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Abstract Ameteoric sulfur input function and a sulfur ion chemistry scheme have been incorporated into
a chemistry-climate model, in order to study the speciation of sulfur between the stratosphere and the
thermosphere (~20–120 km) and the impact of the sulfur input from ablation of cosmic dust. The simulations
have been compared to rocket observations of SO+ between 85 and 110 km, MIPAS observations of SO2

between 20 and 45 km, and stratospheric balloon-borne measurements of H2SO4 vapor and sulfate aerosol.
These observations constrain the present-day global flux of meteoric sulfur to ≤1.0 t S d�1, i.e., 2 orders of
magnitude smaller than the flux of S into the stratosphere from OCS photooxidation and explosive
volcanic SO2 injection. However, the meteoric sulfur flux is strongly focused into the polar vortices by the
meridional circulation, and therefore, the contribution of SO2 of meteoric origin to the polar upper
stratosphere during winter is substantial (~ 30% at 50 km for a flux of 1.0 t S d�1). The Antarctic spring sulfate
aerosol layer is found to be very sensitive to a moderate increase of the input rate of meteoric sulfur, showing
a factor of 2 enhancement in total sulfate aerosol number density at 30 km for an input of 3.0 t S d�1.
The input rate estimate of 1.0 t S d�1 suggests an enrichment of sodium relative to sulfur of 2.7 ± 1.5 and is
consistent with a total cosmic dust input rate of 44 t d�1.

1. Introduction

Observations of ion metal layers in the D and E regions by rocket-borne mass spectrometry during the 1960s
and 1970s [Istomin, 1963; Narcisi and Bailey, 1965; Aikin and Goldberg, 1973] led to early discussions of the
processing of meteoric constituents in the mesosphere-lower thermosphere (MLT) region between 75 and
110 km. The abundance of sulfur in extraterrestrial material is ~2% wt in ordinary chondrites (OCs) and
2–6% wt in carbonaceous chondrites (CCs) [Kring et al., 1996], which attracted some initial interest with
regard to meteoric sulfur [Swider, 1969]. Putative observation of S+ in the daytime ionosphere [Narcisi,
1969] led to laboratory studies that eventually discarded the existence of this ion in the MLT due to its fast
reaction with NO and O2, suggesting that SO+ should be the most abundant sulfur-bearing ion [Fehsenfeld
and Ferguson, 1973]. This was followed by a possible detection of SO+ by rocket-borne mass spectrometry
in 1976 above Wallops Island by NASA payload 18.1006 [Herrmann et al., 1978]. Steady state calculations indi-
cated that the dominant sulfur-containing species in the MLT should be SO [Swider et al., 1979]. Since the
early days of rocket sounding of the upper atmosphere, considerable progress has beenmade in understand-
ing the chemistry of meteoric metal layers and related phenomena [Plane, 2012; Plane et al., 2015, and refer-
ences therein]. However, due to the marginal evidence of sulfur-bearing ionic species and the complete lack
of evidence of neutral species in the MLT, the topic of meteoric sulfur and its atmospheric impact has not
received attention for many years.

Biogenic and volcanic emissions of sulfur compounds from the Earth’s surface are directly related to the aero-
sol content of the troposphere and stratosphere, which is a major topic in atmospheric science due to its
impact on radiative transfer and ozone depletion [Stratospheric Processes and their Role in Climate, 2006].
Some studies have deemed the present-day input of meteoric sulfur too low to constitute a significant source
of lower atmospheric sulfur [Turco et al., 1981; Court and Sephton, 2011]. On the other hand, meteoric smoke
particles (MSPs), which result from the recondensation of metal vapors in the upper mesosphere, are believed
to impact stratospheric H2SO4 and sulfate aerosols (H2SO4-H2O droplets) in a variety of ways [Turco et al.,
1981;Murphy et al., 1998; Mills et al., 2005b; Neely et al., 2011; Plane, 2012]. The atmospheric ablation of sulfur
from interplanetary dust particles (IDPs) has been mostly considered from the point of view of the character-
ization of the effect of heating on the composition and mineralogy of the particles [Greshake et al., 1998;
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Toppani et al., 2001; Taylor et al., 2011]. Interest in climate change, paleoclimate, and the evolution of plane-
tary atmospheres has led to a few recent studies of the conditions under which an extraterrestrial source of
sulfur could be climatically relevant, either frommeteorite impacts [Kring et al., 1996] or from ablation of IDPs
[Court and Sephton, 2011], although the connection to metal layers and MSPs and a global atmospheric treat-
ment have not been considered.

There are several motivations to revisit the topic of meteoric sulfur and its atmospheric impact. First, a better
understanding of the relevant sulfur neutral and ion chemical and photochemical processes now exists than
when modeling of the meteoric sulfur layer was first attempted [Swider et al., 1979]. Second, sophisticated
chemistry-climate global models are available, where MLT neutral and ion chemistry and calibrated meteoric
input functions (MIFs) for different elements can readily be implemented, and transport and other relevant
processes are accounted for [Feng et al., 2013; Marsh et al., 2013a; Plane et al., 2016]. Third, estimates of the
yield of sulfur from flash heating studies of IDP analogues under atmospherically relevant conditions have
been reported [Greshake et al., 1998; Court and Sephton, 2011, 2014]. And fourth, zonally averaged, vertically
resolved observations of SO2 up to 45 km altitude obtained with the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) instrument have been published recently [Höpfner et al., 2013], which helps
to constrain the extraterrestrial flux against the background dominated by surface emissions.

In this paper we describe a study of the global distribution of meteoric sulfur in the Earth’s middle atmo-
sphere using the Community Earth System Model version 1 with the Whole Atmosphere Community
Climate Model (CESM1-WACCM) [Marsh et al., 2013b], into which is added an updated sulfur ion chemistry
scheme and a sulfur MIF. We discuss the major neutral and ionic carriers of sulfur and investigate the flux
of these into the upper stratosphere and compare it to the flux from below.

2. Model Description

CESM1-WACCM is a “high-top” coupled chemistry-climate model with an upper boundary at 6.0 × 10�6 hPa
(~140 km). It uses 88 levels (with specified dynamics) from the surface to ~140 km with a spacing ~1.75 km in
the stratosphere increasing to ~3.5 km in the thermosphere. The standard horizontal resolution is 1.9° × 2.5°
(latitude × longitude). CESM1-WACCM includes diurnal tides and lower E region ion chemistry and contains
parameterizations for key MLT phenomena such as the solar cycle and energetic particle precipitation [Marsh
et al., 2007]. The model uses specified dynamics where the dynamical fields in the troposphere and strato-
sphere are nudged to the Modern-Era Retrospective Analysis for Research and Applications (MERRA) meteor-
ological data set [Rienecker et al., 2011].

We run CESM1-WACCM with sulfur chemistry [Campbell et al., 2014] coupled to a particle microphysics
model, the Community Aerosol and RadiationModel for Atmospheres (CARMA) [Toon et al., 1988], to simulate
stratospheric sulfate aerosol (SSA). CARMA handles aerosol nucleation, growth, evaporation, coagulation, and
sedimentation. Only pure sulfate aerosol (i.e., aerosol composed of H2SO4 and H2O) is considered; the model
does not simulate MSPs [see, e.g., Brühl et al., 2015], and so nucleation of sulfate aerosol by these particles is
neglected. The potential consequences of doing this when evaluating the impact of meteoric sulfur are
discussed below. In CARMA, sulfate aerosols are divided into 30 size bins with sulfate mass increasing by a
factor of 2.4 between adjacent bins. The dry radii of these size bins range from 0.343 nm to 1.63 μm.
CESM1-WACCM outputs a weight % of sulfate in sulfate-water aerosol according to thermodynamic equili-
brium, from which wet radii are calculated off-line.

