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Overview

Types of volcanic activity

Remote sensing of “volcanic clouds”
Ash detection — IR techniques
Examples

SO2 gas detection — IR techniques

The emphasis will be on the use of remote sensing to
measure and assess these effects
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Aura/OMI - 04/23/2006 02:20-05:38 UT
SO, mass: 21.646 ki, Area: 740221 km?; SO, max: 7.36 DU at lon: 145.21 lat: -3.41
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The Volcanic Explosivity Index (VEI)

(m?)  (km)
Non-explosive 10* 0.1  Hawaiian 699
Small 10 1 Strombolian 845
Moderate 107 5 Vulcanian 3477
Vioderate-large Vulc
L.aro | ( P
1O / Ultra-Plinilan 84
10" >25  Ultra-Plinian 39
10'2  >25 Ultra-Plinian 4
103 >25  Ultra-Plinian 17
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Local effects

height

wally
NILU

12000 m

very fine-grained
ash and aerosols

fine-grained
ash and aerosols

5000 m

lapilli scoria,
ash and aerosols

800-1400 m

bombs and
lapilli scoria

,,,,,
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Volcanoes and Climate

STRATOSPHERE
possible injection 4 reflection of
into stratosphere . : incoming solar
& : radiation
HCI SO * photochemical  sulfuric acid aerosols ;3 4
2 reactions N
SC, dispersion L
C02 &
CO, gas = ,
wgakly‘, , greenhouse “‘ HCI \
acidicrain/ absorption .
oy \ cloud nucleation
'/, TROPOSPHERE W, | g

fallout of volcanic ash
and lava ‘bombs’
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Eruptions Affecting North Pacific Air Routes During the 1990’s

o Volcanoes

# Observed Hot Spots
- — — — Major Flight Path
«— — — Path of Ash Cloud

Arctic Ocean

Shishaldin

Westdahl .
2"};‘“051 | Gulf of Alaska

200 Km
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Growth in aviation traffic

Annual average growth rate of passengers

(percentage)
2001-2005
Europe 23 4.5
Africa 33 5.0
Middle East 6.4 4.0
Asia and Pacific 4.1 TS
North America 1.8 5.0
Latin America and Caribbean 2.9 4.5
World 27 6.0

Freight & mail
(% change in ton-km)

Source: International Civil Aviation Organisation
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Global aviation threat

()

sl 10 000ary 2011 PASI, Costa Rica

NILU

17



CALIPSO

The A-Train

/i e

i CALIPSO \

PARASOL 1:31:15 CloudSat

1:33 , 1:31 g ﬁgga
v VT

OCO
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Detection
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Volcanic ash — Detection and
discrimination

Prata, A. J., 1989, Infrared radiative transfer calculations for volcanic

ash,
Geophys. Res. Lett., 16(11), 1293-1296

“reverse absorption” algorithm

AT = AT.[X — XA,

AT =Ty -Ts, AT. =T, - T., ATy=T, — 14.

¢ p<i b p>1 $ f=1
4 4 _ 4
2 2 2
"3 3 3
. ° e O . 0
-2 2 -2
4 -4 -4
4 4 %
200 225 250 275 300 200 225 250 275 300 200 225 250 275 300
Temperature (K) Temperature (K) Temperature (K)
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Operational use of the
“reverse absorption” algorithm

Kasatochi eruption

| .
AVHRR 4mS$ - Left: NOAA-15 2008/08/08 16:41 UTC
AVHRR 4m5 - Right: NOAA-16 2008/08/08 17:09 UTC

l‘ . Emvrorment Canada Emwontement Canada - l .\
Meteorologeal Servce of Canada  Service méldorologgue du Canade \ /’
1 970816 K1 lonetres 17'® o
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Ash Index

b
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Ash Index for Eyjafjallajokull

b
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Summary of Ash Detection Methods

Table 1 Summary of ash detection algorithms and techniques used with satellite infrared (IR) and visible
channel data

Name Principle Reference

RA 2-band IR (11 and 12 um) Prata (1989a, b)

Ratio 2-band IR (11 and 12 um) Holasek and Rose (1991)
4.band IR + visible Mosher (2000)

TVAP 3-band IR (3.9, 11 and 12 um) Ellrod et al. (2003)

PCI Multi-band principal components Hillger and Clark (2002a, b)
WVC 2-band IR + water vapour correction Yu et al. (2002)

RAT 3-band IR (3.5, 11, 12 um) Pergola et al. (2004)

