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ABSTRACT

Major disruptions of the aviation system from recent volcanic eruptions have intensified discussions

about and increased the international consensus toward improving volcanic ash warnings. Central to

making progress is to better discern low volcanic ash loadings and to describe the ash cloud structure more

accurately in three-dimensional space and time. Here, dispersed volcanic ash observed by the Cloud–

Aerosol Lidar and Infrared Pathfinder SatelliteObservations (CALIPSO) space-based lidar near 20000–40000 ft

[;(6–13) km] overAustralia andNewZealandduring June 2011 is studied.This ash event tookplace 3weeks after

the Puyehue-Cordon Caulle eruption, which disrupted air traffic in much of the Southern Hemisphere. The

volcanic ash layers are shown to exhibit color ratios (1064/532nm) near 0.5, significantly lower than unity, as is

observed with ice. Those optical properties are used to develop an ash detection algorithm. A ‘‘trajectory map-

ping’’ technique is then demonstrated wherein ash cloud observations are ingested into a Lagrangian model and

used to construct ash dispersion maps and cross sections. Comparisons of the model results with independent

observations suggest that the model successfully reproduces the 3D structure of volcanic ash clouds. This tech-

nique has a potential operational application in providing important additional information to worldwide volcanic

ash advisory centers.

1. Introduction

Between April and May 2010, more than 100000 flights

were grounded at European airports, resulting in the

loss of billions of euros for aviation companies and

their customers. The decision to close vast parts of the

European airspace was made in accordance with a widely

accepted no-tolerance policy for the presence of vol-

canic ash in air corridors, after the relatively minor, but

spatially and temporally extensive, eruption of the Ice-

landic volcano, Eyjafjallaj€okull (Sanderson 2010; see also

the special issue of Atmospheric Chemistry and Physics,

Vol. 10: http://www.atmos-chem-phys.net/special_issue212.

html). This event highlighted weaknesses in the current

infrastructure for managing airspace for civil aviation

following a volcanic eruption. A specific weakness was

the lack of adequate monitoring and forecast capabil-

ities to provide sufficiently accurate and timely analyses

of diffuse volcanic ash clouds needed to guide decision

makers as to where aircraft could safely fly. This event

was particularly challenging because of the spatial het-

erogeneity of the ash cloud and its presence in the lower

to midtroposphere in very dense airspace. We define

here the term ‘‘diffuse’’ to mean relatively low ash con-

centration on the order of 1023 gm3, which is near the

‘‘safe’’ threshold of 0.2 3 1023 gm3 employed by Euro-

pean aviation authorities after the Icelandic eruption.

The Eyjafjallaj€okull episode motivated the Inter-

national Civil Aviation Organization (ICAO) to con-

vene an International Volcanic Ash Task Force (IVATF)

to highlight ways to improve the management of airspace

contaminated by volcanic ash (ICAO 2011, 2012). Among

the key IVATF outcomes was a call for a consistent,
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evidence-based approach to monitoring, forecasting,

and avoiding ‘‘visible or discernible ash,’’ while con-

tinuing to research the effects on aircraft systems and

turbine engines of volcanic ash composition, sulfate–

ash mixing, and exposure time, particularly in diffuse

volcanic ash clouds.

A joint U.S. government and industry effort named

the Volcanic Ash Ingestion Propulsion Research (VIPR)

project is now planned by the National Aeronautics

and Space Administration (NASA), the U.S. Air Force,

the U.S. Geological Survey, engine manufacturers, and

other aircraft industry participants. The VIPR project

will conduct a series of diffuse volcanic ash tests begin-

ning in 2014 to evaluate the impact of diffuse volcanic

ash on operating jet aircraft systems in the laboratory

to identify tolerances for various ingestion thresholds.

A series of other IVATF recommendations call for

increased work in these areas, including lidar and sat-

ellite remote sensing techniques (ICAO 2011, 2012).

Together, the outcomes and recommendations of these

efforts will support a pressing operational need for the

world’s nine volcanic ash advisory centers (VAACs) to

implement new and improved techniques to estimate

volcanic ash cloud properties including thickness and

concentration.

