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[1] The Particle Analysis by Laser Mass Spectrometry (PALMS) instrument has
measured the composition of single particles in the lower stratosphere. The average
fraction of carbonaceous material in the stratospheric particles decreased rapidly above the
tropopause. The decrease in the average carbon content was mostly associated with a
sharp increase in the bottom 2 km of the stratosphere in the frequency of fairly pure sulfate
particles both with or without meteoric metals. The low potassium content of the fairly
pure sulfate particles is used to show that they were formed in the stratosphere and were
not tropospheric particles that had lost organics because of oxidation. Of the tropospheric
carbonaceous-sulfate particles found in the stratosphere, the mass spectra had similar
patterns from the upper troposphere to the maximum altitude sampled, about 19 km. A
reduction in the carbon to sulfate ratio in tropospheric particles was only apparent above
about 440 K potential temperature. This implies that carbon compounds can remain for
months in particles larger than about 300 nm. Despite the slow rate, these data do not
exclude rapid heterogeneous reactions of organics in the particles with OH or other
radicals. There was no evidence of significant transfer of semivolatile organics between
particles in the stratosphere. However, particles that originated in the stratosphere acquired
small amounts of carbon when they were transported to the tropopause.

Citation: Murphy, D. M., D. J. Cziczo, P. K. Hudson, and D. S. Thomson (2007), Carbonaceous material in aerosol particles in the

lower stratosphere and tropopause region, J. Geophys. Res., 112, D04203, doi:10.1029/2006JD007297.

1. Introduction

[2] The stratosphere is an interesting location for mixed
carbonaceous-sulfate particles because oxygenated and other
nonmethane gas phase organics decrease rapidly above the
tropopause [Singh et al., 2000]. This creates a simpler
system than in the troposphere, where there is a wide variety
of gas phase organics that can partition to or react with the
particles. The bulk composition of the stratospheric aerosol
is also more consistent than in the troposphere.
[3] Although it has long been known that the stratospheric

aerosol layer is largely sulfate, until recently there were
few bounds on the organic content. Junge initially believed
that the stratospheric aerosol was ammonium sulfate, but
more recent data support sulfuric acid and water as the
dominant components [Junge and Manson, 1961; Lazrus
and Gandrud, 1974; Deshler et al., 1992; Arnold et al.,
1998]. The stratospheric aerosol composition had been
determined with bulk elemental analysis, spot tests [Bigg
et al., 1974], electron microscopy [Junge and Manson,

1961; Sheridan et al., 1994], and volatility [Deshler et al.,
1992], none of which are especially sensitive to organics.
[4] There are three main processes that should affect the

organic content of particles in the stratosphere. First, the
organics will be diluted with sulfuric acid deposited after
gas phase oxidation of SO2 and OCS. This sulfuric acid can
deposit on either tropospheric particles that have reached the
stratosphere or particles formed in the stratosphere. Second,
heterogeneous reactions with O3, OH, and halogen radicals
should gradually oxidize organics in aerosols [Ellison et al.,
1999]. Third, there may be some uptake of remaining gas
phase organics such as formaldehyde. If organic polymers
form in the sulfuric acid, then the total organic content
might slowly build up over time even if the instantaneous
concentration of the gas phase precursors is small [Iraci and
Tolbert, 1997; Zhao et al., 2005].
[5] In 1998 we showed that the average carbonaceous

