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Abstract. Nano-sized meteoric smoke particles (MSPs) with
iron-magnesium silicate compositions, formed in the upper
mesosphere as a result of meteoric ablation, may remove sul-
phuric acid from the gas-phase above 40 km and may also af-
fect the composition and behaviour of supercooled H2SO4-
H2O droplets in the global stratospheric aerosol (Junge)
layer.

This study describes a time-resolved spectroscopic analy-
sis of the evolution of the ferric (Fe3+) ion originating from
amorphous ferrous (Fe2+)-based silicate powders dissolved
in varying Wt % sulphuric acid (30–75 %) solutions over a
temperature range of 223–295 K. Complete dissolution of the
particles was observed under all conditions. The first-order
rate coefficient for dissolution decreases at higher Wt % and
lower temperature, which is consistent with the increased so-
lution viscosity limiting diffusion of H2SO4 to the particle
surfaces. Dissolution under stratospheric conditions should
take less than a week, and is much faster than the dissolution
of crystalline Fe2+ compounds.

The chemistry climate model UMSLIMCAT (based on the
UKMO Unified Model) was then used to study the trans-
port of MSPs through the middle atmosphere. A series of
model experiments were performed with different uptake co-
efficients. Setting the concentration of 1.5 nm radius MSPs
at 80 km to 3000 cm−3 (based on rocket-borne charged par-
ticle measurements), the model matches the reported Wt %
Fe values of 0.5–1.0 in Junge layer sulphate particles, and
the MSP optical extinction between 40 and 75 km measured
by a satellite-borne spectrometer, if the global meteoric input
rate is about 20 tonnes per day. The model indicates that an
uptake coefficient≥0.01 is required to account for the ob-

served two orders of magnitude depletion of H2SO4 vapour
above 40 km.

1 Introduction

The acidic weathering of ferrous (Fe2+)-based silicate min-
erals such as olivines (Mg2xFe2−2xSiO4) and pyroxenes
(MgxFe1−xSiO3), where 0≤x≤1, is an important pathway
to the formation of secondary minerals on Earth (Loughnan,
1969; White, 1995). The weathering process is complex and
involves dissolution and oxidation steps, but studies indicate
that the Fe-rich olivine/pyroxene structures are more solu-
ble at low temperatures and weather faster than Fe-poor or
non-Fe minerals (Siever and Woodford, 1979). Similar pro-
cesses also occur on Mars, but under very different chemical
conditions (Burns, 1993; Hurowitz et al., 2006), and are also
likely to lead to stabilised hydrated and sulphate-complexed
ferric (Fe3+) ion species in the Martian permafrost (Burns,
1987). Amorphous silicate structures are the leading candi-
dates for meteoric smoke particles or MSPs (Hervig et al.,
2009; Saunders and Plane, 2011). These are nanoparticles
formed by the recondensation of primarily Fe, Mg and Si ox-
ide species resulting from the ablation of meteoroids passing
through planetary upper atmospheres (Plane, 2003).

Charged MSPs have been detected in the Earth’s up-
per atmosphere by rocket-borne and radar techniques (see,
e.g. (Rapp et al., 2007)) which indicate typical total (neu-
tral + charged) particle numbers of a few thousand per
cm−3 above 75 km. More recently, the first optical detec-
tion (at 1.037 µm) of MSPs between∼40 and 80 km by
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satellite-borne spectrometry was used to infer the possible
particle composition (Hervig et al., 2009). Satellite data has
also been modelled to investigate the likely extent of opti-
cal extinction by MSPs between 30 and 40 km (Neely et al.,
2011).

MSPs are thought to participate in the nucleation of water-
ice clouds in the mesosphere (Rapp and Thomas, 2006; Gum-
bel and Megner, 2009), and also impact on trace vapours
such as H2SO4 and HNO3 throughout the middle atmosphere
(Turco et al., 1981; Prather and Rodriguez, 1988; Mills et
al., 2005). After MSPs have been transported down from the
mesosphere in the winter polar vortex (Curtius et al., 2005),
they are thought to be assimilated in liquid (supercooled)
H2SO4-H2O droplets (typically 40–75 Wt % acid composi-
tion, radius>100 nm) in the stratospheric aerosol or Junge
layer which is located between 15 and 30 km in altitude
(Carslaw et al., 1997; Deshler, 2008). These droplets can act
as nuclei for polar stratospheric cloud (PSC) formation via
uptake of water and nitric acid at temperatures below∼210 K
(Voigt et al., 2005).

Iron and magnesium of meteoric origin have been iden-
tified in positive ion spectra from droplets sampled in situ
in the lower stratosphere (Murphy et al., 1998; Cziczo et
al., 2001), with approximately half of the analysed particles
reported to contain 0.5–1.0 Wt % of meteoric iron. Typical
spectra of the sampled particles were closely replicated by
the dissolution of Fe and Mg compounds in a 65 % (Wt)
H2SO4 solution. At the low temperatures present in the
stratosphere (180–240 K), the question of particle solubility
is key in beginning to understand the composition of strato-
spheric aerosol, as the relative proportions of solid/solution
phase metals in such aerosol are likely to control the freezing
behaviour of the H2SO4-H2O droplets (Wise et al., 2003).
Previous studies (e.g. Biermann et al., 1996) have concluded
that meteoric material would not be an efficient seed for het-
erogeneous droplet freezing, but the chosen material used
was not characteristic of the particle composition identified
in stratospheric aerosol (Cziczo et al., 2001).

Balloon-borne mass spectroscopic measurements made in
the 1980s e.g. (Arnold et al., 1981; Viggiano and Arnold,
1981; Schlager and Arnold, 1987) delineate three distinct
regions in the stratosphere where the concentration of gas-
phase sulphuric acid varies significantly. Comparatively low
concentrations, typically ranging between 104 and 105 cm−3

(outside of periods of major volcanic activity) are found be-
low 30 km, where temperatures below 230 K result in the
condensation of binary solutions of H2SO4-H2O to form
stratospheric sulphate aerosol (SSA). Between 30 and 35 km,
with increasing temperatures, the gas-phase concentration in-
creases to 106–107 cm−3. Above 35 km, measurements indi-
cate a ‘turning-point’, whereby concentrations begin to de-
crease up to∼40 km. Above this altitude, data is restricted
to a couple of balloon flights (Arijs et al., 1983, 1985), with
H2SO4 levels at 45 km falling to∼104–105 cm−3.