The accuracy of VAAC advisories relies on the skilled

use of satellite, ground, and airborne observations to-

gether with volcanic plume dispersion models. These

models [e.g., the Hybrid Single Particle Lagrangian In-

tegrated Trajectory (HYSPLIT; Stunder et al. 2007),

‘‘FLEXPART’’ (Stohl et al. 2005), and the Numerical

Atmospheric Dispersion Modeling Environment

(NAME; Jones et al. 2007; Dacre et al. 2011)] employ

relatively simple representations of aerosol trans-

formation and loss processes, and rely on accurate

representations of volcanic column height, vertical

ash distribution, and total injected mass at the source.

Inverse methods have been used with infrared satellite

retrievals to improve the initial conditions for plume

dispersion models (Stohl et al. 2011). However, the initial

conditions for these models remain largely uncertain.

Consequently, such models often provide useful quali-

tative information about the volcanic ash distribution

in the short term, but lack accurate information about vol-

canic cloud concentration, layering, and long-term disper-

sion (NOAA 2010). Geostationary (GEO) and low-Earth-

orbit (LEO) satellites also provide geographic information

for opaque and semitransparent volcanic ash clouds

(Ellrod 2004; Gangale et al. 2010; Pavolonis et al. 2006;

Pavolonis 2010; Prata 1989a,b; Prata and Prata 2012).

Most remote sensing instruments currently used on board

GEO and LEO satellites are equipped with passive nadir

imagers (e.g., Geostationary Operational Environmental

Satellite or Meteosat) or hyperspectral radiometers from

ultraviolet to infrared wavelengths [e.g., Ozone Monitor-

ing Instrument (OMI) on Aura, Atmospheric Infrared

Sounder (AIRS) on Aqua, and Infrared Atmospheric

Sounding Interferometer (IASI) on the Meteorolog-

ical Operation-A and -B (MetOp-A and -B) satellites;

see Clarisse et al. 2012; Carn et al. 2009; Karagulian et al.

2010; Kl€user et al. 2013)].

The Cloud Aerosol–Lidar and Infrared Pathfinder

Satellite Observation (CALIPSO) satellite, a collabora-

tion between NASA and the Centre National d’�Etudes

Spatiale (CNES), has provided an unprecedented 3D

view of aerosol and cloud layers in the atmosphere since

2006 (Winker et al. 2010) and is particularly effective in

detecting and determining the altitude of volcanic

plumes (Vernier et al. 2009; Vernier and Jumelet 2011;

Winker et al. 2012). In this study, we show how trajectory

mapping of CALIPSO observations offers a potential

new capability to improve forecasts of diffuse volcanic

ash. To demonstrate the feasibility of the method, we

focus on volcanic eruption of Puyehue-Cord�on Caulle, in

Chile, during June 2011, which disrupted air traffic

throughout much of the Southern Hemisphere due to

the long-term presence of ash in the upper troposphere

(6–14 km) and its multiple circumnavigations of the

southern latitudes (Smithsonian Institution 2012).

In section 2, we provide a brief description of the

CALIPSO mission and its ability to detect volcanic ash

through measured optical parameters such as back-

scatter, depolarization, and color ratio. In section 3, we

focus on the trajectory-mapping technique developed to

map CALIPSO nighttime observations of volcanic ash

clouds from discontinuous two-dimensional curtains

along orbit tracks to continuous three-dimensional space.

The resulting analyses are compared with infrared maps

from the Multifunctional Transport Satellite (MTSAT)

when the plume crossedAustralia–NewZealand airspace

between 20 and 24 June 2011. In section 4, we validate

the analyses using independent daytime CALIPSO

observations of volcanic ash, which were excluded from

the trajectory mapping. In section 5, we discuss the

advantages and limitations of the system and its po-

tential to improve aviation safety during future volca-

nic events.

