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Abstract A critical factor in successfully monitoring and forecasting volcanic ash dis-

persion for aviation safety is the height reached by eruption clouds, which is affected by

environmental factors, such as wind shear and atmospheric instability. Following earlier

work using the Active Tracer High Resolution Atmospheric Model for strong Plinian

eruptions, this study considered a range of eruption strengths in different atmospheres. The

results suggest that relatively weak volcanic eruptions in the moist tropics can trigger deep

convection that transports volcanic material to 15–20 km. For the same volcanic strength

there can be *9 km difference between eruption heights in moist tropical and dry sub-

polar environments (a larger height difference than previously suggested), which appears

consistent with observations. These results suggest that eruption intensity should not be

estimated from eruption height alone for tropospheric eruptions and also that the average

height of volcanic eruptions may increase if the tropical atmospheric belt widens in a

changing climate. Ash aggregation is promoted by hydrometeors (particularly liquid
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water), so the smaller modelled eruptions in moist atmospheres, which have a relatively

small ash content for their height and water content, result in a relatively small proportion

of fine ash in the dispersing cloud when compared to a dry atmosphere. This in turn makes

the ash clouds much more difficult to detect using remote sensing than those in dry

atmospheres. Overall, a weak eruption in the tropics is more likely to produce a plume

above cruising levels for civil aviation, harder to detect and track, but with a lower

concentration of fine ash than a mid-latitude or polar equivalent. There is currently no

defined ‘acceptable’ concentration of ash for aircraft, but as these results suggest low-grade

encounters in the tropics from undetected clouds are likely, it would be desirable to explore

that issue.

Keywords Volcanic eruption column modelling � Aviation safety �
Volcanic eruptions � Remote sensing � Volcanic climate effects � Volcanic dynamics

1 Introduction

1.1 The importance of eruption height

During a volcanic eruption, the height reached by a volcanic eruption column is important

for evaluation of where ashfall may occur, for an understanding of the extent of strato-

spheric injection (e.g. Halmer and Schmincke 2003), and, therefore, whether there may be

significant climate effects (Robock 2002). Another reason for knowing the cloud height,

and the focus of this paper, is to forecast the area that aircraft should avoid flying in as the

ash cloud disperses (International Civil Aviation Organization 2009). Two quantities are

particularly significant: the approximate maximum cloud height to define the layers of

atmosphere where the risk exists, and the height(s) of maximum ash dispersion (the neutral

buoyancy height in the case of a single umbrella cloud), to determine where the most

significant drifting ash clouds should be. These values are often problematic to observe

directly (Tupper et al. 2007), and so it is extremely useful to have a refined understanding

of how plumes (used here in the sense of ‘clouds’ still attached to the source volcano)

might or should develop given a particular kind of eruption into a particular atmosphere,

and use that to initialise atmospheric dispersion models and to aid satellite analysis.

1.2 Volcanic cloud height dependency on atmospheric water content, temperature,

tropopause height and wind shear

A number of important studies, briefly summarised here, have given us an insight into the

kind of height variations to expect between different atmospheric environments.

Sparks et al. (1997) and Woods (1988, 1998) summarise much of the observational and

modelling work done on eruption columns. Early work on plume heights was done by

Morton et al. (1956), who used scaling arguments to show that the height of volcanic

plumes should be related to the fourth root of the eruptive power (roughly the fourth root of

mass eruption rate). Wilson et al. (1978) examined and further developed models of

maintained and noncontinuous plumes. For maintained plumes, they compared theoretical

predictions to some presatellite era observations of volcanic plume heights, and found

rough agreement. Their results for noncontinuous plumes were inconclusive.

Settle (1978) similarly compared cloud height observations with results of scaling

arguments to find rough agreement, although noting issues with the height observations
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used (discussed further below). Observations used by these and other authors were later

combined to produce an empirical best-fit curve giving an approximate cloud height for a

given dense rock equivalent discharge rate of magma (Sparks et al. 1997, eq. 5.1).

Using 1-D ‘top hat’ modelling and the US Standard Atmosphere, Woods (1993, 1998)

suggested that for large eruptions, the largest component of the water budget originates

from magmatic water, but that for small eruption columns, ascending to 8–10 km, the

entrained water vapour constitutes a much larger mass than the original magmatic water.

The moisture profile within the troposphere therefore determines how much moisture is

entrained as the cloud ascends, and how much latent heat can be released during column

ascent. Woods modelled a modest (2–3 km) increase in eruption height for smaller

eruptions due to latent heat release from this entrained water vapour, and also suggested

that there might be an analogy between this effect and convective plumes above fields of

burning sugar cane.

Glaze and Baloga (1996) modelled the neutral buoyancy height for a range of tem-

perature profiles, suggesting a large height variation for small steam plumes (between

several tens to hundreds of metres high), but a milder variation with temperature gradient

and with tropopause height for larger volcanic plume height. Woods (1995) shows the

importance of the tropopause for large eruptions since polar tropopauses can be at around

8 km, and tropical tropopauses at 17 km or more.

Glaze et al. (1997) extended their previous work to consider the transport of water into

the stratosphere, using a model similar to Woods (1993) but with some refinements, par-

ticularly to the treatment of condensation during column rise. They confirmed the result of

Woods (1993) that for eruption rates greater than *107 kg s-1, magmatic water dominates

entrained water in the eruption column. They also showed a height difference of around

4 km for an eruption of this strength erupted into ‘wet’ and ‘dry’ atmospheres. For their

‘wet’ and ‘dry’ atmospheres, they used latitudinally averaged observation profiles from

10�N in July 1984 (summer) and 60�N in January 1984 (winter), respectively. In this paper,

we use ‘wet’ and ‘dry’ in a similar general sense, to mean moist, convectively unstable near-

equatorial soundings as opposed to dry, more stable mid-latitude or polar soundings.

The wind profile of the atmosphere has a significant influence on the height that the

plume can ascend to, particularly for smaller eruptions, but also for large eruptions that may

interact with the polar (or presumably subtropical) jet stream (Bursik 2001). Wind also

determines what direction(s) plumes will disperse, affects the entrainment rate, and also

produces structural effects in the plume, such as plume ‘bifurcation’ (Ernst et al. 1994).

Graf et al. (1999) used the ‘ATHAM’ model (introduced below) in 2D Cartesian and

cylindrical form to investigate (1) wind and (2) temperature gradient, humidity and tro-

popause effects, respectively for a simulated Plinian eruption.

