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Carbonaceous aerosol (Soot) measured in the lower stratosphere
during POLARIS and its role in stratospheric photochemistry

A. W. Strawa,' K. Drdla,' G. V. Ferry,' S. Verma,? R. F. Pueschel,! M. Yasuda,® R. J.
Salawitch,* R.S. Gao,’ S. D. Howard,® P. T. Bui,' M. Loewenstein,' J. W. Elkins,” K.

K. Perkins,® and R. Cohen °®

Abstract. This paper describes recent measurements of carbonaceous aerosol made by wire
impactors during the Photochemistry Ozone Loss in the Arctic Region in Summer (POLARIS)
campaign and assesses their role in stratospheric photochemistry. Ninety-five percent of the
carbonaceous aerosol collected during this campaign was in the form of b lack carbon aerosol
(BCA), or soot. A new method of analyzing impactor samples is described that accounts for
particle bounce and models the BCA as fractal aggregates to modify the aerodynamic
collection efficiency and determine particle surface area. Results are compared to previously
used methods. The new method results in an increase in the measured BCA number density of
4 times, surface area density of ~15 times, and an increase in mass loading of 6.15 times over
one previously used approach. Average values of number, surface area, and mass densities are
0.06 no./en??, 0.03 um¥ cn?®, and 0.64 ng/m?’, respectively. BCA number densities are ~1% of
total aerosol number density, and BCA surface area density is ~10% of the measured sulfuric
acid aerosol surface area. Including heterogeneous reactions on BCA in a photochemical
model can affect photochemistry leading to renoxification and increased ozone depletion.
However, these predicted effects are not supported by the POLARIS observations, in
particular, the NO,/NOj, ratios. The laboratory data is not conclusive enough to determine to
what extent the heterogéneous reaction is catalytic or carbon consuming. Including catalytic
reactions on BCA does not statistically improve the agreement between model and
measurement in any of the several scenarios considered. Furthermore, if the reactions cause
even partial carbon oxidation, the BCA would be consumed at a rate inconsistent with
POLARIS observations. These inconsistencies lead us to conclude that the presence of BCA
in the stratosphere did not affect stratospheric photochemistry during POLARIS.

1. Introduction

The presence of black carbon aerosol (BCA) in the
stratosphere and upper troposphere has been observed and
documented for many years and with different instruments
[cf. Pueschel et al., 1992; Hansen and Rosen, 1984].
However, due to the sparseness of measurements, the sources,
sinks, and lifetime of BCA in the stratosphere is poorly
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known. Recent modeling studies have shown that including
heterogeneous reactions on BCA can improve agreement
between model predictions and measurements in both the
troposphere [Hauglustaine et al., 1996] and stratosphere
[Lary et al., 1997]. Lary et al. [1997] included the reactions of
HNO3 and NO; on carbon particles in atmospheric model
calculations. They used a reaction probability Y for HNO3
conversion to NOy (= NO + NO,) of 2.8 x 10" and BCA
surface areas from O to 10 u.m2/cm2. They found a major
impact on nitrogen partitioning and on ozone chemistry in the
stratosphere and troposphere. Bekki [1997] used enhanced
values of BCA surface area in calculations of the midlatitude
stratosphere to explain the observed ozone depletion in that
region. Using a two-dimensional photochemical model, Bekki
[1997] was able to reproduce much of the lower stratospheric
ozone trends by employing heterogeneous reactions of ozone
on BCA. The limitation of these studies is that they used
estimates of BCA surface areas and assumed catalytic
reactions. Gao et al. [1998] used O, abundances measured in
a jet engine exhaust plume to estimate an upper limit of the
value of the reaction probability surface area product, YSA, at
4.5 x 10° and 2.9 x 107 for the reduction of O; and NO,,
respectively. They also discussed the possibility that BCA
would be coated by H,SO, in the exhaust plume.

As part of the Photochemistry of Ozone Loss in the Arctic
Region in Summer (POLARIS) campaign, measurements
were made of BCA and many other quantities that allow a
more specific study of the problem. The POLARIS campaign
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focused on conditions of continuous solar exposure,
especially the effect on nitrogen radicals (NO,) which are
central to ozone depletion. The goal of this paper is to assess
the role of BCA in stratospheric ozone chemistry using data
obtained during the POLARIS mission and computer
simulations.

The critical role of sulfuric acid aerosol in stratospheric
ozone depletion is well established [cf. Fahey et al., 1993;
Gao et al., 1997]. Chemical reactions that take place on the
sulfuric acid aerosol, in particular, the hydrolysis of N,O;,
transfer nitrogen out of the reactive nitrogen species, NOy,
and into the HNO, reservoir species. One of the most
effective means of studying nitrogen partitioning is by
examining the ratio of NO, within the total reactive nitrogen
reservoir, NOy (= NOy 4+ NO, + HNO, + CIONO, + 2N,0s +
...). Including heterogeneous reactions on sulfate aerosol in
computer models has generally brought better agreement
between measured and computed NOy / NOy ratios. The
impact of BCA on ozone depletion is felt through
heterogeneous reactions that modify the partitioning between
reactive and reservoir nitrogen species and that involve ozone
directly. BCA may transfer nitrogen out of the reservoir
HNO3 species and into NOy through the re-noxification
reaction:

(R1) HNQ, —*4 »NO, NO,, H,0.
This reaction acts in opposition to the heterogeneous sulfate
reactions.

In the laboratory, Thlibi and Petit [1994] found that the
reduction of HNOj3 to NO occurred on carbon. Rogaski et al.
[1997] found that the major products of the heterogeneous
reaction of HNO3 with BCA were HyO, NO,, and NO and
reported an uptake coefficient of 3.8 x 10°. They measured
two NOyx molecules produced for every three HNOj3
molecules adsorbed. More recently, however, Choi and Leu
[1998] investigated the uptake and decomposition of HNO3
on carbon black surfaces. Observations were made under
stratospheric conditions of P(HNO3) ~ 10? Torr and T = 220
K. Carbon black (Degussa FW2), graphite, hexane soot and
kerosene soot samples were used as surrogate black carbon
aerosol surfaces. They found that all black carbon samples
tested at stratospheric conditions showed no reactivity
towards nitric acid, but only limited physical absorption.

NO; can be reduced on carbon aerosol to produce NO:

(R2) No,—E4No
Further reaction of NO can lead to indirect ozone depletion.
[Lary et al., 1997] This reaction is independent of sunlight
and can occur whenever carbon aerosol is present. Tabor et
al. [1993,1994] report an uptake coefficient for NO; of 4.8 x
102 Thlibi and Petit [1994] also found that NO, was
reduced on solid amorphous carbon to yield NO. Rogaski et
al. [1997] measured the uptake coefficient for NO; as 0.11%
0.04. Tabor et al. [1994] reported 0.064+0.02 and -observed
production of NO with initial conversion of 100%, but uptake
of NO; and percent conversion to NO decreased with time.
Ozone losses may also occur through more direct
interaction of ozone with BCA through the reaction
(R3)

BCA
2] ).
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DeMore et al. [1997] and Fendel and Ott [1993] recommend
a reaction probability for O3 on soot of 3 x 10%. On the other
hand, Fendel et al. [1995] found the reaction probability to be
only about 10, They concluded that carbon particles present
in the stratosphere might be a significant sink for ozone.
Stephens et al. [1986] measured an uptake coefficient of O3
on carbon between 102 and 10? depending on carbon sample
surface history, with CO, CO,, and Oy as products. The
presence of these products suggests that the ozone reaction on
carbon is, at lest in part, noncatalytic.