content of aerosols declines rapidly with increasing altitude
above the tropopause [Murphy et al., 1998]. In the remain-
der of this paper we use information from the individual
particles as well as data from flights since 1998 to study the
origin and fate of the carbonaceous material in stratospheric
particles. Figure 1 is an updated and extended version of
Figure 3 of Murphy et al. [1998]. In Figure 1, negative
sulfate peaks are the total of mass to charge 80, 97, 99, and
195; positive sulfate 48 (if greater than 49), 99, and 197;
negative carbonaceous 12, 24, 25, 26, 42, and 45; positive
carbonaceous 12, 13, 43, and 44. Although there are
additional minor peaks in each case, the positive carbona-
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Figure 1. Average areas of peaks indicative of sulfate and carbonaceous material in positive and
negative ion modes as a function of height from the tropopause. Data are from the WB57 Aerosol
Mission in Houston (WAM, 1998), CRYSTAL-FACE in Key West, Florida (2002), and the Pre-Aura
Validation Experiment in Houston and San Jose, Costa Rica (Pre-AVE, 2004). The peak in carbonaceous
content just above the tropopause during CRYSTAL-FACE was from biomass burning particles. A small
number of dust, sea-salt, and metal particles have been excluded. To avoid ice, nitric acid trihydrate, and
supercooled ternary solution particles, data at temperatures below 195 K or from spectra with very large
water or nitrate peaks have also been excluded.
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ceous fraction is labeled a subset because there are many
minor positive organic peaks as well as a significant
contribution from CO+ that can be difficult to distinguish
from meteoric 28Si. The high carbonaceous fraction near the
tropopause during CRYSTAL-FACE is due to biomass
burning particles. The cause of the higher sulfate fraction
in Pre-AVE is not known, although it may be related to a
higher fraction of tropical data in that mission. More
information on the missions is given in the next section.
[6] Figure 2 shows how the vertical coordinate of altitude

from the tropopause was related to potential temperature
and ozone. Tropopauses were determined from a microwave
temperature profiler on the aircraft [Denning et al., 1989]
when available or from the nearest aircraft vertical profile.

2. Method

[7] The Particle Analysis by Laser Mass Spectrometry
(PALMS) instrument provides unique capabilities for air-
borne measurement of particles [Thomson et al., 2000]. It
can provide onboard measurements of the chemical com-
position of single particles. Depending on the inlet, particles
are analyzed after spending only 3 to 500 ms in conditions
different than ambient pressure and temperature. A wide
variety of species are measured, including sulfates, organ-
ics, and metals. In favorable cases, this variety of species
makes it possible to determine the origin of individual
particles, for example whether they were formed in the
stratosphere or the troposphere.
[8] All sampling described in this paper was done from

the NASA WB-57F aircraft. Air was brought into the
aircraft nose through a 5 cm duct at approximately aircraft
speed, nominally 190 m s�1. The core of this flow was
sampled to bring particles to the instrument, where they
were detected and mass spectra were acquired from indi-
vidual particles. Either positive or negative ions were

analyzed from single particles. Particles between about
120 nm and 3 mm diameter were analyzed, with a very
low detection efficiency for particles smaller than about
220 nm. Particles larger than 200 nm include most of the
mass of stratospheric aerosols [Deshler et al., 2003].
[9] Data presented here are from three missions: the

WB-57F Aerosol Mission (WAM) in 1998, CRYSTAL-
FACE in 2002, and Pre-AVE in 2004. Flights were con-
ducted from Houston, Key West, and San Jose, Costa Rica.
The PALMS mass spectrometer was similar for the three
missions. Particle sizing by aerodynamic diameter was
added starting in 2002. The most significant change was
from a capillary inlet in 1998 to an aerosol focusing inlet
[Schreiner et al., 1999] in 2002. The capillary inlet went
directly from the 5 cm duct to the vacuum with a residence
time of about 3 ms. Particle transmission was biased to
larger particles approximately by the diameter cubed. Air
was brought to the aerosol focusing vacuum inlet by a short
tube from a separate forward pointing inlet in the 5 cm duct.
The focusing inlet had higher overall particle transmission
and less size bias, but together with the inlet from the duct it
had a much longer (100 to 500 ms) residence time. The
counterflow mode available in 2002 [Cziczo et al., 2004] is
excluded from the analyses here. As shown below, the
qualitative conclusions about the fate of carbonaceous
material in stratospheric particles are the same regardless
of which inlet was used.