The reasons for an approximate two orders of magnitude
depletion at 45 km (compared with the peak at∼35 km) has
long been the subject of debate, with gas-phase chemistry,
photolysis and heterogeneous uptake on MSPs/metal atoms
being proposed as possible removal processes (Turco et al.,
1981; Vaida et al., 2003). A 1-D modelling study of MSP –
acid interaction (Turco et al., 1981), where chemical neutral-
isation (resulting from metal atom-acid molecule collisions)
was assumed, indicated that a downward metal atom flux of
5×106 cm−2 s−1 from the upper mesosphere (equivalent to
a global meteoric mass influx of∼200 tonnes per day) was
required to account for the observed depletion in H2SO4 at
45 km. However, this flux value lies significantly beyond the
upper limit of what is now currently considered to be a likely
range of between∼5 and 50 t d−1 (tonnes per day) (Vondrak
et al., 2008). In addition, this model involved an arbitrary
choice of collision rate scaling with which to determine the
acid loss to smoke particles (Turco et al., 1981). A more re-
cent 2-D modelling study of H2SO4 photolysis and sulphur
gas and aerosol chemistry concluded that visible wavelength
photolysis (H2SO4 + hν→SO3 + H2O) via OH stretch exci-
tation could not account for the loss of H2SO4 vapour above
40 km. With VUV photolysis of H2SO4 being too slow be-
low 80 km, it was therefore suggested that irreversible loss to
smoke particles, although not treated in their study, was the
most likely cause of the observed gas-phase depletion above
40 km (Mills et al., 2005).

This paper describes a combined laboratory and mod-
elling study. The laboratory component measured the rates
at which MSP analogue particles dissolve in concentrated
H2SO4/H2O solutions under stratospheric conditions. The
modelling component explored the distribution of MSPs in
the middle atmosphere, constrained by the available observa-
tions: rocket-borne particle detectors above 80 km (Gelinas
et al., 2005; Lynch et al., 2005), optical extinction between
40 and 80 km (Hervig et al., 2009), and the Fe Wt % in Jun-
gle layer droplets (Murphy et al., 1998; Cziczo et al., 2001).
From this it was possible to constrain the uptake coefficient
of H2SO4 on MSPs required to explain the observed decrease
in concentration of this acid vapour above 40 km.

2 Acid dissolution of amorphous MSP analogues

2.1 Experimental technique

We conducted a series of experiments in which a sol-gel
synthesised amorphous fayalite (Fe2SiO4) powder was dis-
solved in 30–75 Wt % acid solutions over a temperature
range of 223–295 K. This composition was taken as a rep-
resentative analogue for MSPs (Saunders and Plane, 2006).
Other mixed metal (x > 0) olivine and pyroxene composi-
tions are also likely in MSPs. We therefore also synthesised
MgFeSiO4, FeSiO3 and MgFeSiO3 powders using the sol-
gel process and studied their dissolution characteristics over
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Fig. 1. Optical microscope image of synthesised silicate particles
used in the acid solution-powder experiments.

more limited temperature/acid Wt % ranges for comparison
with the fayalite powder. Particle dissolution and the Fe ox-
idation state were monitored spectroscopically to determine
the rate and extent of particle solubility. The data was used
to determine reaction rate coefficients for specific temper-
ature/acid Wt % combinations, and then activation energies
for the silicate powder dissolution process.

Amorphous powders of the iron (x = 0) end-members
of the olivine (fayalite) and pyroxene (ferrosilite) series,
and mixed composition powders (x ∼0.5) were synthesised
in accordance with procedures described by (Thompson
et al., 1996). Briefly, solutions of either sodium metasili-
cate (Na2SiO3) or orthosilicate (Na4SiO4) were mixed in
the desired stoichiometric amounts with 0.1 M solutions of
Fe[NH4]2(SO4)2 · 6H2O (Mohr’s salt), or both Mohr’s salt
and MgCl2 for the generation of mixed composition pow-
ders. In each case, the gelatinous precipitate immediately
formed was left for 1–2 days, before excess liquid was de-
canted and the solids washed thoroughly to remove any by-
products. The remaining liquid was evaporated using a heat-
ing plate, and the solids powdered using a pestle and mor-
tar. The resulting powders were then stored in a dessicator,
prior to IR characterisation and then sulphuric acid dissolu-
tion studies.

Figure 1 shows a microscope image of the synthesised Fe-
silicate particles, which exhibit a range of shapes and of sizes
from ∼1–50 µm (the applicability of particles in this size
range to MSPs is discussed below). Mid-IR spectra (4000–
450 cm−1) were taken directly from the solid samples using
an FT-IR spectrometer (Spectrum One, PerkinElmer) at a res-
olution of 1 cm−1. All powders showed a broad, structure-
less peak between 800 and 1000 cm−1, corresponding to the
Si-O stretch observed in amorphous silicates (Draine, 2003).
For subsequent analysis of reactions of synthesised silicate
powders with sulphuric acid, weighed amounts (typically 5–

Fig. 2.The top panel shows a time series of UV-visible spectra taken
from a 75 % Wt H2SO4 solution at 273 K, to which amorphous fay-
alite powder had been added. The time at which each numbered
(consecutive) spectrum was taken is indicated in the bottom panel,
which is a plot of the ratio (α) of measured absorbance at the 289 nm
(Fe[SO4]−2 ) peak to the maximum (final) absorbance at time (t).