1.3 Observations of volcanic plumes

Many of the plume heights used in observational examinations have been presatellite era,

and have therefore relied on close measurements from the ground or even inferred from

tephra dispersal (thus indicating the likely height of the umbrella cloud rather than the

maximum column height). Not all observations used are considered reliable; for example

Settle (1978) notes ‘… the height of an eruption cloud is typically reported to the nearest

kilometre without specific reference to sea level or the elevation of the observer, and with

no explicit assessment of the accuracy of the measurement…’. Sparks et al. (1997)

comment that the observational data on volcanic plumes are ‘surprisingly meagre’ and

repeat the concerns of Settle (1978).
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In recent years, the introduction of geostationary satellites has allowed many more

detailed studies, albeit still with an hourly time interval between images in many cases, and

a coarser spatial resolution (*1–5 km) than many polar-orbiting satellites. Oppenheimer

(1998) reviews satellite height estimation techniques, and studies such as by Sawada

(1987) and Holasek et al. (1996) show the detailed information that can be extracted from

satellite data. The creation of the International Airways Volcano Watch (e.g. Tupper et al.

2007) has resulted in a stream of real-time and postanalysed cloud heights.

Although the use of these observations has still been limited by the lack of detailed

information about conditions at the eruption source, some interesting results have been

observed. An approximate grouping of ground-based eruption heights with latitude was

done by Sawada (2002), based mostly on his 1980s work. Sawada drew few definite

conclusions, but of significance was his comparison between ground-based and satellite-

based eruption observations, which seemed to show a strong tendency for satellite-based

eruption heights to cluster near the tropopause, and a relative lack of eruption heights in the

mid-upper troposphere. The correlation between ground and satellite-based observations

was also very poor.

Some of Sawada’s data was used with further analyses to focus on the Asia/Pacific

tropics (Tupper and Wunderman 2009), where again a poor correlation between ground-

based and satellite-based observations was found (with strong underestimation of cloud

heights from the ground), and a definite clustering of cloud heights near the tropopause.

Many of these eruption clouds have appeared ice and gas-rich, apparently not just from

ground or sea water entering the vent (e.g. Rose et al. 1995) but from entrained or mag-

matic water. This in turn has posed remote sensing problems when trying to identify

possible ash in clouds for real-time warnings, and has been a hot topic in remote sensing

circles (Prata 1989; Prata et al. 2001; Rose et al. 1995; Simpson et al. 2000, 2001; Tupper

et al. 2004, 2007).

1.4 PyroCb and volcanicCb

Further to the analogy of Woods (1993) between convective enhancement of smaller

volcanic clouds and pyrocumulus, there has been considerable progress in recent years in

understanding pyrocumulonimbus (pyroCb, highly convective volcanic clouds triggered by

fire) and the volcanic equivalent (volcanicCb). In the case of pyroCb, large stratospheric

injection events have been observed to develop in unstable or conditionally unstable

environments in midlatitude events in both hemispheres (Fromm and Servranckx 2003;

Fromm et al. 2006).

VolcanicCb were first described in the postclimactic Pinatubo environment by Oswalt

et al. (1996), and further examined by Tupper et al. (2005). It was shown that the combined

effects of the ongoing ash emissions, secondary explosions, and diurnally warming ash

deposits around Pinatubo locally modified the diurnal cycle of thunderstorm activity in the

area, bringing forward the daily convective development by a couple of hours and allowing

ash transport towards the tropopause. A similar nocturnal effect was tentatively identified

at the maritime eruptions of Manam, Papua New Guinea, in 2004/05 (Tupper et al. 2007).

1.5 Motivation for and structure of this study

This study was prompted primarily by the need to further clarify the influence of tropo-

spheric moisture and tropopause height on eruption height and cloud characteristics. In

particular, if the large number of volcanoes in the moist tropics are able to produce tall but
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ash-poor eruption clouds from relatively weak eruptions, as remote sensing evidence seems

to indicate, then a reassessment of our aviation warning system, and particularly the

assumption that all eruptions to cruising altitudes produce fine ash at concentrations

dangerous to jet engines at those altitudes, may be needed.

In exploring the variation of eruption height in different studies further, we also con-

sider the comments of Sparks et al. (1997, p.119) that, following the modelling of Woods

(1993), significant departures from their empirical relationship may be expected in rela-

tively weak eruptions in a moist atmosphere, in conjunction with their summary (p. 109)

that ‘…as a simple criterion, eruption columns whose total ascent height exceeds about
12 km are not significantly affected by environmental moisture’. If, in the tropics, a 15 km

high cloud can grow over a relatively weak eruption, the height of an eruption cannot be

used in itself to determine the eruption intensity. If, however, the effect is more modest

than that, as suggested by modelling (Glaze and Baloga 1996; Woods 1993), there is less

reason for concern.

We use the ‘ATHAM’ model, described below, to simulate a set of eruptions in idea-

lised volcanic conditions. We vary only the velocity at the vent, to try and gain a sense of

whether the model is producing results that look ‘real’ in that context. The eruptions take

place in four different atmospheres observed around four different real volcanoes (two

tropical, one midlatitude and one polar). We use the same idealised eruptions in these

atmospheres, varying only the velocity at the vent. The model also allows us look at the

differing composition of the cloud in terms of ash, gas and hydrometeor content under

different atmospheric conditions.

We first present the model and its use to date, give a brief discussion of the chosen

observed atmospheres and the associated eruption clouds, and then discuss the model

results in the context of the above discussion.

2 Numerical methods

2.1 Introduction to the ATHAM model

Studies of meteorological convection show significant differences between 1D modelling

results and those from more sophisticated schemes; for example Cohen (2000) found that

for environments with a large low-level Convective Available Potential Energy (CAPE),

modelled cloud tops could be very different between 1D and 2D models owing to

entrainment differences. Similarly, for a more detailed consideration of volcanic cloud

development, it is necessary to use a more sophisticated model concept.

ATHAM was developed to explore many aspects of volcanic cloud behaviour (Herzog

et al. 1998; Oberhuber et al. 1998). Graf et al. (1999) used the model to examine the effect

of phase changes of water and the effect of environment conditions on plume rise.

The aim of ATHAM is to simulate larger spatial and temporal scales than very high-

resolution models like those of Valentine and Wohletz (1989) and Dobran and Neri (1993),

which can be highly computer intensive (Ongaro et al. 2007). However, ATHAM cannot

resolve the processes close to the vent. ATHAM simulates explosive volcanic eruptions for

a given forcing as the lower boundary condition, and uses a modular structure to enable ease

of modification. The model is three-dimensionally formulated with an implicit time-step

scheme; however, to save computer resources, most sensitivity studies have been conducted

in either a 2D Cartesian or cylindrical mode; the 2D Cartesian mode to examine cross wind

effects, and the cylindrical for simulating entrainment effects (apart from wind-shear
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induced entrainment), as in this study. Simulations in cylindrical coordinates reproduce the

results from 3D simulations without crosswind.

In its treatment of the so-called active tracers, the effect of ash and hydrometeors on the

dynamic is considered, in contrast to usual atmospheric models, where such tracers are

passively transported. ATHAM assumes that all particles are small, and are therefore in

thermal and dynamic equilibrium with their environment. The thermal equilibrium

assumes an instantaneous heat exchange between the components of the system so that

particles and gas always have the same temperature. The dynamic equilibrium means zero

momentum fluxes between particles and the gas phase. Particles approach their stationary

fallout velocity on time scales that are typically in the order of a second or less and are

therefore too small to be resolved by the model. All particles move with their terminal

velocity relative to the gas phase, allowing for the description of sedimentation.