2.1. Mesospheric Sulfur Chemistry

The atmospheric cycle of sulfur is depicted in Figure 1, where the precursor species are highlighted. Carbonyl
sulfide (OCS) is specified with a constant volume mixing ratio (VMR) at the surface of 510 parts per trillion by
volume (pptv). Dimethyl sulfide (DMS) oceanic emissions are implemented as described by Lamarque et al.
[2012]. SO2 surface emissions are from a two-dimensional monthly mean surface emissions data set
[Lamarque et al., 2010; S. J. Smith et al., 2011]. SO2 injection from volcanic eruptions follows the new inventory
by Mills et al. [2016]. The MIF of atomic sulfur is described in section 2.2. The sulfur neutral chemistry in
CESM1-WACCM considers eight gas-phase species (S, SO, SO2, SO3, HOSO2, H2SO4, OCS, and DMS) and 22
chemical and photolysis reactions [English et al., 2011].
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The most recent implementation of
sulfur photochemistry [Mills et al.,
2016] is used. Photolysis of H2SO4

by visible light is thought to play an
important role in sulfur partitioning
above 30 km [Vaida et al., 2003], and
therefore, photolysis cross sections
for the v = 4, 5, and 6 OH stretching
overtones of H2SO4 have been
included. These incorporate experi-
mental absorption cross sections
[Feierabend et al., 2006] and theoreti-
cal pressure-dependent quantum
yields [Miller et al., 2007], which
account for band-dependent quench-
ing of vibrationally excited states.
Near-infrared photolysis at v = 3
(966 nm) is not considered, since it
falls below the dissociation threshold,
which we estimate to be at 777 nm
(155 kJmol�1) from quantum chemis-
try calculations carried out with the
GAUSSIAN 09 software [Frisch et al.,
2009] at the accurate W1U level of
theory [Parthiban and Martin, 2001].
The calculation of H2SO4 photolysis
rates also includes photolysis by
Lyman α [Lane and Kjaergaard, 2008],
which is important above 60 km.

In this study we have added reactions between neutral and ionic sulfur species and the major atmospheric
ions and molecules listed in Table 1. The rate constants in the table are taken from a compilation of ion-
molecule reaction kinetics data [Anicich, 2003] and from a review of dissociative recombination rate constants
[Florescu-Mitchell and Mitchell, 2006]. Wherever data for one reaction is not available, the rate constant of an
analogous reaction has been adopted, as indicated in Table 1. For those reactions for which no data were
available, dipole-ion capture rate constants were calculated [Georgievskii and Klippenstein, 2005]. The
major source of S-bearing ions is the charge transfer reaction of SO with O2

+ (R4). Charge exchange

reactions of S atoms (R1, R2, and R3) can be neglected due to the rapid reaction of S with O2

(k = 2.3 × 10�12 cm3 molecule�1 s�1 [Sander et al., 2011]). In contrast to most meteoric components, charge

transfer between SO and NO+ (a major ion in the lower E region, usually more abundant than O2
+) is

endothermic (R14). Charge transfer between SO and SO2 and N2
+ (R5 and R6) are negligible sources of sulfur

ions below 120 km and may have only minor impact above 120 km in high-lying sporadic E layers.
Photoionization (PI) of S (J ~ 3 × 10�6 s�1 [Swider, 1969]) is much slower than reaction with O2

+. PI of SO

(J ~ 10�7 s�1, see Figure S1 in the supporting information) is 2 orders of magnitude slower than charge

transfer with O2
+. Therefore, PI of S and SO has been omitted from the model.

The major loss process of sulfur-bearing ions is the dissociative recombination of electrons with SO+ (R15).

The fast reaction of S+ with O2 (R7) [Fehsenfeld and Ferguson, 1973] rapidly converts S+ into SO+, which then
is removed by electrons. Note that, in contrast to sulfur, for most meteoric metals, the reactions analogous to
R7 are endothermic, and therefore, the reaction of the oxide cation with abundant O atoms reforms the bare
metal cation and competes effectively with neutralization by dissociative recombination (DR) with electrons
[Plane et al., 2015]. Reactions of SO+ and SO2

+ with other minor atmospheric constituents also promote neu-

tralization. A fast photolysis rate of SO+ is unlikely considering its high photodissociation threshold (225 nm),
which constrains photolysis to the VUV, and the significantly different equilibrium distance of the ground

Figure 1. Atmospheric sulfur cycle. The solid, dashed, and dash-dotted lines
indicate respectively chemical, photolysis, and electron recombination
reactions.
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state and the high-lying accessible excited states, which probably results in small transition probabilities [Ben
Houria et al., 2006].

2.2. Meteor Input Function

Measurements of sulfur-containing species in the MLT are restricted to a handful of mass spectrometric
observations of SO+ (see below). Therefore, the development of a sulfur MIF must necessarily be based on
scaling the MIF of a well-studied meteoric elemental constituent such as sodium [Gardner et al., 2014,
2016]. Scaling to a sodiumMIF requires knowledge of the relative abundance of sulfur with respect to sodium
in the incoming flux of IDPs and the relative ablation efficiencies of sulfur and sodium.

Depletions of sulfur and sodium have been reported for most micrometeorites (MMs) and stratospheric IDPs
[Jessberger et al., 2001]. There is evidence that this depletion results to a large extent from evaporation during
atmospheric entry [Brownlee, 1996; Thomas et al., 1996; Greshake et al., 1998; Toppani et al., 2001; Taylor et al.,
2011; Gómez Martín et al., 2017]. The preentry sulfur and sodium content of IDPs can be deduced from well-
known abundances in different groups of meteorites, provided that a link between these and IDPs can be
established. The sulfur and sodium contents by weight are respectively 2% and 0.65% in OC meteorites,
~6% and 0.49% in CC meteorites of CI type, and ~3% and 0.41% in CC meteorites of CM type [Hutchison,
2004]. A study of MMs collected in the South Pole Water Well (SPWW) at the Scott-Amundsen base in
Antarctica [Taylor et al., 2012] indicates that ~75% are fine-grained aggregates with CI or CM composition,
with less than ~10% corresponding to OC material and ~15% to coarse-grained anhydrous minerals. The sul-
fur and sodium contents of these meteoritic groups [Hutchison, 2004] and in coarse stratospheric IDPs
[Schramm et al., 1989], weighted with the aforementioned SPWW group abundances, result in on average
4.12% wt of sulfur and 0.47% wt of sodium in the incoming mass of IDPs (Table 2). Thus, the S to Na
abundance ratio in IDPs is estimated to be mS/mNa = 8.8 in terms of mass mixing ratios and xS/xNa = 6.3 in
terms of molar mixing ratios.

Large fractions of sulfur have been observed to evaporate from IDP meteoritic analogues at relatively low
temperatures (1000–1500 K) in laboratory heating experiments [Klöck et al., 1994; Greshake et al., 1996;

Table 1. Sulfur Ion-Neutral and Dissociative Recombination (DR) Reactions

No. Reaction ΔH298/kJ mol�1a k/10�10 cm3 s�1 Reference

1 S + O2
+ → S+ + O2 �164.9 1.0 same as N + O2

+, branching 50%a

2 S + O2
+ → SO+ + O �194.2 1.0 same as N + O2

+, branching 50%a

3 S + N2
+ → S+ + N2 �503.4 1.4 same as O + N2

+b

4 SO + O2
+ → SO+ + O2 �171.2 18 × (T/300)�0.5 dipole-ion calculationc

5 SO + N2
+ → SO+ + N2 �509.8 19 × (T/300)�0.5 dipole-ion calculationc

6 SO2 + N2
+ → SO2

+ + N2 �311.6 5.0 × (T/300)�0.5 experimental 298 K,b T dependence dipole-ionb

7 S+ + O2 → SO+ + O �29.3 0.185 × (T/300)�0.6 experimental 298 K,b T dependence as O+ + O2 → O2
+ + O 20–300 K

8 S+ + O3 → SO+ + O2 �420.3 2.8 × (T/300)�0.5 dipole-ion calculation,c branching as for Si+ + O3 → SiO+ + O2 (45%)d

9 S+ + O3 → SO + O2
+ �249.1 2.8 × (T/300)�0.5 dipole-ion calculation,c branching as for Si+ + O3 → SiO + O2

+ (45%)d

10 S+ + O3 → SO2
+ + O �274.8 0.62 × (T/300)�0.5 dipole-ion calculation,c branching as for Si+ + O3 → SiO2

+ + O (10%)d

11 S+ + NO → S + NO+ �105.7 3.3 × (T/300)�0.5 experimental 298 Kb with T dependence dipole-ionb

12 SO+ + O3 → SO2 + O2
+ �272.4 5.3 × (T/300)�0.5 dipole-ion calculation,c branching as for SiO+ + O3 → SiO2 + O2

+ (95%)d

13 SO+ + O3 → SO2
+ + O2 �245.5 0.28 × (T/300)�0.5 dipole-ion calculation,c branching as for SiO+ + O3 → SiO2

+ + O2 (5%)d

14 SO+ + NO → SO + NO+ �99.3 1.8 × (T/300)�0.5 dipole-ion calculationc

15 SO+ + e� → S + O �471.1 3800 × (T/300)�0.5 same as SO2 + e�e

16 SO2
+ + O2 → SO2 + O2

+ �26.9 2.65 experimental 298 K,b T independent
17 SO2

+ + NO → SO2 + NO+ �297.5 0.7 × (T/300)�0.5 experimental 298 K,b T dependence dipole-ionb

