Surface

‘Reverse absorption’

Automated volcanic ash cloud and thermal
anomaly detection conducted in ‘near real-time’

Algorithms attempt to mimic human expert
analysis of satellite imagery (similar to Al)

Improve as more satellite data for actual volcanic
events is collected (algorithm training)

Towards an ‘unbiased’ record of volcanic activity?
VOLCAT: https://volcano.ssec.wisc.edu



https://volcano.ssec.wisc.edu/alert/

Mass eruption rates from umbrella cloud expansion

1.E+06 A

1.E+05 -

E
o
1.E+04 -
Pouget et al., 2013
1.E+03 T T r 1
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
t(s)
B iz MSH + Redoubt
& . ®»— Sarychey,
Figatide 14 June 6:57pm
—l— Okmok Sarychey,
Sarychev, 12 June 5:30am
12 June 2:30am

« Growth of umbrella clouds and downwind plumes
from satellite imagery used to estimate mass
eruption rates (MER)

* Faster, remote estimates of MER and its
temporal variation




A-Traln data for February 2014 Kelut eruptic

Color Enhanced Infrared Imagery (1 Tum) Erupsi Kelud

@hilmi_dzi | 00:30 am

! Aqua MOD'S (02/1 3/201 4 - 18 10 UTC) . -+ j . A ngIegok‘, Blitar
- . ~ : . . - - }’/ :
\ .:‘ . - 7 D 5 :
t '. : .

' » Eruption column heights
can now be measured

MODIS image

240 250 260 270 courtesy of
Brightness Temperature [k] NOAA/CIMSS
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Pinatubo, June 1991 1y | Bluthetal (1992) = 4 eagy7

JUN 17, 1991

( 300

~13-17 Tg SO,
~500 Dobson Units (DU) SO,

..... e SR S B
: 244
- 188 £
=
132 =
3
:
: 76
;
£ 20
§ . lterative SO2
e
§ NIMBUS-7 TOMS
i NNSA / GSFC
E
g

» Satellites measure ‘snapshot’ SO, mass rather than flux
* Pinatubo SO, mass retrievals still being refined (Fisher et al., 2019)
* Image archive: NASA global SO, monitoring website (http://so2.gsfc.nasa.gov)



http://so2.gsfc.nasa.gov/

Ambae (Vanuatu) Suomi NPP/OMPS - 08/01/2018

160

eruption
July 26, 2018

Suomi NPP -
Ozone Mapping
and Profiler Suite
(OMPS)
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, . Suomi NPP/OMPS - 07/08/2018
(
Galapagos eruption: 120 415 410 105 100 95 90 -85

June - August 2018
Suomi NPP - Ozone Mapping
and Profiler Suite (OMPS)

- Typical ‘waxing-waning’

emission trend — proxy for
effusion rate

- Fernandina (16 June)
— ~2 day eruption

O—= NN W & 01 O N 0 © =

_ ~3 km plume a|t|tUde 200- ,-120, -1115 ,-110, -1(?5 :100‘ -9{:3 :90 , -85l
— ~100 kt SO, St
- Sierra Negra (26 June) Tisop . -
— Unrest since July 2017 2 i
(seismicity, uplift) §100— ++ .
— S0, detected from 26 & | e ]
June — 19 August I S ;
— Several pulses of - ANNEEA
higher SO, emissions R

31 07 14 21 28 05 12 19 26 02 09 16 23 30
Jun-2018 Jul-2018 Aug-2018 Sep-2018

o

PCA SO, column TRM [DU]



Ash composition detected from space

Wavelength (um)

14 13 12 11 10 9 8
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* IR spectral shape is sensitive to volcanic ash {
composition and differentiates ash from dust and 230

700 ' 8(l)0 l 9(I)0 . 10100 ' 11I00 ' 12I00
Gangale et al. (2009); Clarisse et al. (2010) Wavenumber (cm”)

water/ice clouds



et 414.30 ppm

Carbon dloxlde concentratlon at Mauna Loa Observatory

= Full Record ending May 29, 2019

- Keeling Curve

340F ”Mﬁ

3305 " ”,[

320”{/}4" l @SB ...
310 1960 1965 19I70 1975 1980 1985 19|90 19l95 20l00 20I05 2ol1o 2015

PARIETAL €O EMISSION

i Precision of satellite CO, genge  <10-20 ppm Loe
335 ppm CO, g’ measurements: ~1-4 ppm % . t

CO, excess

0 ppm SO,

May 1980 Mt St Helens eruption
(Hobbs et al., 1982)
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Volcanic lightning NOx and ash-gasé,eparation

° NOX= NO + N02

ightning N
<*\§-N2+02—>2NO Lightning NO,

(LNOX)
« 2NO + O, — 2NO,
R ' ' ' T TTTI W R e
§, 1005— —E
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WWLLN lightning strikes during May 2011
eruption of Grimsvotn (Iceland)

 Volcanic lightning NO, could provide a new
way to detect hazardous volcanic clouds

