A SIX-YEAR RECORD OF VOLCANIC ASH

DETECTION WITH ENVISAT MIPAS

S. Griessbach, L. Hoffmann?, M. von Hobe?, R. Spand, R. Milller?, and M. Riesé&

Lulich Supercomputing Centre (JSC), Forschungszentiiiioh] 52428 dilich, Germany,
Email:s.griessbach@fz-juelich.de
2Institut fur Energie und Klimaforschung (IEK-7), Forschungszentriiich, 52428 dilich, Germany

ABSTRACT

For the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) on-board ESA's Envisat a fast
detection method for volcanic ash was developed that can
be applied globally and for long time series. From radi-
ance simulations with the JUelich RApid Spectral Sim-
ulation Code (JURASSIC) taking single scattering into

sensitive to cloud and aerosol particles. MIPAS measures
infrared emission spectra between 4.1 to 1416 In the
nominal mode since 2005 the polar orbiting instrument
measures 14 orbits per day with approximately 90 pro-
files per orbit. The altitude coverage is between 6 —70 km
in the polar regions and about 11 —70km in the tropics.
The vertical distance between the spectra of a profile is
1.5km below 20 km altitude and the vertical field of view
is 3km. With MIPAS it is possible to estimate the cloud

account an ash detection threshold was derived based ontop height with an accuracy of about 1.5km [3].

two spectral windows. This threshold allows to distin-
guish between ice clouds and small volcanic ash particles
with a scattering radius range of 0.4—3ar. For the
eruption of the Chilean Puyehue-Cordon Caulle volcano
in June 2011 it is demonstrated that the detection thresh-
old works well in practice. The analysis of MIPAS data
with this new ash detection method shows that all major
volcanic eruptions were detected between 2006 to 2012.
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1. INTRODUCTION

Volcanic ash particles have an impact on the Earth’s ra-
diation budget and can pose a severe danger to air traf-
fic. Therefore, the ability to detect and characterise vol-

canic ash layers on a global and altitude-dependent scale

is essential. To obtain a global coverage satellite remote
sensing instruments are best suited. For several nadir in-
struments in the visible and infrared range volcanic ash
detection algorithms already exist (see [1] and references
therein). However limb sounding instruments provide in-
formation on vertical structures in addition. For this rea-
son it is desirable to detect volcanic ash also with limb
sounding instruments. In the following we demonstrate
that it is possible to detect volcanic ash with an infrared
limb sounding instrument.

The instrument best suited for this demonstration is
the Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) [2] on-board ESA's Envisat, which is

mainly used for measurements of vertical profiles of at-

Reference [4] showed with radiance simulations, which
include Mie scattering, that Eyjafjalidkull ash parti-
cle size distributions, as measured by [5], are detectable
with MIPAS and in certain cases are distinguishable
from ice clouds using micro windows between 825-830
and 946-951cm!. For these micro windows radiative
transfer calculations for different particle types and for
different atmospheric conditions and cloud altitudes are
performed with the JUelich RApid Spectral Simulation
Code (JURASSIC). This allows to define an ash detec-
tion threshold to distinguish between ash and ice clouds.
In a case study of the eruption of the Chilean volcano
Puyehue-Cordon Caulle the viability of this threshold is
shown. Finally, six years of MIPAS data are analysed
using the new ash detection threshold.

2. SIMULATIONS

2.1. JURASSIC model

The JURASSIC forward model developed by [6] is
a spectrally averaging model applying the emissivity
growth approximation (EGA) [7, 8, 9] and Curtis Godson
approximation (CGA) [10, 11]. To perform fast radia-
tive transfer calculations in the infrared the conventional
line-by-line approach is not applied, but spectral mean
values of emissivity, Planck function, and radiance are
calculated on the spectral grid of any instrument the sim-
ulations are intended for. Spectral mean emissivities are
obtained by fast interpolation from pre-computed look-
up-tables, which are derived from exact line-by-line cal-
culations of the Reference Forward Model (RFM) [12].

mospheric trace gases and temperature, but is also very JURASSIC has been used for limb and nadir sounding
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remote sensing applications (e.g. CRISTA-NF, MIPAS, 3. OBSERVATIONS

AIRS, PREMIER) [13, 14, 1516, 17]).
To account for scattering on clouds and aerosol in the in- 3.1. Puyehue-Cordon Caulle case study
frared radiative transfer, a scattering module was imple-
mented into JURASSIC [4]. For spherical particles Mie
scattering is used to calculate the optical properties and
for non-spherical ice particles look-up tables of the opti-
cal properties e.g. by [18] can be applied.