3. Types of Stratospheric Particles

[10] Most of the particles in the stratosphere fall into three
categories: sulfate particles with meteoric material, sulfate
particles without meteoric material, and carbonaceous-sulfate
mixtures like those in the troposphere (Figure 3). These are
the same three particle types identified by Murphy et al.
[1998], but we now use hierarchical cluster analysis to

Figure 2. Potential temperature and ozone associated with the vertical profiles shown in Figure 1 and
subsequent figures.
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Figure 3. Three main types of particles in the lower stratosphere were sulfate particles with (a) meteoric
material, (b) sulfate particles without meteoric material, and (c) carbonaceous-sulfate mixtures from the
troposphere. These mass spectra were chosen to be near the center of objectively determined clusters of
similar spectra. The mixed mass spectrum in Figure 3c also contained small mercury peaks about the size
of the Br+ peaks.
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assign the mass spectra to categories [Murphy et al., 2003].
The cluster analysis uses all peaks from mass 1 to 220 to
find spectra that are similar to each other. The centers of the
clusters are defined as the average of similar spectra. For the
great majority of the mass spectra, the correlation coeffi-
cient between an individual spectrum and its cluster is
greater than 0.85. The meteoric cluster is especially tight.
Figure 4 shows the vertical profiles of the relative abun-
dances of these types of particles. Particles with meteoric
material and relatively pure sulfuric acid particles increase
in frequency above the tropopause. The frequency of
particles that contain meteoric material at the highest points
on Figure 4 (about 19 km) may be compared to the volatility
measurements of Curtius et al. [2005]. Their data, which
extend to smaller particles than those measured by PALMS,
found about 67% of particles within and 24% outside the
polar vortex had nonvolatile cores. The smaller fraction of
meteoric particles in Pre-AVE is probably due to those
flights being further south than the WAM flights. The
relatively pure sulfuric acid particles during all missions
may have been due to growth of particles originally formed
near the tropical tropopause [Brock et al., 1995].

[11] The positive and negative ion mass spectra provide
complementary information about the carbonaceous mate-
rial. The negative ion mass spectra are simpler and provide
more consistent estimates of the overall carbonaceous
content of the particles. For example, at lower altitudes
the average area of the negative ion carbonaceous peaks was
better correlated with independent measures of organics
than the positive ion carbon peaks [Murphy et al., 2006].
However, the positive ion spectra are much better suited to
study the sources and sinks of the carbonaceous material.
The reason is that in the stratosphere the majority of the
negative ion current is in one peak, HSO4

� and the other
peaks are almost all either carbonaceous or sulfate. If one
uses cluster analysis to select mass spectra with carbona-
ceous material, there is little additional information in the
size of those peaks. That size is already determined by the
choice of the categories. In contrast, in the positive ion
spectra, the pattern of peaks is much richer and the cluster
analysis can bring together similar spectra even if the
carbonaceous and sulfate contents vary. The best example
is the set of particles containing meteoric material. These
particles are categorized mostly on their Fe, Mg, and Ni

Figure 4. Relative numbers of the main particle types in the lower stratosphere in the size range
measured by PALMS. Fractions do not add to one because some particles did not match one of these
three categories. The names of the missions are given in the Figure 1 caption. As in Figure 1, data at
temperatures below 195 K or from spectra with very large water or nitrate peaks have been excluded.
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content. Their carbon and sulfate peaks contain information
that is independent of the details of the cluster analysis.