3-band 3-band (IR and visible) Pavolonis et al. (2006)

RA = Reverse absorption; TVAP = Three band volcanic ash product; PCI = Principle components;
RAT = Ratio method: WVC = Water vapor correction method

Prata, A. J., 2009, Satellite detection of hazardous volcanic clouds and the risk to
global air traffic, Nat. Haz., 51, 303-324.

b
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VAAC GEO Temporal Spectral Next Generation
Satellite(s) | Refresh Capabilities GEO Satellite
Anchorage GOES-11 | 30 minutes Split-window GOES-R (2015)
Buenos Aires | GOES-12 | 15 minutes No split-window | GOES-R (2015) and
GOES-13 | 180 minutes No split-window | MTG (~2018)
MSG 15 minutes Advanced
Darwin MTSAT 60 minutes Split-window GOES-R like from
FY2D 60 minutes Split-window JMA (2020?) and
FY2E 60 minutes Split-window FY4A from China
(2014)
London MSG 15 minutes Advanced MTG (~2018)
Montreal GOES-11 | 30 minutes Split-window GOES-R (2015)
GOES-13 | 15 or 30 minutes | No split-window
Tokyo MTSAT 30 minutes Split-window GOES-R like from
FY2D 60 minutes Split-window JMA (2020?) and
FY2E 60 minutes Split-window FY4A from China
(2014)
Toulouse MSG S or 15 minutes | Advanced MTG (~2018)
Washington | GOES-11 | 30 minutes Split-window GOES-R (2015) and
GOES-12 | 15 minutes No split-window | MTG (~2018)
GOES-13 | 15 or 30 minutes | No split-window
MSG 15 minutes Advanced
Wellington MTSAT 60 minutes Split-window GOES-R like from
GOES-11 | 180 minutes Split-window JMA (2020?) and
GOES-R (2015)

Table 1: An overview of the geostationary satellite capabilities is shown as a
function of Volcanic Ash Advisory Center (VAAC). The table summarizes the
temporal and spectral capabilities (those relevant to volcanic ash remote sensing) of
each instrument that covers each VAAC area of responsibility. In addition, future
geostationary satellite capabilities are summarized. Next generation satellites that
include a hyperspectral sounding capability are shown in bold.
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A closer Look at Ash Detection
using SEVIRI
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IR channels

6.3 um

7.4 um
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Aude

Lat

Computer Lab Example

Date:2010.05.08 06:00 UT
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Parametric equations TT IT5

& , ,
v

Ts = e51,. + (1 - 65)TS
T,

Solve these for:

AT =T, — T

b
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Denoting:

ATy, =T, —"T}
Afrtcon — Ts — Tc

AT.
U =1 -

A,-Z_jtcon \Ijz =1 - €
€; — I — eXp(_kzL) “like” cloud optical depth
k— .

,8 = 4 )\j > \;

Particle microphysics - radius
..nln"

10 January 2011 PASI, Costa Rica
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Solution

AT = AT}eon (¥ — ¥P)

B >1
<1

Note that:

L)

NILU

10 Januar y 2011

ice /water — cloud

ash — cloud

U <1

PASI, Costa Rica
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Solving for radius and optical depth

Given 7 and W it is possible to construct
“theoretical curves” that suggest the
behaviour of “real” measurements on a plot

of T, vs AT

10 Januar y 2011 PASI, Costa Rica 36



Volcanic ash — Detection and
discrimination

Prata, A. J., 1989, Infrared radiative transfer calculations for volcanic

ash,
Geophys. Res. Lett., 16(11), 1293-1296

“reverse absorption” algorithm

AT = AT.[X — XA,

AT =Ty -Ts, AT. =T, - T., ATy=T, — 14.

¢ p<i b p>1 $ f=1
4 4 _ 'l
2 2 2
"3 3 <
. O S CH
2 2 -2
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Theory and

'
mn
0 e,
I A

“"lJA
=7 s
| ¢ L1220 “:%‘fihﬂ
r=6.0 510
-2
=50
—_—
X \
& r=q0
s
= 4 A .
o 3.0 A M .
- o B
o ,.i. :'...
\ /‘.
rw2.0 <A
-6 " ¥
O
=1.0 .
( Solutions:
%
.8 ! D.B0 P50 f|= 6.86
: 1= 0.27
ry=3.69
= 0.38

-10

240

w10 an0ary 2011
NILU

Measurement

r=10.0

&80, TON

250 260 270 280
T,Brightness temperature (K)

PASI, Costa Rica

290

38



Calculating the mass loading (gm)

4 rT
1\41 — §
Qeazt
P Density Units: kg m-3
(Qort  Extinction efficiency none
T Optical depth none
r Effective radius m

10 Januar y 2011 PASI, Costa Rica 39



Eyjafjallajokull, April/May 2010
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Methodology

 Data source: SEVIRI 12-channel 15-minute data for 30W-30E,
40N-70N, from 14.04.2010 to 24.05.2010. Only use IR
channels.