10 mg) of the Fe and Fe-Mg silicate powders were placed
in stoppered conical flasks with a total volume of 50 ml of
a H2SO4 solution (98 %), diluted to a desired acid Wt % in
deionised water. Solution spectra from 200–600 nm at a res-
olution of 1 nm were taken using a UV-visible spectrome-
ter (Perkin Elmer-Lambda 900) with 1 cm quartz cuvettes,
at regular time intervals. For experiments below room tem-
perature, an immersion cooler (Neslab CC100) was used in
combination with a methanol bath, in which the acid solu-
tion was equilibrated prior to addition of the sample powder
and periodic extraction of aliquots for spectroscopic analysis.
Due to the increasing solution viscosity at lower temperature
and higher acid Wt %, it was necessary to allow solutions of
>50 Wt % atT <273 K to stand for a 5–10 min period after
removal from the bath, before spectra acquisition was possi-
ble.

2.2 Experimental results

Figure 2 shows a representative data set for the fayalite-
acid solution experiments. The top panel shows the evolu-
tion with time of the UV-visible absorbance forλ≤ 400 nm

www.atmos-chem-phys.net/12/4387/2012/ Atmos. Chem. Phys., 12, 4387–4398, 2012



4390 R. W. Saunders et al.: Interactions of meteoric smoke particles with sulphuric acid

(no absorbance was observed at longer wavelengths) for a
75 % Wt acid solution at 273 K, with 8.1 mg of the Fe2SiO4
powder added to give [Fe2+]t=0 ∼7.9×10−4 M in 50 ml of
the acid solution. The data shows the increase in absorbance
for peaks at 289 nm and 220 nm from the first spectrum taken
3 minutes after addition of the powder, to the final spectrum
after 30 minutes, at which point no further increase in ab-
sorbance was observed.

The aqueous solution spectroscopy of Fe2+/Fe3+ ions
has been extensively studied. Whilst the Fe2+ ion ex-
hibits only a small continuous absorbance (molar extinc-
tion ε<50 L mol−1 cm−1) for λ<300 nm (Potterill, 1936),
the “bare” Fe3+ ion displays much greaterε values in this
region (increasing to>3000 L mol−1 cm−1 for λ <250 nm
(Whiteker and Davidson, 1953)). However, in acidic so-
lutions, hydration of the ion (in weak solutions) leads to
the formation of the Fe(OH)2+ species (absorbance peak
at∼300 nm withε ∼2500 L mol−1 cm−1), whilst complexa-
tion with sulphate ions in strongly acidic solutions produces
Fe(SO4)

+ (peak at∼302 nm,ε ∼2200 L mol−1 cm−1), and
Fe(SO4)

−

2 species, whose peak absorbance shifts to∼290 nm
(ε ∼3000 L mol−1 cm−1) at increasing acid solution strength
(Wt %) (Whiteker and Davidson, 1953).

The spectra observed in Fig. 2 are therefore consis-
tent with increasing absorption by the bare Fe3+ ion at
220 nm, and the Fe(SO4)

−

2 complex ion at 289 nm. To de-
termine the total final [Fe3+] in solution, an ε value of
4565 L mol−1 cm−1 at 220 nm was used (Scharf and Lee,
1962). The final absorbance value of 1.3 at 289 nm indicates
a [Fe3+]complexed of 4.3×10−4 M (= 1.3/3000) or∼55 %
of [Fe2+]t=0, whilst Amax= 1.61 at 220 nm is consistent
with a [Fe3+]bare= 3.5×10−4 M (= 1.61/4565) or∼44 % of
[Fe2+]t=0 to give a total [Fe3+] of 7.8×10−4 M. This indi-
cates that, to within experimental error, complete conversion
of solid-phase ferrous ion through to the ferric ion in solution
occurred.

The bottom panel of Fig. 2 shows the calculated values
(solid triangles) of the ratio (α) of measured absorbance at
time (t) to the final (maximum) value. In addition, the red
line is a least squares optimised fit to the data points using an
expression of the form;

α = 1− exp(−kt) (1)

wherek (s−1) is a single first-order rate coefficient which en-
compasses all reaction processes. These include: (i) H2SO4
diffusion to particle surfaces; (ii) oxidation of Fe2+ to Fe3+;
(iii) dissolution; and (iv) ion hydration/complexation in so-
lution. For the 75 % Wt-273 K solution,k was determined to
be (5.6±0.3)×10−3 s−1.

Similar spectral data was acquired for 75 % Wt acid-
fayalite powder solutions atT = 223 K, 243 K, 263 K and
295 K, and for 30 %, 40 %, 50 % and 60 % Wt solutions at
these same temperatures (except for the 30 % solution at
223 K, where solution freezing occurs), yieldingk for each

Table 1.Measured activation energies (Ea) and pre-exponential fac-
tors (A) for the reaction rate coefficient for the dissolution of amor-
phous fayalite (Fe2SiO4) powder in H2SO4/H2O solutions of vary-
ing Wt %.

Wt % acid solution Ea/kJ mol−1 ln A

30 27.6 7.079
40 34.2 9.671
50 42.1 12.985
60 49.9 16.050
75 59.9 21.200

set of conditions. Experiments at temperatures below 223 K
proved to be impractical due to the rapidly increasing viscos-
ity of the solutions, as discussed below. In all cases (over
different timescales), 100 % conversion of initial Fe2+ in
the added fayalite powder sample to Fe3+ in solution was
recorded. The main differences observed in experiments with
varying acid solution strengths (at the same temperature)
were: (i) a shift in the complexed ion peak from 289 nm
(75 % solution) to∼300 nm (30 %); (ii) an increase in the
ratio of the peak absorbance at 220 nm to the absorbance be-
tween 289–300 nm, from 1.3 to 1.9 as the %Wt decreased
from 75 to 30 %, consistent with a final Fe3+ solution con-
tent of approximately equal amounts of bare and complexed
ion; and (iii) a decrease ink at higher acid Wt %. Similarly,
at constant acid Wt %,k decreased at lower temperatures,
the complexed Fe3+ peak shifted to lower wavelength, and
the peak absorbance ratio decreased. Qualitatively, the de-
crease in rate coefficient with decreasing temperature and
increasing acid Wt % is consistent with increasing solution
viscosityη (and hence H2SO4 diffusion coefficient) for these
conditions. For example,η (75 % Wt)∼13 cP compared with
η(30 % Wt) ∼2 cP at 295 K; whilst at 223 K,η(75 % Wt)
∼1450 cP compared withη(30 % Wt)∼50 cP (Williams and
Long, 1995). That is, the diffusion coefficient (DαT /η) of
H2SO4 in a 75 % Wt solution at 223 K is∼150 times smaller
than at 295 K, and 29 times smaller than for a 30 % Wt solu-
tion at 223 K. This compares withk decreasing between 295
and 223 K by factors of∼2700 (75 % Wt) and∼27 (30 %).
For temperatures colder than those accessed in our experi-
ments (T <223 K), solution viscosity would rapidly increase
e.g.η(75 % Wt)∼3.5×105 cP at 200 K, which should result
in a corresponding further decrease ink.