18 SO2
+ + H → SO+ + OH �77.0 4.2 experimental 298 K,b T independent

19 SO2
+ + O → SO+ + O2 �145.6 4.2 same as SO2

+ + Hb

20 SO2
+ + CO → SO+ + CO2 �179.3 3.0 × (T/300)�0.5 experimental 298 K,b T dependence dipole-ionc

21 SO2
+ + e� → SO + O �639.6 2300 × (T/300)�0.5 experimental with typical DR T dependencee

22 SO2
+ + e� → S + O + O �118.2 1500 × (T/300)�0.5 experimental with typical DR T dependencee

aNIST chemistry webbook [Linstrom, 2016, and references therein].
b[Anicich, 2003, and references therein].
c[Georgievskii and Klippenstein, 2005].
d[Gómez Martín and Plane, 2011].
eDissociative recombination [Florescu-Mitchell and Mitchell, 2006, and references therein]
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Toppani et al., 2001]. For instance, heating samples of the CI meteorite Orgueil at 1500 K and under a few
microbar of O2 (relevant for the MLT) resulted in the release of ~90% of the sulfur content after 10 s
[Toppani et al., 2001]. However, the general problem of this type of laboratory study is the application of
heating curves that neither resemble realistic entry heating profiles nor reflect the dependence of heating
profiles on IDP mass and size. An estimate of the ablation efficiency of sulfur will be derived in the future
from the Meteor Ablation Simulator [Bones et al., 2016], as done recently for sodium and iron [Gómez
Martín et al., 2017]. A tentative solution is adopted here by comparing the abundances of sulfur and
sodium in stratospheric IDPs [Schramm et al., 1989; Arndt et al., 1996] and MMs [Kurat et al., 1994; Genge
et al., 1997]. The average S/Na ratio in IDPs and MMs (Figure S2) is within 35% of the S/Na ratio of 6.5
deduced above (within a factor of 2 considering the scatter of the measured abundances), which would
indicate that the ablation efficiency of both elements is similar. Sulfur could be expected in principle to
ablate more efficiently by looking at the large yields from heated meteorite samples observed even at
temperatures lower than the Fe-FeS eutectic (1261 K) [Burgess et al., 1991; Greshake et al., 1998], compared
to the small loss of sodium from meteoritic samples heated up to the sodic feldspar melting temperature
of ~1400 K [Jurewicz et al., 1993].

To estimate the input rate of meteoric sulfur, we use a recently published determination of the sodium input
rate of (2.0 ± 0.4) × 104 Na atoms cm�2 s�1 (0.34 ± 0.07 t Na d�1) [Gardner et al., 2014, 2016]. This has to be
multiplied by the relative atomic abundance of S/Na in IDPs (δ/γ) × (xS/xNa), where δ and γ are enrichment or
depletion factors with respect to the weighted chondritic abundance derived above (Table 2), and by the
ablated fraction of sulfur relative to the ablated fraction of sodium (ϕS/ϕNa):

MIFS ¼ MIFNa� δ xS
γ xNa

� ϕS

ϕNa
(1)

In this expression we have set δ/γ = 1 and xS/xNa = 6.3, and we have tentatively assumed ϕS/ϕNa = 1. This
results in a sulfur input rate of 1.24 × 105 atoms cm�2 s�1 (3.0 t S d�1). Finally, an MIF can be constructed
by scaling to this total input rate the relative meteoric input derived from radar observations [Feng et al.,
2013; Marsh et al., 2013a], which accounts for the seasonal dependence and the injection altitude. Note that
the sodium input flux used by Marsh et al. [2013a] to reproduce the Na layer observations is a factor of ~10
smaller than that derived from observations [Gardner et al., 2014, 2016]. This appears to be due to the vertical
transport of Na species being underestimated: CESM1-WACCM does not resolve gravity waves with wave-
lengths smaller than the horizontal grid scale of ~150 km and thus does not resolve dynamical transport
due to dissipating gravity waves or chemical transport which can be significant when a species is converted
to a long-lived reservoir or sink via a pressure-dependent recombination reaction [Gardner et al., 2016]. As a
consequence, using themeasured input of Na or Fe in themodel results in an overestimation of these species
in the MLT because they are not flushed downward quickly enough. This effect is, however, not expected in

Table 2. Estimated Abundances of Iron, Sulfur, and Sodium in IDPs, Calculated Ablated Fractions, and ObservedMeteoric
Metal Fluxes

SPWW Fractions (%)a Fe S Na

CI & CMb 75 19.6 4.6 0.45
OCc 10 22.5 2.2 0.68
Anhydrousd 15 13.5 3.0 0.41
Weighted abundances (% wt) 19.0 4.1 0.47
xS/xX (atom atom�1)e 0.38 6.3
ϕf 0.3–0.5 ≥ ϕNa 0.6–0.8
MIF (atom cm2 s�1)g 6 × 104 2 × 104

MIF (t d�1)g 2.5 ± 1.1 0.34 ± 0.08

aContribution of different meteoritic compositional groups to the 2000 south pole water well MM collection [Taylor
et al., 2012].

bAverage of CI and CM % weight abundances [Hutchison, 2004].
cAverage of H, L, and LL % weight abundances [Hutchison, 2004].
d% weight abundances in coarse stratospheric IDPs [Schramm et al., 1989].
eRatio of elemental sulfur abundance (% atom) to abundance of element X (X = Fe, Na).
fAblated fractions of Fe and Na from the meteor ablation simulator [Gómez Martín et al., 2017] weighted with the

Planck or the IRAS mass distributions [Carrillo-Sánchez et al., 2016].
gFluxes from Huang et al. [2015], Carrillo-Sánchez et al. [2016], and Gardner et al. [2016].
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the case of sulfur, because the chemistry involved is linear in S and the only sink in the MLT is transport by the
meridional circulation toward the winter pole and downward. Moreover, the full impact of themeteoric sulfur
input on lower atmospheric layers can only be gauged by implementing a realistic S-MIF in the model.
Therefore, we scale the measured sodium flux by the sulfur relative abundance.

The assumed MIF injects atomic sulfur between 90 and 125 km, with the peak injection rate at 105 km.
Although in some laboratory experiments evaporation of SO2 has been reported [Court and Sephton, 2011,
2014], during atmospheric entry dissociation of molecular species would immediately follow as a result of
hyperthermal collisions with air molecules. Part of the evaporated sulfur will also be ionized by collisions
[Vondrak et al., 2008], although much less efficiently than Na due to the higher ionization potential of S. In
any case, the ions generated during entry will be quenched to their steady state concentrations by chemistry
within a short period of time.

2.3. Simulations

Three model simulations for the period of 2002–2012 were run using the specified dynamics version of
CESM1-WACCM, with meteorological values nudged below 50 km using the Modern-Era Retrospective
Analysis for Research and Applications (MERRA) reanalysis [Rienecker et al., 2011]. This is the period during
which MIPAS carried out SO2 measurements up to 45 km altitude [Höpfner et al., 2013]. The first model run
includes neutral and ion reactions but no meteoric input (termed the reference simulation), and the second
run considers the sulfur MIF with the S-MIF = 6.3 × Na-MIF (termed the S-MIF simulation). A further simulation
was then carried out with a threefold reduction of the meteoric sulfur input, i.e., S-MIF = 2.1 × Na-MIF (termed
the S-MIF/3 simulation), in order to test the dependence of the abundances of meteoric sulfur-bearing species
on the sulfur injection rate. Sulfur ion chemistry is considered a previously missing part of the WACCM chem-
istry module and was therefore included in the reference run. Preliminary runs with the standard
CESM1-WACCM neutral S chemistry [English et al., 2011; Campbell et al., 2014] demonstrated that ion
chemistry is only relevant in the MLT, as expected.

3. Results

The results obtained when CESM1-WACCM is run without ion chemistry and ablation are in agreement with
the previous state-of-the-art modeling study of sulfur using CESM1-WACCM [Mills et al., 2016]. Including
sulfur ion chemistry in the model results in negligible changes in the lower atmosphere, since ionic species
can only form in the MLT where in the absence of ablated sulfur, very small concentrations would be present.
Figure 2a shows globally and annually averaged number density profiles of the major sulfur species consid-
ered in the model. Three important results illustrated in Figure 2a are as follows: first, that the total sulfur
number density in the MLT, the lower mesosphere, and the upper stratosphere is significantly larger when
the injection of meteoric sulfur is included; second, that the only significant ionic species SO+ is very minor
compared to the major neutral species; and third, that SO is the dominant species in the MLT, and SO2 in
the middle mesosphere. The largest enhancement from meteoric ablation occurs in the MLT, where the
difference with respect to the reference model run increases from ~1 order of magnitude at 80 km to 2 orders
of magnitude at 100 km for the S-MIF run. Meteoric sulfur forms a strong SO layer peaking at ~92 km and a
weak SO+ layer peaking at 98 km. SO2 overtakes SO at 88 km and is the form in which sulfur is transported
down to the lower atmospheric layers, where there is an increasingly large contribution of sulfur from the
surface. Figure 2b shows that meteoric sulfur and surface total sulfur balance around 62 km in the S-MIF
run (the grey line shows the global average of the contribution of meteoric sulfur to the total). Globally,
meteoric sulfur remains a significant contribution down to 30 km. Figure 2c shows that the reduction of
the meteoric input by a factor of 3 results in an average reduction of gas phase sulfur by the same factor,
although in the mesosphere and below there are significant differences with latitude.