2. CALIPSO detection of volcanic ash clouds

The primary instruments on the CALIPSO payload

are the Cloud–Aerosol Lidar with Orthogonal Polari-

zation (CALIOP), which makes range-resolved mea-

surements of elastic backscatter at 532 and 1064 nm

and of linear depolarization at 532 nm, and the Imag-

ing Infrared Radiometer (IIR), which contains three
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medium-resolution spectral bands at 8.65, 10.6, and

12.05mm. After 6 yr of nearly continuous observations

(Winker et al. 2010), studies of several volcanic plumes

in the upper-troposphere–lower-stratosphere (UTLS)

region have shown that depolarization ratios (the ratio

between the 532-nm perpendicular and parallel back-

scatter) and color ratios (the ratio between 1064- and

532-nm backscatter) provide information about particle

shape and size, which is potentially useful in distinguish-

ing among volcanic ash, sulfate aerosol layers, and ice

clouds (Vernier et al. 2009; Winker et al. 2012). With a

vertical resolution of 60m up to 20-km altitude, CALIOP

is particularly suitable for resolving ash cloud vertical

layering.

Figure 1 shows nighttime curtains of the (a) CALIOP

total attenuated backscatter at 532 nm (b0
532), (b) vol-

ume depolarization ratio (d), and (c) attenuated color

ratio (CR0, 1064/532 nm) between New Zealand and

Australia around 1405 UTC on 23 June 2011.

Those quantities are defined according to the follow-

ing equations:

b0
5325b0

532.// 1b0
532.? , (1)

d5b0
532,?/b

0
532,//, and (2)

CR0 5b0
532/b

0
1064 , (3)

where b0
532.// and b0

532.? are the parallel and perpendic-

ular components of the total attenuated backscatter,

respectively, andb0
1064 is the total attenuated backscatter

at 1064 nm.

The laminar multilayer features observed near 9–

13 km that extend from 408 to 708S exhibit a high volume

depolarization ratio (0.3–0.4) but attenuated color ratios

near 0.5, significantly lower than 1, as is typically found

for ice clouds. In addition, Fig. 1d shows the 8.65 minus

12.05mm and the 10.6 minus 12.05mm brightness tem-

perature differences (BTD) between the IIR channels.

Positive BTDs identified over ocean indicate the pres-

ence of ice clouds (Dubuisson et al. 2008), whereas the

presence of volcanic mineral material and gases (SO2,

H2SO4) results in negative BTDs due to their absorp-

tion properties in the IR (Pollack et al. 1973; Clarisse

et al. 2010) and is particularly evident for Puyehue-

Cord�on Caulle (Kl€user et al. 2013). Negative 10.6–

12.05 and 8.65–12.05 BTDs in Fig. 1d are associated

with layers having a low attenuated color ratio (Fig.

1c), which is consistent with the presence of a volcanic

plume.

However, no recent volcanic eruption was reported in

the study area. The culprit was a volcano located thou-

sands of miles away that had erupted almost 3 weeks

earlier. Indeed, a combined analysis of CALIPSO data

and Moderate Resolution Imaging Spectroradiometer

(MODIS) imagery obtained on 5 June 2011 indicated

that the Puyehue-Cord�on Caulle (Chile) volcano in-

jected an ash cloud up to 14 km (NASA Observatory

2011) on 4 June 2011. The plume injected near the tro-

popause circumnavigated the world once (Kl€user et al.

2013) before impacting Australia and New Zealand for

a second time, between 20 and 24 June (Smithsonian

Institution 2012). We note that during the first circum-

navigation (6–14 June 2011), the CALIOP lidar was not

operating because of a solar flare. After 14 June 2011,

the signature of the Puyehue-Cord�on Caulle volcanic

plume was observed for several weeks near the tropo-

pause in CALIPSO curtains similar to Fig. 1.

These observations led us to develop an ash detection

algorithm based upon the CALIOP level 1 attenuated

backscatter profiles obtained for the first month fol-

lowing the eruption. First, we averaged the data every 18
in latitude and 200m vertically to increase the signal-to-

noise ratio. We constructed a diffusion diagram (Fig. 2)

of attenuated scattering ratio (SR0) versus attenuated

color ratio (CR0). The ratio of total attenuated to mo-

lecular backscatter is SR0 defined as and is analogous to

an optical aerosol mixing ratio of

SR0 5b0
532/bm . (4)

The molecular density bm was calculated based on air

density profiles from the Goddard Earth Observing

System (GEOS-5) model, which are available within the

CALIOP level 1 product. The SR0 and other backscatter

coefficients were corrected for attenuation by molecular

scattering and ozone absorption.

