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Key points 15 

 Meteoric sulfur inputs of 1 S t d-1 and 3 S t d-1 have been incorporated into a 16 

chemistry-climate model. 17 

 A meteoric sulfur layer in the MLT is predicted, with high number densities compared 18 

to other meteoric elemental constituents. 19 

 The meteoric sulfur flux is focused into the winter polar vortex and contributes to the 20 

polar upper stratospheric sulfur budget, including the stratospheric CN layer. 21 

 22 

 23 
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Abstract 24 

A meteoric sulfur input function and a sulfur ion chemistry scheme have been incorporated 25 

into a chemistry-climate model, in order to study the speciation of sulfur between the 26 

stratosphere and the thermosphere (~20 – 120 km), and the impact of the sulfur input from 27 

ablation of cosmic dust. The simulations have been compared to rocket observations of SO+ 28 

between 85 and 110 km, MIPAS observations of SO2 between 20 and 45 km, and 29 

stratospheric balloon-borne measurements of H2SO4 vapor and sulfate aerosol. These 30 

observations constrain the present day global flux of meteoric sulfur to ≤ 1.0 t S d-1, i.e. 2 31 

orders of magnitude smaller than the flux of S into the stratosphere from OCS photo-32 

oxidation and explosive volcanic SO2 injection. However, the meteoric sulfur flux is strongly 33 

focused into the polar vortices by the meridional circulation, and therefore the contribution of 34 

SO2 of meteoric origin to the polar upper stratosphere during winter is substantial (~ 30% at 35 

50 km for a flux of 1.0 t S d-1). The Antarctic spring sulfate aerosol layer is found to be very 36 

sensitive to a moderate increase of the input rate of meteoric sulfur, showing a factor of 2 37 

enhancement in total sulfate aerosol number density at 30 km for an input of 3.0 t S d-1. The 38 

input rate estimate of 1.0 t S d-1 suggests an enrichment of sodium relative to sulfur of 2.7 ± 39 

1.5 and is consistent with a total cosmic dust input rate of 44 t d-1. 40 

41 
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1. Introduction 42 

Observations of ion metal layers in the D and E regions by rocket-borne mass spectrometry 43 

during the 1960s and 1970s [Istomin, 1963; Narcisi and Bailey, 1965; Aikin and Goldberg, 44 

1973] led to early discussions of the processing of meteoric constituents in the mesosphere-45 

lower thermosphere (MLT) region between 75 and 110 km. The abundance of sulfur in 46 

extraterrestrial material is ~2 % wt. in ordinary chondrites (OCs) and 2-6% wt. in 47 

carbonaceous chondrites (CCs) [Kring et al., 1996], which attracted some initial interest with 48 

regard to meteoric sulfur [Swider, 1969]. Putative observation of S+ in the daytime 49 

ionosphere [Narcisi, 1969] led to laboratory studies that eventually discarded the existence of 50 

this ion in the MLT due to its fast reaction with NO and O2, suggesting that SO+ should be 51 

the most abundant sulfur-bearing ion [Fehsenfeld and Ferguson, 1973]. This was followed by 52 

a possible detection of SO+ by rocket-borne mass spectrometry in 1976 above Wallops Island 53 

by NASA payload 18.1006 [Herrmann et al., 1978]. Steady-state calculations indicated that 54 

the dominant sulfur-containing species in the MLT should be SO [Swider et al., 1979]. Since 55 

the early days of rocket sounding of the upper atmosphere, considerable progress has been 56 

made in understanding the chemistry of meteoric metal layers and related phenomena 57 

([Plane, 2012; Plane et al., 2015] and references therein). However, due to the marginal 58 

evidence of sulfur-bearing ionic species and the complete lack of evidence of neutral species 59 

in the MLT, the topic of meteoric sulfur and its atmospheric impact has not received attention 60 

for many years.  61 

Biogenic and volcanic emissions of sulfur compounds from the Earth’s surface are directly 62 

related to the aerosol content of the troposphere and stratosphere, which is a major topic in 63 

atmospheric science due to its impact on radiative transfer and ozone depletion [SPARC, 64 

2006]. Some studies have deemed the present-day input of meteoric sulfur too low to 65 

constitute a significant source of lower atmospheric sulfur [Turco et al., 1981; Court and 66 
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Sephton, 2011]. On the other hand, meteoric smoke particles (MSPs), which result from the 67 

re-condensation of metal vapors in the upper mesosphere, are believed to impact stratospheric 68 

H2SO4 and sulfate aerosols (H2SO4-H2O droplets) in a variety of ways [Turco et al., 1981; 69 