These assumptions strongly reduce the number of prognostic quantities and allow for

the treatment of a multicomponent system with a high number of active tracers. Instead of

solving prognostic equations for the momentum and heat of each component only one set

of Navier–Stokes equations is required for the volume mean of momentum and heat. Five

prognostic equations describe the dynamic behaviour of the gas particle mixture; one for

each of the three momentum components, one for the pressure, and one for the tempera-

ture. One additional transport equation is taken into account for each tracer. The

assumption of small particles is a minor restriction for Plinian eruptions, but more sub-

stantial for Strombolian-style eruptions where the magma does not fracture as much.

The turbulence scheme used in ATHAM is described by Herzog et al. (2003). Turbulent

exchange is extremely important in a volcanic eruption column because the entrainment of

air into a particle-laden plume critically changes the buoyancy of the plume (Sparks et al.

1997). The scheme used in ATHAM is an extension of the Kolmogorov–Prandtl formu-

lation, where the horizontal and vertical components of the turbulent kinetic energy as well

as the turbulent length scale are simulated by a set of three coupled prognostic equations.

Herzog et al. (2003) compared the results from this scheme with a simplified isotropic

scheme, finding that the more realistic approach developed for ATHAM predicted insta-

bilities in the ascending zone, which created a ‘pumping’ motion that resulted in a higher

overall plume height. Compared to the simplified scheme the ATHAM scheme leads to a

reduction of entrainment and less hydrometeors within the umbrella cloud.

The treatment of condensation processes is very important due to the concurrence of

supersaturated water and ash in rising volcanic clouds (Durant et al. 2008; Williams and

McNutt 2004). Volcanic clouds are very rich in condensation nuclei due to the number of

particles emitted in the eruption cloud. The microphysical processes in the version of

ATHAM used here are described by Textor et al. (2006a, b). The hydrometeor micro-

physics is based on a modal approach and an ash module simulates particle growth and

coagulation based on the microphysical interactions between hydrometeors and ash par-

ticles. A scavenging module calculates the gas scavenging processes within the plume,

considering the effects of the solutes on microphysical processes.

Hydrometeors are described by two size classes (here with mean volume radius 2.5 and

50 lm for small and large particles, respectively), each of which is divided into a liquid

and a frozen category. Volcanic particles are analogously divided into four categories.

Volcanic particles are assumed to be active condensation nuclei for water and ice for-

mation; hence nucleation is much stronger than in usual meteorological clouds due to the

higher number concentration of volcanic ash particles—see Textor et al. (2006a) for a

detailed discussion of this parametrisation. Two moments of the distribution, the

mass mixing ratio and the number concentration, are calculated as prognostic variables.
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The particle size distributions are described with gamma functions. Aggregate mixtures of

hydrometeors and volcanic particles can be contained in all four-particle categories. Ash

particles sufficiently covered with water or ice are presumed to act in a similar micro-

physical manner to pure hydrometeors. Ash and hydrometeors coexisting at a given grid

point are assumed to be in mixed aggregates of any composition ranging from wet ash to

mud rain given by the sum of the mass mixing ratios of ash and hydrometeors. Hence, this

simplified parameterisation excludes the coexistence of dry ash, pure hydrometeors and

mixed aggregates at the same grid point.

ATHAM has also been adapted for simulating pyro-Cb (Luderer et al. 2006; Trentmann

et al. 2006). These authors have compared ATHAM-simulated pyroclouds above fires with

observations in the 3D version of the model. ATHAM reproduced the observed geomet-

rical structures of the Chisholm fire, but simulated (fire) ash concentrations and optical

depth were somewhat lower than the measured ones.

It was not possible to closely verify volcanic simulations against observations, generally

because of the lack of information about the precise source parameters at the vent. Thus, in

the general sense, the cautions of Sparks et al. (1997, p. 115) regarding multiphase

numerical models not being verified against observations still apply; nevertheless the

model has so far provided valuable insights into processes in strongly convective, particle

laden clouds above volcanoes and fires, and as it develops in sophistication more and more

realistic simulations are possible. The lack of silicate ash content in pyro-Cb makes them

suitable for direct airborne particle sampling, in contrast to volcanic-ash laden clouds,

which will damage aircraft (e.g. Casadevall et al. 1996).

2.2 Simulations to date with ATHAM

The setup and the initial conditions used in the previous volcanic ATHAM studies so far,

and in this paper, are summarised in Table 1. A wide variety of initial conditions have been

used in the effort to make a realistic simulation of a Plinian-style eruption.

An examination of the effect of phase changes of water was done by Herzog et al.

(1998). In the tropics, their simulated Plinian eruption column gained three times as much

water from the environment through entrainment (mainly from the lower levels) as from

the eruption source.

Graf et al. (1999) examined Plinian style eruptions in a number of standard atmospheric

profiles (McClatchey et al. 1972). First using 2D Cartesian coordinates, they demonstrated

that the model created a realistic flow around the volcano before the eruption, including lee

waves and turbulence. They then used the tropical temperature and humidity profile with

four different wind profiles to demonstrate a strong reduction in the height of the plume

(ash load maximum at 15 km in the no-wind case but 9 km in the standard wind case).

They caution, however, that the 2D Cartesian formulation may result in an overestimate of

this effect. Using cylindrical coordinates, Graf et al. (1999) showed a significant depen-

dence on (a) tropopause height, (b) stability of the lower troposphere, and (c) water vapour

content. They did not vary the eruption strength to explore the effects of these factors in

different size Plinian style eruptions.

A fully 3D simulation was presented by Herzog et al. (2003), who used three particle

size classes without considering aggregation processes and interaction with cloud micro-

physics. After 50 min of their eruption only a negligible amount of the smallest ash

particles (diameter 20 lm) and 1% of the medium-sized ash particles (400 lm) had been

deposited on the ground, but more than 60% of the largest ash particles (8 mm) had already

settled out.

Nat Hazards (2009) 51:375–401 381

123



T
ab

le
1

In
it

ia
l

co
n

d
it

io
n

s
fo

r
v

o
lc

an
ic

fo
rc

in
g

ab
o

v
e

v
en

t
u

se
d

in
p

u
b

li
sh

ed
A

T
H

A
M

p
ap

er
s

an
d

h
er

e

O
b

er
h

u
b
er

et
al

.
(1

9
9

8
)

H
er

zo
g

et
al

.
(1

9
9

8
)

G
ra

f
et

al
.