Theoretical calculations of CR0 for specific particulate
color ratios are shown by the curves plotted in Fig. 2.

The CR0 clusters of points are oriented toward the

particulate color ratio isolines when SR0 increases, since
the molecular backscatter becomes negligible. We then

use the isoline 0.8 to separate data that are characteristic

of volcanic materials from those that indicate ice clouds.

The PDFs associated with SR0 values near 2, 3, and 5 are

shown in Fig. 2 (bottom). While the method appears

effective in separating ice from volcanic materials at SR0

greater than 2.5–3, separation is more problematic at

lower levels, where the two Gaussian distributions of

CR0 overlap each other. Low SR0 values are associated

with relatively low ash concentrations. Using the same

conversion factors from previous volcanic ash observa-

tions to derive ash mass concentration from lidar back-

scatter (Chazette et al. 2011; Winker et al. 2012), the

detection limit using this technique for an SR0 near 3

would be around 75mgm23. This is 26 times lower than
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the threshold limit of 2000mgm23 defined after the

Icelandic eruption, during which flights were allowed

to operate.

After isolating CALIOPmeasurements contaminated

by volcanic materials, we separate the ash from the sulfate

contributions to the total attenuated backscatter, fol-

lowing Sugimoto and Lee (2006), Tesche et al. (2009),

and Ansmann et al. (2011).

First, the particulate depolarization ratio (›t) was

calculated from the volume depolarization ratio (›) and

FIG. 1. Curtains of CALIOP level 1 data along an orbit track between Australia and New

Zealand at 1335 UTC 23 Jun 2011: (a) 532-nm total attenuated backscatter, (b) 532-nm de-

polarization ratio, and (c) attenuated color ratio (1064/532). (d) BTDs (8.65 minus 12.05mm

and 10.6 minus 12.05mm) from the IIIR on board CALIPSO.
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SR0 following Cairo et al. (1999), according to Eq. (5)

with ›m 5 0:0037:

›t 5
SR0 3 ›3 (›m 1 1)2 ›m 3 (›1 1)

SR03 (›m 1 1)2 (SR0 1 1)
. (5)

Knowing ›t and the theoretical ash (›ta 5 0:36) and

sulfate depolarization ratio (›s 5 0:01) (Ansmann et al.

2011), the ash-related backscatter b0
a and sulfate-related

attenuated backscatter coefficients b0
s can be written as

b0
a5b0

t

(›t 2 ›s)(11 ›a)

(›a 2 ›s)(11 ›t)
and (6)

b0
s 5b0

t 2b0
a . (7)

Figure 3 shows the ash and sulfate contributions to the

total attenuated backscatter as a function of SR0. The
sulfate-related attenuated backscatter represents less

than 10% of the total attenuated backscatter, which

indicates that the Puyehue-Cord�on Caulle plume was

FIG. 2. (top)Diffusion diagram of attenuated scattering ratio (total attenuated backscatter–molecular backscatter)

vs attenuated color ratio of all CALIOP measurements between 308 and 708S and between 8 and 13 km during the

first month after the Puyehue-Cord�on Caulle eruption. Points are colored according to their volume depolarization.

Theoretical color ratio curves for assumed particulate color ratios are also plotted. The isoline 0.8, which corresponds

to the equation y5 (1/x)[0:83 (x2 1)1 1/16], is chosen to define the boundary, which separates ash and ice ob-

servations. (bottom) PDFs of attenuated color ratios for SR0 between 1.5 and 2.5 (black), 2.5 and 3.5 (blue), and 4.5

and 5.5 (red) to analyze separation criteria between volcanic cloud and ice.
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primarily made of ash. Simple calculations using pre-

vious conversion factors indicate that the ash mass

concentration was still up to 550mgm23 10 days after the

eruption. Note that the CALIOP backscatter co-

efficients may be underestimated since they are not

corrected for attenuation due to any particle scattering

from the plume itself or from cirrus clouds present

above. However, since the volcanic plume was almost

always near the tropopause above clouds, the attenua-

tion from ice clouds has a minimal impact on b0
a. In the

next generation of ash retrieval algorithms, however, the

attenuation effect will be better evaluated by examining

the CALIOP level 2 products.