Murphy et al., 1998; Mills et al., 2005b; Neely et al., 2011; Plane, 2012]. The atmospheric 70 

ablation of sulfur from interplanetary dust particles (IDPs) has been mostly considered from 71 

the point of view of the characterization of the effect of heating on the composition and 72 

mineralogy of the particles [Greshake et al., 1998; Toppani et al., 2001; Taylor et al., 2011]. 73 

Interest in climate change, paleoclimate and the evolution of planetary atmospheres has led to 74 

a few recent studies of the conditions under which an extra-terrestrial source of sulfur could 75 

be climatically relevant, either from meteorite impacts [Kring et al., 1996] or from ablation of 76 

IDPs [Court and Sephton, 2011], although the connection to metal layers and MSPs and a 77 

global atmospheric treatment have not been considered.  78 

There are several motivations to revisit the topic of meteoric sulfur and its atmospheric 79 

impact. First, a better understanding of the relevant sulfur neutral and ion chemical and 80 

photochemical processes now exists than when modeling of the meteoric sulfur layer was 81 

first attempted [Swider et al., 1979]. Second, sophisticated chemistry-climate global models 82 

are available, where MLT neutral and ion chemistry and calibrated meteoric input functions 83 

(MIFs) for different metals can readily be implemented, and transport and other relevant 84 

processes are accounted for [Feng et al., 2013; Marsh et al., 2013a; Plane et al., 2016]. 85 

Third, estimates of the yield of sulfur from flash heating studies of IDP analogues under 86 

atmospherically relevant conditions have been reported [Greshake et al., 1998; Court and 87 

Sephton, 2011; 2014]. And fourth, zonally-averaged, vertically-resolved observations of SO2 88 

up to 45 km altitude obtained with the Michelson Interferometer for Passive Atmospheric 89 

Sounding (MIPAS) instrument have been published recently [Höpfner et al., 2013], which 90 
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helps to constrain the extra-terrestrial flux against the background dominated by surface 91 

emissions.  92 

In this paper we describe a study of the global distribution of meteoric sulfur in the Earth’s 93 

middle atmosphere using the Community Earth System Model - version 1- with the Whole 94 

Atmosphere Community Climate Model (CESM1-WACCM) [Marsh et al., 2013b], into 95 

which is added an updated sulfur ion chemistry scheme and a sulfur MIF. We discuss the 96 

major neutral and ionic carriers of sulfur, and investigate the flux of these into the upper 97 

stratosphere and compare it to the flux from below.  98 

2. Model description 99 

CESM1-WACCM is a “high-top” coupled chemistry-climate model with an upper boundary 100 

at 6.0 × 10–6 hPa (~140 km). It uses 88 levels (with specified dynamics) from the surface to 101 

~140 km with a spacing ~1.75 km in the stratosphere increasing to ~3.5 km in the 102 

thermosphere. The standard horizontal resolution is 1.9° × 2.5° (latitude × longitude). 103 

CESM1-WACCM includes diurnal tides and lower E region ion chemistry, and contains 104 

parameterizations for key MLT phenomena such as the solar cycle and energetic particle 105 

precipitation [Marsh et al., 2007]. The model uses specified dynamics where the dynamical 106 

fields in the troposphere and stratosphere are nudged to the Modern-Era Retrospective 107 

Analysis for Research and Applications (MERRA) meteorological dataset [Rienecker, 108 

Michele M. et al., 2011]. 109 

We run CESM1-WACCM with sulfur chemistry [Campbell et al., 2014] coupled to a particle 110 

microphysics model, the Community Aerosol and Radiation Model for Atmospheres 111 

(CARMA) [Toon et al., 1988], to simulate stratospheric sulfate aerosol (SSA). CARMA 112 

handles aerosol nucleation, growth, evaporation, coagulation, and sedimentation. Only pure 113 

sulfate aerosol (i.e. aerosol composed of H2SO4 and H2O) is considered; the model does not 114 
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simulate MSPs (see e.g. [Brühl et al., 2015]), and so nucleation of sulfate aerosol by these 115 

particles is neglected. The potential consequences of doing this when evaluating the impact of 116 

meteoric sulfur are discussed below. In CARMA, sulfate aerosols are divided into 30 size 117 

bins with sulfate mass increasing by a factor of 2.4 between adjacent bins. The dry radii of 118 

these size bins range from 0.343 nm to 1.63 μm. CESM1-WACCM outputs a weight % of 119 

sulfate in sulfate-water aerosol according to thermodynamic equilibrium, from which wet 120 