(1
9

9
9
)

H
er

zo
g

et
al

.
(2

0
0

3
)

T
ex

to
r

et
al

.
(2

0
0

3
,

2
0

0
6
a,

b
)

T
h

is
st

u
d

y

B
as

e
d

ia
m

et
er

(m
)

6
0

,1
5

0
,3

0
0

3
0

0
3

0
0

3
0

0
7

5
0

7
5

0

V
en

t
h

ei
g

h
t

(k
m

)
2

2
2

.3
*

2
0

.7
5

0
.7

5

G
ri

d
re

so
lu

ti
o

n
(b

o
u

n
d

ar
y

,
ce

n
tr

e)
(k

m
)

*
5

,
0

.1
*

5
,

0
.1

*
5

,
0

.1
*

5
,

0
.1

*
5

,
0

.2
5

*
2

.5
,

0
.1

5

D
o

m
ai

n
si

ze
(x

,y
,z

)
(k

m
)

7
.5

9
7

.5
9

5
0

,
1

0
0

9
3

0
9

5
0

,
2

0
0

9
5

0
9

5
0

2
0

0
9

2
0

0
9

5
0

2
5

0
9

2
5

0
9

5
0

2
5

0
9

2
0

0
9

5
0

3
0

0
9

3
0

0
9

5
0

1
5

0
9

1
5

0
9

3
5

V
el

o
ci

ty
at

v
en

t
(m

s-
1
)

2
5

0
,

2
0

5
,

1
3

1
1

3
1

1
3

1
2

5
0

4
0

0
4

,
8

,
1

6
,

3
2

,
6

4
,

1
2

8
,

2
5

6
,

5
1

2

E
ru

p
ti

o
n

te
m

p
er

at
u
re

(K
)

1
2

0
0
,

1
0

1
1
,

7
2

7
7

2
7

7
2

7
1

0
7

3
1

1
0

0
1

1
0

0

S
p
ec

ifi
c

g
as

co
n
ce

n
tr

at
io

n
o

f
er

u
p

te
d

m
at

er
ia

l
(k

g
/k

g
)

0
.0

3
,

0
.2

0
5

,
0

.4
9

1
0

.4
9
1

0
.4

9
1

0
.0

6
(5

0
%

H
2
O

)
0

.0
7
3

4
(8

2
%

H
2
O

)
0

.0
7
3

4
(8

2
%

H
2
O

)

V
o

lu
m

e
m

ea
n

d
en

si
ty

(k
g

m
-

3
)

5
.5

2
,

1
.3

1
,

0
.8

0
0

.8
0

0
.8

0
3

.1
4

3
2

.6
2

.6

M
as

s
er

u
p

ti
o

n
ra

te
(k

g
s-

1
)

3
.9

9
1

0
6
,

4
.7

5
9

1
0

6
,

7
.4

2
9

1
0

6

7
.4

2
9

1
0

6
7

.4
2

9
1

0
6

5
.5

5
9

1
0

7
4

.5
9

1
0

8
5

9
1

0
6
?

6
.3

0
9

1
0

8

382 Nat Hazards (2009) 51:375–401

123



Textor et al. (2003) concentrated on the fate of SO2, H2S and HCl, and found that,

despite scavenging, more than 25% of the HCl and 80% of the sulphur gases in the

modelled strong Plinian eruptions reached the stratosphere. The reason for this unexpected

large injection of volcanic gases into the stratosphere was the lack of efficient scavenging

agents as the majority of hydrometers were frozen in the cold volcanic cloud. Textor et al.

(2006a, b), modelling strong Plinian eruptions with clearly stratospheric umbrella clouds,

showed that the presence of hydrometeors, especially liquid ones, in the eruption cloud

promotes the aggregation of icy ash particles, strongly increasing their fall velocities.

Despite enhanced ice formation resulting from increased humidity in the background

atmosphere, the atmospheric humidity had only a small effect on particle aggregation for

these strong eruptions (Table 1) apart from a very dry polar case. Particle size distribution,

composition and surface properties were found to be very important and not well under-

stood quantities.

2.3 Simulations presented here

These simulations follow Graf et al. (1999) in examining the effect of different atmo-

spheric temperature and moisture structures on the development of eruptions, but using the

later refined parameterizations of cloud microphysics and aggregation described above to

examine how the height and composition of a range of mainly smaller Plinian size eruption

clouds develop in different atmospheres, instead of using a fixed eruption rate.

Vent velocities of 4 ? 512 m s-1 were used, corresponding to mass eruption rates of

5 9 106 kg s-1 ? 6.30 9 108 kg s-1 (Table 1). To investigate the effects of moist pro-

cesses without cross-wind effects while retaining computational efficiency, the 2D cylin-

drical mode was used.

Except where otherwise stated, the model setup was that of Textor et al. (2006a) (see

Table 1). One set of runs was done using the same grid and generic moist tropical

atmosphere (‘‘TROPF’’) used by Graf et al. (1999) for comparison purposes, and then the

remainder over a smaller and finer domain as shown in Table 1. This gave a horizontal

resolution of *2800 m at the grid edge, and *150 m at the centre, and a vertical reso-

lution of *500 m at the top and *75 m near the surface.

Comparison between results for the same forcing but different domains showed similar,

but more detailed, results for the smaller domain, as expected. An eruption length of

30 min was used—this allowed the maximum plume to be reached (within about the first

10 min) and then a period of steady lateral growth of the plume, capturing all the relevant

features and processes in the plume. The model was run for 60 min in total, allowing the

cloud to evolve for 30 min after the eruption cessation.

2.4 Characteristics of chosen atmospheric profiles and related eruptions

We emphasise that we are not attempting to properly simulate actual eruptions, but to see

what insights the model gives us into how atmospheres into which actual eruptions did

occur may have affected the eruption clouds.

The lower parts of the atmospheric profiles used (additional to ‘TROPF’) are described

in Table 2 and shown in Fig. 1, and satellite images of the corresponding relevant erup-

tions are shown in Fig. 2. Most observational soundings have missing data (for example

humidity data in the upper troposphere), and balloon ascent to more than 25 km is rela-

tively uncommon. These soundings all reached comfortably into the stratosphere, but in

order to create complete profiles suitable for use in ATHAM, some climatologically based
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missing relative humidity data from the upper troposphere upwards, and temperature data

from above the balloon-bursting points in the troposphere were inserted from the appro-

priate soundings of McClatchey et al. (1972) as used in Graf et al. (1999).

The 21 May 2001 Sheveluch (also spelt ‘Shiveluch’) eruption (Figs. 1a, 2a) was, from

the remote sensing point of view, an exceptional event. The cloud, diffusing at different

altitudes from the surface to around the lower stratosphere in an almost cloud-free tro-

posphere, had a strong volcanic ash signal and was trackable for approximately 80 h as it

first lazily circled Kamchatka within an upper atmospheric high pressure system, and then

was captured by westerly winds to head towards Alaska (Tupper et al. 2004). The height of

the eruption was unfortunately not well constrained by satellite data and being a night-time

eruption the observed eruption height of 20 km from the ground is considered suspect.