» Several processes could create lightning,

including fallout of ash-hydrometeor

aggregates (‘dirty thunderstorm’ mechanism) May 23’.,-"2011

SO, column TRM [DU]

UV Aerosol Index

2 A [ : :
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Sigmarsson et al. (2013); Carn et al. (2016) E



Grimsvotn (Iceland) eruption plume (May 2011)

Photos by Jén Olafur

« What is the fate of volcanic gases in eruption columns?
« Gas scavenging on ash and hydrometeors [e.g., Textor et al., 2003]




Gas scavenging in volcanic plumes
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* >80% S gases and >25% HCI predicted to reach stratosphere in explosive eruptions

 Ash interactions dependent on volcanic gas-ash exposure time at high T (i.e.,
fragmentation depth), ash composition (Ca)



Satellite measurements of volcanic halogens

Aura/MLS - 2014/02/14 - SO, at 68 hPa
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Theys et al. (2009, 2014); Carn et al. (2016)
» Satellites have measured HCI, BrO, and OCIO in explosive volcanic eruption clouds
« VVolcanic halogens can promote ozone depletion



Satellite measurement of volcanic H;S emissions

B m* "Iq M’ 2008 Kasatochi eruption

. ISR I i Clarisse et al. (2011)
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» May be a significant component of the total sulfur budget at some volcanoes
(Aiuppa et al., 2005)

* IR absorption bands are very weak, hence can only be detected from space in
large eruptions (IASI; Clarisse et al., 2011)



Inverse trajectory modeling of SO, a‘t .
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Inverse modeling of volcanic ‘sourceiterm’

FLEXPART-ECMWF MODEL SIMULATION
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» Geostationary satellite data used to estimate
volcanic ash source term, and simulate location of
aircraft encounter that was not directly observed

Kristiansen et al. (2014)
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Evolution of SO, mass after volcanic eruptions

total mass (Mt)
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Carn et al. (2016)

A ‘2" day’ SO, mass peak is sometimes observed; possible reasons include:

» Oxidation of co-erupted H,S to SO, (Bluth et al., 1995)

» Optically thick fresh plume partially masks detection of SO, (Bluth et al., 1995)
» Release of gas-phase SO, from SO, - ice - ash mixtures (Textor et al., 2003)
e-folding time of volcanic SO, used to test chemical schemes in climate models



Eruptive volcanic SO, emissions:(1978-2018)
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Excess sulfur in volcanic eruptions

SO, emission (Mt)

-1+ Eruptive il
107! exsglution
10°1 @ :

A Basalt
S ) ‘ @ Andesite -
oy
10 *PC > ™ B Dacite-Rhyolite
10

10° 10* 10° 102 10" 10° 10" 102 10°
Magma volume (km?)

« Satellite data revealed disconnect with the ‘petrological method’
« Now widely attributed to existence of pre-eruptive vapor phase in magmas
« Distribution of this vapor phase impacts eruption sulfur yield



SO, emissions vs. Volcanic Explosivity Index (VEI)
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Volcanic Explosivity Index [VEI]

 Eruption VEIs from Smithsonian Global Volcanism Program database (VOTW 4.0)
* SO, data from TOMS, OMI, OMPS, AIRS, HIRS satellite measurements



SO, emissions vs. VEI (explosive eruptions)
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Volcanic Explosivity Index [VEI]

» Broad correlation between explosive SO, emissions and VEI, but large scatter
» May reflect release of variable amounts of pre-eruptive vapor during eruptions



Impact of magma compressibility on'deformation
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* r = erupted volume / obs. deformation
* Not only SO, contributing to compressibility

Precursors to major SO,-producing eruptions?



Nyiragongo (DR Congo)

a) Permeability Controlled

b) Magma Convection Driven
Volcanic Gas Emission
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* On average, ~80-90% of volcanic SO, emissions
emitted by passive (non-eruptive) degassing

« Significant environmental and health impacts

« Conduit convection or permeable conduit models
usually invoked to explain high gas fluxes

* Only consistently detectable from space relatively
recently (post-2004; Ozone Monitoring Instrument)

Kazahaya et al (1994); Shinohara (2008)



Global volcanic SO, emissions inventories

A time-averaged inventory of subaerial volcanic
sulfur emissions

R.J. Andres and A.D. Kasgnoc

Institute of Northern Engincering, University of Alaska Fairbanks

* Volcanic degassing ‘source term’ in atmospheric
chemistry and climate models

 Climate impact of tropospheric volcanic
emissions (sulfate aerosol)

« Estimation of global fluxes of other volcanic
gases (e.g., CO,) and trace metals (e.g., Hg)

* Identifying potential field sites for volcanic gas
studies

Sulfur emissions (~100 Tgl/yr)
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( > |Marine
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Biomass

Sulfate burden
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SCIENTIFIC REPLIRTS Anth

OFEN - A decade of global volcanic SO,
emissions measured from space

S.A.Carn}, V. E. Fioletov?, C. A. McLinden?, C. Li** & N. A. Krotkov*

//\

Biomass

Volcanoes

Graf et al. (1997); Andres & Kasgnoc (1998); Shinohara (2013); Fioletov et al. (2016); Carn et al. (2017)