The eruption of the Chilean volcano Puyehue-Cordon
Caulle started on 4 June 2011 and emitted particles to
altitudes up to 13.7 km [24]. At these high altitudes the
jet stream quickly distributed the ash particles around the
southern hemisphere. The first ash observations with MI-
PAS were made on 6 June over the southern Atlantic
ocean. On subsequent days the ash was transported east-
wards. On 10 June the observed ash particles nearly
reached New Zealand. In Fig.2 the data of a complete
orbit, which was measured on 10 June 2011, are shown.
In the scatter plot in the left panel the radiances for the
two windows at 825 and 950 cmh are shown for each

2.2. Radiance simulations for ice, ash and sulfate
particles

As shown by [4] it is possible to distinguish ice cloud
spectra from volcanic ash spectra using spectral windows
at 825 and 950 cm'. For this study we chose smallwin-  measured spectrum of that orbit. In the orbit plot in the
dows of less than 1 cmt width to avoid strong interfer-  yight panel it is clearly visible that all ash detections clus-
ences with molecular lines. For these spectral windows ter together around 40—55S and 100 E.

we applied JURASSIC taking into account single scatter-

ing to calculate the average radiances for a large set of |n Fig. 3 top left panel all profiles measured on 10 June
different atmospheric conditions, tangent altitudes, parti- 2011 are denoted with grey dots. For the ash detection the
cle concentrations and sizes. The simulated radiances are profiles were analysed from high to low altitudes. If there
used to determine radiance thresholds for the detection of was a cloud indicated by a cloud index smaller than 1.8

volcanic ash.

To cover a wide range of seasonal and latitudinal atmo-
spheric variability we chose the polar winter, polar sum-
mer, mid-latitude night, and equatorial standard atmo-
spheres given by [19]. We defined four 1D cloud sce-
narios with cloud layers of 1 km thickness at 7, 9, 13, and
17 km altitude. For these four cloud scenarios we used
the refractive indices of ice [20], volcanic ash [21] and
sulfate [22] to simulate ice clouds, ash clouds, and sulfate
aerosol layers respectively. For the number size distribu-
tions we used log-normal distributions with a width of
1.6 and varied the median radius between 0.01x86
The number concentrations are varied such that the ex-
tinction coefficients range from 1-10 to 1 km~! for ice,
from 1-1072 to 5-10- km~! for ash, and from 1-1¢° to
1-10~2 km~! for sulfate aerosol.

The simulation results are shown in Fig.1. From the
simulations we derived an ash detection threshold (black
line). For none of the ice cloud simulations the ash de-
tection threshold was exceeded by the simulated radi-
ances. But for certain particle sizes and extinction co-
efficients this threshold can be exceeded by ash clouds or
sulfate layers. The distinguishable extinction coefficient
and scattering radius range for this new detection method
are given in Tab. 1. As the plots already indicate, it is not
possible to distinguish all ash particles from ice particles.
However particle size distributions with a scattering ra-
dius up to 3.lum can be distinguished from ice clouds.
Also for the two largest simulated extinction coefficients
of the sulfate aerosol the ash detection threshold can be
exceeded. Yet to reach these extinction coefficients ei-
ther unrealistically high particle concentrations or larger
particle sizes than 1,/m radius are needed. Simulations
with number size distributions measured by [23] after the
Pinatubo eruption do not exceed this threshold.

[25] the lower altitudes were not analysed. For all pro-

files with ash detections the highest tangent altitude with
an ash signal is colour coded in the map. The relevant
volcanoes for June 2011 are indicated by red triangles.
The orbit shown in Fig. 2 is located west of Australia.