radii are calculated offline. 121 

2.1. Mesospheric sulfur chemistry 122 

The atmospheric cycle of sulfur is depicted in Figure 1, where the precursor species are 123 

highlighted. Carbonyl sulfide (OCS) is specified with a constant volume mixing ratio (VMR) 124 

at the surface of 510 pptv. Dimethyl sulfide (DMS) oceanic emissions are implemented as 125 

described by Lamarque et al. [2012]. SO2 surface emissions are from a two-dimensional 126 

monthly mean surface emissions dataset [Lamarque et al., 2010; Smith, S J et al., 2011]. SO2 127 

injection from volcanic eruptions follows the new inventory by Mills et al. [2016]. The MIF 128 

of atomic sulfur is described in section 2.2. The sulfur neutral chemistry in CESM1-WACCM 129 

considers eight gas-phase species (S, SO, SO2, SO3, HOSO2, H2SO4, OCS and DMS) and 22 130 

chemical and photolysis reactions [English et al., 2011].  131 

The most recent implementation of sulfur photochemistry [Mills et al., 2016] is used. 132 

Photolysis of H2SO4 by visible light is thought to play an important role in sulfur partitioning 133 

above 30 km [Vaida et al., 2003], and therefore photolysis cross sections for the v = 4, 5 and 134 

6 OH stretching overtones of H2SO4 have been included. These incorporate experimental 135 

absorption cross sections [Feierabend et al., 2006] and theoretical pressure-dependent 136 

quantum yields [Miller et al., 2007], which account for band-dependent quenching of 137 

vibrationally excited states. Near-infrared photolysis at v=3 (966 nm) is not considered, since 138 

it falls below the dissociation threshold, which we estimate to be at 777 nm (155 kJ mol-1) 139 
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from quantum chemistry calculations carried out with the GAUSSIAN 09 software [Frisch et 140 

al., 2009] at the accurate W1U level of theory [Parthiban and Martin, 2001]. The calculation 141 

of H2SO4 photolysis rates also includes photolysis by Lyman-α [Lane and Kjaergaard, 2008], 142 

which is important above 60 km.  143 

In this study we have added reactions between neutral and ionic sulfur species and the major 144 

atmospheric ions and molecules listed in Table 1. The rate constants in the Table are taken 145 

from a compilation of ion-molecule reaction kinetics data [Anicich, 2003], and from a review 146 

of dissociative recombination rate constants [Florescu-Mitchell and Mitchell, 2006]. 147 

Wherever data for one reaction is not available, the rate constant of an analogous reaction has 148 

been adopted, as indicated in Table 1. For those reactions for which no data was available, 149 

dipole-ion capture rate constants were calculated [Georgievskii and Klippenstein, 2005]. The 150 

major source of S-bearing ions is the charge transfer reaction of SO with O2
+ (R4). Charge 151 

exchange reactions of S atoms (R1, R2 and R3) can be neglected due to the rapid reaction of 152 

S with O2 (k = 2.3  10-12 cm3 molecule-1 s-1 [Sander et al., 2011]). In contrast to most 153 

meteoric components, charge transfer between SO and NO+ (a major ion in the lower E 154 

region, usually more abundant than O2
+) is endothermic (R14). Charge transfer between SO 155 

and SO2 and N2
+ (R5 and R6) are negligible sources of sulfur ions below 120 km and may 156 

have only minor impact above 120 km in high-lying sporadic E layers. Photo-ionization (PI) 157 

of S (J ~ 3  10-6 s-1 [Swider, 1969]) is much slower than reaction with O2
+.  PI of SO (J ~ 10-158 

7 s-1, see Fig. S1 in the Supplementary Material) is two orders of magnitude slower than 159 

charge transfer with O2
+. Therefore, PI of S and SO has been omitted from the model.  160 

The major loss process of sulfur-bearing ions is the dissociative recombination of electrons 161 

with SO+ (R15). The fast reaction of S+ with O2 (R7) [Fehsenfeld and Ferguson, 1973] 162 

rapidly converts S+ into SO+, which then is removed by electrons. Note that, in contrast to 163 

sulfur, for most meteoric metals the reactions analogous to R7 are endothermic, and therefore 164 



8 
 

the reaction of the oxide cation with abundant O atoms reforms the bare metal cation and 165 

competes effectively with neutralization by dissociative recombination (DR) with electrons 166 