4. Carbonaceous-Sulfate Mixtures in the
Stratosphere

[12] The positive ion spectra here provide an interpreta-
tion of the decrease in the overall organic fraction in the
stratosphere. Figure 5 shows the relative sizes of some
carbon and sulfate peaks in each type of particle versus
altitude above the tropopause. A small subset of peaks (12,
13, 43, and 44) has been chosen that definitely contain
carbon, whereas other peaks change their interpretation
depending on the type of particle. For example, 24 is mostly
C2
+ in a carbonaceous-sulfate particle but is mostly 24Mg+ in

a meteoric-sulfuric acid particle. Similarly, 28 is mostly
CO+ in a carbonaceous-sulfate particle but is mostly 28Si+ in
a meteoric-sulfuric acid particle. 12C+ is often the largest
carbon-containing peak, so a small set of peaks accounts for
most of the ion current of carbon-containing peaks.
[13] The mixed carbonaceous-sulfate particles have sim-

ilar patterns of carbon and sulfate peaks from below the
tropopause and well into the stratosphere. For example, the
mass spectrum in Figure 3c was taken at an altitude of
almost 18 km, yet it looks just like many mass spectra at the
tropopause. We use ‘‘carbonaceous’’ in this paper because
the mass spectrometer does not always distinguish organic
and elemental carbon. However, most of the carbonaceous
mass in the lower stratosphere is probably organic, as was
found for the free troposphere [Novakov et al., 1997].
[14] Figures 1–5 use altitude from the tropopause as the

vertical coordinate because this is well suited for studying
the rapid changes in composition in the bottom 2 km of the
stratosphere. Figure 6 presents data from WAM versus
potential temperature, which is better suited for studying
the changes in composition higher in the stratosphere. The
other missions had similar patterns but did not reach as wide
a range of potential temperatures.
[15] Potassium provides a tracer of tropospheric particles

in the stratosphere. Although ablated meteoric material
contains potassium, the amount is small and particles with
meteoric material are easily identified by their unique
proportions of iron, magnesium, nickel, and other metals.
Other potassium-containing particles, especially those with
carbon, are almost certain to have come up from biomass
burning and other surface sources. There are no known
relevant volatile potassium compounds, so it should remain
in the particles regardless of oxidation or other chemistry.
[16] Figure 6 (left) shows that the fairly constant carbon

content of carbonaceous-sulfate particles shown in Figure 5
is not just an artifact of the cluster analysis putting spectra
with a certain amount of carbon in the same cluster. PALMS
is extremely sensitive to potassium, yet almost none of the
nearly pure sulfate spectra had a significant potassium peak.
This shows that they are not just tropospheric particles in
which the organics were oxidized away in the stratosphere.
On the other hand, about one third of the of carbonaceous-
sulfate particles contained potassium, regardless of potential
temperature. Therefore the cluster analysis is picking out
a consistent set of particles. Roughly 30% (WAM) to
two thirds (CRYSTAL-FACE) of the stratospheric mixed
carbonaceous-sulfate particles contained a significant potas-

sium peak, in agreement with the fraction of biomass
burning particles in the free troposphere [Hudson et al.,
2004] and the biomass burning plumes encountered during
CRYSTAL-FACE [Jost et al., 2004].
[17] Within this set of particles that originated in the

troposphere, it is only above about 440 K that the average
composition shows a change to larger sulfate peaks and
smaller carbonaceous peaks. An altitude of 440 K corre-
sponds approximately to the maximum altitude of tropo-
spheric influence in the midlatitude stratosphere [Rosenlof
et al., 1997]. The dashed curve shows the subset of
carbonaceous-sulfate particles with the largest light scatter
peaks. Such particles were larger and passed near the center
of the continuous laser beam. Their mass spectra have
systematically smaller carbonaceous peaks but no apparent
trend with potential temperature. Although the statistics are
not very good, this supports the concept that the change to
smaller carbonaceous peaks above 440 K is related to the
surface-to-volume ratio of the particles.