This paper discusses the measurement of BCA by the
Ames Wire Impactors and assesses the role of BCA in
stratospheric photochemistry. A new method of analyzing
impactor samples is described that accounts for particle
bounce and models the BCA as fractal aggregates to modify
the aerodynamic collection efficiency and determine particle
surface area. Results from the present analysis are compared
with previous techniques and with BCA surface area values
used in previous model simulations. The photochemical
trajectory model used in the present simulations is described.
An assessment of the importance of heterogeneous BCA
reactions is made by comparing modeled and measured
NO/NO, ratios and effects on ozone loss. Finally, the
implications of mass-balancing these reactions on the lifetime
of BCA particles in the stratosphere will be discussed.

2. The Ames Wire Impactor

The Ames Wire Impactor (AWI) has been used extensively
in the past on such missions as AAOE, AASE, AASE I,
ASHOE/MAESA, and POLARIS to sample stratospheric
aerosol. It has proven to be an accurate and reliable means for
obtaining atmospheric aerosol size distributions, and sulfate
and BCA burdens. The sampler consists of palladium and/or
gold wires of 75- and 500-{m diameter that are strung across
support rings. The wires are carbon coated and modules are
assembled in a class 100 clean room. Up to six modules are
mounted on the wingtip of the ER-2. Each module has the
capability of holding several rings with several wires on each
ring. The modules are exposed to the free stream by pre-
selected triggers of time, altitude, or aircraft position. Aerosol
particles suspended in the ambient air impact on the wires. A
new automated sample actuation system was designed,
fabricated, and successfully used to retrieve data during the
POLARIS campaign. Samples were exposed typically for 3
min. Particles stick to the wire upon impact by virtue of van
der Waals forces. After exposure, the wires are retracted into
sealed modules containing concentrated ammonia vapor. The
ammonia combines with the sulfuric acid aerosol to form
ammonium sulfate which is very stable under laboratory
conditions and allows for the sample to be stored indefinitely.

Particles are manually identified, counted, and sized using
a Hitachi S-4000 field emission scanning electron
microscope. Under the conditions used for imaging, the
lateral resolution of the microscope is better than 10 nm.
Particles are viewed at magnifications suitable to the size of
the particle, between 1000 and 50,000 times. Where
appropriate, a determination of the particle elemental
composition is made using X-ray dispersive analysis.
Uncertainty is proportional to the particle concentration
because the error due to sampling statistics is much greater
than the best estimate of uncertainties due to other factors
such as particle sizing, collection efficiency, ambient speed,
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and temperature. Typical uncertainties for the BCA samples
collected during POLARIS are ~70%. These seemingly high
uncertainties are due to the sparseness of BCA particles in the
stratosphere (~0.06 per cm’ or 1% of total aerosol) which are
subsequently collected by the AWI.

Their morphology and appearance of higher contrast in the
electron beam identify carbonaceous particles. A composite
of electron micrographs of carbonaceous particles collected
during the POLARIS campaign is shown in Figure 1. The
magnification of each particle is 50,000 times. For reference,
each frame has the approximate physical dimensions of 700
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nm by 700 nm. The vast majority of carbonaceous particles
can be identified by their fractal geometry. There is a small
percentage, < 5%, that have the contrast indicative of carbon
but which have a more amorphous shape than the typical
fractal particles. One such particle is represented in Figure 1¢.
X-ray energy dispersive analysis confirms that these particles
do not contain minerals. These particles may be organic
carbon particles or they may be fractal particles that have
been covered by some substance. They are treated in our
calculations as BCA particles.

Analysis of wire impactor samples accounts for changes in

1

Figure 1 Composite of electron micrographs of carbonaceous particles collected during POLARIS. Images (a)
through (k) are of fractal aggregates. Image (¢ is an amorphous carbon particle. Fractal aggregates made up over

95% of the carbonaceous particles collected during POLARIS.

approximately 700 nm by 700 nm in physical dimension.

For reference, each image represents
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size due to relative humidity [Steele and Hamill, 1981}, for
conversion of sulfuric acid droplets to ammonium sulfate, and
for the collection efficiency of the wire. Much theoretical and
experimental work has been done in the past to derive
reasonably accurate collection efficiencies for impactor wires
and plates under conventional collection conditions. Lem and
Farlow [1977] have extended the relations developed by
Wong et al. [1955] to typical ER-2 and DC-8 collection
conditions for the collection of liquid sulfuric acid solution
droplets, typical of the particles collected in the stratosphere
and upper troposphere. The Lem and Farlow [1977]
corrections have subsequently been applied to the theories of
Suneja and Lee [1974) and Dunn and Renken [1987]. This is
referred to as the liquid sphere method. In this report, we are
interested in collecting and analyzing BCA whose
aerodynamic forces differ from those of a sphere and whose
material properties result in a tendency for particles to bounce
off the wires.

Previously, two techniques have been used to determine
BCA loading from AWI saimples. Pueschel et al. [1992] used
an average of the long and short dimension of the particle to
estimate the aerodynamic diameter and used the liquid sphere
method to determine the collection efficiency of the particles.
Particle density was adjusted to account for the fact that the
sphere designated by the average diameter was not completely
filled by BCA monomers. The surface area was calculated as
T times the average diameter squared. Blake and Kato [1995]
used an average diameter determined as in the liquid sphere
method and 100% aerodynamic collection efficiency was
assumed, which should yield a lower limit on the number of
particles collected. Neither method considered the effects of
particle bounce. The analysis of Blake and Kato [1995]
recognized that BCA was a fractal aggregate but attempted to
get an improved estimate of the BCA surface area by
assuming that the volume of a sphere, as determined by the
liquid sphere method, was completely taken up by 20-nm
monomers. The surface area calculated in this way gives an
overestimate of the actual surface area. We have recently
developed an analysis technique that corrects the aerodynamic
collection efficiency and estimates the adhesion probability
based on best available data and considers the fractal nature of
the BCA in estimating surface area.