In the top right panel of Fig. 3 all profiles with ash detec-
tions made in the month of June 2011 are shown. Within
a month the ash was spread from the Puyehue over the
southern hemisphere between about 30 to 80S. In the
Antarctic region there are only few ash detections pos-
sible, due to the occurrence of polar stratospheric clouds
at higher altitudes. North of 30 S there are also only few
detections. This is due to the MIPAS measurement geom-
etry, where in the tropics the lowest MIPAS tangent alti-
tude is above 11 km (Fig. 2 right panel). The ash detec-
tions north of 50 N have their origin in the eruption of the
Icelandic Grims®dtn volcano, which started on 21 May
2011. Most of the particles were transported northwards.
On 13 June 2011 the Eritrean Nabro volcano erupted.
Trajectory analysis showed that the particles were first
transported north-westwards and later eastwards. The ash
detections corresponding to this eruption are located be-
tween 25to0 50 N.

The bottom left panel of Fig. 3 shows all profiles with ash
detections for July 2011. In the bottom right panel there
are all profiles with ash detections for August 2011. In
July nearly all ash from the Grimétn and Nabro erup-
tions has disappeared, but a lot of ash from the Puyehue-
Cordon Caulle eruption is still left. A few days after
the Puyehue-Cordon Caulle eruption the highest parti-
cle cloud altitudes of about 12—14km were observed.
Later on, the particles are diluted and slowly descend
with time. In July the highest ash cloud top altitudes are
most frequently observed between 9—11km. In August
most particles are left at altitudes between 6 —8 km. From
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Figure 1. Scatter plots of modelled radiances at 825 and 950'cfor different cloudscenarios. The left panel shows

all ice cloud scenarios, the middle panel shows all ash cloud scenarios, and the right panel shows all sulfate aerosol
scenarios. The black line denotes the ash detection threshold. The extinction coefficients are colour coded. The polar
winter atmosphere simulations are denoted by a circle, polar summer by a triangle, mid-latitude by a cross and the tropics
by a square.

Table 1. Extinction coefficient ranges and scattering radius ranges that exceeded the ash detection thresholds in the
simulations.

particle type | extinction coefficient range in ki | scattering radius range pm

volcanic ash 5.103-1.10"1 04-3.1

sulfate aeroso 5.103-1.107? 04-2.8
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Figure 2. Left: Scatter plot of the radiances of the 825 and 950'cmindows for all spectraof MIPAS orbit 48509
measured on 10 June 2011. The orange line denotes the ash detection threshold. Right: Plot of the same orbit showing
the location of the vertical profiles of this orbit. Spectra with a cloud index smaller than 1.8 are coloured in dark blue and
spectra with the more conservative cloud index of 4 are coloured in middle blue. Clear air spectra are light blue and the
ash spectra are highlighted with orange.
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Figure 3. Maps of volcanic ash detections made on 10 June 2011 (top left panel), all detéatithres month of June
2011 (top right panel), July 2011 (bottom left panel), and August 2011 (bottom right panel).



Table 2. Number of detections for selected volcanic erup-
tions and the correspondirrglative contribution to over-

all detections. .
| Total Number of Detection$ 5811 [ 100% |

After volcanic eruptions 4161 | 71.6%
Eyafjallajokull 323 | 5.6%
Karymsky & Grims\otn 373 | 6.4%
Okmok & Kasatochi 600 | 10.3%
Puyehue-Cordon Caulle | 1483 | 25.5%
Redoubt 300 | 5.2%
Sarychev 855 | 14.7%
Other significant eruptions| 227 | 3.9%
Wildfires 8| 0.1%

these three upper levels a sedimentation speed of about

4.2mh ! can be estimatedrollowing [26] and [27] this
implies a particle size of about 2—+®n. This result is
consistent to the simulations of detectable particle sizes

and demonstrates that especially small ash particles can

be observed for up to three month with IR limb sounding
instruments such as MIPAS.

3.2. Six-year statistics of ash detections

We analysed all MIPAS measurements from 2006 to 2011
with our new ash detection method. The results are
shown in Fig. 4 as a function of time and latitude. Out of
1.97 million measured profiles the presence of volcanic
ash was detected in 5811 profiles, which is about 0.3%
of all profiles. To identify the sources of the detected
ash we analysed daily ash detection maps and carried
out backward trajectory calculations with the Chemical
LAgrangian Model of the Stratosphere (CLaMS), which
was extended to the troposphere by [28, 29]. As listed
in Tab. 2 71.6% of all ash detections could already be at-
tributed to known volcanic eruptions.