Figure 3 (bottom) shows the correspondingmap of the

90th percentile of ash backscatter between 8 and 13 km

accumulated from CALIOP observations during the

first month following the eruption. The 90th percentile

refers to the highest 10% values of ash backscatter as-

sociated with measurements between 8 and 13 km along

the CALIOP orbit track. The Puyehue-Cord�on Caulle

plume is seen almost everywhere in the Southern

Hemisphere between 658 and 358S, crossing major air-

craft corridors between South America, South Africa,

Australia, and New Zealand. All CALIOP observations

of volcanic ash clouds seen on this map were used to

initialize air parcel trajectories in a Lagrangian transport

model.

3. Trajectory mapping of CALIPSO volcanic ash
observations

Given the narrow swath of its lidar track (100m),

CALIOP alone lacks sufficient horizontal coverage to

construct operationally useful wide-area maps of vol-

canic ash. We have used a Lagrangian trajectory model

to map the CALIPSO data in 3D space and time, to

obtain an advanced 3D view of volcanic ash in the

UTLS, providing a means to monitor diffuse volcanic

FIG. 3. (top) Diffusion diagram of ash and sulfate-related contributions to total attenuated backscatter vs attenuated scattering ratio for

CALIOP observations identified as volcanic according to the separation criteria in Fig. 2. (bottom) Map of the 90th percentile of ash

backscatter between 8 and 13 km assembled with those observations.
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ash clouds with high temporal, vertical, and horizontal

resolution several weeks after an eruption.

Figure 4 shows a succession of curtains of CALIOP

level 1 nighttime total attenuated backscatter for

Australia and New Zealand from 20 to 24 June 2011.

The coherent layers (yellow) observed near the tropo-

pause [;(10–12) km] are associated with low color ratio

(0.5, not shown) and were determined to be volcanic ash

by the algorithm as described above. Blue lines in Fig. 4

show forward trajectories computed from the CALIPSO

curtains. The 3D forward trajectories are computed using

the NASA Langley Trajectory Model (LaTM; Pierce

et al. 1997; Fairlie et al. 2009) and are driven by 6-h wind

fields from the NASA GEOS-5.2 analyses (Rienecker

et al. 2008). The LaTM uses a fourth-order Runge–Kutta

method, with a 15-min time step. Note that the volcanic

layers are linked by the trajectory paths, which provide

a bridge between the separate orbital tracks. Note also

that by 24 June, the trajectories have spread over an

extensive region from New Zealand to Antarctica, as

confirmed by CALIPSO observations on 24 June 2011.

We initialized air parcels at the location and time of

the nighttime CALIPSO observations between 208 and
708S and between altitudes of 8 and 14 km from 14 June

2011 and thereafter. The air parcels were initialized at

intervals of 18 latitude and 200m in the vertical. They

were then tagged with a volcanic ash air parcel tracer

obtained from the ash backscatter data that had been

cleared of ice clouds. Instantaneous maps of ash back-

scatter were reconstructed from the accumulated air

parcels, using a regular latitude–longitude grid of 18 3
18, averaging air parcels younger than 10 days in each

grid box with a time window of 61 h.

Figure 5 shows maps of simulated ash backscatter

(90th percentile of the ash backscatter values associated

with air parcels between 8 and 13 km within a regular

latitude–longitude grid of 18 3 18) of the Puyehue-

Cord�on Caulle volcanic plume dispersion in the Southern

Australian andNewZealand airspaces;(26 000–43000 ft/

8–13) km] daily at 0000 UTC from 21 to 23 June (left).

