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Overview

Types	
  of	
  volcanic	
  ac5vity

Remote	
  sensing	
  of	
  “volcanic	
  clouds”

Ash	
  detec5on	
  –	
  IR	
  techniques

Examples

SO2	
  gas	
  detec5on	
  –	
  IR	
  techniques

PASI,	
  Costa	
  Rica

The emphasis will be on the use of remote sensing to 
measure and assess these effects
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The	
  Volcanic	
  Explosivity	
  Index	
  (VEI)

 VEI~7
Tambora

VEI~6
Krakatau

VEI~2
Every 2 
weeks

VEI~5
MtStHelens



Local	
  effects
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Volcanoes	
  and	
  Climate
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Cooling	
  Effects
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~18 Tg
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AviaIon	
  Hazards

 Plugged	
  cooling	
  holes
	
  Erosion	
  of	
  edges
	
  Ash	
  build-­‐up

Quito airport

PASI,	
  Costa	
  Rica
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Eruptions Affecting North Pacific Air Routes During the 1990’s

PASI,	
  Costa	
  Rica



Growth	
  in	
  aviaIon	
  traffic
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Freight & mail 
(% change in ton-km)

Source: International Civil Aviation Organisation



Global	
  aviaIon	
  threat
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Remote	
  sensing	
  of	
  volcanic	
  clouds
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OMI - SO2, aerosols, BrO

TES - SO2, HCl

MLS - strat. SO2, HCl

MODIS - SO2, ash, sulfate

AIRS - UTLS SO2, aerosols, SO2 profile?

CALIPSO - cloud height, aerosol type
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DetecIon	
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Volcanic	
  ash	
  –	
  DetecIon	
  and	
  
discriminaIon

T11 - T12 < 0

PASI,	
  Costa	
  Rica

Prata, A. J., 1989, Infrared radiative transfer calculations for volcanic 
ash, 
Geophys. Res. Lett., 16(11), 1293-1296

“reverse absorption” algorithm
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Operational use of the 
“reverse absorption” algorithm

Kasatochi eruption
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QuanItaIve	
  
products



Ash	
  Index
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Ash	
  Index	
  for	
  EyjaRallajokull



Summary	
  of	
  Ash	
  Detec5on	
  Methods
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Prata, A. J., 2009, Satellite detection of hazardous volcanic clouds and the risk to 
global air traffic, Nat. Haz., 51, 303–324.
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A	
  closer	
  Look	
  at	
  Ash	
  DetecIon	
  
using	
  SEVIRI
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SEVIRI
Iceland

IR channels

  6.3 µm
  7.4 µm
  8.6 µm
  9.7 µm
10.8 µm
12.0 µm
13.2 µm

17	
  December	
  2010 29AGU	
  Fall	
  Mee5ng



SEVIRI	
  
T12

17	
  December	
  2010 30AGU	
  Fall	
  Mee5ng



SEVIRI
T11–T12

17	
  December	
  2010 31AGU	
  Fall	
  Mee5ng



Computer	
  Lab	
  Example
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Parametric	
  equaIons
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Solve these for: 

Idealised ash cloudL
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Denoting:

}
“like” cloud optical depth

Particle microphysics - radius



SoluIon
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Note that: 



Solving	
  for	
  radius	
  and	
  opIcal	
  depth
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Given      and     it is possible to construct 
“theoretical curves” that suggest the 
behaviour of “real” measurements on a plot 
of       vs 
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Volcanic	
  ash	
  –	
  DetecIon	
  and	
  
discriminaIon

T11 - T12 < 0

PASI,	
  Costa	
  Rica

Prata, A. J., 1989, Infrared radiative transfer calculations for volcanic 
ash, 
Geophys. Res. Lett., 16(11), 1293-1296

“reverse absorption” algorithm



Theory	
  and	
  Measurement
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CalculaIng	
  the	
  mass	
  loading	
  (gm-­‐2)
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Density	
	
 	
 	
 	
 Units: kg m-3

Extinction efficiency	
	
      none
Optical depth	
	
 	
 	
      none
Effective radius	
 	
 	
      µm



EyjaRallajökull,	
  April/May	
  2010

17	
  December	
  2010 40AGU	
  Fall	
  Mee5ng



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.

• Automa5cally	
  detect	
  pixels	
  affected	
  by	
  ash

• Apply	
  water	
  vapour	
  correc5on

• Apply	
  parallax	
  correc5on

• Retrieve	
  effec5ve	
  par5cle	
  radius,	
  IR	
  op5cal	
  depth	
  and	
  mass	
  
loading	
  (g	
  m-­‐2)

• 	
  Validate

• Determine	
  concentra5ons	
  using	
  coincident	
  CALIOP	
  space-­‐
based	
  lidar	
  measurements
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  December	
  2010 41AGU	
  Fall	
  Mee5ng



Some problems with ash detection
	
 Water vapour makes T11-T12 > 0
	
 	
 Correction applied based on Yu et al. (2003)