5. Discussion

[18] We cannot judge how long an individual particle has
been in the stratosphere, but at 450 K in midlatitudes the
mean age of the air in the stratosphere may be 6 to 9 months
[Rosenlof, 1995]. Any air parcel contains a spectrum of
ages. Particles with a tropospheric character probably tend
to have ages less than the mean age. Seasonal fluctuations in
the CO2 and water concentration propagate from the tropo-
pause to 18.5 to 19 km in 4 to 6 months in the tropics
[Boering et al., 1995]. Assuming that a tropospheric particle
is in the midlatitude stratosphere because of rapid mixing at
some point, this 4 to 6 month residence time may be more
appropriate to a midlatitude tropospheric particle at 19 km
than the mean age of the air.
[19] Figure 6 shows that in mixed carbonaceous-sulfate

particles the ion current due to some of the largest carbon
peaks declines from about 40% of a typical spectrum near
the tropopause (350–370 K for these flights) to about 25%
at 450 K. Just how much carbonaceous material is lost is
hard to judge, but laboratory experience suggests that the
change in composition must be substantial. The PALMS
instrument does not have a linear response to organics in
sulfuric acid particles. Trace amounts (�1%) of organics in
sulfuric acid give disproportionately large ion currents
[Middlebrook et al., 1997]. Adding tens of percent sulfuric
acid to a pure organic particle only slightly reduces the
relative size of the positive ion organic peaks.
[20] If we use a residence time of 4 to 6 months and if

reaction with OH is the rate-limiting step in carbon loss, the
reaction would have to be fast (a reactive uptake coefficient
greater than about 0.1) to produce a significant loss in
organics. OH concentrations in the lower stratosphere are on
the order of 106 cm�3 during sunlit hours [Hanisco et al.,
2001]. If the reactive uptake coefficient is 0.5 and on
average a CH2 group is lost for each reaction, then a
500 nm organic particle would lose half its mass in about
6 months. Besides OH, there are also ozone and halogen
radicals that could oxidize organics in the lower strato-
sphere. The halogen radicals are present at very low con-
centrations so the reactions would need to be fast in order to
compete with OH. Ozone is at least 105 times as abundant
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as OH, so any heterogeneous reaction could be correspond-
ingly slower and still oxidize organics. Ozone might be
especially important for reactions that lead to gas phase
products [Eliason et al., 2004].

[21] Bertram et al. [2001] found that the reaction of OH
with surrogates for aerosol organic surfaces proceeded with
a reactive uptake coefficient of greater than 0.1. Molina et
al. [2004] found that reaction with OH was the rate-limiting

Figure 5
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step in oxidation of a laboratory organic surface. They used
their data to estimate that 106 cm�3 OH could oxidize
organic aerosol particles to gas phase species in about
6 days. This estimate is very different than our 6 month
timescale because they assumed not only a fast heteroge-
neous reaction but also a large mass loss per reaction and
very small particles with large surface-to-volume ratios.
Most of the mass of stratospheric aerosol is in much larger

particles whose oxidation would be much slower even with
a large reactive uptake coefficient. PALMS is unable to
measure the particles smaller than 100 nm that should be
most sensitive to loss of carbon mass due to heterogeneous
chemistry.
[22] An important detail on Figure 5 is that the carbona-

ceous ion signal for particles with meteoric material is
higher at the tropopause than in the stratosphere. This is

Figure 6. Properties of the mass spectra in the sulfate (n = 1302) and carbonaceous-sulfate (n = 2806)
categories for the WB-57 Aerosol Mission (WAM) data. (left) Fraction of spectra in each category with a
significant potassium 39K+ peak, defined as 4% of the total ion current in each spectrum and larger than
the mass 38 peak. The clean separation shows that the oxidation of organics is not causing many particles
to cross from the carbonaceous-sulfate category into the sulfate category. Fraction of ion current in a set
of (middle) sulfate peaks and (right) carbonaceous peaks, showing some uptake of sulfate and/or loss of
carbonaceous material above about 440 K. The dashed curve in Figure 6 (right) shows the vertical profile
for only the carbonaceous-sulfate particles that scattered the most light. This weights the dashed profile to
the largest particles (n = 546).