3.1. The Meteoric SO Layer in the MLT and Enhanced Mesospheric SO2

SO+ (Figure 3, left column) is the major sulfur ionic species, showing a peak around 98 km at midlatitudes on
the order of 50 ions cm�3. In the model sulfur is injected in neutral atomic form as discused above. However,
the concentration of S is very small in the MLT due to its rapid reaction with O2 and only increases with alti-
tude toward the thermosphere. SO (Figure 3,middle column) is the most abundant sulfur-bearing species in
the MLT, with a peak of ~1.5 × 105 molecules cm�3 at ~92 km. SO and SO+ are coupled by reactions with
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weak temperature dependences (R4 and R15), which leads to very similar seasonal and latitudinal
distribution of these species. The SO+ layer peaks 8 km higher than the SO layer, following the O2

+ vertical
profile. SO and SO+ VMRs show similar seasonal variability but peak at high latitudes and between 100 and
120 km altitude (Figure S3). This altitude range is where the MIF peaks. The altitude difference between
the peak VMR and number density highlights the rapid transport of sulfur downward following ablation.
The highest mixing ratios (ppbv levels) of sulfur species anywhere above 10 km are reached in the MLT
when meteoric sulfur ablation is included in the model.

SO2 (Figure 3, right column) is the second species in importance after SO in the MLT. SO and SO2 are coupled
by SO2 photolysis and the temperature-dependent SO + O2 reaction. SO peaks at midlatitudes in summer,
but the midlatitude southern hemispheric SO maximum is a permanent feature of the SO layer that creates
a hemispheric asymmetry. SO2 maximizes at high latitudes in the winter hemisphere at the expense of SO.
This leads to the downward transport of meteoric sulfur in the form of SO2, whose enhanced concentrations
expand over a much wider range of altitudes into the mesosphere (Figure 4). Generally, transport in the
upper mesosphere is upward near the summer pole, globally from the summer to winter pole, and down-
ward near the winter pole. Thus, meteoric sulfur is strongly focused toward high latitudes [Gabrielli et al.,
2004; Bardeen et al., 2008; Megner et al., 2008; Hervig et al., 2009] and has a very small effect on SO2 concen-
trations in the lower tropical mesosphere. Enhanced SO2 VMRs are localized at high latitude in winter and
cover a wide altitude range from 120 to 80 km, which shows how meteoric sulfur is transported downward
by air masses descending within the polar vortices (Figure S3). The double peak of the SO2 VMR in the MLT
results from the temperature dependence of the SO + O2 reaction, so that the reaction is slowest around the
local temperature minimum at the mesopause.

The S-MIF/3 simulation generates almost identical layers in the MLT, but with number densities smaller by a
factor of 3. As shown in Figure 2c, the gas-phase sulfur abundance remains proportional to the sulfur input
flux in the MLT, which as discussed above results from the absence of permanent sinks.

Figure 2. (a) Number density annual global averages versus altitude for the major sulfur-containing species. The dashed
lines correspond to the reference simulation, and the solid lines correspond to the S-MIF simulation. (b) Contribution of
meteoric sulfur (S-MIF run) to the total gas phase sulfur number density as a function of altitude for six different latitudinal
zones (colors) and the global average (grey). (c) Ratio of total gas phase sulfur in the S-MIF/3 simulation to total gas phase
sulfur in the S-MIF simulation for different latitudinal zones and the global average (grey).
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3.2. Meteoric Sulfur in the Upper and Middle Stratosphere

Figure 5 shows the stratospheric seasonal averages of SO2 from the reference run (black contour lines) over-
laid with the SO2 change relative to the S-MIF and S-MIF/3 simulations (Figure 5, left and right columns,
respectively). As in the mesosphere, meteoric sulfur increases the SO2 mixing ratios at high latitudes, particu-
larly in the winter hemisphere. The changes in equatorial and midlatitudes are small, but in the winter
southern hemisphere enhancement of SO2 is significant above the altitude range where polar stratospheric
clouds form. It is well known [Mills et al., 2005b] that at the onset of spring, the SO2 transported down the
polar vortex during winter is oxidized to SO3 by OH formed from H2O photolysis; this results in higher levels
of SO3, plotted as black contours in Figure 6, fourth row. SO3 subsequently associates with H2O to form H2SO4

(black contours in Figure 7, fourth row). In the S-MIF run, meteoric sulfur significantly contributes to spring-
time H2SO4 formation in both hemispheres, as demonstrated by the relative change colored contour plots
in Figures 6 and 7. Changes in SO3 and H2SO4 are most significant at those altitudes and latitudes where
the reference simulation levels are higher, i.e., in the 30–40 km altitude range and above 70° latitude.
Notably, H2SO4 increases by more than 20% at 30 km and 75°S. In the S-MIF/3 simulation the distribution
of H2SO4 is similar, but the enhancements fall below 10% in the aforementioned sensitive regions.

Pure sulfate condensation nuclei (CN) are also affected by meteoric sulfur, which increases their number
densities and the pure sulfate surface area density (SAD). The seasonally averaged number densities for
the first CN bin and for the sum of the bins with wet radii larger than 3 nm are contour-plotted in Figure 8
for the reference simulation. The polar spring production of H2SO4 results in binary nucleation of H2SO4

and H2O, forming SSA by coagulation and condensation—known as the polar stratospheric CN layer. A
meteoric input of 3 t S d�1 has a significant impact on the first CN bin (Figure 8, left column, second and
fourth panels). The largest increases (more than 100%) occur at altitudes higher than 35 km where the CN
number density is lower than 1 cm�3 (the region with densities lower than 1 cm�3 is screened for clarity).

Figure 3. Number density seasonal averages versus altitude and latitude of SO+, SO, and SO2 in theMLT from the S-MIF simu-
lation (DJF: December–January–February; MAM: March–April–May; JJA: June–July–August; SON: September–October–
November). The S-MIF/3 simulation produces identical distributions but with number densities smaller by a factor of 3.
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The relevant increases in number density are confined to the polar regions during spring, particularly in the
southern hemisphere. CN with radii larger than 3 nm only experience enhancement by meteoric sulfur in the
Antarctic spring between 25 and 30 km altitude, with a peak change of 70%. The total sulfate CN number
density (Figure 9, left column) mainly reflects the large increase in the first CN size bin. Regarding sulfate
CN surface area density, the S-MIF simulation shows increases of 80% at 30 km and 40% at 25 km in the
southern hemisphere at 75°S (Figure 9, right column). In the S-MIF/3 run (Figures S4 and S5) the
enhancements in CN number densities with respect to the reference run are approximately half those in
the S-MIF run.

3.3. Comparison With Observations

A comparison of the averaged rocket measurements of mass to charge ratio (m/z) = 48, from daytime and
twilight (i.e., solar zenith angle <96°) flights, with modeled vertical profiles of SO+ is shown in Figure 10.
Two of these rockets were launched from Wallops Islands (37.8°N; USA) on 12 August 1976 11:58 LT (payload
18.1006 [Meister et al., 1978]) and 1 January 1977 14:03 LT (payload 18.1008 [Meister et al., 1978]). Four more
were launched from Kiruna (67.8°N, Sweden) on 30 July 1978 01:32 LT (payload S26/1 [Kopp et al., 1985b]), 13
August 1978 01:38 LT (payload S26/2 [Kopp et al., 1985b]), 16 November 1980 05:50 LT (payload 33.010 [Kopp
et al., 1985a]), and 3 August 1982 01:32 LT (payload S37/P [Kopp et al., 1984]). And the last two were launched
from Red Lake (50.9°N, Canada), on 24 and 26 February 1979 11:55 LT (payloads 18.020 and 18.021 [Kopp,
1997]). The SO+ observations have an uncertainty on the order of 100% [Swider et al., 1979] and may contain
interferences from the ion cluster NO+.(H2O) as discussed below.