Although Tupper et al. (2004) allowed for 16 km ± 4 km as an altitude, the most likely

height for the cloud was 12–13 km amsl, based on evidence of tropopause temperatures but

little stratospheric intrusion.

Fig. 1 Observed atmospheric soundings (shown to 100 hPa) as for Table 2. These are shown in
conventional meteorological format: in each figure, temperature is plotted to the right of dew-point
temperature on the main diagram, and wind observations at corresponding altitudes to the right (the line
points to the direction the wind is blowing towards, a half barb indicates five knots, a long barb ten knots,
and a flag fifty knots). Data and Skew-T format plotting University of Wyoming, USA, College of
Engineering, Department of Atmospheric Sciences. Dotted lines represent extrapolated data (refer text)
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The vigorous summit and flank eruptions of Mt Etna eruptions from 17 July to 9 August

2001 (sounding ‘b’) were described by Pergola et al. (2004). Examination of ‘CO2 slicing’

images (Richards 2006), which estimate a cloud height using remote sensing techniques,

Fig. 2 Eruption clouds and surrounding cloudscapes matching above atmospheric profiles: a Sheveluch—
GMS-5 11 lm image 22 May 2001 0232 UTC, green/red indicating ash (see Tupper et al. 2004,) b Etna—
Terra/MODIS True Colour, 22 July 2001 0953 UTC, image and hot spot processing courtesy NASA, c)
Manam—CO2 slicing heights in metres amsl of Manam umbrella cloud and surrounding clouds using Aqua/
MODIS data 27 January 2005 1535 UTC (see Tupper et al. 2007), d cloudscape around Soputan eruption, 27
December 2005 0210 UTC (same height scale as c), and e as for d but shown in infrared at 11 lm. The
locations of the volcanoes are marked as triangles
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for this day suggested a maximum height of the ash plume of about 3.5 km amsl. As can be

seen in Fig. 2b, the strong midtropospheric winds (Fig. 1b) and relatively weak eruption

appear to have produced a strongly bent over plume, which is clearly visible in a relatively

dry atmosphere. Although the actual eruptions themselves were not high in this instance,

this situation was chosen as an example case because of the higher (midlatitude) summer

tropopause than the Sheveluch example, but still a relatively dry (Mediterranean) atmo-

sphere and a well studied volcano.

The two tropical cases were chosen as being good examples from ‘problematic’ vol-

canoes in the operational sense. Sounding ‘c’ represents the atmosphere in which the

subPlinian eruption of Manam occurred on 27 January 2005; this eruption created a truly

impressive stratospheric umbrella cloud but was not detected in real-time for some 14 h

due to other monsoonal cloud around and the severing of communications links on the

ground (Tupper et al. 2007).

Sounding ‘d’ is representative of the environment that the Indonesian volcano Soputan

erupted into on 27 December 2005 (GVN 2006); a very moist and moderately unstable

maritime environment with a high water loading (Table 2). The overcast cloudscape is

typical for a tropical regime with the very moist atmospheric sounding shown in Fig. 1; the

higher-level eruption cloud was unobservable from the ground because of the surrounding

cloud, and hence there was a large discrepancy between observed eruption heights from

various sources. The eruption had been initially reported at less than 6 km above mean sea

level (amsl) on the 27th by an airline pilot, and 1 km above summit height (1,784 m;

i.e. \3 km amsl) by ground observers on the 28th. Darwin Volcanic Ash Advisory Centre,

on reviewing hourly MTSAT imagery on the 27th, estimated 15 km amsl operationally and

then 12.5 km amsl in postanalysis. It would be expected that very few good ground-based

observations of eruption clouds produced in these conditions would be extant, and there-

fore that the observation record may be biased towards clouds produced in drier conditions.

The tropopause in profiles (b–d) is at a similar height (17–19 km) to the soundings used

in Graf et al. (1999), but that in profile (a) is significantly lower at *12 km.

The volcanic forcing in each of these cases is unknown.

3 Results

The presentation of results here focuses on the height and fine ash content of the umbrella

cloud region, near the level of neutral buoyancy. Fine ash is most relevant for aviation

safety, as it has a long residence time in the atmosphere and can be found at great distances

from the volcanic source at cruising altitude. Large ash or aggregates are less dangerous as

they are removed from the atmosphere within hours after eruption close to the source.

At the lower mass eruption rates, the differences in the results from moist and dry

profiles are very marked; more so than in the previous studies using ATHAM. Figure 3

compares the cloud tops produced by eruptions in the Sheveluch (dry) and Soputan (moist)

atmospheres, using the mass eruption rate of 5 9 106 kg s-1. Both runs show umbrella

clouds developing in the upper troposphere, near 9 km and 15 km, respectively.

The height of the tropical eruption is much higher due to the additional energy supply

from the unstable, moist atmosphere: the umbrella cloud is upper tropospheric or even

lower stratospheric and above cruising level (*10 km). The high-latitude umbrella cloud

in the dry atmosphere is just below cruising altitude and much less dispersed—it has only

about half the diameter relative to the tropical case, and much of the material has stayed at

low altitudes due to initial column collapse. However, the amount of fine ash in the small
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Fig. 3 Total small aggregate classes (ash and water/ice) and fraction of ash for the dry Sheveluch profile
(a, b) and moist Soputan profile (c, d), respectively, 30 min after cessation of a modelled eruption with mass
eruption rate 5 9 106 kg s-1. The scale in the left hand figures gives minimum and maximum mass mixing
ratios in g kg-1 tot. mass (note the scale is different in each panel), and the dimensions shown are from 2 to
16 km vertically and the central 9 km horizontally within the cylindrical model domain
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aggregates in the tropical cloud is very small compared to the cloud from the eruption in

the drier atmosphere, and the amounts of ice in the tropical cloud are very significant.

The differences in eruption cloud dynamics produced in the different profiles are

illustrated in Fig. 4, which is a snapshot of the vertical velocities after 20 min of eruption.

The peak updraft velocities of 60 m s-1 in the ‘Soputan’ case are comparable to the peak

convective velocities observed in supercell thunderstorms (Lehmiller et al. 2001) or

documented volcanic eruptions (Sparks et al. 1997). The initial velocity used in these

particular modelled eruptions was only 4 m s-1, so, as for severe thunderstorms, these

velocities have been reached through latent heat release, in addition to the warming at the

bottom of the eruption column that is present in both atmospheres.