The liquid sphere theory relates the aerodynamic collection
efficiency of liquid spheres to the Stokes parameter. The
Stokes parameter can be defined as an explicit function of the
aerodynamic diameter as

__CcppVpv 0
3”ug DaeDw

where p, is the particle density, Vp is particle volume, D, is
the aerodynamic diameter, Dy, is collector wire diameter, v is
the airstream velocity, lg is the gas viscosity,

218 DP
C. =1+ 1.23+0.41ex0| —044 — 2
D A

P 2

is the Cunningham slip factor, and Xg is the mean free path.
We have adapted this theory by determining an appropriate
value for the aerodynamic diameter and for this we use fractal
theory.
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BCA have different aerodynamic characteristics than liquid
spheres and they are solid and are likely to bounce when
impacting a solid surface. As can be seen in Figure 1, the
BCA particles are characterized by an aggregate structure of
smaller spherules, called monomers, that range from 50 nm to
70 nm in diameter. One can see that the sphere that encloses
the particle is not completely filled with material so that the
mass of a BCA aggregate is less than that of a sphere. This
mass deficit as well as the different aerodynamic
characteristics of the BCA particle must be taken in to
account to obtain an accurate measure of BCA loading and
surface area. In the present theory, BCA is modeled as a
fractal aggregate.

Wire impactors offer the advantage that the actual particles
are retained and can be individually analyzed for size,
morphology, and elemental composition. On the basis of
observations of many BCA particles collected over the past
several years, we find that the morphology of stratospheric
and upper tropospheric BCA is very similar to that observed
for other types of BCA originating from combustion
processes, from diesel exhaust soot to biomass burning, all of
which can be described as fractal aggregates. The formation
of aerosol aggregates has been described in terms of cluster-
cluster models [Jullien, 1987]. Previous studies on BCA
formation have determined that a diffusion limited cluster-
cluster mechanism dominates. Referring to Figure 1, we can
define two characteristic dimensions to the particle: the
average diameter of a monomer, dg, and the geometric
diameter, Dge, defined as the diameter of the smallest sphere
that encloses the entire aggregate. These dimensions can be
used to estimate the number of monomers in a fractal, N, and
the aerodynamic diameter, Dg,, by the relations [Magill,
1991; Mandelbrot, 1982]

N =(D,./d,) 3)

)(f 1)/

Daz = dO(Dge/dO (4)

where f is defined as the fractal dimension. The relation in
equation (4) is derived from scaling arguments. Laboratory
calibrations are needed to confirm this relationship. The mass
of a fractal aggregate is given by

N
M, =7P0”d03' 5

where P is the density of a monomer.

Typical mean values of fractal dimension for aggregates
formed by diffusion limited cluster-cluster mechanisms are
between 1.8 and 2.1. [Jullien et al., 1987] After consideration
of many experiments and simulations, Nyeki and Colbeck
[1995] took the fractal dimension of BCA particles to be 1.91
in their study, and we follow their example in this work.

The second factor involved in the impactor collection
efficiency is accounting for particle bounce by estimating the
adhesion probability. Ellenbecker et al. [1980] investigated
the adhesion probability of fly ash with impactor samples
experimentally and. theoretically and plotted adhesion
probability & versus kinetic energy K. A power law fit to their
data was used in our formulation:

o =146x107 k0%, (6)
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We feel this is justified because their results are in a kinetic
energy range of 107 to 107" m/s? and our particles’ kinetic
energy is typically in the range 10" to 10"? m/s®. Clearly,
however, experiments must be conducted to determine the
adhesion probability of particles typically found in the
stratosphere.

Surface irregularity, as it pertains to surface area and
reaction - surface areas, is one of the most important
characteristics of materials. Surface areas, as a function of
material mass, are derived from nitrogen adsorption using the
BET technique and can be found in the literature [cf. Pfeifer
and Anvir, 1983; Zerda et al., 1992; Xu et al., 1996; Kirk-
Othmer, 1992]. The relationship is

SAag = FSAMag' (7)

The surface area to mass ratio Fg, is typically a function of
the monomer size, fractal dimension, surface conditions,
adsorbate cross sections, and environmental conditions. For
the purposes of determining the appropriate F, we chose data
for carbon aggregate particles which most closely resembled
those that were measured in POLARIS, other measurements
made in the stratosphere [Pueschel et al., 1997], and from
combustion of fossil fuels [Nyeki and Colbeck, 1995;
Chughtai et al., 1999; Akhter et al., 1985]. These carbon
aerosol have a fractal dimension f of ~1.9 and monomer
diameters between 30 and 120 nm. Surface area analysis has
been carried out using other adsorbates such as argon, ethane,
and propane [Zerda et al., 1992]. For the molecules of
interest in this study, use of the nitrogen numbers seemed
most appropriate. A compilation of data from Zerda et al.
[1992] and Kirk-Othmer [1992] is shown in Figure 2 as Fj,
plotted against d;,. The relationship between Fgp and d, can
be approximated by the relationship

p SA /6
SA M,,g A,do. ®
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The surface area obtained with this relationship is
approximately equal to the total surface area of all of the
monomers, which is the theoretical limit, and suggests that
very few monomers are shielded. In this case the aggregates
are loosely packed as indicated by the fractal dimension of 2.
The appearance of some aggregates in Figure 1 seems to
indicate that some monomers are shielded but this may be an
artifact of the resolution or focus of the SEM. Other
aggregates in Figure 1 appear to be coated. X-ray analysis did
not reveal any material in the aggregate other than carbon,
however a coating several molecules thick is below the
sensitivity limits of this technique. On the other hand, the
surface area to mass ratios, Fg,, shown in Figure 2 are
experimentally determined and give a much more accurate
estimate of the surface area than that given in previous
studies. The Fy, determined using this equation is ~60 m%g
for the monomer sizes observed in POLARIS (50-70 nm).
This is lower than the value of 89 m%g (n-hexane) and 65
m¥g (JP-8) used by Chughtai et al. [1999]. While the
structure and monomer diameters of n-hexane soot (d,=80-
100 nm) [Akhter et al., 1984] was comparable with what was
measured in this experiment, these values could not
realistically be used because they were greater than the
theoretical limit given by equation (8). Therefore we elected
to use equation (8) in our formulation and consider it as an
upper limit to the actual surface area of the aggregate.

Blake and Kato [1995] assumed that the entire volume of
the sphere defined by the mean- particle radius was taken up
by 20-nm monomers and that the surface area of the aggregate
was equal to the sum of all the monomer surface areas. This
leads to an overestimation of the number of monomers and
surface area of the aggregate and the present method is
certainly more realistic.

The values of F, used to derive equation (8) are for carbon
black that was treated by heating to 3000 K. Also, it is
possible that there is some residue on the carbon surface of
our aerosol that would change the probability of the reaction
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under consideration. For example, if the BCA were coated
with sulfuric acid, the BCA might act like another sulfuric
acid droplet. Certainly, more study is needed to better define
the aerosol and the parameters used in this analysis and in
computer simulations of the photochemistry.

3. The IMPACT Computer Model

The Integrated MicroPhysics and Aerosol Chemistry on
Trajectories (IMPACT) model was used in this study to
provide photochemical calculations along individual
trajectories [Drdla, 1996]. Model photochemistry is based on
Elliott et al. [1993], which uses a family approach with
forward integration to provide stability with 1-hour model
timesteps. For these studies, the model was configured with
57 species, grouped into 28 families, using 165 gas-phase
reactions (of which 38 are photolysis reactions) with reaction
rates based on DeMore et al. [1997]. Photolysis rates were
calculated using a radiative transfer model that accounts for
Rayleigh scattering [Salawitch et al., 1994; Prather, 1981].