	
 Clear land at night gives T11-T12 < 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
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Retrieval	
  scheme
Solve the RT equation with scattering for a 
plane-parallel cloud:

Boundary conditions:

Solution:
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  2010 43AGU	
  Fall	
  Mee5ng



Microphysics

Efficiency factors for polydispersions:

Modified-gamma 	
	
 	
      and 	
 	
 log-normal size distributions

Refractive index as a function of wavelength.  
Spherical particles.  
Mie scattering equation solver
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RefracIve	
  indices
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Procedure
Run	
  Mie	
  code	
  for	
  par5cle	
  sizes	
  from	
  0.2	
  to	
  32	
  µm	
  in	
  steps	
  of	
  0.2	
  µm

Run	
  RT	
  code	
  for	
  all	
  par5cle	
  sizes,	
  op5cal	
  depths	
  from	
  0.02	
  to	
  8,	
  in	
  steps	
  of	
  
0.02,	
  16	
  streams,	
  and	
  cloud-­‐top	
  and	
  surface	
  temperatures	
  from	
  Tc±10	
  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	
  µm

Use	
  ash-­‐iden5fied	
  pixels	
  with	
  measured	
  BTs	
  at	
  

	
  	
  	
  	
  	
  	
  10.8	
  and	
  12.0	
  µm	
  to	
  find	
  “best	
  fit”	
  to	
  

	
  	
  	
  	
  	
  	
  simula5ons.	
  	
  

	
  	
  	
  	
  	
  (Some5mes	
  several	
  values	
  found).
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16	
  April	
  20:00	
  UT

17	
  December	
  2010 47AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 48AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 49AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 50AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 51AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 52AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 53AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 54AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 55AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 56AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 57AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 58AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 59AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 60AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 61AGU	
  Fall	
  Mee5ng



17	
  December	
  2010 62AGU	
  Fall	
  Mee5ng



Sun	
  photometer	
  
at	
  Barcelona

AOD
SEVIRI
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CALIPSO

CALIOP “curtain” 532 nm Total Backscatter

15 April 2010 - Daytime

“ash” somewhere in here?
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~1 km thick, centred at ~4 km

For a single aerosol type 
the mass loading may be 
written:

If we assume that the 
concentration profile is 
constant over the layer 
then:
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ml ~ 0.4 g m-2
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ml ~ 0.2 g m-2
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VisualisaIon

Courtesy: Vince Realmuto, JPL
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73Courtesy: Andrew Prata, UCLA/JPL17	
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74

Courtesy: Andrew Prata, UCLA/JPL

SO2 retrievals 
from AIRS
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SEVIRI

Soufriere Hills
11-12 February 2010

36 hrs at 15 min resolution
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SEVIRI	
  –	
  triple	
  detecIon
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SEVIRI	
  –	
  triple	
  detecIon
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Linear	
  1	
  –	
  SO2
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Linear	
  2	
  –	
  SO2
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Concavity
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CollocaIon	
  of	
  ash	
  and	
  SO2
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Chaitén,	
  Chile
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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, A.J. 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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2008.08.10.214  10 August 



Sensi5vity	
  to	
  
par5cle	
  size	
  and	
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IASI
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Papers	
  …
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Lieven Clarisse, Fred Prata, Andreas Richter, Simon Carn, Daniel Hurtmans, Pierre Coheur, Juliette Hadji-Lazaro, Cathy Clerbaux 

Three	
  year	
  SO2	
  measurements	
  from	
  IASI



1Tg ± a lot 

10 ± 5 Tg

70 ± 10 Tg

Boundary Layer: -0.2 W/m2

Free troposphere:             -0.3 W/m2

Upper Troposphere
Lower Stratosphere

The	
  SO2	
  Pyramid

            -0.5 W/m2 (± 2) 



© Zhang et al

Sulphuric acid
Ammonium sulphate



H2SO4

SO2

O3 and H2O

Kasatochi T0+30

Sarychev T0+07



- 4 W/m2



TOMS Sulfur dioxide (kt) record

5DU detection limit / 10-30 % error !?



Z

Sensitivity

~4km

~tropopause

IR (ν3)

UV

TOMS
UV

GOME2
UV

OMI
UV

AIRS
IR

IASI
IR

Footprint 39x39 80x40 13x24 13x13 12x12

Channels 7 4096 780 2378 8460

Spectral 
resolutio
n

1.1nm 0.3nm 0.45nm 1cm-1 0.5cm-

1

Detection 
Limit –
DU

5 0.25 0.25 0.25 0.25

Coverag
e

1 1 1 2 2



SO2

Kasatochi eruption (August 2008)

ΔBT



Δ
B
T

T abs

Rapid	
  SO2	
  Retrieval	
  Methodology

T base



Rapid	
  SO2	
  Retrieval	
  Methodology

ΔBT

To
ta

l C
ol

um
n 

(D
U

)

6% theoretical accuracy !

Saturation
filter

Sensitive 
filter



Kasatochi eruption, August 2008



Kasatochi eruption, August 2008



20

3 year timeseries of  SO2 from IASI

20 % error wrt optimal estimation!!