In both cases, strong convection has developed above the vent, but in the moist tropical

case the maximum upward velocities are reached in the upper troposphere as the central

column surges towards the tropopause. Although we are cautious to draw analogies that are

too close to nonvolcanic clouds (given the higher density of volcanic clouds and their high

thermal energy), an upper tropospheric peak in the vertical velocities seems similar to

observed deep convection in the monsoon but with an eruption-generated lower tropo-

spheric peak also superimposed, more characteristic of continental surface-heat driven

convection (cf Cifelli and Rutledge 1998, Fig. 6a). An alternative analogy might be a

Fig. 4 Vertical velocities during the model eruptions shown in Fig. 3 (20 min into the model run time, and
40 min before the time of Fig. 3), with a the Sheveluch profile, and b the Soputan profile. Velocities are shown
in m s-1 (upwards is positive), and the dimensions are shown from 0 to 17 km vertically and 77–80 km
horizontally within the cylindrical model domain
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Fig. 5 a and c Vertical distributions of large (thick line) and small (thin line) aggregates, and b and d ash
content of those aggregates, for eruption rates of 1 9 107 kg s-1 (top) and 3.2 9 108 kg s-1 (bottom) from
the ‘Soputan’ (blue) and ‘Etna’ (red) cases, 30 min after cessation of modelled eruptions
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tropical maritime squall line, which has a similar vertical velocity profile but with the low

level velocity peak driven by gust front uplift (cf Fierro et al. 2008, Fig. 5).

Figure 5 compares ‘Etna’ (dry, but with a higher tropopause than ‘Sheveluch’) and

‘Soputan’ (moist) runs for two stronger eruption rates than for Figs 3, 4. The figure

indicates the vertical distributions of small and large aggregates, and the overall fraction of

ash at each level in these aggregates.

At the weaker of the two eruption rates (a and b), there is still a large height difference

between the umbrella clouds (identifiable by the upper maxima in small aggregate con-

centrations). The percentage of ash in the small aggregates is very low (near-zero) in the

umbrella cloud in the moist case (where high relative humidities in the troposphere help

suppress sublimation and evaporation), while over 50% in the dry case. As noted in Textor

et al. (2006b), the aggregates tend to dry out below the freezing level, although much less

so for the moist atmosphere.

Fig. 6 Total small aggregate classes (ash and water/ice) for the Sheveluch profile (a, b, and c), and for the
Soputan profile (d, e, and f), 30 min after cessation of a modelled eruption with mass eruption rates
8 9 107 kg s-1 (a and d), 1.6 9 108 kg s-1 (b and e), and 3.2 9 108 kg s-1 (c and f). The scale gives mass
mixing ratios in g kg-1 tot. mass (note the scale is different in each panel), and the dimensions are shown
from 12 to 24 km vertically and the central 90 km horizontally within the cylindrical model domain. b and e
may represent transition states between cross-tropopause and largely stratospheric eruption clouds
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At the stronger eruption rate, the umbrella clouds are nearly at the same height and the

aggregates are strongly ash dominant at those altitudes—the effect of atmospheric moisture

appears to be very small here. Textor et al. (2006b) discuss the related issues of ice effects

on aggregation processes in the cloud.

Figure 6 shows the small aggregates in the umbrella clouds for three successively

stronger eruptions in the Sheveluch and Soputan profiles. The transition between partially

tropospheric and fully stratospheric umbrella clouds is interesting—in the middle panels,

the cloud appears split with a partial collapse back down towards the tropopause. This

pattern was common to model runs in all the atmospheric soundings, including the

‘TROPF’ runs in the larger domain, and results in an unexpectedly large step-up in

umbrella cloud height between the two highest of the eruption rates shown in this figure,

particularly for the drier atmosphere. Further investigation of this feature is left for another

study.

Figure 7 illustrates that there is a very weak change in umbrella cloud height with a

range of the stronger eruption strengths, but marked differences in cloud composition.

Here, we show total SO2 in the graph in addition to the aggregates, and we also mark the

approximate umbrella cloud height for the chosen eruptions. In both atmospheres, the

eruptions are forming an umbrella cloud a little above the tropopause, at around 13 km for

the Sheveluch (dry) case, and 18 km for the Manam (moist) case. The almost order of

magnitude difference in eruption strengths results in a height difference of 1–1.5 km in

each case. However, whereas in the Sheveluch case the aggregates in the umbrella cloud

are quite dry for both strengths, for Manam there is a definite switch between ice-dominant

and ash-dominant smaller aggregates. The relative proportions of total SO2 also change for

the moist case, but not for the dry case.

Figure 8 summarises the height results, including for the initial ‘TROPF’ runs in the

larger domain, and compares against the empirical results of Sparks et al. (1997), discussed

earlier. Two heights are shown for each model run—the height of the umbrella clouds

(solid lines), and an approximate cloud top height (dashed lines). Because of the tendency

of the model to sometimes push very small amounts of material up along the central

column of the cylinder in a ‘fountain’ effect (apparent in some of the figures), the cloud top

height here is defined as being at the altitude where the fine ash concentration is 10-5 times

the concentration at the level of neutral buoyancy.

As expected, there are significant differences in the heights reached by these eruptions,

and the dry sub-Arctic profile of Sheveluch generally produces the lowest eruption clouds,

with around a 9 km difference in the level of neutral buoyancy between that and the

‘Manam’ profile at the lowest eruption rates, and 10 km or more difference in maximum

eruption heights. The decreasing spread of the curves with increasing mass eruption rates

indicates the decreasing influence of the atmospheric conditions on the eruption height.

There are some little variations in the general trends—for example, the fact that at the

lowest eruption rates the ‘Manam’ clouds are a little higher than the ‘Soputan’ clouds,

despite a slightly lower tropopause (*17 km against *19 km) may reflect the higher

Convective Available Potential Energy of that atmosphere (Table 2). The effect of the two

lower level inversions in the ‘Etna’ sounding (near 3 km and 5 km amsl) can be seen in the

vertical distributions shown in Fig. 5a), and may possibly influence the relative closeness

of the Etna and Sheveluch results at lower eruption rates.

The ‘dip’ in umbrella cloud height at higher eruption rates noted for Fig. 6 appears for

all profiles in Fig. 8. At the higher eruption rate of 3.2 9 108 kg s-1, the umbrella has

become completely stratospheric in all atmospheres.
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Fig. 7 a and c SO2, small and large aggregate vertical distributions for dry ‘Sheveluch’ and moist ‘Manam’
soundings for eruption rates of 2.00 9 107 kg s-1. (‘weak’) and 1.60 9 108 kg s-1 (‘strong’), 30 min after
cessation of a modelled eruption. Units for particles are kg m-1 and for SO2 mol m-1. b and d are the ash
fractions of the small and large aggregates for these modelled eruptions. The grey lines at 13 and 18 km
indicate the approximate mean positions of the umbrella clouds from these eruptions
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4 Discussion

4.1 Comparison to actual eruption clouds

Although there is no adjustment for volcano characteristics or eruptive style in the sim-

ulated forcing, and the cylindrical coordinates used do not allow us to consider wind shear

effects, the model gives us insights into the kind of eruption cloud that we might expect

into different atmospheres and the relevant cloud processes. Careful application of the

model in 3D mode and with realistic initial parameters would hopefully produce a more

realistic simulation, but even these 2D results may indicate to an operational meteorologist

or volcanologist how a volcanic cloud might develop in these different environments given

a default eruption.