Casting the temperature dependence ofk at each Wt % so-
lution in Arrhenius form (i.e., lnk versus 1/T ) yields the ac-
tivation energy (Ea) and pre-exponential factorA. These are
listed in Table 1 and can be used to calculatek (Wt % = 30 %–
75 %,T = 223–295 K) and hence estimate the characteristic
time for any fraction of the initial Fe2+ in the fayalite powder
to be converted into Fe3+. Figure 3 is a contour plot show-
ing the time taken in hours for 99.9 % of particle Fe2+ to
be dissolved to Fe3+, as a function of Wt % andT . Under
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Fig. 3. Contour plots showing the calculated time in hours for the
dissolution (>99 %) of Fe2+ ions from fayalite powder as a func-
tion of temperature (223 K–273 K) and Wt % acid solution (30 %–
75 %). The black shaded area indicates the conditions under which
hexagonal water-ice (Ih) formation occurs in H2SO4-H2O solu-
tions.

the most “extreme” conditions (75 % acid/223 K) amenable
to spectroscopic analysis, the complete conversion of Fe2+

in particles to Fe3+ in solution takes∼128 h, i.e. 6 days. It
should be stressed that these timescales are likely to repre-
sent upper limits for such a process involving ‘real’ MSPs
in the upper atmosphere, which typically are much smaller
(below 20 nm in radius) than those used in our experiments.
The laboratory production of such small nanoparticle sizes
is not currently possible either through direct synthesis or by
further grinding of micron-sized particle powders. At these
small dimensions, higher surface area-to-volume ratios are
likely to lead to enhanced initial uptake of acid molecules
and dissolution (Hochella et al., 2008).

Experiments with the other synthesised powders
(MgFeSiO4 and FeSiO3/MgFeSiO3) showed thatk was
lower by a factor of 2–5 compared with Fe2SiO4 under
comparable conditions i.e. longer times were required for the
complete conversion to Fe3+ ions, which was nevertheless
observed for all powders under all conditions. For example,
at 273 K for 75 % Wt acid solutions,k = 2.5×10−3 s−1

(MgFeSiO4), 3.0×10−3 s−1 (FeSiO3) and 1.2×10−3 s−1

(MgFeSiO3), compared with 5.6×10−3 s−1 for Fe2SiO4.
These trends are consistent with the reported slower dis-
solution behaviour, particularly at lower temperatures, of
the more Fe-depleted olivines and of the pyroxene mineral
series (Siever and Woodford, 1979; Burns, 1993; Stopar et
al., 2006).

3 Modelling MSPs in the middle atmosphere

A 3-D Chemistry Climate Model (CCM) – UMSLIMCAT –
was used to study the atmospheric transport of MSPs and the
heterogeneous uptake of H2SO4. UMSLIMCAT is based on
the UK Met Office Unified Model (UM) with a stratospheric
chemistry scheme from the SLIMCAT model (Chipperfield,
2006). The CCM is described in detail elsewhere (Tian and
Chipperfield, 2005). Briefly, the model has 64 vertical levels
from the surface to 0.01 hPa (∼80 km) and a horizontal res-
olution of 2.5◦×3.75◦. The chemical and source gas bound-
ary conditions are similar to those used in the Chemistry-
Climate Model Validation Activity for SPARC (CCMVal-2)
REF0 simulation (Morgenstern et al., 2010).

Previous 1-D and multi-dimensional modelling studies of
MSP transport from the mesosphere to the stratosphere have
treated microphysical processes such as Brownian coagula-
tion and gravitational sedimentation (Megner et al., 2006;
Bardeen et al., 2008; Megner et al., 2008). Sensitivity tests in
the study of Bardeen et al. (2008), who used the Whole At-
mosphere Community Climate Model (WACCM), concluded
that sedimentation/coagulation only has a significant effect
on the volumetric MSP mass above 70 km, close to the top
level (80 km) in UMSLIMCAT. Initial test runs with UM-
SLIMCAT where Brownian coagulation was included indi-
cated no significant effect on the transport of MSP parti-
cle mass by sedimentation/coagulation. This is because sed-
imentation of these small particles, even after coagulation, is
very slow.

It is worth noting that, to the best of our knowledge, there
is actually no direct evidence that coagulation of MSPs oc-
curs in the atmosphere. There is good evidence from rocket-
borne charged particle detectors and incoherent scatter radar
analysis that small primary MSPs (radius 1–2 nm) form
above 80 km (Rapp et al., 2007), but conjectures about when
and how subsequent coagulation occurs are based on labo-
ratory studies (e.g. Saunders and Plane, 2011). Almost all
previous MSP models have assumed that coagulation occurs
solely through Brownian motion-collisions which maintain
particles of spherical shape and compact structure. In fact,
in our laboratory studies where analogue MSPs consisting
of Fe-Mg silicates were synthesised, fractal-like morpholo-
gies were consistently observed and explained by the role of
magnetic dipole-induced aggregation of Fe-containing parti-
cles. As we have shown previously (Saunders et al., 2007),
magnetic dipole-induced aggregation can reduce the particle
number in the upper stratosphere by over an order of mag-
nitude. However, there is another point to consider: in the
atmosphere these particles form and grow in a huge excess
of H2O (∼ ×105 greater concentration), so that hydroxyla-
tion of the particles may reduce the magnetic-dipole driven
coagulation rate, as well as the degree of porosity of the par-
ticles.