For each observation point, a backtrajectory has been
determined from assimilated winds using the Goddard
trajectory model [Schoeberl et al., 1993]. The model is
initialized at the start of the trajectory using ER-2
measurements of long-lived tracers (N;O [Loewenstein et al.,
1990], O3 [Proffitt et al., 1993], NOy [Gao et al., 1999]); Cly
and Bry are initialized by combining ACATS measurements
of organic source gases [Elkins et al., 1996] with estimates of
total chlorine [Montzka et al., 1996] and total bromine
[Wamsley et al, 1998]. Ozone column and surface
reflectivity are derived from TOMS (L. Moy and R McPeters,
personal communication, 1998). The initial concentration of
NOy is set at 20% of NO,y; the 10-day trajectories provide
sufficient time for the model to repartition NOy according to
the chemistry.

The baseline model
heterogeneous reactions.
important sulfate reactions are

aerosol
the only

includes six sulfate
During POLARIS,

(R4) N,O, +H,0—™*_,2HNG,
(RS)  BrONO, +H,0 —%“ s HOBr + HNO,

Constant reaction probabilities of 0.1 and 0.8, respectively
[DeMore et al., 19971, were assumed for these two reactions.
Sulfate surface areas can be initialized based on one of two
measurements, AWI or Focused Cavity Aerosol Spectrometer
(FCAS) [Wilson et al., 1992]. The AWI provides six 3-min
average measurements per flight, while the FCAS instrument
provides continuous measurements with high temporal
resolution. FCAS measurements are therefore widely used for

Table 1. Soot Reaction Parameters Used in IMPACT Model
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ER-2 studies. FCAS sulfate surface area is used for most of
the simulations in this paper to provide a basis for comparison
with computations made in other studies. However, during
POLARIS, the FCAS sulfate surface areas were on average
3.6 times higher than the AWI measurements. Simulations
were also made using the AWI sulfate surface areas for the
samples under consideration in this paper.

All three reactions on BCA, (R1)-(R3), have been
incorporated into model. The reaction probabilities used in
various runs are listed in Table 1. The maximum and
minimum values were used to provide uncertainty estimates.
For reaction (R1), the products are assumed to be 16% NO
and 84% NOj, in accordance with previous modeling studies
[Hauglustaine et al., 1996; Bekki, 1997; Lary et al., 1997].
However, preliminary studies showed no sensitivity to the
product partitioning.

The ER-2 instrumentation simultaneously measures several
nitrogen species: NO, with an accuracy F of +6% [Del Negro
et al., 1999]; NO,, F=+10% [Gao et al., 1999]; NO; using
photolysis-chemiluminescence, F=+20% [Del Negro et al.,
1999]; and NO; using laser-induced fluorescence, F=+20%.
This allows direct determination of the (NO+NO;)/NO, ratio,
referred to here as the NO/NOy ratio. As discussed
elsewhere in this issue [Del Negro et al., 1999], the two NO,
measurements differ by on average 6%; for simplicity, the
two measurement have been averaged for this study.

4. Results

During the POLARIS mission 150 samples were collected
by the Ames Wire Impactor. Of these, 33 samples have been
analyzed for sulfate aerosol distributions and 15 for BCA
distributions. Table 2 is a summary of results of the BCA
samples analyzed during POLARIS. The data are organized
by sample number. BCA number, surface area, volume and
mass densities as measured by the AWI are listed. Sulfate
surface area density measured by both AWI and FCAS are
also listed. Measurement means and uncertainties are listed
for the AWI measurements. The large uncertainty in the BCA
measurements is largely a result of the sparseness of the data.
The samples provide a wide range of measurement
conditions, in particular with respect to season and latitude as
shown in Table 2. The altitude range is primarily limited to
18 - 21 km with one exception. Sample Z-26 collected on
July 10, 1997, was taken at 15.5 km, well above the
tropopause height. There appears to be a slight decrease in
number density as altitude increases (~0.1 no./cm® at 15.5 km
and 0.07 no./cm® at 20 km) that is not seen in the surface area,
volume, and mass densities. All of the samples analyzed were
north of 50°N except for Z-75 sampled at 26.6°N. Within the
uncertainty of the samples there appears to be no correlation

Reaction Probability (y) Values

Reaction Standard Minimum Maximum Reference(s)
(1) HNO, 0.038 0.02 0.046 Rogaski et al. [1997]
(2)NO, 0.11 4x10* 0.15 Rogaski et al. [1997]; Kalberer et al. [1996]
3Q, 10° L5x10* 3x10° Rogaski et al. 119971 Fendel et al. 119951
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Table 2. Measurement Conditions and Values for AWI Samples During POLARIS

AWI BCA Values AWI Sulfate: FCAS Sulfate:
Sample Date Latitude Altitude, Number Surface Area  Volume Mass Surface Area  Surface Area
km Density, Density, Density, Density, Density, Density,
no.cm® um¥cm? wm*cm® ng/m’ wm¥cc um®/cc
V44 970430 64.1°N 18.9 1.82E-01 7.32E-02 891E-04  1.78E+00 1.20E-01 1.02E+00
V45 970430 63.8°N 189 6.49E-02 9.54E-03 1.16E-04  2.32E-01 6.44E-02 1.01E+00
V-58 970502  69.9°N 19.2 3.36E-02 7.98E-03 9.71E-05 1.94E-01 1.91E-01 9.15E-01
V-60 970502  70.0°N 20.1 2.32E-02 6.23E-03 7.58E-05 1.52E-01 4.67E-01 7.92E-01
V92 970629  57.3°N 179 6.04E-02 2.30E-02 2.93E-04  5.86E-01 2.40E-01 1.30E+00
Z01 970630 669°N 18.1 9.43E-02 1.96E-02 238E-04  4.76E-01 6.32E-01 1.37E+00
Z-18 970707 89.4°N 18.9 3.68E-02 1.01E-02 1.23E-04  2.46E-01 3.69E-01 8.74E-01
Z26 970710 65.2°N 15.5 9.86E-02 1.82E-02 221E-04  4.42E-01 2.74E-01 1.94E+00
Z51 970914 64.6°N 19.3 3.61E-02 9.74E-02 1.02E-03  2.04E+00 2.81E-01 1.00E+00
Z-65 970918 884°N 19.8 3.99E-02 7.87E-02 5.99E-04  1.20E+00 2.93E-01 7.89E-01
Z48 970919 645°N 19.2 2.68E-02 5.94E-03 7.23E-05 " 1.45E-01 2.58E-01 9.50E-01
Z56 970919  64.5°N 19.2 5.32E-02 2.60E-02 246E-04  4.92E-01 2.39E-01 9.47E-01
Z71 970921 49.6°N 19.5 2.62E-02 7.89E-03 6.31E-05 1.26E-01 4.04E-01 1.01E+00
Z75 970921 26.6°N 20.6 1.11E-01 6.60E-02 4.28E-04 8.56E-01 3.52E-01 8.69E-01
Means 6.34E-02 3.21E-02 3.20E-04  6.40E-01 2.99E-01 1.06E+00
Uncertainty 46.8% 77.9% 78.1% 78.1% 15.2%

