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[1] The Particle Analysis by Laser Mass Spectrometry
(PALMS) instrument was used to obtain the first in situ
measurements of the composition of particles in the wakes of
solid rocket motor (SRMs) launch vehicles. PALMS
acquired mass spectra of over 2300 exhaust particles
within the plumes of an Athena II rocket and the Space
Shuttle. The majority of positive spectra indicated the
presence of primary and trace components of the aluminum
fuel and the combustion catalyst. Negative spectra showed
chlorine from the oxidizer. Nitrate and phosphate fragments
and water were common features of spectra acquired during
the Space Shuttle encounters. Elemental carbon (EC) was a
significant particle type observed in the Athena II plume.
The data show that particles emitted by SRMs are more
diverse and probably more reactive than previously
considered. INDEX TERMS: 0305 Atmospheric Composition

and Structure: Aerosols and particles (0345, 4801); 0340 Middle

atmosphere—composition and chemistry; 1610 Global Change:

Atmosphere (0315, 0325). Citation: Cziczo, D. J., D. M.

Murphy, D. S. Thomson, and M. N. Ross, Composition of

individual particles in the wakes of an Athena II rocket and the

space shuttle, Geophys. Res. Lett., 29(21), 2037, doi:10.1029/

2002GL015991, 2002.

1. Introduction

[2] Combustion emissions from SRMs are composed of
reactive gases and particles that can reduce stratospheric
ozone [WMO, 1999]. The most significant are thought to be
gas-phase chlorine compounds and bare alumina particles.
Models of the local and global impact of these emissions
have demonstrated that they do not, at the present time,
constitute a significant threat to stratospheric ozone [WMO,
1999]. Uncertainties remain in our knowledge of rocket
interaction with the background stratosphere and prudence
requires that we continue to carefully evaluate the impact
that they have on stratospheric ozone [Ko et al., 1994].
[3] SRM gas-phase chlorine emissions are relatively well

understood. Model predictions of plume composition just
after launch [Danilin et al., 2001a] are in general agreement
with airborne measurements [Ross et al., 1997]. The global
impact of SRM chlorine emissions has been the subject of

considerable efforts using sophisticated models of strato-
spheric chemistry and dynamics. Depending on rocket
launch scenarios and particle size distribution assumptions,
a global annually averaged ozone loss up to 0.02% is
predicted [Jackman et al., 1998; Danilin et al., 2001a].
[4] Measurements and models have increasingly empha-

sized the role that heterogeneous reactions promoted by
alumina particles may play [Danilin et al., 2001b]. Esti-
mates associated with chlorine activation reactions on SRM
alumina are comparable to the estimated loss from gas-
phase chlorine emissions [Danilin et al., 2001b]. Recent
works [Gates et al., 2002; Popp et al., 2002; Schmid et al.,
2002] suggest that volatile compounds are likely present on
particles, and these may influence the heterogeneous chem-
istry. At the present time our uncertain understanding of
SRM particulate emissions limits our ability to reliably
estimate ozone loss from rocket emissions.
[5] Here we report measurements of the composition of

individual particles in the stratospheric plumes of two
different launch vehicles. The rockets, an Athena II and
the Space Shuttle, were powered by a modest SRM alone
and a combination of large SRMs and oxygen-hydrogen
engines, respectively, such that each wake had a signifi-
cantly different water vapor environment. We use mass
spectrometry to qualitatively identify categories and trends
among the exhaust particles and conclude that they are more
varied, and possibly more reactive, than models have
assumed.

2. Data Acquisition

[6] The PALMS instrument took part in the Atmospheric
Chemistry of Combustion Emissions Near the Tropopause
(ACCENT) field campaigns during 1999 and 2000 from
aboard a NASAWB-57F aircraft. This instrument has been
described in detail previously [Thomson et al., 2000].
[7] One objective of the ACCENT campaigns was to

further our understanding of the effect of rocket emissions
on the atmosphere. Toward this goal the WB-57F was used
to intercept the stratospheric exhaust plume produced by an
Athena II rocket six times from 4 to 36 minutes after launch
on 24 September 1999, and to intercept the exhaust plume
of STS-106 fourteen times from 5 to 90 minutes after launch
on 8 September 2000.
[8] Mass spectra produced by single particle instruments

typically provide qualitative data except in the case of
simple systems that can be studied in the laboratory.
[Thomson et al., 1997], and, it is likely that PALMS is
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more sensitive to the surface than the interior of relatively
large and refractory particles such as those found in rocket
exhaust. Because of these factors the data presented here are
interpreted within the context of overall trends in wake
aerosol composition. Mass spectra acquired during the
ACCENT missions were combined using a regression tree
method to group particles with common spectral features.
Categories were manually investigated to identify features.
Particles acquired within the bounds of the plumes, defined
by gas-phase ClO measurements, were separated from those
outside (Darin Toohey, personal communication). Statistical
representations of plume particles for the Athena II and
Space Shuttle, separated into positive and negative groups,
are shown in Figure 1.