Comparing the simulations with the real eruptions shown in Fig. 2:

• For Sheveluch, we would expect that a strong eruption might produce a dry, fine-ash

rich umbrella cloud near 12–13 km high, and that is what appears to have been

observed.

• The Etna eruptions (relatively small, different in style and strongly affected by wind

shear) were indeed rich in fine ash and well observable in a dry atmosphere, as we

would expect.

Fig. 8 Neutral buoyancy (umbrella cloud) height, derived using height of maximum mass per height of SO2

after 1 h of model run time (solid lines), and approximate height of top of cloud (dashed line). Shown for
different mass eruption rates in the atmospheres shown in Fig. 1 and for ‘TropF’ from Graf et al. (1999), run
on a larger domain to allow the highest eruption rate. The dotted line is from the empirical relation between
mass eruption rate and maximum cloud height given in Sparks et al. (1997). The arrows on the y-axis
indicate cold-point tropopause heights for the (from bottom) Sheveluch, Etna/TropF/Manam (clustered), and
Soputan atmospheric profiles used
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• The Soputan eruption of 27 December 2005 (GVN 2006) produced an ice-rich cloud

top high in the tropical troposphere (Fig. 2d, e) and like many other volcanic clouds

observed in the area, dissipated quickly with no ash signature observed in remote

sensing.

• The Manam cloud, which had a well-constrained umbrella cloud topography (Fig. 2c),

gave the most interesting results. Figure 8 suggests a neutral buoyancy height of

somewhere in the 16–18 km range with an increasing maximum height with eruption

strength for the range of simulated eruption strengths, and Fig. 7. shows how the fine

ash proportion might be expected to increase with eruption strength. The actual

eruption cloud was ice and gas-rich with an observed central overshooting column

height of 22–23 km, an umbrella cloud height of around 17–19 km near the edge, and a

lidar-observed layer of aerosols left by the eruption at a height of 19 km (Tupper et al.

2007). The Manam heights shown in Fig. 7 are consistent with this, although the level

of neutral buoyancy is about 1 km too low when compared to the lidar observations of

ash apparently from the umbrella cloud.

4.2 Comparison to previous work on eruption heights

The cloud top height results are very roughly similar to the empirical best-fit curve of

Sparks et al. (1997; Fig. 4.11), plotted on Fig. 8. That best-fit curve is fairly approximate:

it was based on 28 eruptions, and included maximum height data from direct but presat-

ellite observations of maximum cloud height, isopleth-based umbrella cloud heights, and

from a relatively small number of tropical cases. With this in mind, we would expect that

the best-fit curve will be somewhere between the height of neutral buoyancy and maximum

heights shown, and also that tropical heights will be noticeably underestimated on the best-

fit curve due to the combined effects of tropopause height and moisture.

The overall effect of tropopause height shown here appears reasonably consistent with

Woods (1993), with the tropopause height appearing to be a strong factor in eruption height

between about 5 9 107 and 2 9 108 kg s-1. The main difference is that where the 1D

modelling of Woods shows a slight inflection in the variation in ascent height of an

eruption as the eruption reaches the tropopause, the modelling here suggests that the

tropopause is a more difficult ceiling to break through in terms of the height of neutral

buoyancy. To get the umbrella cloud significantly above tropopause height requires an

eruption rate of above *3 9 108 kg s-1 in these simulations.

There is a notable difference between the modelling here and earlier work in the

strength of influence of atmospheric moisture and instability. Graf et al. (1999) had already

shown a cloud height variation of 4.5 km (30%) between moist and dry runs using an

earlier version of ATHAM and a mass eruption rate of 7.4 9 106 kg s-1, but with a much

higher gas fraction (see Table 1). Woods (1993) had suggested a 2–3 km difference in

height, and Sparks et al. (1997) showed a 3 km difference in height, for much weaker

eruptions than those modelled here, and hardly any moisture-induced variation for erup-

tions of 5 9 106 kg s-1 and above.

Mastin (2007) used a 1D model to show similar results to Sparks et al. (1997) for weak

eruptions, but the plume height difference was maintained for stronger eruptions. Glaze

et al. (1997) had *4 km height difference between dry and wet atmospheres for mass

fluxes of 6.9 9 107 –2.7 9 108 kg s-1, and a smaller difference for weaker eruptions.

These compare to differences suggested here of up to 9 km in level of neutral buoyancy
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height difference or maximum height difference (Fig. 8) for eruption rates of

5 9 106 kg s-1 in different environments.

More important than the absolute height differences, however, is the strong reinforce-

ment of the conceptual model advanced by Woods (1993) that for smaller eruptions there

might be an analogy drawn between moisture-driven convective volcanic clouds and

pyrocumulus, both of which are highly dependent on the environment for their rise. By

using a model that can also simulate pyroCb convection, we are potentially able to take this

much further than the earlier modelling. Even with these relatively limited model runs,

from Fig. 8 we can think of volcanic plumes in moist and unstable atmospheres as being

easily able to develop towards the tropopause and the lower stratosphere, in exactly the

manner of a pyroCb generated by a fire.

4.3 Implications for eruption strength estimation

Further to our comments in 1.5, noting the influence of the tropopause (at 12 km in the US

Standard Atmosphere but of variable height in real life), and also considering the height

range under which nonvolcanic meteorological convection occurs (up to *20 km in the

moist tropics), it seems unreasonable to assess either the eruption strength or the effect of

environmental moisture on any tropospheric eruption cloud based on height alone. We can

simply say that the height of stratospheric eruptions may not be greatly influenced by

environmental moisture.

This has consequences for cases where eruption height might be too heavily relied on in

determining eruption strength. Newhall and Self (1982) used eruption height as one, but

only one, of the diagnostics for their Volcanic Explosivity Index (VEI), and gave a large

range of possible heights for each VEI classification. A problem arises for eruptions where

only the height is observed, and therefore, it would be important to estimate the tephra

volume for cases where eruption height might not be a reliable factor.

4.4 Climate change implications

Climate model simulations and analysis of recent trends show rising of the tropopause,

poleward movement of the midlatitude jet stream, and a widening of the tropical belt,

observed to be by about 5–8� latitude during 1979–2005 (Seidel and Randel 2007). The

widening of the tropical belt is an interesting result as it brings more of the world’s

volcanoes into tropical atmospheres. The results of this study would suggest that this

widening would then result in a rise in average eruption height, but because of the

influence of moisture in removing ash, not necessarily an increase in the amount of

material reaching the upper troposphere or lower stratosphere.

4.5 Implications for aviation and for remote sensing

These results, including the effect of moisture in removing fine ash from the volcanic

cloud, suggest a marked difference in volcanic ash cloud risk for aircraft flying at cruising

altitudes (*10–12 km) in different environments. An aircraft flying above a polar winter

tropopause might expect to have a reduced chance of encountering an ash cloud, but where

one was encountered might expect it to be ash-rich and highly dangerous.