3 year global UTLS SO2 from IASI

Up to  1 DU on average!



3 year global average SO2 from IASI (without large eruptions)

Etna

Jebel at Tair

Eyjafjallajokull Dalaffila

Soufrière Hills
Chaiten,
Llaima

Pacaya

Okmok

Souptan

Popocatepetl

Ubinas Lascar

Kliuchevskoi/Shiveluch/Koryaksky

Nyamuragira





Sarychev eruption

saturation

overshooting
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Measuring	
  volcanic	
  SO2

Explosive	
  volcanism	
  -­‐	
  effects	
  on	
  climate	
  and	
  
life

Anthropogenic	
  emissions	
  -­‐	
  decreasing	
  in	
  the	
  
developed	
  world	
  but	
  s5ll	
  rising	
  in	
  China/
India/South	
  Africa

Geo-­‐engineering	
  (controversial	
  sugges5on	
  to	
  
inject	
  S	
  into	
  stratosphere)

Avia5on	
  hazard	
  (?)
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SO2	
  measurements	
  from	
  satellites
INSTRUMENT	
  	
   	
   	
   	
   From
TOMS  	

 	

 	

 	

 	

 	

 1979
TOVS 	

	

 	

  	

 	

 	

 	

 1979
MLS	

 	

 	

 	

 	

 	

 	

 1991
MODIS	

 	

 	

 	

 	

 	

 1999
ASTER	

 	

 	

 	

 	

 	

 1999
ACE	

 	

 	

 	

 	

 	

 	

 2003
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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

 

VAAC1=[88,135,-18,20]

VAAC2=[125,170,-35,20]

VAACm=[88,170,-35,20]
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Swatch	
  Processor
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I/O:	
  The	
  Data	
  Output	
  File
Label Meaning 
Lon Longitude (decimal degrees) 
Lat Latitude (decimal degrees) 
T67 BT 6.7 µm (Kelvin) 
T73 BT 7.3 µm (Kelvin) 
T83 BT 8.3 µm (kelvin) 
T11 BT 11 µm (Kelvin) 
SO2 SO2 column (DU) 
DT BT 7.3 µm – BT 7.3 µm interpolated (Kelvin)  
D83-11 BT 8.3 µm – BT 11 µm (Kelvin) 
T134 BT 13.4 µm (Kelvin) 
T137 BT 13.7 µm  (Kelvin) 
T140 BT 14.0 µm  (Kelvin) 
T142 BT 14.2 µm  (Kelvin) 
T145 BT 14.5 µm  (Kelvin) 
T147 BT 14.7 µm  (Kelvin) 
Trat CO2 slicing ratio 
CLD Cloud flag value 
Smass SO2 pixel mass (kt) 
Area Pixel area (km2) 

 

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	
  SO2	
  from	
  AIRS

PASI,	
  Costa	
  Rica
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Spectral	
  matching
Many	
  molecules	
  have	
  disIncIve	
  absorpIon	
  bands

Using	
  theoreIcally-­‐derived	
  spectral	
  shapes,	
  
molecules	
  can	
  be	
  idenIfied	
  by	
  comparing	
  (or	
  
matching)	
  the	
  observed	
  shape	
  with	
  theory.

H2S O3

N2O

CH4
CO

SO2
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Spectral	
  matching	
  (1)
Radiative transfer equation

Choose absorption region and split integral into 3 
parts:

Below gas layer

In gas layer

Above gas layer
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Spectral matching (2)

Beer-Bougier-Lambert law

Absorbance spectrum

Wavenumber (cm-1)

B
rig

ht
ne

ss
 T

em
p.

 (K
)
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RetrievalSingle Lorentz line

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

x:	
 layer absorber amounts (N layers)

y: 	
observed absorbances (M wavenumbers)

K: 	
is an MxN matrix of absorption cross sections

Least squares solution



10	
  January	
  2011 PASI,	
  Costa	
  Rica 121

AIRS Volcanic SO2
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TOMS

OMI

AIRS

Manam Eruption 
Jan 28 2005
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Other	
  spectral	
  regions

SO2 4-µm

H2S: 1332–1344 cm-1 

CH4 7.7-µm
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Al Mishraq 
Sulphur fire

AIRS 4-µm retrieval
29-June-2003
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Anthropogenic SO2 emissions

AIRS 4 µm
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August 2008 pm.

 (Courtesy Levien Clarisse)

IASI	
  –	
  Dust	
  detecIon
(based	
  on	
  the	
  concavity	
  index)



132

Direct	
  use	
  of	
  satellite	
  SO2	
  measurements

DF=-A AOD(l)
AOD(l)=f(RH,l) Qext USO4/CSO4

~SO2 burden

Climate sensitivity to volcanic forcing
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Other	
  gases	
  -­‐	
  HCl
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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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Assumes molar ratio of 
~0.01 (HCl:SO2)

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



Boundary	
  layer	
  SO2	
  from	
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