3. Analysis and Discussion

[9] Negative polarity mass spectra acquired within the
Athena II plume were dominated by the presence of O�,
OH�, Cl�, AlO� and AlO2

� ions. The majority exhibited
only these peaks. One subset co-exhibited these features
with EC. A second subset found predominantly near the
wake edge, contained the Cl and Al species plus fragments
of sulfuric acid. The remainder exhibited the Cl and Al
species as well as peaks at mass 133, 135, and 137. A typical
mass spectrum of a particle from this class is shown in Figure
2a. The results are markedly different from typical strato-
spheric particles of which only a few percent do not have
sulfate as the dominant component [Murphy et al., 1998].
[10] The majority of Athena II positive polarity mass

spectra exhibited Al, Fe, Ca, Na, and K features in
descending order of average peak intensity (Figure 2b).

Sn, V, Pb, and mass 63 and ions 65 were also observed.
Combinations of these elements accounted for 87% of
positive mass spectra while a subset co-exhibited sulfuric
acid fragments with these elements. The remainder were
classified as ‘exotic’ to describe the presence of elements
that did not appear in the other spectra (e.g. Ti, Zn, I,
and Ba).
[11] Negative mass 133, 135, and 137 and positive mass

63 and 65 ions were common rocket exhaust spectral
features atypical of other atmospheric aerosols. The neg-
ative peaks can be identified as the cluster ion of Cl� with
a neutral species that has a molecular weight of 98 and
which contains two chlorine atoms (where 35Cl accounts
for �75% of the atoms and 37Cl the remainder). This
implies that the negative peaks at 133, 135, and 137
contain three Cl atoms. A fourth isotopic peak at mass
139 should also be present but, at �1% of the total, it is
below the detection limit. Positive masses 63 and 65 are
consistent with the elimination of Cl� from the neutral
mass 98 molecule. The weight, isotopic pattern, and
valence rules are satisfied by AlHCl2 and COCl2 (phos-
gene). Because of the abundance of aluminum and chlor-
ine in rocket exhaust, the more probable is AlHCl2. COCl2
can be formed on elemental carbon surfaces [Kirk and
Othmer, 1996], and EC particles were abundant in the
Athena II plume, so it cannot be ruled out as the source of
these mass peaks. In either case, these data demonstrate
the chemical processing that occurs in SRM exhaust and
show that molecules not previously considered in models
are formed.
[12] Space Shuttle negative polarity particles were

grouped into more categories than were required for the

Figure 1. Statistics of particles analyzed within rocket wakes. Panels a and b show categories derived from Athena II
aerosols in negative and positive polarity, respectively. Panels c and d show categories derived from Space Shuttle aerosols
in negative and positive polarity, respectively.
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Athena II due to the presence of H2O complexes and PO4

(an impurity in the oxidizer) and NO3 fragments. Three
categories contained O�, OH�, AlO�, AlO2

�, and Cl�

ions and were differentiated by various amounts of water,
complexed in the spectra as Cl�.nH2O. Water complexes
accounted for 5% of the negative polarity ion signal from
the Space Shuttle particles. Although relative humidity
(RH) was not measured during the intercepts we presume
the signal is from a hydrous particle coating formed due to
the co-injection of water vapor by the main engines. No
water features were present during the first five Athena II
plume intercepts, a rocket without oxygen-hydrogen
engines, for which the RH remained �5% [Gates et al.,
2002]. In contrast, the sixth pass occurred in the more
humid region of the tropopause (�23% RH). During that
final encounter �1% of the ion current was due to
Cl�.nH2O complexes.
[13] NO is produced during solid rocket combustion

[Bennett and McDonald, 1994]. This species is expected
to oxidize, form chlorine nitrate, and react on alumina
[Molina et al., 1997]:

ClONO2 þ HCl ! Cl2 þ HNO3ðR1Þ

Popp et al. [2002] suggest this process was responsible for
disparate gas- and particle-phase HNO3 measurements
within the Athena II plume. Nitric acid formed via R1 and
remaining on particles may have been the source of our
observations of NO3 fragments in the Space Shuttle wake.
In negative polarity the fragments of nitric acid, NO2

� and
NO3

�, accounted for <0.5% of the ion current in the
stratospheric Athena II exhaust. During the tropopause
intercept this value rose to �2%. During the Space Shuttle
encounters 7% of the signal was due to these fragments.
The implication is that nitric acid production is signifi-

cantly favored in more humid wakes or that this species
ionizes with greater efficiency from particles with a
hydrous coating.
[14] As for the Athena II plume, 6% of the negative

polarity Space Shuttle particles showed the aforementioned
features as well as peaks at mass 133, 135, and 137. A
fifth category, 7%, showed the same features co-existing
with sulfuric acid fragments. Sulfur is not a major com-
ponent of SRMs and for both launch vehicles these
particles occurred predominantly near the wake edge. It
is not clear if this is due to coagulation of exhaust particles
with stratospheric background aerosols, the re-condensa-
tion of sulfuric acid from particles which had been
vaporized, or chemistry occurring predominantly near the
wake fringe. A final category, <1%, showed the Al and Cl
species as well as EC. This implies that the emission of
EC in the size range to which the PALMS instrument is
sensitive is much less for the Space Shuttle than for the
Athena II.
[15] Positive mass spectra acquired within the Space