[Plane et al., 2015]. Reactions of SO+ and SO2
+ with other minor atmospheric constituents 167 

also promote neutralization. A fast photolysis rate of SO+ is unlikely considering its high 168 

photo-dissociation threshold (225 nm), which constrains photolysis to the VUV, and the 169 

significantly different equilibrium distance of the ground state and the high lying accessible 170 

excited states, which probably results in small  transition probabilities [Ben Houria et al., 171 

2006]. 172 

2.2 Meteor input function 173 

Measurements of sulfur-containing species in the MLT are restricted to a handful of mass 174 

spectrometric observations of SO+ (see below). Therefore, the development of a sulfur MIF 175 

must necessarily be based on scaling the MIF of a well-studied meteoric elemental 176 

constituent such as sodium [Gardner et al., 2014; Gardner et al., 2016]. Scaling to a sodium 177 

MIF requires knowledge of the relative abundance of sulfur with respect to sodium in the 178 

incoming flux of IDPs, and the relative ablation efficiencies of sulfur and sodium. 179 

Depletions of sulfur and sodium have been reported for most micrometeorites (MMs) and 180 

stratospheric IDPs [Jessberger et al., 2001]. There is evidence that this depletion results to a 181 

large extent from evaporation during atmospheric entry [Brownlee, 1996; Thomas et al., 182 

1996; Greshake et al., 1998; Toppani et al., 2001; Taylor et al., 2011; Gómez Martín et al., 183 

2017]. The pre-entry sulfur and sodium content of IDPs can be deduced from well-known 184 

abundances in different groups of meteorites, provided that a link between these and IDPs 185 

can be established. The sulfur  and sodium contents by weight are respectively 2% and 0.65% 186 

in OC meteorites; ~6% and 0.49% in CC meteorites of CI type;  and ~3% and 0.41% in CC 187 

meteorites of CM types [Hutchison, 2004]. A study of MMs collected in the South Pole 188 
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Water Well (SPWW) at the Scott–Amundsen base in Antarctica [Taylor et al., 2012] 189 

indicates that ~75% are fine grained aggregates with CI or CM composition, with less than 190 

~10% corresponding to ordinary chondritic material and ~15% to coarse-grained anhydrous 191 

minerals. The sulfur and sodium contents of these meteoritic groups [Hutchison, 2004] and in 192 

coarse stratospheric IDPs [Schramm et al., 1989], weighted with the aforementioned SPWW 193 

group abundances, results in on average 4.12% wt. of sulfur and 0.47 % wt. of sodium in the 194 

incoming mass of IDPs (Table 2). Thus, the S to Na abundance ratio in IDPs is estimated to 195 

be mS/mNa = 8.8 in terms of mass mixing ratios and xS/xNa = 6.3 in terms of molar mixing 196 

ratios. 197 

Large fractions of sulfur have been observed to evaporate from IDP meteoritic analogues at 198 

relatively low temperatures (1000-1500 K) in laboratory heating experiments [Klöck et al., 199 

1994; Greshake et al., 1996; Toppani et al., 2001]. For instance, heating samples of the CI 200 

meteorite Orgueil at 1500 K and under a few microbar of O2 (relevant for the MLT) resulted 201 

in the release of ~90% of the sulfur content after 10 s [Toppani et al., 2001]. However, the 202 

general problem of this type of laboratory study is the application of heating curves that 203 

neither resemble realistic entry heating profiles, nor reflect the dependence of heating profiles 204 

on IDP mass and size. An estimate of the ablation efficiency of sulfur will be derived in the 205 

future from the Meteor Ablation Simulator [Bones et al., 2016], as done recently for sodium 206 

and iron [Gómez Martín et al., 2017]. A tentative solution is adopted here by comparing the 207 

abundances of sulfur and sodium in stratospheric IDPs [Schramm et al., 1989; Arndt et al., 208 

1996] and MMs [Kurat et al., 1994; Genge et al., 1997]. The average S/Na ratio in IDPs and 209 

MMs (Fig. S2) is within 35% of the S/Na ratio of 6.5 deduced above (within a factor of 2 210 

considering the scatter of the measured abundances), which would indicate that the ablation 211 

efficiency of both elements is similar. Sulfur could be expected in principle to ablate more 212 

efficiently by looking at the large yields from heated meteorite samples observed even at 213 



10 
 

temperatures lower than the Fe-FeS eutectic (1261 K) [Burgess et al., 1991; Greshake et al., 214 

1998], compared to the small loss of sodium from meteoritic samples heated up to the sodic 215 

feldspar melting temperature of ~1400 K [Jurewicz et al., 1993].  216 

To estimate the input rate of meteoric sulfur, we use a recently published determination of the 217 

sodium input rate of (2.0 ± 0.4) ×104 Na atoms cm2 s-1 (0.34 ± 0.07 t Na d-1) [Gardner et al., 218 