Model outputs are compared with collocated ash IR

maps of 11–12-mm brightness temperature difference

from MTSAT using the split-window technique (Prata

1989a,b). This method shows the volcanic ash cloud ar-

riving from the Southern Ocean on 21 June 2011 asso-

ciated with a trough of low pressure. The plume is

passing above southeastAustralia and themajor cities of

Melbourne and Sydney between 21 and 22 June, before

FIG. 4. Sequence of CALIOP 532-nm total attenuated backscatter curtains for 20–24 Jun 2011, depicting the passage of the Puyehue-

Cord�on Caulle volcanic ash cloud (yellow) near 8–12km (20 000–40 000 ft) across a large area from north Antarctica to southeast Aus-

tralia, Tasmania, and New Zealand. The blue lines between the curtains illustrate forward trajectories starting from the CALIPSO

observations of the volcanic ash cloud.
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crossing the Tasman Sea and reaching New Zealand on

23 June. The model position of the plume on 21 June is

confirmed by the corresponding IRmap. Discontinuities

in the plume can be seen in the IR maps afterward.

Pieces of the plume are observed over the Southern

Ocean, the Tasman Sea, and near New Zealand. Infrared

observations of the plume over southeast Australia and

the Tasman Sea were hindered by a strong frontal system

with associated cloud rendering the detection of the ash

cloud problematic. This was not a limitation for the ash

backscatter trajectory maps. This demonstrates that the

use of lidar observations coupled with trajectory model

can provide useful information when ice clouds limit

the retrieval of ash with IR techniques.

To verify the robustness of the trajectory-mapped

volcanic ash 3D analyses, we use daytime CALIPSO

lidar observations as an independent correlative dataset.

Figure 6 shows simulated ash backscatter maps and cross

sections, together withCALIPSO data on three daytime

orbit tracks over Australia and New Zealand. Similar

detection and retrieval criteria were applied to the

CALIPSO daytime data as were applied to the night-

time data. Overall, Fig. 6 shows the transport of the

Puyehue-Cord�on Caulle volcanic plume across a large

area encompassing Australia, the Tasman Sea, and New

Zealand from 21 to 23 June 2011. Simulated ash back-

scatter cross sections reconstructed from the model

along the CALIPSO tracks show features similar to

those in the observations. They depict a volcanic ash

cloud generally between 9- and 13-km altitude, extending

within a relatively narrow corridor overAustralia and the

Tasman Sea on 21 and 22 June and then extending over

a relative larger area including New Zealand on 23 June.

In all figures, the vertical structure of the volcanic ash is

well represented, but there are noticeable differences in

intensity, especially on 22 June. There are several possible

FIG. 5. (left) Maps of simulated ash backscatter (90th percentile) between 8 and 13 km [;(26 000–43 000) ft] at (from top to bottom)

0000 UTC 21–23 Jun 2011 with (right) the corresponding maps of 11–12-mm infrared BTDs from MTSAT using the split-window

technique.
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FIG. 6. (left)Maps of ash backscatter (90th percentile) between 8 and 13 km from the LaTM (top to bottom)

at 0500 UTC 21 Jun, 0400 UTC 22 Jun, and 0300 UTC 23 Jun. Daytime CALIPSO track overpasses are

displayed on the maps (colored lines). (right) Corresponding CALIPSO observed and modeled ash back-

scatter altitude–latitude profiles top and bottom panels, respectively, of each two panel set.
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reasons for this: (i) the initial averaging of the CALIPSO

nighttime data over 18; (ii) the averaging of the model

data 18 bins and 1-h time intervals, which could lead to an

underestimate of ash backscatter if the plume is narrow;

(iii) the mapped products depend on adequate sampling

of the volcanic plume by the CALIOP lidar; and (iv)

microphysical processes within the plume that are not

explicitly represented in the model. A detailed inves-

tigation of the possible causes will be performed in the

future.

4. Discussion

In contrast to theEyjafjallaj€okull plume that extended

over a smaller area in Europe, and in the lower and

middle troposphere (see the special issue of Atmo-

spheric Chemistry and Physics), the Puyehue-Cord�on

Caulle volcanic ash cloud was rapidly detrained in the

higher-altitude air traffic corridors of the Southern

Hemisphere midlatitudes by a strong westerly polar jet

that prevailed near the tropopause. The ash cloud per-

sisted at concentrations visible to pilots several weeks

after the initial eruption.