Figure 5. Carbonaceous and sulfate ion signals in positive ion mass spectra of specific types of particles in the lower
stratosphere. Symbol sizes are proportional to the logarithm of the number of mass spectra averaged for each point. A few
are labeled to show the scaling. Mass spectra were classified using a cluster analysis technique, and then averages of subsets
of peaks were extracted for those particles. In each case the signals are expressed as a fraction of the total ion current for
each particle. The ion currents do not add to one because there are peaks that are neither sulfate nor carbonaceous, such as
the iron peak in particles with meteoric material and the potassium peak in biomass burning particles. The averages from
meteoric-sulfate particles do not extend to lower altitudes because average ion fractions were only calculated if there were
at least 10 mass spectra in each altitude range. Because of changes in the instrument, separate cluster analyses were used for
each mission. Slightly different definitions of what constitutes a pure sulfate particle are probably the cause in the spread
between missions in the size of the carbonaceous peaks in the sulfate category.
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not an artifact of how the mass spectra were categorized,
since meteoric material has a very unique pattern of iron,
magnesium, nickel, and other peaks that is identified with
very high accuracy by the cluster analysis. Meteoric par-
ticles observed near the tropopause must have been formed
higher in the stratosphere, perhaps near the poles, and
moved by atmospheric motion and gravitational settling to
where they were observed. Evidently they are picking up
organics with time spent near the tropopause. This would
indicate either production of secondary organic aerosol in
the vicinity of the tropopause or redistribution of semi-
volatile organics between particles there. A rough calcula-
tion shows that about 1 part per trillion (ppt) of condensable
organics could add a few percent carbon to the particles in
two weeks. This is much less than the total of oxygenated
organics available at the tropopause [Singh et al., 2000].
[23] This estimate points to some strong constraints on

the amount of condensable organics in the stratosphere. The
mass spectra of meteoric particles have only about 2% of
their ion current in the carbon peak. Again, it is difficult to
judge what mass fraction of carbon would yield such a peak,
but it is unlikely to be more than a few percent by mass and
might be much less. These meteoric type particles come
from higher altitudes and may well have spent over a year in
the stratosphere, so there would have been ample time to
acquire a few percent mass of carbon from a fraction of a
ppt of condensable material. That the carbon peak remains
small must mean that either the condensation of organics,
including redistribution of semivolatile organics from tro-
pospheric particles and polymerization of formaldehyde,
must be extremely slow or any gain of organics must be
balanced by heterogeneous oxidation.

6. Conclusions

[24] The lower average carbon content of all particles in
the bottom few km of the stratosphere (Figure 1) is caused
mostly by fewer carbonaceous-containing particles rather
than by a reduction in the carbon content of particles that
originated in the troposphere. Many of these particles are
probably cycled back to the troposphere: the vertical mass
flux through the 100 hPa surface in the tropics is many
times that through 60 hPa, implying that much of the air
must return to the troposphere without going higher
[Rosenlof et al., 1997]. Despite the low average content,
carbonaceous material is present in some particles up to
8 km above the tropopause. Above about 440 K, particles
that originated in the troposphere have a smaller ratio of
carbon to sulfate. This is probably due to both condensa-
tion of sulfuric acid and oxidation of organics to the gas
phase. These particles have spent months in the strato-
sphere. For such large (>300 nm) particles, any apprecia-
ble mass loss due to heterogeneous reaction with OH
requires both considerable time and a large reactive uptake
coefficient, consistent with laboratory measurements.
Smaller particles might react more quickly.
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burning particle measurements: Characteristic composition and chemical
processing, J. Geophys. Res., 109, D23S27, doi:10.1029/2003JD004398.

Iraci, L. T., and M. A. Tolbert (1997), Heterogeneous interaction of for-
maldehyde with cold sulfuric acid: Implications for the upper troposphere
and lower stratosphere, J. Geophys. Res., 102, 16,099–16,107.