Shuttle plume were grouped into six categories. Three
categories, a total of over 99%, exhibited the metals Al,
Fe, Na, K, Ca, Ga, and V with occasional signal from C,
NO, Sn, Pb, and masses 63, and 65. Variable intensity of
peaks associated with water, complexed as Fe.nH2O, were
used to differentiate these groups. A fourth category was
metals co-existing with EC. A fifth category was pristine
sulfuric acid. The remaining particles were grouped into an
‘exotic’ category. The source of these particles is not clear
but they may be related to mechanical or thermal erosion
of engine parts.
[16] Temporal changes in aerosol composition were not

observed over the course of the Athena II and Space Shuttle
encounters with the exception of the aforementioned final
Athena II plume intercept where the contrast is attributed to
atmospheric location. Otherwise, particle composition and

Figure 2. Individual particle mass spectra from the dominant categories in Figure 1. Panel a is a particle analyzed at
negative polarity during an Athena II plume intercept. Features are due to O, OH, isotopes of Cl, and aluminum oxide
fragments. Most spectra acquired in this mode contained only these features. This specific particle is representative of a
subset that also contained features at masses 133, 135, and 137 (see text). Panel b is a particle analyzed at positive polarity
during an Athena II plume intercept. Panel c is a particle analyzed at negative polarity during a Space Shuttle plume
intercept. Features are similar to Athena II particles but notice the addition of NO3 and PO4 fragments and water complexes.
Panel d is a particle analyzed at positive polarity during a Space Shuttle plume intercept. Again, notice the addition of water
complexes compared to the Athena II particles.
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water and nitric acid signal remained constant throughout
the encounters.

4. Atmospheric Implications

[17] Recent models [i.e., Danilin et al., 2001b; Schmid et
al., 2002] emphasize the importance of heterogeneous reac-
tions on particles emitted by rocket engines and note that a
complete assessment of ozone depletion from space trans-
portation activities requires a detailed knowledge of their
microphysical properties. This work demonstrates that par-
ticles in the Athena II and Space Shuttle plumes were
chemically more complex and varied than has been assumed.
[18] Laboratory studies have investigated processes by

which SRM particles could affect stratospheric ozone, for
example by determining a rate for the chlorine activation
reaction R1. Molina et al. [1997] reported a reaction
probability �0.02, a value an order of magnitude higher
than for stratospheric sulfate aerosols [Ravishankara and
Hanson, 1996]. Based on energy dispersive X-ray analyses
of Space Shuttle exhaust collected in the troposphere [Cofer
et al., 1987] these and other researchers have used pristine
alumina as a surrogate for exhaust particles.
[19] The reaction probability for R1 reported by Molina

et al. [1997] is of particular interest because it has been
widely incorporated into models. Molina et al. concluded
that surface water layers, and not the alumina, determined
this rate. Adoption of this value, therefore, implicitly carries
the assumption that all SRM exhaust is composed of
unreactive particles coated with pure water surface layers.
One implication of the PALMS data is to show that this is
not an accurate description. The intensity of the condensed-
phase water signal varied considerably between launch
vehicles and with plume location. Nitric acid was probably
a component of the volatile coating. Plume particle mass
spectra exhibited considerable signal from the trace compo-
nents of the rocket fuel, oxidizer, binding and curing agents,
and the combustion catalyst. Iron may have represented
�1% of the particle mass based on its abundance in SRM
propellant. The effect that any of these species has on the
heterogeneous reactivity of plume particles remains
unknown. Aerosols with EC and exotic components,
although present at low abundance, likewise exert a com-
pletely unresolved forcing on plume chemistry.
[20] Models have generally assumed that chlorine is

present only in the gas phase, yet chlorine was the largest
peak in most of our negative ion mass spectra. This, along
with the observation of either AlHCl2 or COCl2, indicates
that the heterogeneous chemistry of chlorine in rocket
plumes is more complicated than has been assumed. Finally,
the data show that �5% of Athena II and Space Shuttle
plume particles, predominantly along plume edges, were
coated with sulfuric acid. Apparently, ambient H2SO4

particles combine with plume exhaust within minutes after
launch. Molina et al. [1997] and Danilin et al. [2001b]
briefly discuss this process and the implication for the
reactivity of particles emitted by SRMs. The PALMS data
confirms that this process does occur on a significant

fraction of exhaust particles, which would probably reduce
the ozone loss predicted in global models. These results
should be incorporated into future studies of rocket exhaust
influence.
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