In light of these observations, and since the primary quan-
tity that is required for assessing stratospheric impacts on
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H2SO4 and SSA is thevolumetric mass, we adopted a simpli-
fied modelling approach with UMSLIMCAT, whereby MSPs
were treated as an advective tracer of nominal (spherical)
size subject to eddy diffusion and the calculated wind fields.
The tracer mixing ratio in the top level of UMSLIMCAT
was held constant, set to a value (see below) calculated from
the total particle number derived from the output of a 1-
D particle growth/transport model (Saunders et al., 2007).
The 1-D model is initiated using a chosen global meteoric
mass influx (tonnes per day) with particle transport driven
by vertical eddy diffusion, and particle growth treated using
parameterisations for both Brownian and magnetic-dipole
driven coagulation (Saunders and Plane, 2006; Saunders et
al., 2007). Gravitational sedimentation is also included, using
a Stokes Law parameterisation, at all levels (110 km down-
wards) in the 1-D model. A mean tracer radius of∼1.5 nm
(mass = 2.8×10−20 g, assumed particle density = 2.0 g cm−3)
was calculated from the 1-D output of total particle number
and surface area. This is only slightly larger than the value of
1.3 nm chosen in the original 1-D modelling study of MSPs
in the mesosphere and stratosphere (Hunten et al., 1980).

In UMSLIMCAT, particles were assumed to be removed
at the Earth’s surface by dry deposition. This was simu-
lated by removing a nominal 10 % of particles in the lowest
model level at each time step (1800 s); these particles were
then stored as a non-advected tracer. The sensitivity of the
model to the choice of fractional removal in the lowest level
was tested by repeating runs with 1 % and 100 % removal
per time step. Changing the removal rate resulted in small
(<5 %) differences to the predicted particle numbers in the
stratosphere and above (the region of interest in this study),
whilst causing more significant differences (>50 %) at alti-
tudes below 12 km. All simulations were initialised with pa-
rameters for the year 2000, and were run for a total of five
years following an initial five year spin-up period.

To investigate the impact of MSPs on H2SO4 removal
above 35 km, the model H2SO4 concentration at 35 km was
set at 5×106 cm−3, consistent with the mid-range of mea-
surements at this altitude (Arnold et al., 1981; Viggiano and
Arnold, 1981; Schlager and Arnold, 1987). The uptake of
H2SO4 molecules on smoke particles was treated using first-
order kinetics, such that the loss rate (cm−3 s−1) is given by

d[H2SO4]

dt
= −

c̄

4
γA[H2SO4] (2)

wherec̄ ≈ 1469×
√

T is the mean thermal velocity (cm s−1)
of an H2SO4 molecule at temperatureT , γ is the heteroge-
neous uptake coefficient, andA is the volumetric particle sur-
face area (cm2 cm−3). Four simulations were performed us-
ing γ values ranging from zero to 0.01.

Fig. 4. Vertical profiles of the MSP concentration predicted by the
1D model for the case where there is coagulation below 80 km (red
line) or coagulation is switched off (black line). The global meteoric
mass input rate is 22 t d−1. The blue line shows the MSP density
profile calculated by UMSLIMCAT for June at 65◦ S.

3.1 1-D modelling of MSP growth and transport

A number of runs were performed with the 1-D model using
a varying meteoric mass input in order to optimise the 3-D
tracer input number concentration (mixing ratio) at 80 km for
the purpose of matching (i) the reported meteoric metal con-
tent (0.5–1.0 Wt % Fe) in sampled SSA (Murphy et al., 1998;
Cziczo et al., 2001) and (ii) measured particle extinction in
the mesosphere and upper stratosphere (Hervig et al., 2009).
The 1-D model was run in each case for a period of 5 yr to en-
sure a steady-state particle mass distribution throughout the
full altitude range (110 km–20 km).

Figure 4 shows the altitude profile of the total (size inte-
grated) MSP number concentration predicted with a mete-
oric input of 22 t d−1, which results in 3000 particles cm−3

at 80 km. Similar profiles are obtained for other input rates
with, for example, particle numbers of 4000 and 2200 cm−3

at 80 km for 44 and 11 t d−1, respectively. These MSP con-
centrations are typical of values reported from rocket-borne
dust detector measurements in the upper mesosphere (Geli-
nas et al., 2005; Lynch et al., 2005; Rapp et al., 2007).

Results are shown for scenarios in which particle growth
(starting from a “molecular” size particle of 0.3 nm radius)
is treated assuming coagulation at all altitudes (red line),
and then where the coagulation is turned off below 80 km
(black line). Although the effect of coagulation is seen to
significantly reduce particle numbers below 80 km in the 1-
D model, this is due to the high number of small particles
(radius<1.5 nm) which dominate the size distribution in the
mesosphere. Conversion of the 1-D model generated parti-
cle numbers shown in Fig. 4 to volumetric mass data con-
firms that coagulation/sedimentation plays no significant role
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below 40 km: the difference in volumetric mass is<25 % be-
tween the model runs with coagulation/sedimentation turned
on and off. Advection in the 3-D model dominates the trans-
port of such small particles, therefore making coagulation a
comparatively unimportant process as verified in the initial
test runs with UMSLIMCAT and by Bardeen et al. (2008).

3.2 3-D modelling of MSP transport to the lower
stratosphere

UMSLIMCAT was run with the MSP tracer concentration
at 80 km fixed to 3000 cm−3. Following spin up, the model
was run for 5 yr and the particle number density for the
same month in each year averaged to remove year-to-year
fluctuations. The resulting particle number density was then
converted to the volumetric mass of MSP Fe (assuming an
olivine composition of MgFeSiO4), since this measure of
MSP distribution does not depend on the degree of particle
coagulation (see above). Figure 5 shows the monthly mean
Fe volumetric mass as a function of height and latitude for
January, April, July and October. The downward transport
of MSPs in the winter polar vortices from the mesosphere
into the stratosphere is evident, as has been noted in pre-
vious modelling studies (Bardeen et al., 2008; Megner et
al., 2008). MSPs are then redistributed to lower latitudes in
the stratosphere by the Brewer-Dobson circulation. We note
that the UMSLIMCAT volumetric MSP mass values (for the
optimised flux of 22 t d−1) are in good agreement (within
a factor of 2 and generally better than±25 %) with the
CHEM2D study (Megner et al., 2008), whereas the WACCM
study (Bardeen et al., 2008) is generally 80 % higher. The
CHEM2D and WACCM model studies used the same mete-
oric flux of 44 t d−1, but the WACCM masses are generally a
factor of 2–3 times larger than CHEM2D, with some areas in
the polar and mid-latitude stratosphere being higher by up to
an order of magnitude.