Read 1.82E01 as 1.82x10-1.

between the BCA measurements and latitude. The surface
area density of sulfate measured by the AWI is 0.3 pm%cm’
in agreement with other measurements in volcanically
quiescent periods by Pueschel et al. [1989] of 0.43 pm%cm’.
Note that the FCAS sulfate surface area is systematically
higher than that measured by AWIL

Figure 3 is a BCA surface area distribution from sample Z-
71 collected on September 21, 1997, which is typical of our
distributions. The sulfate surface area distribution is also
shown to give some perspective of the relative magnitudes of
sulfate aerosol and BCA present in the stratosphere.

Table 3 shows a comparison of methods for calculating the
BCA parameters, the traditional liquid sphere approach and
the present fractal method are applied to this data set. They
are compared to values taken from Blake and Kato [1995].
Since the Blake and Kato values were normalized for STP we
have adjusted them for comparison to our average altitude of
18.7 km by dividing by a factor of 11.6. The BCA number
and mass density calculated by the present method are larger
than the liquid sphere value on average by about a factor of 4
and 6.15, respectively. This is due primarily to including
particle bounce effects in the collection efficiency. The fractal
method increases the surface area density by ~15 which
reflects taking into account the fractal nature of the aggregate.

As noted previously the surface area to mass ratio, Fy,, is
an important parameter for fractal aggregates. F, for a liquid
sphere is ~10 assuming a particle diameter of 300 nm. This
agrees with the value of 11.4 listed for the liquid sphere
method. The average value obtained with the present fractal
method is 50. From Figure 2 this F;, can be seen to
correspond to a monomer size of ~68 nm. Using the total
surface area and mass density from Table 2 of Blake and Kato
[1995] a value for F, of ~139 is obtained which corresponds
to a monomer diameter of 22 nm. Monomer diameters were
measured from SEM photographs of particles collected during
POLARIS. The monomer diameters were between 50 and 75
nm. Monomer diameters were also measured from samples
collected during the AASE II, SPADE 1II, and GLOBE II

campaigns and found to be in the range of 45 to 75 nm. The
monomer size measured during POLARIS was somewhat
larger than the 30 to 50 nm diameter monomers found in
aircraft exhaust [Pueschel et al., 1997]. This suggests that an
appropriate monomer diameter is between 50 and 75 nm for
stratospheric BCA and supports the surface area values
obtained in this work.
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Figure 3 Typical BCA and sulfate surface area distributions

collected during POLARIS on Sept. 21, 1997. Sample Z-71.
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Table 3. Average Values at Stratospheric Conditions

Analysis Method Soot Number SA, pm2/cm’ Mass, ng/m’ SA/M, m*/g Sulfate SA,

Density, no./cm® pwm%cm?

Liq. Sphere 0.0158 0.0016 0.14 11.4 0.29

B&K [1995]* 0.0058 0.0215 0.155 139 0.0215
Present Method 0.0634 0.0321 0.64 50 0.29
Model
Bekki’ unknown 0.02 0.05 450 unknown
Lary® unknown 0.2 unknown unknown unknown
" Blake and Kato [1995] values taken from Table 2 and adjusted from STP to 19 km for comparison with

POLARIS data.
2 Bekki [1997] values estimated from Figure 1. at 19 km. altitude

? Lary et al. [1997] surface area taken from best agreement of ATMOS experiment and AutoChem model.

The POLARIS campaign occurred during a relatively
quiescent volcanic period. The sulfate surface areas quoted
here agree well with other volcanically quiescent values, but
they are still much higher than the values quoted in the work
of Blake and Kato [1995]. Table 3 shows that the BCA
surface area is only 9.5% of the sulfuric acid surface area as
opposed to the statement of Blake and Kato [1995] that the
total surface area of BCA is the same order of magnitude as
that of sulfuric acid aerosol during volcanically quiescent

periods.

Bekki  [1997] used a two-dimensional (2-D) model to
calculate the distribution of BCA, and while his calculated - O ;Io.;ot ) . oo
values are in agreement with observations in the 12 to 14 km L o With soot reactiont: ]
region, they are much lower in the 18 km region. The average 03l # Withsoot SAX3 | -

altitude for the present set of data is 18.7 km and a typical
Northern Hemisphere BCA loading used by Bekki is ~0.02
ng/m® which is much lower than our measured value of 0.634
ng/m®. Hauglustaine et al. [1996] used a value for F, of 140
m%g that may have influenced their results.

When comparing data obtained during the Atmospheric
Trace Molecule Spectroscopy (ATMOS) Experiment with
results from the AutoChem column model at 44.6° N latitude,
Lary et al. [1997] obtained good agreement between model
and observations with a BCA surface area density of 0.2
Wm?%cm®. Our average surface area is much lower at 0.031
pm%”cm’ overall and our midlatitude (45-64° N) average was
0.033 pm%cm’®. This overestimate of the BCA surface area
would influence their study, increasing the apparent impact of
BCA-catalyzed reactions on NO4/NO, ratios in the
troposphere and stratosphere, and perhaps, accounts for the
differences between their conclusions and the conclusions of
this study.

4.1 NO,/NO,, Ratio and the HNO3 Reaction

Comparisons were made between modeled and measured
NO,/NOy ratios, with and without BCA reactions, using the
IMPACT model with the reactions and reaction probabilities
listed in Table 1. Measured BCA surface areas from Table 2
were used to initialize the model. Initial sensitivity tests
confirmed that model results are dependent only upon the
BCA surface area, not the assumed BCA size distribution. For
one data point, sample Z-18 collected on July 7, 1997, the
NO; measurements were unavailable and therefore it was
excluded from the NO/NOy analysis. Both the 75- and 500-

Hm wires were analyzed for sample ZA8 collected on 19 Sept.
1997. Only the 75-4m wire numbers are included in this
study.

Figure 4 shows that the baseline model (with sulfate and
without BCA reactions) consistently underpredicts the
NO,/NOy, ratio, over a wide range of conditions. Only for one
sample, Z-71, does the model exceed the measured value; the
model is also close for Z-65. On average, the model value is
35% too low. In order to assess the ability of each model
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‘Figure 4 Comparison between measured and modeled values of

(NO+ NO2)/NO,, for each of the AWI BCA samples. Diamonds:
baseline simulations (no BCA reactions). Circles: simulations
including reactions (R1)-(R3) with measured BCA surface area.
Squares: simulations including reactions (R1)-(R3) and BCA surface
areas enhanced by a factor of three. The inner set of error bars
reflects the statistical uncertainty associated with the measurement of
BCA surface area; the outer set also includes the uncertainty in the
reaction probabilities, see Table 1.
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scenario to match the measured NOy/NOy ratio we calculated
the rms deviation d for each scenario defined as

| Sl 1)

C))

where r is the NO,/NOy ratio for model and measurement
respectively, and ns is the number of samples considered.
This figure of merit tends to assume that the measurement is
perfect, which is acceptable in this analysis and gives equal
weight for all values of NOy/NOy. A lower value of d means
better performance. For this scenario the value of d is 0.25. A
summary of the rms deviations obtained from various model
scenarios is shown in Table 4.