Conversely, an aircraft in the moist tropics would have a relatively high risk of flying

into or underneath a volcanic cloud, but if the eruption was relatively weak might only
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smell some SO2 and not notice any fine ash. This does not, however, mean that there is no

risk, as most of the more serious volcanic cloud encounters have occurred in the tropics

(Casadevall et al. 1996; Johnson and Casadevall 1994), and at this stage even low-grade

encounters are thought to pose a significant risk to aviation (Grindle and Burcham 2002;

Pieri et al. 2002). The clouds from the Pinatubo eruptions, responsible for the largest

number of aviation encounters with ash clouds (Casadevall et al. 1996), were notably ice-

rich (Guo et al. 2004a), but as these were strong eruptions, we would expect relatively less

ash removal than for the cases shown here (where water/ice acting as a glue for the ash is a

very strong factor).

The altitude at which most of the fine ash disperses is also important, but largely not

assessed in operations. An awareness of the likely height of neutral buoyancy of a cloud, as

well as the height of any inversions would be a critically important part of the hazard

reduction strategy of an aircraft, to add to, for example, simulations of traffic density that

suggest aviation in the Asia Pacific region will be increasingly vulnerable to volcanic cloud

encounters because of the large number of active volcanoes in the region and the increasing

growth of air traffic in that region (Prata 2008). Current efforts to improve the dispersion

model initialisation for eruptions where limited initial information is available will also be

enhanced by greater attention to these issues (Mastin et al. 2009).

As indicated earlier, ice in a volcanic cloud makes it more difficult to identify ash within

the cloud. While some techniques exist for trying to determine the relative amounts of ash,

ice and SO2 within a cloud (Guo et al. 2004a, b), the extent of variation in umbrella cloud

composition shown here would, if shown to be reflective of real clouds, pose tremendous

problems for operational meteorologists and airlines.

An analyst viewing by satellite the tropical eruption clouds for lower eruption rates such

as these modelled clouds would most likely see an ice cloud, and if sufficient SO2 is

present, detect some SO2 using infrared or UV techniques, but would not see any ash, just

as was the case for the actual tropical eruptions in Fig. 2. The studied examples of ice-rich

clouds show that, where ash signatures are not obvious, clouds can be tracked using SO2

data (Carn et al. 2003; Prata et al. 2003; Tupper et al. 2004), or through changed particle

reflectivity or retrieved particle effective radius (Tupper et al. 2007). Having identified

these clouds as ash-poor, it would still be necessary to warn for them while there is no

formal safe definition of a concentration of ash (International Civil Aviation Organization

2009).

5 Conclusions

Axisymmetric simulations of volcanic clouds using the numerical model ATHAM and

considering ash aggregation suggest that, at weaker eruption strengths, there can be very

marked differences between the heights reached by eruption clouds in moist tropical and

dry subpolar environments. This is a similar result to the previous Plinian eruption sim-

ulations of Graf et al. (1999) without ash aggregation, but the differences appear signifi-

cantly more marked (*9 km) in height) at lower eruption strengths. The modelling

broadly supports the suggestion by Woods (1993) that volcanic clouds in moist atmo-

spheres could have a proportionally lower ash loading and be relatively less of a risk to

aviation to eruption clouds at the same heights in dry environments. The model suggests

that eruptions into moist atmospheres cause clouds that are higher but significantly poorer

in ash than eruptions into dry atmospheres. Because of the relatively higher ice and SO2
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than fine ash loading, the clouds are more difficult to detect as being volcanic using remote

sensing ash detection techniques.

These modelling results are consistent with an observed bimodal tendency in cloud

heights in the tropics (with a clustering of eruption heights near the tropopause and the

ground and a relative lack of midtropospheric maxima) and the number of ice-rich/ash poor

high altitude clouds seen in the tropics, including for many eruptions of Soputan and

Manam (Tupper et al. 2007; Tupper and Wunderman 2009).

The main implications of these results are that:

(a) a higher proportion of volcanic clouds will reach aircraft cruising levels in the moist

tropics than from drier, more stable, or more poleward environments, but the risk that

many of these clouds pose to aviation traffic will be relatively small because of a

lower ash content, reinforcing the need to derive an ‘acceptable’ concentration of ash

for aircraft, as low-grade encounters in the tropics are likely,

(b) ash clouds in the moist tropics will be harder to detect and track using remote sensing,

as has been reported in various remote sensing studies (e.g. Rose et al. 1995; Tupper

et al. 2004),

(c) eruption intensities cannot be reasonably estimated from eruption cloud heights in the

moist tropics,

(d) eruptions in higher latitudes in dryer atmospheres are less likely to rise to cruising

altitudes as they gain their energy mainly from the volcanic source. Clouds at cruising

altitudes will however be richer in ash and more dangerous because ash scavenging is

less significant, and

(e) a widening of the tropical atmospheric belt in a changing climate would potentially

change the overall climatology of volcanic eruption heights, by bringing more of the

world’s volcanoes into tropical atmospheres.

6 Potential for further work

There are some fascinating complexities in the different cloud evolution at various eruption

strengths, which deserve to be explored more fully. It would be useful to consider revised

parameterisations for the condensation of water on ash particles, for example based on

recent examination of ice-sublimation on ash particles for volcanic clouds (Durant et al.

2008). Further, the effects of scavenging and aggregation of small ash particles in the moist

environment need additional effort to be simulated adequately. The parametrisation of the

effects of the availability of water or ice, the porosity of ash, or electrostatic forces on

aggregation efficiency is currently based on theoretical reasoning due to the lack of

knowledge of the microphysics of ash and meteorological clouds in volcanic eruption

column. Any improvement in these processes might be expected to significantly affect the

cloud composition results shown here. Camouflaging dry ash layers in the midtroposphere

by overlaying ice in the umbrella region pose another challenge, both to modelling and

remote sensing. Further laboratory and field work on volcanic clouds would be extremely

useful both for verifying remote sensing and developing realistic modelling.

The effect of small variations in vent height in maritime and continental environments,

alternatives to the approach of varying only the initial velocity in order to change the mass

eruption rate in these simulations, and the effects of the actual 3D wind fields should be

explored, and the small eruption case of ‘volcanicCb’ (Tupper et al. 2005) examined more

carefully.
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In addition to this further modelling work, well-observed eruptions should have mod-

elled cloud evolution compared to actual and theoretical remote sensing results, in par-

ticular using new instruments that provide vertical profiling information such as CALIPSO

(Carn et al. 2007). The four eruptions used as the basis for choosing the profiles used in this

study were all well observed from space, although the Sheveluch, Manam and Soputan

eruptions were not well observed from the ground. Unfortunately, remote areas of the

world rarely have major eruptions coincident with good visibility, well equipped volca-

nological and meteorological observatories and quality polar-orbiting satellite passes, so

any opportunity that presents itself along these lines should be seized.
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