 Automatically detect pixels affected by ash
Apply water vapour correction
 Apply parallax correction

 Retrieve effective particle radius, IR optical depth and mass
loading (g m2)
 Validate

« Determine concentrations using coincident CALIOP space-
based lidar measurements

L)

NILU
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Some problems with ash detection

Water vapour makes T,-T,, >0
Correction applied based on Yu et al. (2003)

Clear land at night gives T,,-T,, <0
No good correction algorithm available

Mixed pixels
Difficult to correct for without sub-pixel data

Improvement possible for some pixels by using spatial information

L)

NILU

17 December 2010 AGU Fall Meeting
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Retrieval scheme

Solve the RT equation with scattering for a
plane-parallel cloud:

ol Wo : / / /
wo (7, 1) =1(T,u)—(1—wo)B(T)7/ P(pe; ) I(7, o )dpe
~1

Boundary conditions:

I(0,—p) =0

[(11,+p) = B(T)

Solution:
I(r, i) =Y LiW;(pi)exp(—k;T) + B(T)
J
‘Q' 17 December 2010 AGU Fall Meeting

NILU
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Microphysics

Refractive index as a function of wavelength.
Spherical particles.
Mie scattering equation solver

Modified-gamma and log-normal size distributions
dn(r) NbO" 4 dn(r) N [ —(Ln[r] — Ln[r,))*
dr 6! Teap(=br) dr o T 207

Efficiency factors for polydispersions:

2 27r dn( ")

O - [ mr?Q (35, m) o dr
9 dn( ) ..

fo mr2 = dy

wails 17 December 2010 AGU Fall Meeting 44
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Refractive indices
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Procedure

Run Mie code for particle sizes from 0.2 to 32 um in steps of 0.2 um

Run RT code for all particle sizes, optical depths from 0.02 to 8, in steps of
0.02, 16 streams, and cloud-top and surface temperatures from Tct10 K, Ts
+10 K

Generate very large look-up table containing simulated top-of-atmosphere
(no water vapour) brightness temperatures

at 10.8, 12.0 um

-
.-
k=]
-
v

Use ash-identified pixels with measured BTs at El —
. . w‘o 1.5 - 2 o 15
10.8 and 12.0 um to find “best fit” to B e
. . @ S 10
simulations. g /
0 // s
(Sometimes several values found). -y
.sw i
2530 ~
%75 . s 6
%2.0‘5 o ? Ww‘h
10g
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Sun photometer
at Barcelona o
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Ash concentration (mgm®)
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15 April 2010 - Daytime

CALIPSO

532 nm Total Attenuated Backscatter, km ' sr'  UTC: 2010-04-15 13:20:22.4 to 2010-04-15 13:33:51.1 Version: 3.01 Nominal Daytime
30 :

28 -

15
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CALIOP “curtain” 532 nm Total Backscatter
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532 nm Total Attenuated Backscatter, km" sr' UTC: 2010-05-12 03:36:06.8 to 2010-05-12 03:49:35.5 Version: 3.01 Nominal Nighttime
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For a single aerosol type
the mass loading may be - -i? 2 = Yo

written: | e 4 { "- ‘ e
) . ] - L
my = p(z)dz
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from 355 nm backscatter |
25 from 532 nm backscatter _
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Figure 4. Mass concentrations cstimated from the 355 and
532 nm backscatter profiles in Figure 3.
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Figure 4. Mass concentrations estimated from the 355 and
532 nm backscatter profiles in Figure 3.
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Visualisation

.

Courtesy: Vince Realmuto, JPL
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2010-02-11 14:00

SEVIRI

Soufriere Hills
11-12 February 2010

36 hrs at 15 min resolution
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SEVIRI —triple detection

SEVIRI filter functions, SO, line strengths, ash and ice cloud signatures

Ozone (9.6 wm) Water vapour/S0, (7.3 um)

Ash (12.0 ym) Ash (10.8 ym)

’
0-8

Relative response

Water vapour (6.2 um)

I

10 January 2011 PASI, Costa Rica
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SEVIRI —triple detection
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Collocation of ash and SO,
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Chaitén, Chile

First rhyolitic ash eruption in the satellite era (~30 years)

?