Adding the BCA reactions (R1)-(R3) increases the
NO,/NOy, ratio as expected; in particular, for samples with
high BCA loadings (V-44, Z-51, Z-65, and Z-75) observable
changes are predicted. The uncertainty bars are due to
uncertainties in BCA surface area and in the assumed reaction
probabilities. All three reactions are included in the
simulations, but only (R1) influences the NO,/NO, ratio.
Model increases in the NO,/NO, ratio do not, however,
improve agreement with the measurements (d =0.25). In
particular, for samples with low initial NO,/NO, ratios, the
scatter is greatly increased due to the high BCA surface area
for two of the samples. Even taking into account the
uncertainty in both BCA and the reaction probabilities, the
majority of the data points do not match the measurements
(8/13 underpredict, 1/13 overpredict).

An alternative method of evaluating reaction (R1) is to
determine the BCA loading necessary to match the NO,/NO,,
for each point (Figure 5). These best fit values are of the
same magnitude as the measured surface areas and have a
similar degree of variability. However, the average value
(0.063 pm? cm?) is twice as large as the measured average
(0.032 Pm? cm™) and the variability does not correlate with
the measurements.

Increases in stratospheric BCA loading due to increases in
air traffic would result in even more dramatic effects on
stratospheric chemistry. Simulations were done with a three-
fold increase in BCA surface area (Figure 4), consistent with
the anticipated 5% annual increase in air traffic over the next
20 years [Schumann et al., 1993]. Measurable increases in
the NO,/NOy ratio are predicted for the majority of the
samples, with a doubling for several points.

However, these changes in the NO,/NO, ratio translate into
generally small effects on the ozone loss rate. On average,

Table 4. Summary of Correlation Coefficients for Various
Simulations

RMS Deviation, d

Scenario No BCA AllBCA
Reactions Reactions
JPLI7', AWI sulfate 0.18 0.40
JPL97', FCAS sulfate 0.25 0.25
JPL97 mod?, RCAS sulfate 0.12 0.07

'DeMore et al. {1997]

JPL 97 chemistry with new reaction rates for OH+NO, and
OH+HNO, reactions [Brown et al., 1999a, b]
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Figure S BCA surface areas necessary for model to match measured
values of (NO+ NOz)/NOy with reactions (R1)-(R3) included,
compared to measured BCA surface areas.

ozone is produced at a rate of 0.08 ppb/d when only reaction
(R1) is included in the model. The most extreme effect, for
the largest BCA loading, was an ozone production of 0.32
ppb/day. This is at least an order of magnitude smaller than
the ozone loss rate in the absence of BCA reactions. These
small values are due to the offsetting influences of the NOy
catalytic cycles, which become more effective with higher
NO,/NO,, ratios, and the other catalytic cycles (HOy, CIOy,
BrO,) which become less effective when high NOy levels
convert these other radicals to reservoir species [Wennberg et
al., 1994].

A decrease in sulfate surface area causes reaction (R4),
N,Os5 hydrolysis, to be less efficient, thus increasing the
NO,/NOy, ratio. Figure 6 shows model results using AWI
surface areas, both with and without BCA reactions. Without
the BCA reactions, the simulations are closer to the
measurements overall than for the analogous simulations
using FCAS sulfate surface area (d=0.18) than for the
analogous simulations using FCAS sulfate surface area
(d=0.25). Using both AWI sulfate and including the BCA
reactions, however, generally causes the NO,/NO, ratio to
exceed the measurements, causing d to increase to 0.40. This
demonstrates that the NO,/NO,, ratio is more sensitive to the
magnitude of the sulfate surface area than it is to including the
BCA reactions.

Recent laboratory studies have shown that the rates of
relevant gas-phase reactions may differ from the
recommendations of DeMore et al. [1997] in the stratosphere.
The rate of the OH+NO, reaction is ~20% slower [Brown et
al., 1999a; Dransfield, et al., 1999], and the OH+HNO,
reaction is ~30% faster [Brown et al., 1999b]. The effects of
these reactions during the POLARIS campaign are discussed
in more detail by Gao et al. [1999] and Osterman et al.
[1999]. A set of simulations was done in which both of these
new rates were incorporated (Figure 7). As expected, this
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Figure 6 Same as Figure 4, except that the sulfate aerosol

concentrations are initialized using AWI measurements, rather than
FCAS measurements.

leads to higher NO,/NO, ratios and therefore better agreement
with the measurements (d=0.12). When the soot reactions.are
also included, the uncertainty range for each point falls within
5% of the measurements, however, the overall fit is worse
(d=0.29).

4.2 NO/NO3 Ratio and the NO, Reaction

The model’s predicted NO/NO; ratio matches the
measurements within 10% at all points; on average the model
is only 3% lower than the measurements. Both values are
well within the combined measurement uncertainties. Adding
reaction (R2) has no effect on the NO/NO, ratio (<0.1%),
even for a maximum reaction probability (y¥=0.11) and
maximum BCA surface area, because the gas-phase reactions
are 4 orders of magnitude more rapid.

This small effect translates into negligible ozone depletion.
Even at night, where NO, loss is equivalent to ozone loss
[Lary et al., 1997], sensitivity tests show that the impact is
insignificant. Annual ozone loss rates due to this reaction are
estimated to be at most 0.02% per year.

4.3 Ozone Reaction

Direct ozone loss, via reaction (R3), is found to have the
most significant effect on ozone loss rates for the various
BCA reactions during the POLARIS campaign. Figure 8
compares the net ozone production for the baseline simulation
(gas-phase and sulfate reactions) over the 10-day trajectory
with simulations that include the ozone reaction involving
BCA. Significant ozone loss is predicted for air masses with
high BCA loadings. In most cases, however, the impact of
the BCA reactions (represented by the solid circles) tends to
be small compared to the gas-phase reactions (represented by
the diamonds), i.e., the solid circles are nearly equal to the
diamonds.

Unlike most ozone destroying reactions, no sunlight is
necessary for reaction (R3). In fact, the ozone loss rate on
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BCA should only be dependent on the BCA surface area,
allowing these calculations to be directly extrapolated to
annual ozone loss rates. For air parcels with large BCA
loadings, 0.2% per year losses are predicted; the average
ozone loss enhancement is 0.07% per year. While this
magnitude of ozone loss is consistent with Bekki [1997], the
affected altitude is different. Bekki [1997] found ozone loss
due to BCA limited to altitudes below 20 km, because the
modeled BCA loading that they used peaked at 12-13 km.
The POLARIS measurements of BCA loading imply that
chemical signatures of BCA can extend to higher altitudes.