The Darwin VAAC, which produces volcanic ash

advisories for the airspace over Australia and the sur-

rounding area, used standard VAAC practices to con-

struct their ash advisories; this process consists of the

qualitative and quantitative use of satellite data, model

outputs, ground- and airborne-based in situ and re-

motely sensed observations, and air reports (ICAO

2011, 2012). However, long-term dispersion modeling of

the Puyehue-Cord�on Caulle plume, 3 weeks after the

initial injection, was found not to be reliable due to

insufficient initialization information for the diffuse

plume. Thus, the Darwin VAACwas heavily dependent

on fundamental satellite observations and first-order

applications of the data. Infrared instrumentation from

MODIS, the Advanced Very High Resolution Radi-

ometer (AVHRR), and MTSAT (Fig. 5) were the pri-

mary sensors used to monitor the ash cloud (Tupper

et al. 2004). In addition, the Darwin VAAC attempted

to use information from the CALIPSO lidar near-real-

time browse images to verify the vertical position of the

ash cloud and run trajectories ‘‘manually.’’ Figure 7 shows

the quasi-real-time volcanic ash advisory maps (top),

issued at 0000 UTC on 21 June 2011 by the Darwin

VAAC (ftp://ftp.bom.gov.au/anon/gen/vaac/), as well

as the collocated ash backscatter map produced by the

trajectory-mapping technique. The ash analyses pro-

vided by the Darwin VAAC on 21 June (as shown), as

well as on 22 and 23 June (not shown), are consistent with

the model output on those days (Fig. 6). The model,

however, provides additional information about the 3D

structure of the volcanic plume, especially the exten-

sion of the plume’s forward trajectory that was not

available to the Darwin VAAC at the time of their ad-

visories. For example, the model clearly shows the head

of the volcanic ash cloud crossing the southern part of

Australia east of the advisory box on 21 June. As was

noted earlier, infrared observations of the plume at that

longitude from the MTSAT GEO satellite were limited

by a strong frontal system with associated cloud that

rendered the detection of the plume problematic over

the Tasman Sea.Without the accurate detectionmethod

for volcanic ash from CALIPSO observations devel-

oped in this study, and its combination with a trajectory-

mappingmethod, estimating the speed of the ash transport

by the Darwin VAAC was much more challenging and

necessarily less accurate.

At low ash concentrations, much of the VAAC

workload consisted of making judgment calls between

potential ash and false alarms. The analysis was sup-

plemented with experimental data shared through

the community of volcanic cloud researchers, and with

pilot reports obtained through aviation networks. The

combination of CALIPSO observations of volcanic ash

clouds and a Lagrangian trajectory model offers a po-

tential new capability that VAACs could use to improve

aviation safety worldwide.

As suggested by the comparison between daytime

CALIOP observations and simulated analyses (Fig. 6),

the trajectory-mapped ash product can be used to re-

construct cross sections of volcanic clouds in the UTLS

along flight routes. Figure 8 shows such a cross section

along a hypothetical flight route near the 378S parallel,

between Melbourne and Auckland, New Zealand (red

line in Fig. 4). The simulated volcanic ash cloud depicted

in Fig. 8 is located over the Tasman Sea between 9 and

12 km, well within the cruise level of commercial air-

craft. If such a systemwere implemented for operational

purposes, the reconstruction of ash cross sections along

any flight routes could be used to optimize avoidance

and rerouting options when flying during an elevated

volcanic threat.

Criteria used to identify volcanic clouds usingCALIPSO

can also change from one eruption to another depending

of the amount of sulfur dioxide injected in the initial

eruptive column. The formation of sulfuric acid drop-

lets from the conversion of SO2 increases the load of

spherical particles and consequently decreases the ob-

served depolarization. The Puyehue-Cord�on Caulle

plumewas shown to consist mainly of highly depolarized

volcanic ash. However, other volcanic plumes (e.g., the

Merapi plume; not shown) exhibited significantly lower

depolarization consistent with volcanic materials com-

posed of ash and liquid sulfate particles. Thus, the optical
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parameters derived from CALIPSO can also be used to

develop adapted algorithms that are able to distinguish

mixtures of ash and sulfate.