S.A. Carn, J.S. Pallister, L. Lara, J. Ewert, G. Villarosa, M. Fromm, S. Watt AJ Prata, D.M. Pyle, T.A. Mather N. Matthews,
R.S. Martin, A. Pavez, R. Aguilera, R. Thomas, W. Rison, P. Krehbiel, J. Johnson, A. Folch, D. Basualto, T.J. Casadevall, M.
Guffanti, C. Benitez, J.G. Viramonte, 2008, The awakening of Chaitén volcano, Chile, EOS Trans. (to appear).
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GEOPHYSICAL RESEARCH LETTERS, VOL. 37, L19806, dou 10 1008201 0GLOMES, 2010

A correlation method for volcanic ash detection using

hyperspectral infrared measurements

Lieves Clarisse,' Frod Prasa * Jean-Licae! Lacour,” Dasiel Hurmmans, ' Cathy Clerbaax,'

aad Picrre- Framgois Cobeur’
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Retrieving radius, concentration, optical depth,

and mass of different types of aerosols from
high-resolution infrared nadir spectra
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The SO, Pyramid
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Rapid SO, Retrieval Methodology
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Rapid SO, Retrieval Methodology
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3 year timeseries of SO, from |ASI
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3 year global UTLS SO, from |ASI

Up to 1 DU on average!




3 year global average SO, from IASI (without large eruptions)
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Measuring volcanic SO,

Explosive volcanism - effects on climate and
life
Anthropogenic emissions - decreasing in the

developed world but still rising in China/
India/South Africa

Geo-engineering (controversial suggestion to
inject S into stratosphere)

Aviation hazard (?)
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SO, measurements from satellites

INSTRUMENT From
TOMS 1979
TOVS 1979
MLS 1991
MODIS 1999
ASTER 1999
ACE 2003

3
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Some SO, clouds detected igo TOVS/HIRS data 1980 - 2000
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Carn, S., Prata, A. and S. Karlsdottir, 2008, Circumpolar transport of a volcanic cloud from
Hekla (Iceland). J. Geophys. Res., 113, D14311, doi:10.1029/2008JD009878.
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TOVS/ATOVS

S-Watch implementation at the
Bureau of Met
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VAAC Region - Swatch graphical
coverage
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Labd | Meaning

|/O: The Data Output File

Lon Longtude (decimal degrees)

Lat Latitude (decimal degrees)

T67 BT 6.7 um (Kelvin)

T73 BT 7.3 um (Kelvin)

T83 BT 8.3 um (kelvin)

T11 BT 11 um (Kelvin)

SO2 SO, column (DU)

DT BT 7.3 um —BT 7.3 um interpolated (Kelvin)
D83-11 BT 8.3 um —BT 11 um (Kelvin)

T134 BT 13.4 um (Kelvin)

T137 BT 13.7 um (Kelvin)

T140 BT 14.0 um (Kelvin)

T142 BT 14.2 um (Kelvin)

T145 BT 14.5 um (Kelvin)

T147 BT 14.7 um (Kelvin)

Trat CO; slicing ratio

CLD Cloud flag value

Smass SO, pixel mass (kt)

Area Pixel area (kmz)

‘Q 10 January 2011 PASI, Costa Rica

NILU

Data Output File

Naming convention:
SO2ndddyyyy.tt.tttt.dat
n=VAAC region (1,2 or m)
ddd=day of year (1-366)
yyyy=Year

tt.tttt=decimal time (hrs, UTC)
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Measuring SO, from AIRS

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, D20203, doa 10,1029 2006JDO0OT95S, 2007

Retrieval of volcanic SO, column abundance
from Atmospheric Infrared Sounder data

A. ). Prata’ and C. Bemardo®

Rocewed 23 August 2006 revised 15 Juno 2007, accepted 16 Jely 2007; peblshod 19 October 2007

'Norwegim Institute for Air Research, Kjeller, Norw,
“Auspace Lad., Mitchell, ACT, Australia
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Spectral matching

Many molecules have distinctive absorption bands

H,S 0,
N,O |
. , q,.ww'»‘.iﬂ'»}»mwww N}M*MMNM_
cH, CO
SO,

Using theoretically-derived spectral shabes,
molecules can be identified by comparing (or
matching) the observed shape with theory.