4.4 BCA Lifetimes

For each of the three BCA reactions, the reaction products
have not yet been fully characterized; both the product
stoichiometry and reaction mechanisms need to be better
understood. In particular, extra oxygen needs to be accounted
for in the reaction products. This has not been explicitly taken
into account in any of the modeling studies. As will be
discussed in this section, the fate of the extra oxygen
determines whether the reactions can be effective over
extended periods of time.

Consideration of reaction (R3), the ozone reaction, shows
that as written (and as incorporated into the model in the
previous simulations), it is not mass-balanced. One extra
oxygen atom needs to be included in the reaction products,
with four possible outcomes:

(R3a)  Catalysis 20, —i’ﬂ——ﬂo2

(R3b) Oxidation 0, +C(BCA)—0, +C0(g)

(R3c)  Poisoning 0, —BCA——-)OZ +0 (s)

(R3d) Nullreaction 0, —%—0, +0(3).
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Figure 7 Same as Figure 4, except OH+ NOj and OH+HNO,
reaction rates are changed in accordance with Brown et al. [1999a,b].
Simulations initialized with FCAS sulfate surface area.



STRAWA ET AL.: CARBONACEOUS AEROSOL AND STRATOSPHERIC PHOTOCHEMISTRY

— T
©  No soot reactions
®  With soot reactions

S 9 9 -

Ozone Production Rate (ppb/day)
0!
—}
o
i

1 | |

R R

1 1 1 1 1 1 1 lj
T EERNRYE
AWI Ring Number

g

V44
Va5
Vs8

Figure 8 Net ozone production rate, due to both gas phase and
heterogeneous reactions, over the ten-day trajectory. Diamonds:
baseline simulations (no BCA reactions). Circles: simulations
including reactions (R1)-(R3) with measured BCA surface areas. The
inner set of error bars reflects the statistical uncertainty associated
with the measurement of BCA surface area; the outer set also
includes the uncertainty in the reaction probabilities, see Table 1.

It is likely that some combination of these four pathways may
occur; the branching ratios could depend upon environmental
conditions and the characteristics of the BCA surface.

Only (R3a), a purely catalytic reaction, can lead to
sustained ozone depletion. With (R3b), the BCA particles
will eventually be destroyed. On the other hand, (R3c)
represents any reaction in which ‘the surface is altered by
irreversible uptake of oxygen; the oxygen is unlikely to be
present on the surface as free oxygen atoms, but rather is
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considered a null reaction in the stratosphere, because an
ozone molecule will immediately be regenerated in the
presence of excess oxygen.

A literature review shows that various methods have been
used to measure the relative contributions of these pathways,
as outlined in Table 5. Simultaneous, accurate measurements
of Oy and O3 allow direct determination of the ratio AO3/AO;
and thus the extent to which the reaction is catalytic. Gas-
phase CO (or COp) measurements can be used to quantify
pathway (R3b). The branching ratio of pathway (R3c) has
been determined by measuring gas-phase CO and CO,
generation as BCA samples are heated to the point where
surface carbon-oxygen groups volatilize. Alternatively, the
particulate mass can be monitored, although care must be
taken to discriminate between mass increases due to oxygen
uptake via (R3c) and mass loss due to (R3b). Pathway (R3c)
can further be confirmed through FTIR spectral
characterization of the surface groups, in particular, increases
in carboxylic acids. Only pathway (R3d) cannot generally be
detected because of rapid secondary reactions of the oxygen
atom. As long as the secondary reactions lead to a null
reaction, (R3d) will not even be measured as contributing to
the reaction; however, if [03]>[O;] in the laboratory, extra O;
will be generated, causing (R3a) to be confused with (R3d).
Unfortunately, no one study has simultaneously quantified all
four pathways, which is necessary to allow a rigorous check
of the branching ratios. Furthermore, the studies do not agree
with each other. However, all the available data show that
this reaction is not purely catalytic. Estimates of carbon
consumption via pathway (R3b) range from 0.5% to 40%.

Modeling studies, including the present study, have
simplified this laboratory data, using a single reaction
probability which is constant over time, implicitly via
pathway (R3a). A first step toward considering the full
reaction mechanism is to determine the effects of including
pathway (R3b), which will lead to destruction of the BCA
particles. The lifetime of carbon can be calculated from

carbon mass

" carbon loss rate

likely to bond to surface carbon and form carbon-oxygen ; 1 4A (10)
groups such as carboxylic acids [Smith et al., 1988]. As the ~ $oot mass N
oxygen reacts with surface carbon, the surface will become soot surface area fy m @, [0 3]
poisoned (i.e., the reactivity is decreased). Reaction (R3d) is where f is
Table 5. Laboratory Information on Branching Ratios of Reaction (R3)
Study Durz.mon of Measurt?ment Result Implied Bx.'anchmg
experiments, s Technique Ratio
AO,/AO, 1 (0.65-1.25) (3a) = 0%
Stephens et al. [1986] 7200 (ACO+ACO,)/AO, 0.2-04 (3b) = 20-40%
v variation with time decrease from 102 to 10° (3c) is poisoning
surface
Smith et al. [1988] 180 ACO/AO, 1/185 (3b) =0.5%
change in surface increase in carboxylic acids (3¢) is occurring
groups
Fendel et al. [1995] 20 change in soot mass positive while exposed to O, (3c) is occurring
change in soot mass net negative after exposure to O,  (3b) also occurred
Smith and Chughtai 7800 (ACO+A(soot C))/AO,  0.64-0.97 (3a) = 3-36%

[1996]
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the branching ratio for pathway (R3b), gis the overall
reaction probability for reaction (R3), Ay is Avogadro’s
number, m( is the atomic mass of carbon (g), W, is the mean
velocity of an O; molecule (cm/s), and [O,] is the ozone
concentration (cm™).

Using the AWI measurements of BCA and assuming f=1.0,
the calculated lifetimes of BCA are 1 to 2 hours. Such a short
lifetime is inconsistent with the observed stratospheric BCA
loadings. AWI BCA volume is plotted against the mean age
of air, determined from SFg measurements onboard the ER-2,
in Figure 9 [Elkins et al., 1996; Volk et al., 1997] Even for a
smaller value of f, the carbon oxidation should produce an
anticorrelation between BCA mass and the age of the air
(assuming that no additional BCA is injected into the parcel),
but none is observed in Figure 9. Ignoring the possibility that
BCA is injected into the stratosphere, fy would need to be 10
times slower in order to maintain BCA volumes over the
multiyear lifetimes. Even if f were assumed to be 0.005, y
would need to be 50 times slower, which is too slow to have a
stratospheric impact.