These eight rocket flights have been selected on the basis of showing signal at m/z = 48 (SO+) above the
noise, and all occurred in daytime or twilight conditions. The nighttime/daytime distinction is important
because the [O2

+]/[e�] ratio is different in the absence of sunlight [Ogawa and Shimazaki, 1975], and as we
have discussed above, O2

+ and electrons control the source and sink of SO+. The ratio of O2
+ to electron den-

sities is more important than their absolute densities, and therefore, enhanced auroral activity (payload

Figure 4. Volumemixing ratio (VMR) seasonal averages versus altitude and latitude of SO2 in the mesosphere. The contour
black lines indicate the VMR for the reference simulation (without meteoric sulfur). The filled color contours indicate the
percent change by adding meteoric sulfur: (left column) S-MIF simulation and (right column) S-MIF/3 simulation.
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S37/P) should not have a very large impact on the SO+ number density under the assumption of electrical
neutrality (i.e., [e�] = [O2

+] + [NO+] + [Fe+] + [Mg+]…).

Geometric means of the SO+ profiles are calculated due to the sparse data set available. The agreement
between the S-MIF simulation and the observations is remarkably good considering the small number of
observations and that rocket profiles are snapshots of themeteoric ion layers for ~20 s duration and therefore
reflect the particular state of the atmosphere in that narrow time window. We have not attempted to adjust
the sulfur input to match the observations. In summer the S-MIF simulation overestimates the peak SO+ num-
ber density by a factor of ~3, while the S-MIF/3 simulationmatches better the observations, excluding the two
sporadic layers shown, which correspond to a single rocket profile. Note that for the S-MIF/3 simulation, the
corresponding SO layer in Figure 3 is less dense by a factor of 3, i.e., peaking at 5 × 104 molecule cm�3 rather
than 1.5 × 105 molecule cm�3. In winter the situation is less clear, with the S-MIF simulation matching better
the peak of the SO+ layer. The two simulations bracket the SO+ observations reasonably well at the altitude
where the peak of the layer is expected.

In order to compare with SO2 MIPAS observations between 15 and 45 km, the model output was degraded to
the vertical resolution of the instrument by convolving it with a variable width Gaussian function, where the
width is given by the altitude-dependent vertical resolution. Typical values for the vertical resolution are
3.5–4 km at 20 km, 4–5 km at 30 km, and 6–10 km at 40 km altitude [Höpfner et al., 2013]. Zonal averages
of the simulated SO2 fields were also calculated for the same latitudinal bands as the observations.
Figure 11 shows the resulting seasonally averaged SO2 contour plots for the S-MIF/3 simulation (Figure 11,
left column) and the reference simulation (Figure 11, middle column), together with the MIPAS data
(Figure 11, right column). The model captures the main features of the observations below 30 km, including
the tropical stratospheric maximum and the polar winter descent of SO2 from the mesosphere. However,
both the reference and the S-MIF/3 simulations (and also the S-MIF simulation, not shown) fail to reproduce
the elevated mixing ratios in the high stratosphere at tropical latitude and midlatitude. Furthermore, the
S-MIF/3 simulation overestimates SO2 in the winter pole above 35 km (Figure 12).

Figure 5. VMR seasonal averages versus altitude and latitude of SO2 in the stratosphere. The contour lines indicate the VMR
for reference simulation. The filled color contours indicate the percent change by adding meteoric sulfur: (left column) S-
MIF simulation and (right column) S-MIF/3 simulation.
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Measurements of H2SO4 in the stratosphere are scarce. None is available over the southern polar regions
where the impact of meteoric sulfur would be the largest. A number of midlatitude stratospheric H2SO4

balloon-borne mass spectrometric measurements have been reported, which have been compiled by Mills
et al. [2005b]. Figure 13a compares the geometric average of the available measurements at 43°N carried
out in September and October to the average profiles at the same latitude obtained from the
CESM1-WACCM reference and S-MIF runs (the differences between the S-MIF and S-MIF/3 results in the upper
stratosphere at low latitude and midlatitude is small, and therefore, only the S-MIF results are shown). The
model does a fairly good job in reproducing the average H2SO4 profile below 35 km but largely overestimates
the observations above this altitude. The difference between the reference and S-MIF runs is negligible. For
comparison, the average MIPAS SO2 profile between 40° and 50°N for September–November 2002–2012 is
shown in Figure 13b. The model underestimates the observations for all altitudes above 25 km. The disagree-
ment is particularly dramatic at 32 km, where the model predicts a minimum. Smoothing the data with the
instrument vertical resolution helps to bring the model closer to the observations, but not close enough.

CN observations (R > 3–10 nm, depending on pressure) up to 35 km height have been carried out at
McMurdo (Antarctica, 78°S) from the mid-1980s [Campbell and Deshler, 2014]. Figure 14 compares the
September monthly averages of the observed CN number densities with the corresponding modeled vertical
profiles for R > 3 nm and R > 10 nm for the reference, the S-MIF, and the S-MIF/3 simulations (profiles for
other months are compared in Figure S6). Note that a rigorous comparison would require convolving the
modeled sulfate aerosol number density for all bins with the dependence of the radius cutoff of the instru-
ment with pressure. This function is unknown, but the rule of thumb is that the observations have a cutoff
radius close to 3 nm below ~20 km (50 hPa), increasing to 10 nm at higher altitudes.

3.4. Contribution to the Sulfur Burden in the MLT, Mesosphere, and Stratosphere

OCS is themost abundant sulfur-bearingmolecule in the lower atmosphere, and its vertical transport controls
the stratospheric sulfur budget and the aerosol loading in periods of low volcanic activity [Brühl et al., 2012].

Figure 6. VMR seasonal averages versus altitude and latitude of SO3 in the stratosphere. The contour lines indicate the VMR
for reference simulation. The filled color contours indicate the percent change by adding meteoric sulfur: (left column) S-
MIF simulation and (right column) S MIF/3 simulation.
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The injection rate of active sulfur from OCS into the stratosphere is calculated from the photolysis rate of OCS
and the reaction rates of OCS with O(3P) and OH, which are the major OCS loss processes in the stratosphere
and generate a global sulfur flux into the stratosphere of 135 t S d�1. The bulk of the OCS stratospheric loss
occurs by photolysis and reaction with O(3P) in middle and low latitudes (<50°) between 20 and 35 km.
Explosive volcanic eruptions also inject considerable amounts of SO2 into the stratosphere [Mills et al., 2016].
Eruptions with volcanic explosive index equal or larger than 4 [Newhall and Self, 1982] inject into the
stratosphere a few percent of the SO2 that they emit, depending on the latitude where the eruption takes
place. In the 2002–2012 period (length of the MIPAS SO2 record) the average SO2 stratospheric injection was
560 t S d�1 according to the inventory of volcanic emissions implemented in CESM1-WACCM by Mills et al.
[2016]. An assumed flux of extraterrestrial sulfur into the MLT of 3.0 t S d�1 is therefore 2 orders of magnitude
smaller than the fluxes into the stratosphere from below. However, the mesospheric SO2 mixing ratio fields
plotted in Figure 4 show that meteoric sulfur is focused into the polar vortices by the meridional circulation.
Thus, the relative contribution of the S-MIF to the sulfur budget of the middle and upper stratosphere
(25–50km) at high latitudes is disproportionately larger than indicatedby comparisonof theglobalflux inputs.
Figure 2b compares the contribution to the sulfur budget ofmeteoric and surface sources at different altitudes
for six different latitudinal zones. It can be seen that the contribution of meteoric sulfur to the total gas phase
sulfur density in the upper stratosphere increases toward the poles, reaching up to 35% at 30 km over the
southern hemisphere polar region in the S-MIF simulation (23% in the S-MIF/3 simulation).

4. Discussion
4.1. Sulfur in the MLT and the Lower Mesosphere

Besides the question of whether extraterrestrial materials impact atmospheric radiative transfer and chemis-
try, the meteoric sulfur source is interesting because it dominates the sulfur budget above the mesopause.
The sulfur MIF has a number of important consequences, namely, the formation of an SO layer in the MLT,

Figure 7. VMR seasonal averages versus altitude and latitude of H2SO4 in the stratosphere. The contour lines indicate the
VMR for reference simulation. The filled color contours indicate the percent change by addingmeteoric sulfur: (left column)
S-MIF simulation and (right column) S-MIF/3 simulation.
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with a weaker SO+ counterpart (Figure 3), and a substantial increase of the SO2 density in the mesosphere (on
average by a factor of 2 at ~65 km, for the S-MIF).