L)

NILU

10 January 2011 PASI, Costa Rica 117



Spectral matching (1)

Radiative transfer equation

C{)Tv[:-, 1 (3) QQ(z)"-qn(:)]) d>

0z

LT, /0 ‘B,[T(2)] (

Choose absorption region and split integral into 3

parts:
i = Azl B,(T(2)] (6)’&/ [:.q'zg:;)...qn( 3’)]) 3 Below gas layer
g, /*’2 B,[T(2)] (c“')ﬁ, [:-ql(:);z(:)---qn(:)]) J- Ingaslayer
1 2
o [ () 1 s s
22 2
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Spectral matching (2)

00
I, =1,pexp {—/ k,,(z)q(z)dz} Beer-Bougier-Lambert law
0
Iy x Absorb t
/ 1% !
;-L/ = —1In { } — / ku(:)q(:)d: sorpance spectrum
IO,U 0
1|j|]
: 3
< E 7.3 um SO, feature E
G F H° 3 E
= b \'-‘ 1-:-E .
% -'.lj|:__ E ;'
: 3 \ E
= 3 -20k 2% & , . 1
O') ok LAl 1200 Leow i LW A8 ) L TN
D amf
M sk tob I_zlfa‘ 2obe e} J
Wavenumber (cm-1)
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Single Lorentz line Ret”eval
AAv = / {1 — exp[— | /-72 | aq(z) d> ]}(11/
Ay LS + a?

(v — n)?

AAv = 2map[Lo(v¥) + Li(¥)] exp{—},

Su

):I(l

For a band with temperature dependent line strengths and line
broadening effects, a radiative transfer model must be used

T = KTI&) KTy Least squares solution

x. layer absorber amounts (N layers)

y. observed absorbances (M wavenumbers)

K: is an MxN matrix of absorption cross sections

()

wall,
NILU
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S0, (milll stm-<m)

SO, (misi stm-cm)
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Manam Eruption
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SO, (milli atm-cm)
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Other spectral regions
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AIRS 4 pm

Latitude
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Volcanoes To Whlch VDAP Teams Have Been DEployed
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|AS| — Dust detection
(based on the concavity index)
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Direct use of satellite SO, measurements

Climate sensitivity to volcanic forcing

| DF=-A AOD(l)
| — EEE WO 0, AOD(|)=f(RH,|) Qext USO4/CSO4

2 :
e . Cleaocgical vopopause height N\
15
10
s
0
0 10

15 June to 15 July, 1991 Pinstubo Eruption. SO, Derived from TOVS. Dr Fred Prata, CSIRO Atmospheric Research
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Other gases - HCI

Cumulative MLS/Aura HCI at 68.13 hPa. 1-31 May, 2006. Soufriere Hills, Montserrat.
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Prata, A. J.,S. A. Carn, A. Stohl, and J. Kerkmann, 2007, Long range transport and fate of a stratospheric volcanic
cloud from Soufriere Hills volcano, Montserrat, Atmos. Chem. Phys., 7, 5093-5103.
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S . ! Atmospheric SO: mpm i ,. s Assumes mOIar I’atIO Of
0 ;E\j\/ fm,ﬁvvfﬁ\,ﬂ’\/“" o /\: o ~0.01 (HCI:SO,)

1 |
Stratospheric HCI input based on the HCI/SO: ratio

SO: (10" gra)

Prata et al., (2007) find
~0.03-0.1 using MLS
and AIRS data.

0.1 0.1

HC1 (10 “g/a)

001 0,01

0.00] - 0.001

1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000

Time (vears)

Annual global volcanic gas input into the atmosphere from 1972 to 2000 (this work)

SO)_ Hp_S HCl HF HBr
(10'? glyr) (10'* g/yr) (10'* glyr) (10' glyr) (10° glyr)
Atmosphere 15.0-21.0 1.5-37.1 1.2-170 0.7-8.6 2.6-43.2
Stratosphere 2440 0.1-5.0 0.1-12 0.03-0.4 0.04-0.07
Stratosphere with  2.1-3.2  0.01-3.8  0.1-12X10° 0.03-0.4x107° 0.04-0.07x10*
washout effect (~25%) (~25%) (~99.99%) (~99.99%) (~99.99%)
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Boundary layer SO, from AIRS
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European volcano-related projects
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