This discussion assumes that the reaction pathways remain
constant even over multiyear periods of time, as necessary to
apply laboratory measurements to stratospheric models.
However, any changes to the particle surface, in particular via
pathway (R3c), would affect the reactivities. A similar
calculation of the timescale for the particle surface to react
yields a lifetime of the surface of only five minutes; the
hundred-fold decrease in reactivity observed by Stephens et
al. [1986] corresponds to an e-folding lifetime of 25 min. One
consistent explanation of the data is that rapid poisoning
reduces the overall reactivity, and in particular slows pathway
(R3b), preventing the BCA particles from fully oxidizing.

A similar analysis is possible for reactions (R1) and (R2),
which also both produce extra oxygen atoms that have not
been accounted for. BCA lifetimes for these reactions, again
assuming f=1, are between 11 and 55 hours. Therefore, even
if these reactions occur on different sites than the ozone

reaction, they are rapid enough to independently oxidize
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Figure 9 Cross plot of measured soot volumes and measured mean
age of airr Mean age of air is determined from ACATS
measurements of SFg .
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atmospheric BCA particles. Given that all three reactions
produce extra oxygen it is likely that these reactions actually
compete for active sites. Rapid poisoning of the surface by
ozone would then prevent the HNO; and NO, reactions from
ever being effective.

Other atmospheric constituents are also likely to interact
with soot particles, causing fundamental changes in surface
characteristics and reactivity. In particular, both H,0 and
H,SO, are likely to poison the surface. Observations have
shown that oxidized BCA particles become more hydrophilic
[Chughtai et al., 1996] may even have surface reactivities that
more closely resemble stratospheric sulfate aerosol. For
example, hydrophilic BCA particles tend to oxidize nitrogen,
producing nitric acid [Mamane and Gottlieb, 1989; Tabor et
al., 1993 and references therein]. Furthermore, BCA may be
rapidly coated with H,SO, in aircraft plumes. Gao et al.
[1998] proposed that H,SO, coatings may have reduced the
reactivities of measured soot particles. Karcher [1997] and
Gleitsmann and Zellner [1998] have shown that such H,SO,-
coated BCA particles may trigger ice freezing and thus the
formation of visible contrails.

In summary, studies of the long-term changes to BCA
particles, including measurements of the reactivity and
catalytic potential of highly oxidized particles are needed
before the laboratory data can be incorporated into
stratospheric models. Observations that oxidized BCA
particles become more hydrophilic [Chughtai et al., 1996],
imply that the BCA surfaces may more closely resemble
stratospheric sulfate aerosol. Also, better characterization of
the differences between laboratory BCA particles and
stratospheric BCA are needed.

5. Conclusions

Measurements of carbonaceous aerosol made by wire
impactors during the POLARIS campaign are described and
their role in stratospheric photochemistry is assessed.
Impactor wires were analyzed for sulfuric acid aerosol and
BCA distributions. More than 95% of the carbonaceous
aerosol collected during this campaign was in the form of
BCA or soot that displayed a fractal morphology (D,,~300
nm, dy=50-75 nm) suggesting origins in combustion
processes. The BCA was analyzed using a new method that
models the BCA as fractal aggregates and accounts for
particle bounce. This resulted in an increase in the measured
BCA number density of 4 times, surface area density of ~15
times, and an increase in mass loading of ~6 times over the
previous approach. Average values of number, surface area,
and mass densities are 0.0634 no./cm®, 0.0321 pm%cm’, and
0.64 ng/m’, respectively. BCA number density is ~1% of total
aerosol number density and BCA surface area density is about
10% of the measured sulfate surface area. This refutes the
statement of Blake and Kato [1995] that the total surface area
of BCA is of the same order of magnitude as that of sulfuric
acid aerosol during volcanically quiescent periods. Previous
modeling studies of heterogeneous reactions on BCA in the
stratosphere have used values for BCA surface area that are
much higher than those measured here; the high surface area
produced significant effects of BCA on stratospheric
photochemistry.

Including heterogeneous reactions on BCA as catalytic
reactions in a photochemical model can lead to measurable
changes in stratospheric chemistry. However, we found that
the reactions affect stratospheric photochemistry in a way



STRAWA ET AL.: CARBONACEOUS AEROSOL AND STRATOSPHERIC PHOTOCHEMISTRY

inconsistent with other POLARIS observations. The primary
problem is that measured BCA loading does not correlate with
discrepancies between model and measurement in the baseline
simulations. Including reaction (R1) leads to renoxification
and to statistically poorer agreement between the modeled and
measured ratios. We conclude that the heterogeneous reaction
with HNO,; (R1) is not significant during the POLARIS
campaign and, in particular, is not responsible for the
NOy/NOy, discrepancies observed. Including reaction (R3)
increased ozone depletion and annual ozone loss rates of up to
0.2% per year were predicted. The overall
model/measurement agreement using the smaller AWI sulfate
surface areas alone was better than in any simulation
incorporating BCA heterogeneous reactions. This
demonstrates that variations in the sulfate surface area were
more successful in explaining NOx/NOy discrepancies than
incorporating BCA reactions. The best model/measurement
agreement was found in simulations with no BCA but where
the gas-phase reaction rates were modified in accordance with
recent studies [Brown et al., 1999a, b; Dransfield et al.,
1999].

Consideration of the reaction pathways further suggests
that heterogeneous reactions on BCA were not important
during POLARIS. Laboratory data show that these reactions
are not purely catalytic, and therefore either carbon is
consumed by the reaction or the aerosol surface is altered.
Calculations based on mass-balanced reactions resulted in
BCA lifetimes of the order of hours, inconsistent with
observations of BCA in the stratosphere.

By using an upper limit surface area, the paper
demonstrates that heterogeneous reactions on BCA in the
stratosphere are probably not important. This conclusion
would also be true if we had used a smaller surface area in our
calculations. Conversely, when the BCA surface area was
allowed to vary so that the NO,/NOy ratio matched the
measured ratio, the BCA surface area was much higher than
the value we measured.

Further work is necessary to confirm these results. More
study is necessary to insure that laboratory measurements of
heterogeneous reactions are relevant to the stratosphere. One
issue is the mechanism of the heterogeneous reactions; in
particular whether the reactions are catalytic over extended
periods. Similarly, it is necessary to confirm that the BCA
being used in laboratory studies is similar to that found in the
stratosphere. Changes in the surface behavior of BCA have
implications beyond the reactions considered here. In
particular, if the surface is hydrophilic or coated in sulfuric
acid, the BCA may then oxidize nitrogen, resembling sulfate
aerosols and may be important for cloud or contrail nucleation
[Karcher, 1997].

Finally, this study focused on arctic summer conditions,
where gas-phase reactions are particularly efficient because of
the extended solar illumination. In other regions of the
stratosphere or during winter months, heterogeneous reactions
are relatively more efficient, and BCA reactions may play a
more important role. Furthermore, available measurements
and global BCA climatologies suggest that BCA
concentrations are elevated at lower altitudes. Thus studies
similar to this need to be done under many different
conditions.
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