It should also be noted that the use of spaceborne li-

dar technology to detect volcanic ash in the lower

troposphere is limited under certain circumstances.

During 21/22 June, pilots estimated that the ash layers

extended as low as 20 000 ft over Australia (multiple

height estimates weremade, including at higher altitudes,

but two pilots separately reported that they thought the

ash they observed went that low). A CALIPSO overpass

over Australia on the same day (Fig. 4, black arrow)

FIG. 7. (bottom) Map of simulated ash backscatter (90th percentile) between 8 and 13 km

(26 000 and 43 000 ft) at 0000 UTC 21 Jun 2011 with (top) the corresponding near-real-time

volcanic ash advisory issued by the Darwin VAAC at the same time.
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indicates a thin aerosol layer near 4–5 km that might

correspond to those reports. Given the low altitude of

this aerosol layer and its proximity to desert areas, we

cannot exclude the possibility that this feature may be

associated with a mineral dust layer, although the winter

timing and moist soil conditions at the time would sug-

gest that this as unlikely. Automatic detection of low-

level ash clouds using only spaceborne lidar can be

problematic since their optical signatures can be similar

to tropospheric aerosols and especially mineral dust. In

addition, they can be obscured and become undetectable

when surmounted by optically thick clouds. Besides, ash

particles are also potential ice nuclei, which can form

cirrus in the upper troposphere that could potentially

mask the nuclei’s presence. In the future, the use of in-

frared information from the IIR on board CALIPSO

will also be investigated to improve the differentiation

between ice and ash and estimate mass loading.

5. Conclusions

We have presented a new system for monitoring the

long-term dispersion of diffuse volcanic ash (or sulfate)

clouds location in the UTLS, at levels between 20 000

and 40 000 ft (6–13 km), where most commercial and

military air transport traffic at midlatitudes are concen-

trated. The trajectorymapping systemwe have illustrated

is primarily based upon the detection of volcanic clouds

via the analysis of their optical properties obtained from

the CALIPSO lidar. The major result of this study is

to show for the first time how observations from the

CALIPSO lidar can be combined with a Lagrangian

trajectory model to potentially improve the operational

capability of the VAACs to monitor the 3D dispersion

of volcanic ash clouds in the UTLS up to several weeks

after an eruption. Due to the narrow swath of the

CALIPSO lidar, the model needs adequate temporal

and spatial sampling to be able to provide a good rep-

resentation of the volcanic cloud. Despite this lim-

itation, the system provides a potentially interesting

source of diffuse ash information to the VAACs, since

CALIPSOmeasurements can be obtained within 6–30 h

after their acquisition through near-real-time products

and give robust warning information in critical mass

concentration regions. The technique does not rely nec-

essarily on themost recentCALIPSO observations being

available. Sensitivity tests have shown that even when

eliminating up to 72 h of most recent nighttime obser-

vations, the model still reproduced the position and

shape of the plume with good fidelity. Ash mass con-

centration has been obtained from lidar (Winker et al.

2012; Chazette et al. 2011) using in situ aircraft obser-

vations of the plume’s mass loading to constrain the

lidar retrieval. To do this entirely with satellites, we in-

tend to explore incorporating complementary observa-

tions from the IIR (Garnier et al. 2012) in future work.

Using complementary passive satellite information, the

CALIPSO-based system developed here could greatly

assist the VAACs in obtaining timely information about

the 3D structure of diffuse volcanic ash clouds. This in-

formation has the potential to improve aviation opera-

tions, passenger safety, and economic impacts during

volcanic eruptions that disrupt aviation. Collaboration

with VAAC operational agencies worldwide is the next

logical step in implementing such a system for opera-

tional application, and this has begun.

FIG. 8. Reconstructed ash backscatter cross section along the 378S parallel (within 200 km)

betweenMelbourne andAuckland at 0000UTC 22 Jun 2011 when the Puyehue-Cord�on Caulle

ash cloud was crossing the Tasman Sea.
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