Meteoric Fe was sampled in SSA by Cziczo et al. (2001)
during the months of April and May, from aircraft flights
which covered latitudes 9–46◦ N at altitudes up to 19 km (see
the black box outlined in the panel for April in Fig. 5). For the
meteoric mass input rate of 22 t d−1, a mean volumetric mass
of meteoric Fe of (1.2±0.4)×10−15 g cm−3 would be avail-
able for incorporation into SSA. Monthly zonal mean SSA
surface area density data from the SAGE II satellite (Thoma-
son et al., 1997) indicate a mean aerosol surface area of (8±

1)×10−9 cm2 cm−3 for the relevant latitudes and altitudes,
which would provide a SSA mass of 1.1×10−13 g cm−3 as-
suming a mean radius of 250 nm and density of 1.63 g cm−3

(i.e. a 75 Wt % acid droplet) and a concentration of 1 cm−3

(Junge and Manson, 1961; Deshler, 2008). Therefore, if all
of the meteoric Fe in MSPs is incorporated into available
SSA, this would give a figure of 1.1 Wt % Fe which is in
good accord with the 0.5–1.0 % range reported by Cziczo et
al. (2001).

3.3 MSP light extinction calculations

The SOFIE spectrometer on the NASA AIM (Aeronomy of
Ice in the Mesosphere) satellite has a sufficiently high signal-
to-noise to observe optical extinction by MSPs (Hervig et al.,
2009). Particle extinction measurements (in units of km−1) at
a wavelength of 1.037 µm were made over the height range
40–75 km during June at 65◦ S. These measurements there-
fore provide a further way to test the UMSLIMCAT results,
though for reasons set out below we regard this as a less
stringent test. The modelled extinction was calculated us-
ing the MSP number concentration profile from UMSLIM-
CAT shown in Fig. 4 (note the satisfactory agreement be-
tween the 3-D and the 1-D (no coagulation) model profiles
in this figure). Rayleigh theory for the 1.5 nm radius particles
was assumed, as well as an olivine (MgFeSiO4) composition
with real and imaginary refractive indices of 1.73 and 0.07 at
1.037 µm, respectively (Dorschner et al., 1995). At this par-
ticle size and for this composition, absorption is the domi-
nant process with an associated cross section per particle of
7.5×10−17 cm2, compared with the scattering cross-section
of 2.0×10−22 cm2. The olivine composition is chosen based
on our recent laboratory study of MSP analogue formation
(Saunders and Plane, 2011).

Figure 6 shows reasonable agreement, with the SOFIE
data being∼3 times greater than modelled at 40 km, and
the modelled extinction being∼4 times greater at 75 km.
Although these differences are relatively small in magni-
tude, the discrepancy above 50 km may reflect several factors
(apart from systematic errors in the satellite measurements
and model predicted particle distribution): (i) uncertainty in
the chosen MSP composition; (ii) deviations in the refractive
indices of amorphous nanoparticles, compared with the bulk
crystalline mineral values used in the calculation; and (iii)
deviation from spherical particle shape. Concerning points
(i) and (ii), subsequent analysis of the SOFIE data at addi-
tional wavelengths indicates that the assumed olivine compo-
sition provides a best fit candidate compared with other pos-
sible MSP compositions (presentation by Mark Hervig, 38th

COSPAR Scientific Assembly, Bremen, 2010). However, the
fitting procedure necessarily assumes that the bulk refractive
index is applicable to small nanoparticles (for which no such
data currently exists) when determining the optical properties
of MSPs. The size dependence at the nano-scale of the imag-
inary (absorption) indexκ for a given particle composition
has long been discussed with regard to interstellar dust grains
(e.g. Huffman, 1977). Such effects could provide an explana-
tion for the differences observed in Fig. 6 above 50 km. For
example, reducingκ, whose bulk value is 0.07 at 1.037 µm,
by a factor of 4 brings the calculated extinction into agree-
ment with the SOFIE data point at 75 km.

Concerning point (iii), at lower altitudes the extinction
measured by SOFIE most likely results from MSPs which
have agglomerated to form non-spherical (fractal) morpholo-
gies (the red line in Fig. 4). To evaluate whether this could
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Fig. 5.Volumetric mass of MSP Fe (×10−17g cm−3) calculated from the monthly mean MSP number densities from 2000–2005, predicted
by UMSLIMCAT (global meteoric mass input rate = 22 t d−1). The dashed outlined box in the plot for April indicates altitude and latitude
ranges relevant to the measurements of Fe content in SSA (see text).

Fig. 6. Comparison of measured MSP extinction (labelled
SOFIE/AIM) with values calculated using MSP number concen-
trations from the UMSLIMCAT model and Rayleigh theory for an
assumed olivine (MgFeSiO4) composition, and for the same pyrox-
ene species (Mg0.4Fe0.6SiO3) used to fit the SOFIE data in Hervig
et al. (2009). Also shown are the predicted MSP extinction profiles
from the WACCM and CHEM2D models, reproduced from Figure 2
in Hervig et al. (2009).

explain the modelled extinction below 50 km being lower
than observed (Fig. 6), we conducted test calculations for
aggregates composed of a varying number (Np) of primary
particles (radiusrp), with the fractal dimensionDf rang-
ing from 1.5 to 2.0. Refractive indices were calculated using
Maxwell-Garnett theory over a range of particle porosities
(P = 0.1–0.9) (Saunders et al., 2007). The particle extinction
was estimated using Mie theory with an effective (fractal)
particle radiusrf (= rp×N(1/Df )

p ). There is no unique com-
bination ofDf , Np andP which provides a fit but, for exam-
ple, forDf = 1.75,Np = 8 (giving a fractal radius of 4.9 nm),
andP = 0.5 (complex refractive indexm = 1.37–i0.04), the
SOFIE extinction at 40 km can be matched by the modelled
extinction. Similar porosity values are required when consid-
ering differences in the calculated extinction values resulting
from our 1-D model data for the scenarios of coagulation and
no coagulation (shown in Fig. 4) below 80 km.