The mass spectrometric observations of putative sulfur ions in the MLT carried out by Narcisi [1969], Zbinden
et al. [1975], and coworkers stimulated laboratory studies on sulfur chemistry [Fehsenfeld and Ferguson, 1973]
and subsequent steady state calculations of the sulfur budget using the reported rate constants [Swider et al.,
1979]. These calculations are essentially in agreement with the modeling results presented here regarding S,
S+, SO, and SO+. The meteoric sulfur layer between 90 and 100 km (Figure 3) is dominated by SO, with
[SO]> [SO2]> [SO+]> [S]>> [SO2+]> [S+]. The low density of SO+ observed by rocket-borne mass spectro-
metry (Figure 10) stems from the fast neutralization of SO+ by dissociative recombination and the fast reac-
tion of S with O2 [Davis et al., 1972]. The main source of SO+ is charge transfer between SO and O2

+.
CESM1-WACCM has been previously shown to capture the seasonal variation of electrons [Feng et al.,
2013] and agrees well with the observed electron and O2

+ number densities at 95 km ([e�] = 104–105 cm�3).

The seasonal behavior of SO and SO2 is driven by SO2 photolysis and the reaction between SO and O2.
Because SO+ is tied to SO, it follows a similar seasonal variation. The SO+/SO ratio also depends on the sea-
sonal variation of O2

+ and e�. SO2 is a comparatively inert reservoir molecule which is transported to lower
atmospheric layers. The lack of chemical sinks implies a very long lifetime of SOx (=SO + SO2), which therefore
shows a spatiotemporal distribution determined by transport. This explains why the seasonal behavior of SOx

does not reflect the seasonal variability of the MIF, which peaks in the autumn hemisphere at high latitudes
[Feng et al., 2013]. The abundance of S-containing species in the mesosphere and upper stratosphere is dri-
ven by the residual circulation, with winter-poleward transport at mesopause heights and downwelling
around the winter pole. The calculated atmospheric profiles in the winter polar regions depend on the
model-resolved residual circulation, and therefore, the conclusions of the present study rely on how well
transport is represented in CESM1-WACCM. Global observations of zonal winds and mesospheric tempera-
ture have been used previously for validation purposes [Garcia et al., 2007; Richter et al., 2010; Smith, 2012;

Figure 8. Number density seasonal averages versus altitude and latitude of pure sulfate condensation nuclei: (left column)
First size bin and (right column) Wet radius R > 3 nm. The black contour lines indicate the VMR for the model run without
meteoric sulfur. The filled color contours indicate the percent change by adding meteoric sulfur (S-MIF simulation).
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Figure 9. Numberdensity seasonalaveragesversusaltitudeand latitudeof the totalnumberof (left column)pure sulfatecon-
densation nuclei and (right column) surface area density (SAD). The black contour lines indicate the VMR for the model run
without meteoric sulfur. The filled color contours indicate the percent change by adding meteoric sulfur (S-MIF simulation).

Figure 10. Observed (black) and modeled (S-MIF in blue and S-MIF/3 in red) vertical profiles of SO+. (a) Summer north
hemisphere (NH) (average of S26/1, S26/2, SP37, and 18.10006, see text for description of rocket flights). Only one
measurement was available above 100 km. (b) Fall-winter NH (average of 18.10008, 33.009, 33.010, 18.020, and 18.021).
Observations: geometric mean and geometric standard deviation. Model: daytime zonal average (35–70°N) profiles for the
corresponding months. The uncertainty of the observations is on the order of 100% [Swider et al., 1979].
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Feng et al., 2013]. Feng et al. have demonstrated good agreement between CESM1-WACCM simulations and
zonal mean temperature and wind from the Committee on Space Research International Reference
Atmosphere [Fleming et al., 1990]. Similarly, Smith [2012] compared WACCM temperature and zonal mean
wind with measurements of the Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER) instrument and the UARS Reference Atmosphere Project climatology [Swinbank and Ortland,
2003]. The distribution of advected tracers such as CO, CO2, NO, O, or SF6 also provides a way for
validating the strength and structure of the mean circulation in CESM1-WACCM [A. K. Smith et al., 2011;
Garcia et al., 2014; Kovács et al., 2017].

Before comparing rocket-borne SO+ observations and model output, care needs to be taken when assigning
m/z = 48, as the ion cluster NO+.(H2O) has the same mass-to-charge ratio and peaks at the transition height
between 70 and 90 km where there is a temperature minimum with low electron density and atomic oxygen
[Kopp et al., 1985b]. To avoid contamination of the m/z = 48 signal from NO+.(H2O), only data above 94 km
has been included in Figure 10. Considering the large uncertainties in the observations, the S-MIF model
results are reasonably close to the SO+ rocket observations. The S-MIF run overestimates the summer peak
SO+ abundance by a factor of ~3. The S-MIF/3 simulation indicates that the number densities of MLT sulfur
species are indeed proportional to the meteoric sulfur input. Scaling down the sulfur input by a factor of 3
(S-MIF/3) results in a peak [SO] ~ 5 × 104 cm�3. For reference, the peak concentrations of reactive sodium,
iron, magnesium, and silicon around 90 km are respectively [Na] + [Na+] ~ 5 × 103 cm�3 [Marsh et al.,
2013a], [Fe] + [Fe+] ~ 2 × 104 cm�3 [Feng et al., 2013], [Mg] + [Mg+] ~ 5 × 103 cm�3 [Langowski et al.,
2015], and [SiO] + [Si+] ~ 1 × 104 cm�3 [Plane et al., 2016]. Comparison of MLT densities does not translate
directly into input rate ratios because of differences in the chemistries and ablation height profiles of the
elements, but it highlights the higher abundance of gas-phase sulfur in the MLT compared to most other ele-
mental constituents of meteoroids, which results from the combination of a high sulfur abundance in cosmic
dust, the relative volatility of sulfur, and a lack of chemical sinks.

Figure 11. SO2 VMR seasonal averages versus altitude and latitude (2002–2012): (left column) S-MIF/3 run, (middle column)
Reference run and (right column) MIPAS. The model results have been smoothed vertically and latitudinally as indicated in
the text.
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The relatively high density of SO in the MLT raises the question of whether direct detection of it in the
MLT is feasible, e.g., by using its B-X or A-X transitions in absorption or fluorescence. The strong B-X transi-
tion [Danielache et al., 2014] appears too deep in the UV (200–230 nm) and has absorption cross sections
insufficiently large (peak at 2.7 × 10�17 cm2 at 0.08 nm resolution) [Phillips, 1981; Whyte and Phillips, 1982]
to enable observation by absorption, even in occultation (attenuation ~1 × 10�7 km�1). The SOFIE instrument
on the AIM satellite has been used by Hervig et al. [2009] to measure the weak extinction caused byMSP using
solar occultation, but this is only possible from 330 nm to longer wavelengths. Fluorescence from the B state
occurs for υ0 ≤ 2, since higher vibrational levels predissociate. The υ0 � 0 bands with υ0 ≤ 2 are located around
240 nm, and their absorption cross sections are smaller than 1 × 10�18 cm2 [Danielache et al., 2014], which pre-
cludes using ground-based lidar. Amore promising approachmay be attempting a retrieval of SO B-X and A-X
fluorescence from dayglow spectra recorded by satellite-borne spectrometers such as SCIAMACHY (Scanning
Imaging Absorption Spectrometer for Atmospheric Chartography) (see, e.g., normalized radiance spectra
reported by Scharringhausen et al. [2008]), in a similar manner to observations of cometary tails carried out
by the International Ultraviolet Explorer satellite [Wallis and Swamy, 1988; Kim and A’Hearn, 1991].

The possible existence of a mesospheric sulfate aerosol layer has been previously suggested by Mills et al.
[2005a], who considered injection of H2SO4 in the summer polar mesosphere resulting from evaporation
of H2SO4 from uplifted SSA. As shown in Figure 2a, meteoric sulfur does not form additional H2SO4 in the
MLT, because of the low pressure and low water (and hence OH) concentration. The main forms of meteoric
sulfur are SO and SO2, which are noncondensable species under MLT conditions. Therefore, the impact of the
meteoric sulfur input on such a mesospheric layer is most likely negligible.