Passive volcanic degassing from space

Sentinel-5P/TROPOMI - 01/24/2019 18:59-19:03 UT
SO, mass: 0.3684 kt; Area: 12431.81 km?; SO, max: 3.46 DU at lon: -84.35 lat: 10.35 ; 19:00UTC
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* Plumes from strong SO, emitters (100s-1000s tons/day) visible on a daily basis in satellite data
 Detection of weaker degassing sources requires time-averaging — but simple data ‘stacking’
less effective if wind direction is variable



SO, source ID and emission estimation

 3-year averages (e.g., 2005-2007) of
global NASA Ozone Monitoring
Instrument (OMI) SO, data
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New global volcanic SO, emission inigentory
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* Globally, 90-100 volcanic SO,
sources quantified (10-20% ‘new’)

* Total SO, flux of 23+/-2 Tg/yr (~63
kt/day); ~80-90% of total SO, flux
from passive + eruptive degassing

* L owest flux: ~32 t/d; could be
extended to weaker sources with
new Sentinel-5P/TROPOMI data

Carn et al. (2017)
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Trends in tropospheric volcanic SO, emissions
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« ~30% of volcanic SO, sources show significant +/- decadal trends in emissions
» ~80% of sources also erupted during the decade (eruption VEIs below 4)
* New insight into volcanic life cycles?



Multi-parameter perspective on volcanic unrest
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Improved estimates of volcanic CO, emissions

1 00 T I. T I. T T T T T T T T T T T1 T T T LI N .
- oy e Werner et al., DCO vol. (in prep.)
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» CO,/SO, ratios measured at many of the strongest SO, sources
» ~50% of SO, sources still lack CO, data (see Aiuppa et al., ESR, 2017)
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Schwandner et al. (2017)

* Due to its lower solubility in magmas, CO, is likely a more reliable volcanic
eruption ‘precursor’ than SO,, but much more difficult to detect from space

* CO, sensing satellites include the NASA Orbiting Carbon Observatory-2 (OCO-2)
and the Japanese Greenhouse Gases Observing Satellite (GOSAT)

« Spatial coverage is poor and measurement precision is a few ppm CO,
* One (known) successful detection of volcanic CO, emissions at Yasur (Vanuatu)
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 Orbiting Carbon Observatory-3 (OCO-3) was deployed on the International Space
Station in May 2019. Can be pointed at targets (‘stare mode’) such as volcanoes.

* Proxy methods for CO, (e.g., based on vegetation impacts) may be a useful
alternative to direct measurement
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» Gas data generally subordinate to seismicity and deformation as a volcanic unrest
indicator, due to perceived lack of data (note also that CO, more useful than SO,)

» Deformation is the indicator of pre-eruptive unrest that on average provides the
longest lead-time prior to an eruption (Philipson et al., 2013; Furtney et al., 2018)



How does volcanic degassing respond to external triggers?
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Distribution of volcanoes with satellite-detected passive SO, emissions
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Long-term interest in the interactions between earthquakes and volcanoes

Global, consistent SO, measurements by satellites allow monitoring of volcanic response to
earthquakes more often and on larger scales
Avouris et al. (2017) modeled peak dynamic stress (PDS) generated by shallow M,, = 7

earthquakes at 12 degassing volcanoes; basaltic and andesitic volcanoes showed positive

(1S0O,) and negative (|SO,) response to PDS, respectively

Stimulated new analog modeling studies of magma sloshing, resonance etc.

100

Brodsky and Manga (2006); Namiki et al. (2016): Namiki et al. (2018)
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» Geostationary UV measurements (driven by air quality)
— Some volcanic regions covered

« Cubesat constellations (e.g., Planet Labs)
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Given the measurement bias towards SO,, what is the total volatile
inventory (H,0, CO,, SO,, ...) of active volcanism?

What proportion of sulfur gases are scavenged in eruption columns
and what processes control this? Climate vs. environmental
impact.

What would be the precursors to the next major, SO,-rich eruption?
NASA has a major interest in preparing observational assets.

What is the mass flux of volcanic ash from active volcanism?
How many volcanoes are passively degassing vs. erupting?

How can we combine satellite measurements of degassing,
deformation and heat flux to better understand volcanic unrest,

volcanic cycles, and eruption precursors (2017-19 USGS Powell
Center project)?

What are the implications for models of magma migration in trans-
crustal magmatic systems for observable trends in degassing?

To what extent do earthquakes cause variations in degassing?



Satelllte 802 sensor constellatlon

GOME-2 [B]
IASI [B] E

09:30 GOME-2 [A]
IASI [A]
10:30 MODIS, ASTER (Terra)

Suomi NPP/OMPS, MODIS, CrIS
VIIRS, NOAA-20/OMPS

13:30
OMI, AIRS, TROPOMI

ASTER (Terra)
22:30

21:30
IASI [A]

+ DSCOVR/EPIC, TOVS/HIRS,
Adapted from Brenot et al. (2014) MSG/SEVIRI, GOES/ABI, Himawari-8/AHI