Another factor to consider is that the uptake of acids such
as H2SO4 (see below) and water may cause the MSP size to
increase. For example, increasing the tracer radius from 1.5
to just 2.2 nm, but maintaining the number density, would
also provide a match to the SOFIE extinction at 40 km.
Chemical weathering of the particle surfaces, or ultimately
dissolution of the particles in an aqueous-acid medium, could
also alter the refractive indices of the MSPs.
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Figure 6 also shows the fitted profiles from Hervig et
al. (2009) for thepyroxenespecies indicated in the figure
legend, and MSP numbers obtained from the WACCM and
CHEM2D models, together with the extinction profile pre-
dicted by UMSLIMCAT assuming the bulk refractive index
data for the same pyroxene (m = 1.68 –i0.017 at 1.037 µm).
This shows that CHEM2D and UMSLIMCAT agree well
above 60 km (for the pyroxene composition), CHEM2D fits
well down to 50 km, and WACCM below 45 km. Although
the MSP volumetric masses predicted by UMSLIMCAT are
in good agreement with those of CHEM2D/WACCM (as
noted in the previous section), the difference in the slope
of our fits to those of the other models results from the dif-
ferences in the height-resolved number densities which arise
because CHEM2D and WACCM included Brownian coagu-
lation.

With all the uncertainties discussed above (e.g. particle
shape, size and composition, precise nature of the coagula-
tion mechanism, questionable validity of bulk material re-
fractive index data applied to nanoparticles, and the effect of
chemical weathering), we regard the good fits of theabsolute
extinctions predicted by the models at various altitudes as
somewhat fortuitous. We therefore merely use our extinction
data for olivine and pyroxene in this figure to show that we
obtain reasonable (to within an order of magnitude) agree-
ment with the SOFIE data by optimising the meteoric flux at
22 t d−1, and emphasise that this also produces a good match
to the MSP concentrations measured in the mesosphere and
the Fe Wt % measured in SSA.

3.4 3-D modelling results of MSP-H2SO4 interactions in
the stratosphere

Using a tracer concentration based on the 22 t d−1 mass in-
put, UMSLIMCAT was run to investigate H2SO4 loss on
MSPs. Figure 7 shows the corresponding profile of predicted
H2SO4 concentrations at 44◦ N (from where all measured
data is reported) from above 30 km forγ = 0, 10−4, 10−3

and 0.01 as indicated in the legend. At 45 km, theγ = 0.01
data falls within the measured data error bar with [H2SO4]
set to 5×106 cm−3 at 35 km, which is in the middle of the
measured range (shown by the coloured points in Fig. 7). It
is clear thatγ would need to be greater than 0.01 if hetero-
geneous acid loss to particles is the sole significant depletion
process for H2SO4 in the upper stratosphere. If coagulation
of MSPs does occur to a significant extent, then the conse-
quent reduction in available surface area would require an
even higher uptake coefficient (i.e. still consistent with our
lower limit) in order to match the measured acid data above
40 km. Subsequent chemical reactions or phase changes at
particle surfaces and the separate loss process of photolysis
have been assessed in previous modelling work (e.g. Mills et
al., 2005), which showed that they will occur on much longer
timescales than heterogeneous uptake and therefore be less
important removal processes.

Fig. 7. Altitude profiles at 44◦ N of the H2SO4 concentration mod-
elled in UMSLIMCAT with the heterogeneous uptake coefficients
(γ ) of H2SO4 on MSPs indicated in the legend. The solid points are
balloon-borne measurements (blue – Viggiano and Arnold, 1981;
red – Schlager and Arnold, 1987; black, with error bar – Arijs et al.,
1985).

A final point is whether there are actually sufficient metal
atoms in MSPs to remove the adsorbed H2SO4. The num-
ber of metal atoms present in MSPs between 30 and 45 km
can be compared with the H2SO4 concentration profile when
γ = 0 (i.e. no smoke present). Assuming a molecular olivine
radius of 0.3 nm, the 1.5 nm radius tracer particle would
contain 125 molecules. Therefore at 45 km, from the pre-
dicted MSP number, the total number of metal (Fe + Mg)
atoms is 1.1×107 cm−3

− equivalent to a mixing ratio of
∼2.2×10−10. This compares with an acid mixing ratio of
∼8×10−11 at the same altitude i.e. an excess of metal atoms
would be available in the upper stratosphere for the heteroge-
neous removal of H2SO4. This ratio of 2.8 decreases at lower
altitudes to below 2.0 at∼42 km (consistent with increasing
acid levels) and to 0.6 at 30 km.

4 Discussion and atmospheric implications

4.1 Dissolution of MSPs in H2SO4/H2O mixtures

The measured rate coefficients (k) describe the overall rate of
a complex mechanism of competing processes which convert
Fe2+ in solid silicate particles to Fe3+ species in solution. Al-
though the rate-limiting step is not explicitly identified, the
observed trends ink suggest that, due to increased solution
viscosity at lower temperatures/higher Wt % acid, the diffu-
sion of H2SO4 molecules to the particle surface is an impor-
tant controlling factor. Oxidation of Fe2+ to Fe3+ under such
highly acidic conditions is likely to be rapid, and the observa-
tion that the ratio of bare Fe3+ to complexed Fe3+ (measured

www.atmos-chem-phys.net/12/4387/2012/ Atmos. Chem. Phys., 12, 4387–4398, 2012



4396 R. W. Saunders et al.: Interactions of meteoric smoke particles with sulphuric acid

by the ratio of absorbance peaks in the spectra) was constant
during the course of the reaction indicates that the dissolution
and ion-complexation processes are also fast. There has been
much discussion in the literature regarding the mechanisms
of silicate mineral weathering e.g. Schott and Berner (1983);
Casey and Westrich (1992) and Liu et al. (2006).