4.2. Meteoric Sulfur in the Upper Stratosphere.

Present-day cosmic dust ablation has been considered to be a very small source of sulfur for the stratosphere.
Turco et al. [1981] estimated amass input rate ofmeteoric sulfur to the stratosphere of ≤5.5 t S d�1 (cf. 3.0 t S d�1

Figure 12. Zonal averages of SO2 VMRs as a function of altitude, for the polar regions in the winter hemisphere. MIPAS
observations are shown by squares, and the reported variability range (1 standard deviation) is given by triangles
[Höpfner et al., 2013]. The reference, S-MIF, and S-MIF/3 simulations are shown by green, red, and blue thick lines, respec-
tively. The variability range within the winter season for the S-MIF/3 simulation is given by blue thin lines. The reference run
generally falls within the variability range of the observations, while the S-MIF run overestimates by a factor of 3 and 5 for
the Artic and the Antarctic zones, respectively. The S-MIF/3 run is broadly compatible with the observation, since the
variability range of the simulations generally overlaps with the observational range.
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in our S-MIF simulation) compared to a mass input rate of 822 t S d�1 from surface sources. Cziczo et al. [2001]
suggested an input range of 1.4–4.7 t S d�1, representing less than 2% of the of the total stratospheric sulfur
budget. More developed estimates of surface and meteoric sources of sulfur are now available and have been
considered in the present study. Court and Sephton [2011] speculated that atmospheric dynamics could
enhance the impact of the meteoric source compared to volcanism. However, the only way of rigorously
answering this question is by using a global chemistry-climate model. Our calculations show that SO2 is
transported by the mesospheric meridional circulation into the winter polar vortex, before descending into the
stratosphere. That is, the potential stratospheric impacts are mostly confined to the polar regions, where the
focusing enhances the importance of meteoric sulfur relative to surface sources above 25 km at high latitudes.
Thus, meteoric sulfur may contribute to the buildup of the spring-time SSA layer over Antarctica and thus have
the potential to influence polar stratospheric cloud formation and therefore ozone loss.

Although the purpose of this study is not to improve the agreement between the standard CESM1-WACCM
predictions [Campbell et al., 2014;Mills et al., 2016] (which are equivalent to our reference simulation) and the
available observations of sulfur species, the striking disagreement with MIPAS SO2 and balloon H2SO4 obser-
vations in the upper stratosphere at middle and low latitudes (Figures 11 and 13) led us to investigate
whether meteoric sulfur could ameliorate the situation. Because of the focusing of meteoric sulfur inside
the polar vortices, the S-MIF does not improve the agreement with MIPAS, and as shown in Figure 13 the
H2SO4 and SO2 profiles at 43°N for the reference and the S-MIF simulations are almost identical.

Uptake on MSPs, which is not included in these simulations, has been invoked previously to explain the poor
agreement with H2SO4 above 35 km [Turco et al., 1981; Mills et al., 2005b; Saunders et al., 2012; Hervig et al.,
2017]. Brühl et al. [2015] carried out simulations with the ECHAM5/MESSy Atmospheric Chemistry (EMAC)
model, suggesting that a meteoric dust sink for H2SO4 is required to reproduce the observed distribution
of SO2 with latitude and season at 40 km; ignoring this process would lead to overestimation of SO2

Figure 13. (a) Geometric mean of balloon observations at 43°N (Laramie, USA) carried out during September and October
between 1980 and 1986. Modeled profiles from the reference and S-MIF runs are shown as continuous lines. (b)
Comparison of the MIPAS SO2 number density vertical profile for 40°–50°N and September–November 2002–2012 to the
corresponding modeled reference and S-MIF profiles. The thick black solid lines indicate the variability of the observations
(1 standard deviation), and the thin dashed lines indicate the uncertainty of the retrieval. Modeled profiles smoothed
with the vertical resolution of the instrument as indicated in the test are shown by dashed lines. The red squares show the
result of adding to the modeled, unsmoothed SO2 vertical profile the difference between the observed and modeled
H2SO4 balloon vertical profiles in Figure 13a, and then smoothing with the MIPAS vertical resolution.
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during high-latitude winter.
However, enhanced near-infrared
photolysis of H2SO4, which has not
yet been demonstrated theoretically
nor experimentally, had to be consid-
ered by Brühl et al. to explain the SO2

observations at low latitudes at
40 km, and ignoring this resulted in
underestimation of SO2 by 50 pptv.
This is consistent with our results,
which indicate that at midlatitudes
the excess of modeled H2SO4 is
matched by the deficit of modeled
SO2 above 35 km, suggesting that
despite using the best current
knowledge of H2SO4 absorption cross
sections and pressure-dependent
photolysis quantum yields, there is
still something missing in the photo-
chemical scheme. Note that we have
ruled out H2SO4 photolysis via the
v≤3OHstretchingovertonesbecause
they appear to be below the dissocia-
tion threshold. Ongoing work at the
University of Leeds using the Unified
Model-United Kingdom Chemistry
and Aerosols (UM-UKCA) model
[Dhomse et al., 2014] with state-of-

the-art sulfur sources and photochemistry shows that uptake of H2SO4 on MSP may indeed help to explain
thegeneralmodel overestimationofH2SO4above40km(GrahamMann,personal communication), but atmid-
dle and low latitudes the simulated SO2 is substantially reduced with respect to the MIPAS observations when
MSPs are included,whichmay suggest amissing process for convertingH2SO4 into SO2. Overestimation of SO2

mixing ratios by MIPAS retrievals at middle and low latitudes between 12 and 20 km [Höpfner et al., 2015] has
also been suggested by comparing recent in situ observations with an aircraft-borne laser-induced fluores-
cence instrument and remote sensing observations using the Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) [Rollins et al., 2017]. However, it must me pointed out that the MIPAS and
ACE-FTS uncertainty ranges and the short time scale variability range of the in situ measurements contain the
corresponding CESM1-WACCM SO2 averaged profiles, as noted by Rollins et al. [2017]. Other stratospheric
SO2 profiles derived from remote sensing observations have been obtained with the Atmospheric Trace
Molecule Spectroscopy (ATMOS) instrument [Rinsland et al., 1995] and are, in general, significantly higher than
the MIPAS observations above 30 km [Höpfner et al., 2013].

On the other hand, the CESM1-WACCM simulations of H2SO4 below 35 km and SO2 below 25 km appear
reasonable: smoothing the model output with the altitude-, latitude-, and time-dependent vertical resolution
matrix of the MIPAS SO2 observations helps bringing the modeled SO2 around the minimum at 32 km into
better agreement with the observations. However, the uncertainty of the MIPAS retrieval between 20 and
35 km at middle and low latitudes is large (because the signal is low), and the observations in this altitude-
latitude range should not be overinterpreted. As a summary, it can be stated that the disagreement appears
to be a combination of shortcomings in the model photochemistry and issues with the MIPAS retrieval under
very low signal conditions.

The MIPAS observations at high latitudes (70°–90°) in the winter hemisphere are less uncertain than at lower
latitudes and seem to be reliable from 45 km down to 20 km due to the descent of enhanced upper strato-
spheric SO2 concentrations. Comparison to the SO2 VMRs from the reference run (Figure 11) shows that in the

Figure 14. September monthly averages of CN balloon observations at
McMurdo Antarctic research station (78°S) between 1986 and 2010
(squares). The shaded areas indicate the uncertainty of the measurements,
and the horizontal bars indicate the variability range [Campbell and Deshler,
2014]. The cutoff radius of the observations is 3 nm below 50 hPa (~20 km,
dotted horizontal line) and increases toward 10 nm for lower pressure
(higher altitude). The corresponding monthly averages at the same location
from the reference, the S-MIF/3, and the S-MIF model runs are shown in
black, blue, and red, respectively. The circles and triangles represent mod-
eled CN with R > 3 nm and R > 10 nm, respectively.
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polar regions the simulations are not too far from the observations between 35 and 40 km, although the
predicted SO2 polar enhancement is latitudinally narrower and restricted to a higher altitude range than in
the observations. The S-MIF simulation predicts 250 pptv SO2 on top of the 100 pptv baseline predicted by
the reference run at 45 km in winter for 70°S–90°S (Figure 12). This means that the meteoric sulfur at
45 km is a factor of ~5 larger than 1σ of the observations for that zonal band and season (50 pptv). The quoted
uncertainty of the retrieval is on the order of 10 pptv at 45 km. The S-MIF/3 simulation predictions on the
other hand overlap with the variability range of the observations, although it still overestimates the observa-
tions in the southern hemisphere polar region above 37 km.

From the point of view of the SSA layer, the only instance where the input of meteoric sulfur could be poten-
tially observed is in spring at high latitudes in the southern hemisphere, when the R > 3 nm CN number
density increases by up to 70% at 30 km and about 40% at 25 km in the S-MIF simulation. Figure 14 shows
that the calculated profile for R> 3 nm from the S-MIF run (red dots) is just about compatible with the obser-
vations of the sulfate CN spring layer at McMurdo below 25 km (where he observed CN can be considered to
have R> 3 nm) but generates number densities of R> 10 nm CN above 25 km (red triangles) that are outside
the observed range of variability. This is consistent with the overestimated SO2mentioned above, since at the
onset of the polar spring the extra SO2 is converted into H2SO4, which undergoes binary nucleation with
water to form SSA. In fact, the S-MIF/3 simulation generates number densities of R > 10 nm CN above
25 km which are closer to and within the variability range of the observations. In summary, the S-MIF simula-
tion exercise shows that the CN polar layers are sensitive to extraterrestrial sulfur and may have been influ-
enced in the past by events within the solar system causing enhanced rates of cosmic dust infall. With the
assumption that the CN layers are formed only by the binary H2O-H2SO4 homogeneous nucleation, a sulfur
input of 1 t S d�1 (S-MIF/3) appears to be compatible with the available CN observations.