The most detections of volcanic ash with MIPAS ob-
served in the last 6 years were caused by the erup-
tions of the Puyehue-Cordon Caulle in 2011 followed by
Sarychev in 2009 and Kasatochi in 2008. In the south-
ern hemisphere, apart from the Puyehue-Cordon Caulle
eruption, the Merapi eruption in 2010 and the Chaiten
eruption in 2008 were also observed in our data. Further-
more, we found that the ash index also was able to detect
severe wildfires such as the Black Saturday Bush Fire in
Australia in February 2009 and two other fires in Mozam-
bigue/South Africa in 2007 and 2008. For the southern
hemisphere we could attribute 98% of the detections to a
distinct source.

In the northern hemisphere mainly volcanoes from the
northern Pacific Ring of Fire and from Iceland con-
tributed to the ash detections. 62% of all detections we
could attribute to eruptions of the Bezimianny, Karym-
ski, Kasatochi, Okmok, Redoubt, Sarychev, Sheveluch,
Eyjafjallajokull, Grims\dtn, and Nabro volcanoes.

Obviously there are only few ash detections in the tropics

Detection Alitude
Detection Altitude

100
Detections

1000

1 10 100

Detections

1000

Figure 5. Count statistics of the ash cloud top altitudes.
In the top left panedll detections are shown. In the top
right panel all the identified detections are shown and in
the bottom panel there are the unidentified detections.

between 30N to 30°S. This is mainly due to the MIPAS
measurement geometry. In the tropics the lowest MIPAS
tangent altitude is located around 11 km and there were
only few volcanic eruptions in the past 6 years that in-
jected volcanic ash particles into altitudes above 11 km.
In Fig. 5 count statistics of the observed tangent altitudes
of our ash detections are shown. In the left panel there
are all detections, in the middle panel the detections we
attributed to a distinct event, and in the right panel the
unidentified detections. Most ash detections were made
in the upper troposphere and lower stratosphere region
between 6 to 12 km altitude. It should be noted that the
unidentified detections occur in the troposphere at alti-
tudes below 12 km.

4. SUMMARY

We developed a reliable and fast method to detect vol-
canic particles in the stratosphere and troposphere for in-
frared limb measurements with MIPAS. Optical proper-
ties of volcanic ash, sulfate aerosol, and ice particles,
such as extinction coefficients, single scattering albedo,
and phase function as well as simulated radiance spec-
tra are used to identify two spectral windows at 825 and
950 cnt! for the detection of volcanic particles. The cal-
culations were performed with JURASSIC using a newly
implemented scattering module.

Our method applies a radiance threshold to distinguish
volcanic ash and sulfate aerosol from ice particles. The
threshold is derived from simulations of MIPAS radi-
ances with JURASSIC for a broad range of atmospheric
conditions and cloud scenarios. From the JURASSIC cal-
culations we conclude that for the scattering radius range
between 0.4-3.Am and the aerosol extinction coeffi-
cient range from 5-10%-1-10"' km~! volcanic parti-

cle identification is feasible. The simulations also show
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Figure 4. Profiles with volcanic ash detections for 2006 —2011 depending on latitudenuFhieer of detections for
selected volcanoes can be found in Tab. 2

that it might be possible to detect sulfate aerosol as well tections. The extinction coefficient spectra of other ma-
if either the number concentrations or particles sizes are terial, such as carbonaceous aerosol, desert dust, and me-
large. However, from the simulations we found that high teoric dust show a similar spectral slope as volcanic ash
concentrations of stratospheric aerosol as measured after between the two spectral windows used in the analysis
the Pinatubo eruption do not exceed the threshold. presented above. With the help of trajectory calculations
the work will be continued to localise the potential source
The case study of the Puyehue eruption demonstrated the regions of the detected events.
viability of volcanic ash detection with this new method.
Ash particles were detected from two days to up to three
months after the eruption. This was possible because MI-
PAS is very sensitive especially to small ash particles.
The analysis of the sedimentation speed showed that par-
ticles with a scattering radius between 218 were de-
tected, which is consistent with the detectable particle
range.
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