The amorphous silicate powders displayed significantly
faster dissolution compared with crystalline Fe2+ com-
pounds. For example, experiments with Mohr’s salt added
to a 75 % Wt acid solution, indicated that after 24 h,<10 %
of the Fe2+ had been converted to Fe3+. The lower solubil-
ity/dissolution of crystalline compounds is consistent with
the study of Wise et al. (2003), although their conclusion that
Fe2+ is the exclusive species remaining in solution is contra-
dicted by the spectral analysis in the present study. Clearly, a
distinct structural effect is evident, with an amorphous parti-
cle form promoting faster reaction and dissolution. This was
further verified by a comparison of the dissolution rates of
high purity amorphous and crystalline ferric oxide (Fe2O3)
powders. The former, synthesised in our laboratory via a
photo-oxidation method (Saunders and Plane, 2006), was
found to result in 100 % dissolution within 12 h in a 75 % Wt
solution at 295 K, whereas a commercial crystalline sample
exhibited only∼20 % dissolution after 24 hours under the
same conditions. The disparity in dissolution rates between
crystalline and amorphous compounds is also consistent with
the reported enhanced solubility of amorphous silica (SiO2)
at T ≥273 K compared with that of crystalline quartz e.g.
(Gunnarsson and Arnorsson, 2000).

Regarding the fate of magnesium and silicon from dis-
solved MSPs within SSA, the most likely species formed
are highly soluble hydrated magnesium sulphate and silicic
acid (H4SiO4), respectively. Neither of these end products
has any significant UV-Vis absorption features and so are not
detectable with the technique employed to monitor the pres-
ence of Fe ions in this study. Mg ion peaks are evident in the
PALMS stratospheric aerosol spectra reported in the stud-
ies of Murphy et al. (1998) and Cziczo et al. (2001), whilst
unassigned peaks are also present at mass number 28 which
would be consistent with Si+ ions.

The observed dissolution rates of the amorphous meteoric
smoke analogue powders in H2SO4-H2O solutions at temper-
atures down to 223 K indicate that the dissolution of MSPs
within SSA in the Junge layer will occur within a few days.
Prior to dissolution, the collision between an MSP and an
SSA with radii of 1.5 nm and 250 nm, respectively, resulting
purely from Brownian motion under conditions relevant to
the lower stratosphere, would take∼4 days (coagulation ker-
nel β ∼3.4×10−6 cm3 s−1 – see Eq. (E2) in Saunders and
Plane (2006), and assuming a SSA number concentration of
1 cm−3).

The greater observed solubility/dissolution of amorphous
Fe2+ minerals, compared with those of a crystalline nature,
suggests that more of the Fe-content within stratospheric
aerosol is likely to be in the form of soluble bare or sulphate-

complexed Fe3+ ions (stabilised against conversion to solid-
phase iron oxide/hydroxide species by the low tempera-
ture/low pH environment within the droplets). One possible
ramification of such enhanced particle solubilities within su-
percooled SSA would be a reduced potential for MSPs to re-
main as solid particles and nucleate PSCs below 200 K, at the
low saturation ratios proposed by Voigt et al. (2005). Con-
versely, an enhanced free (cation) or complexed metal anion
composition within SSA could provide an increased role for
the ion-induced nucleation of such species.

4.2 Removal of H2SO4 in the upper stratosphere/lower
mesosphere

The rate of input of interplanetary dust particles to the Earth’s
atmosphere has been the subject of much recent debate, with
estimates ranging from∼5–300 t d−1 (Vondrak et al., 2008).
Our optimised level of 22 t d−1, used to account for the mea-
sured metal content in SSA and for fitting the observed parti-
cle extinction from the upper stratosphere to the mesosphere,
fixes this crucial parameter at the lower end of the currently
accepted range.

To our knowledge, there are currently no reported labora-
tory measurements of the uptake of H2SO4 onto aerosol of a
meteoritic nature. Hence, our conclusion from the modelling
exercise thatγ ≥0.01 should now be tested in the laboratory
using appropriate MSP mimics under stratospheric condi-
tions. Reports of the measured uptake of acids such as HNO3
onto mineral (crystalline) dust samples indicate a wide range
of uptake coefficient values (10−8 <γ<0.5), reflecting the
differences in particle size/composition/morphology and in
the techniques and conditions employed (seeIUPAC Sub-
committee on Gas Kinetic Data Evaluation athttp://www.
iupac-kinetic.ch.cam.ac.uk/for a summary). This indicates
the critical importance of closely replicating materials and
conditions for future laboratory measurements of H2SO4 up-
take on MSP analogues under stratospheric conditions.

5 Conclusions

Spectroscopic measurements of the acid dissolution of syn-
thesised amorphous iron-rich olivine powders in H2SO4 so-
lutions of 30–75 Wt %, and at temperatures of 223 K–295 K,
indicate complete conversion to soluble Fe3+ ions (bare and
complexed) under all conditions. The dissolution rate de-
creases with increasing acid Wt % and lower temperature.
For the most extreme conditions amenable to our laboratory
analysis (75 Wt % acid/223 K), corresponding to the mid-
latitude stratosphere, it is predicted that meteoric smoke par-
ticles will fully dissolve in the stratospheric aerosol layer
within a week.

Modelling the transport of MSPs from the upper meso-
sphere to the troposphere indicates that a meteoric mass in-
put rate of about 20 t d−1 would result in a Fe content in
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stratospheric aerosol that matches the samples collected in
the lower stratosphere. The same input also gives a sensi-
ble fit to measured particle extinction values from the up-
per stratosphere to the mesosphere. Of course, this mass in-
put rate depends on the assumptions made about the MSP
size and number density in the upper mesosphere, as well as
transport in the model, and so is quite uncertain (by at least
a factor of 2). At this flux, the model indicates that a het-
erogeneous uptake coefficient (γ ) of 0.01 or larger for loss
of H2SO4 vapour on MSPs would be required to account for
the observed two orders of magnitude depletion of the acid
in the upper stratosphere.
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