There is increasing observational evidence supporting the uptake of H2SO4 on MSPs and the formation of
mixed MSP-sulfate particles in the lower mesosphere and the upper stratosphere [Neely et al., 2011;
Saunders et al., 2012; Campbell and Deshler, 2014; Murphy et al., 2014; Hervig et al., 2017]. Given the uncer-
tainties surrounding the role of MSPs as condensation nuclei of sulfate particles, we have not included
MSP-sulfate interactions in the model simulations presented here. The presence of MSPs and uptake of
H2SO4 on them will tend to reduce the number density of sulfate aerosol formed by binary H2SO4-H2O
nucleation in the upper part of the Junge layer, where mixed MSP-sulfate aerosol would be abundant.
This may then reduce the impact of meteoric sulfur on homogeneously nucleated SSA deduced from
our calculations with CARMA and therefore may help to accommodate a sulfur input larger than
1 t S d�1. The loss of gas-phase sulfur on MSP, which in the model calculations mentioned above results
in a decrease of SO2 above 40 km, may allow a larger S-MIF as well. In the present study, we are mainly
concerned about the differences between model runs with and without meteoric sulfur using the best
available knowledge on sulfur atmospheric chemistry. Finding closure to the atmospheric sulfur budget
is beyond the scope of this study.

4.3. Constraining the Cosmic Dust Input Into the Earth’s Atmosphere

The results of the S-MIF simulation with an injection of 3.0 t S d�1 overestimate the observed abundances of a
variety of sulfur species in different regions of the atmosphere. The S-MIF/3 simulation predicts SO+, SO2, and
CN profiles which are more consistent with observations. Therefore, sulfur observations in the upper strato-
sphere and above constrain consistently the input of meteoric sulfur to approximately 1.0 t S d�1.

There are three main reasons why the input of sulfur may be overestimated by the abundance-scaled Na MIF:
(i) a depletion of sulfur relative to sodium in IDPs (δ/γ < 1 in equation (1)), (ii) a less efficient ablation of sulfur
compared to sodium (ϕS/ϕNa < 1), or (iii) the sodium input itself is overestimated. Of these three explana-
tions we favor the first, since the sodium input is now well characterized by lidar observations [Gardner
et al., 2016], and a lower ablation efficiency of sulfur with respect to sodium seems unlikely based on labora-
tory experiments with heated meteorites [Jurewicz et al., 1993; Greshake et al., 1998]. In CC meteorites, the
major carriers of sulfur are sulfate minerals, which are more refractory than sulfides [Burgess et al., 1991].
However, sulfates are not found in MMs [Jessberger et al., 2001] and have been observed only as minor com-
ponents in some stratospheric IDPs [Zolensky and Lindstrom, 1992]. Therefore, it can be inferred that sulfur is
present mostly in the form of iron and nickel sulfides in cosmic dust, which evaporate at lower temperatures.
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There is evidence supporting enrichment of Na relative to all other major elemental constituents in cosmic
dust, meteor showers, and freshly ejected cometary particles [Trigo-Rodriguez and Llorca, 2007; Schulz et al.,
2015; Carrillo-Sánchez et al., 2016]. Carrillo-Sánchez et al. [2016] needed an enrichment factor of γ = 2.5 of
Na with respect to Fe to explain the relative vertical fluxes of Na and Fe atoms in the upper mesosphere.
In fact, in order to obtain the same cosmic dust input rate (CDIR) from the measured inputs of meteoric
sodium [Gardner et al., 2016] and iron [Huang et al., 2015]:

CDIR ¼ MIF
γ�x�ϕ

�
�
�
�
X

¼ 0:34 t Na d�1

γ�0:0047�0:6
¼ 2:5 t Fe d�1

0:19�0:3
¼ 44 t d�1 (2)

Na must be enriched by a factor of γ = 2.7 ± 1.5. The CDIR in equation (2) is the ratio of the MIF of a particular
meteoric elemental constituent X to the product of the abundance of X in cosmic dust, multiplied by its abla-
tion efficiency. To evaluate equation (2) for sodium and iron, we have used estimated ablation efficiencies
(Table 2) from experiments with the Meteor Ablation Simulator [Gómez Martín et al., 2017], and it has been
assumed that IDPs are not depleted in iron. The analogous equation for sodium and sulfur is then

CDIR ¼ 0:34 t d�1

γ�0:0047�0:6
¼ 1:0 t d�1

δ�0:041�ϕS
¼ 44 t d�1 (3)

This implies that δ × ϕS ≤ 0.6 when considering 1.0 t d�1 as an upper limit for the sulfur input, which is
consistent with ϕS ≥ ϕNa = 0.6 and suggests that δ ≤ 1, i.e., that sulfur is chondritic or slightly subchondritic
in IDPs. The average sulfur ablated fraction derived from CI and CM cosmic dust analogues is 0.8–0.9
[Greshake et al., 1998; Court and Sephton, 2014] for heating up to 1300 K during 10 to 15 s. Under the assump-
tion of chondritic abundance of sulfur in IDPs, an ablated fraction of 0.85 results in a CDIR = 29 t d�1, which is
consistent with the 45% uncertainty of the CDIR value in equations (2) and (3). The laboratory determinations
of the ablated fraction of sulfur were carried out under conditions not entirely relevant for the atmosphere.
Although the heating curves were not reported, the duration of the heating pulses (longer than 10 s) are
somewhat long compared to predictions from meteor physics calculations [Love and Brownlee, 1991]. It is
therefore plausible that the atmospheric ablated fraction is slightly smaller than the aforementioned
experiments suggest. Future laboratory measurements of the sulfur yield should be carried out under mass,
size, and entry angle-dependent heating profiles in order to calculate more representative integrated atmo-
spheric yields [Bones et al., 2016; Gómez Martín et al., 2017].

The only caveat to this interpretation is that the relative abundances of sodium and sulfur in unmelted and
scoriaceous MMs [Kurat et al., 1994; Genge et al., 1997] and stratospheric IDPs [Schramm et al., 1989; Arndt
et al., 1996] are close to chondritic (Figure S2), and in order to explain such relative abundances, an original
enrichment of sodium could only be compensated by a lower ablation efficiency of sulfur, which as
mentioned above seems unlikely. Stratospheric IDPs may be asteroidal in origin (due to their slow entry
speed) and thus reflect a S/Na ratio closer to CI, but unmeltedMMs have been shown to originate mostly from
cometary meteoroids [Carrillo-Sánchez et al., 2016] and should reflect a depletion of sulfur with respect to
sodium (assuming they are not altered by weathering).

5. Conclusions

This study indicates that cosmic dust ablation is the major source of sulfur to the MLT and the lower meso-
sphere, creating a layer of SO peaking at 90 km with a higher number density than the meteoric Fe layer.
A photochemical equilibrium is established between SO and SO2 in the MLT, where the partitioning changes
seasonally with solar illumination. The number density of SO is predicted to be high enough that it may be
detectable through spectroscopic observation of the dayglow. Because of the lack of chemical sinks for
SO2 due to low pressure and hydroxyl radical density in the mesosphere, most of the injected sulfur is trans-
ported into the upper stratosphere as SO2, where it contributes to the nucleation of sulfate aerosol in polar
spring. The sulfate stratospheric CN layer is very sensitive to the meteoric injection rate: a moderate rate of
3.0 t S d�1 results in the model overestimating polar springtime CN above 20 km compared with observa-
tions. The present-day input rate needs to be on the order of 1.0 t S d�1 to be consistent with all the observa-
tions available, including SO+ in the MLT, and SO2 and CN in the middle and upper stratosphere. An
enhanced input of cosmic dust, such as during the Late Heavy Bombardment or a close encounter with a
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comet, would have a significant impact on the sulfate layer at high latitudes. The present-day estimate of
1.0 t S d�1 translates into similar overall input rates of cosmic dust that were deduced from the measured
Fe and Na fluxes, supporting the superchondritic abundance of Na suggested in previous work, and implying
a chondritic abundance of sulfur in cosmic dust and a similar ablated fraction of meteoric Na and S. Future
refinements of the estimated input rate of meteoric sulfur presented here should address the impact of
heterogeneous nucleation of H2SO4 by MSPs.
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