Jost, H. J., et al. (2004), Observations of mid-latitude forest fire plumes in
the stratosphere, Geophys. Res. Lett., 31, L11101, doi:10.1029/
2003GL019253.

Junge, C. E., and J. E. Manson (1961), Stratospheric aerosol studies,
J. Geophys. Res., 66, 2163–2182.

Lazrus, A. L., and B. W. Gandrud (1974), Stratospheric sulfate aerosol,
J. Geophys. Res., 79, 3424–3431.

Middlebrook, A. M., D. S. Thomson, and D. M. Murphy (1997), On the
purity of laboratory-generated sulfuric acid droplets and ambient parti-
cles studied by laser mass spectrometry, Aerosol Sci. Technol., 27, 293–
307.

Molina, M. J., A. V. Ivanov, S. Trakhtenberg, and L. T. Molina (2004),
Atmospheric evolution of organic aerosol, Geophys. Res. Lett., 31,
L22104, doi:10.1029/2004GL020910.

Murphy, D. M., D. S. Thomson, and M. J. Mahoney (1998), In situ mea-
surements of organics, meteoritic material, mercury, and other elements
in aerosols at 5 to 19 kilometers, Science, 282, 1664–1669.

Murphy, D. M., A. M. Middlebrook, and M. Warshawsky (2003), Cluster
analysis of data from the Particle Analysis by Laser Mass Spectrometry
(PALMS) instrument, Aerosol Sci. Technol., 37, 382–391.

Murphy, D. M., D. J. Cziczo, K. D. Froyd, P. K. Hudson, B. M. Matthew,
A. M. Middlebrook, R. E. Peltier, A. Sullivan, D. S. Thomson, and
R. J. Weber (2006), Single-particle mass spectrometry of tropospheric
aerosol particles, J. Geophys. Res., 111, D23S32, doi:10.1029/
2006JD007340.

Novakov, T., D. A. Hegg, and P. V. Hobbs (1997), Airborne measurements
of carbonaceous aerosols on the East Coast of the United States,
J. Geophys. Res., 102, 30,023–30,030.

Rosenlof, K. H. (1995), Seasonal cycle of the residual mean meridional
circulation in the stratosphere, J. Geophys. Res., 100, 5173–7191.

Rosenlof, K. H., A. F. Tuck, K. K. Kelly, J. M. Russell III, and M. P.
McCormick (1997), Hemispheric asymmetries in water vapor and infer-
ences about transport in the lower stratosphere, J. Geophys. Res., 102,
13,213–13,234.

Schreiner, J., U. Schmid, C. Voigt, and K. Mauersberger (1999), Focusing
of aerosols into a particle beam at pressures from 10 to 150 Torr, Aerosol
Sci. Technol., 31, 373–382.

D04203 MURPHY ET AL.: STRATOSPHERIC CARBONACEOUS PARTICLES

9 of 10

D04203



Sheridan, P. J., C. A. Brock, and J. C. Wilson (1994), Aerosol particles in
the upper troposphere and lower stratosphere: Elemental composition and
morphology of individual particles in northern midlatitudes, Geophys.
Res. Lett., 21, 2587–2590.

Singh, H., et al. (2000), Distribution and fate of selected oxygenated
organic species in the troposphere and lower stratosphere over the
Atlantic, J. Geophys. Res., 105, 3795–3805.

Thomson, D. S., M. E. Schein, and D. M. Murphy (2000), Particle analysis
by laser mass spectrometry WB-57F instrument overview, Aerosol Sci.
Technol., 33, 153–169.

Zhao, J., N. P. Levitt, and R. Zhang (2005), Heterogeneous chemistry of
octanal and 2, 4-hexadienal with sulfuric acid, Geophys. Res. Lett., 32,
L09802, doi:10.1029/2004GL022200.

�����������������������
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