2014; Gardner et al., 2016]. This has to be multiplied by the relative atomic abundance of 219 

S/Na in IDPs (δ/γ)×(xS/xNa), where δ and γ are enrichment or depletion factors with respect to 220 

the weighted chondritic abundance derived above (Table 2), and by the ablated fraction of 221 

sulfur relative to the ablated fraction of sodium (ϕS/ϕNa): 222 

ௌܨܫܯ ൌ ே௔ܨܫܯ ൈ ఋ	௫ೄఊ	௫ಿೌ ൈ థೄథಿೌ                  (E1) 223 

In this expression we have set δ/γ = 1 and xS/xNa = 6.3, and we have tentatively assumed 224 

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, 225 

a MIF can be constructed by scaling to this total input rate the relative meteoric input derived 226 

from radar observations [Feng et al., 2013; Marsh et al., 2013a], which accounts for the 227 

seasonal dependence and the injection altitude. Note that the sodium input flux used by 228 

Marsh et al. [2013a] to reproduce the Na layer observations is a factor of ~ 10 smaller than 229 

that derived from observations [Gardner et al., 2014; Gardner et al., 2016]. This appears to 230 

be due to the vertical transport of Na species being underestimated: CESM1-WACCM does 231 

not resolve gravity waves with wavelengths smaller than the horizontal grid scale of ~ 150 232 

km, and thus does not resolve dynamical transport due to dissipating gravity waves, or 233 

chemical transport which can be significant when a species is converted to a long-lived 234 

reservoir or sink via a pressure-dependent recombination reaction [Gardner et al., 2016]. As 235 

a consequence, using the measured input of Na or Fe in the model results in an 236 
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overestimation of these species in the MLT because they are not flushed downwards quickly 237 

enough. This effect is, however, not expected in the case of sulfur, because the chemistry 238 

involved is linear in S and the only sink in the MLT is transport by the meridional circulation 239 

towards the winter pole and downwards. Moreover, the full impact of the meteoric sulfur 240 

input on lower atmospheric layers can only be gauged by implementing a realistic S-MIF in 241 

the model. Therefore, we scale the measured sodium flux by the sulfur relative abundance. 242 

The assumed MIF injects atomic sulfur between 90 and 125 km, with the peak injection rate 243 

at 105 km. Although in some laboratory experiments evaporation of SO2 has been reported 244 

[Court and Sephton, 2011; 2014], during atmospheric entry dissociation of molecular species 245 

would immediately follow as a result of hyperthermal collisions with air molecules. Part of 246 

the evaporated sulfur will also be ionized by collisions [Vondrak et al., 2008], although much 247 

less efficiently than Na due to the higher ionization potential of S. In any case, the ions 248 

generated during entry will be quenched to their steady state concentrations by chemistry 249 

within a short period of time.  250 

2.3. Simulations 251 

Three model simulations for the period 2002 – 2012 were run using the specified dynamics 252 

version of CESM1-WACCM, with meteorological values nudged below 50 km using the 253 

Modern-Era Retrospective Analysis for Research and Applications (MERRA) reanalysis 254 

[Rienecker, M. M. et al., 2011]. This is the period during which MIPAS carried out  SO2 255 

measurements up to 45 km altitude [Höpfner et al., 2013]. The first model run includes 256 

neutral and ion reactions but no meteoric input (termed the reference simulation), and the 257 

second run considers the sulfur MIF with the S-MIF = 6.3  Na-MIF (termed the S-MIF 258 

simulation). A further simulation was then carried out with a 3-fold reduction of the meteoric 259 

sulfur input, i.e. S-MIF = 2.1  Na-MIF (termed the S-MIF/3 simulation), in order to test the 260 
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dependence of the abundances of meteoric sulfur-bearing species on the sulfur injection rate. 261 

Sulfur ion chemistry is considered a previously missing part of the WACCM chemistry 262 

module and was therefore included in the reference run. Preliminary runs with the standard 263 

CESM1-WACCM neutral S chemistry [English et al., 2011; Campbell et al., 2014] 264 

demonstrated that ion chemistry is only relevant in the MLT, as expected. 265 

3. Results 266 

The results obtained when CESM1-WACCM is run without ion chemistry and ablation are in 267 

agreement with the previous state-of-the-art modeling study of sulfur using CESM1-268 

WACCM [Mills et al., 2016]. Including sulfur ion chemistry in the model results in 269 

negligible changes in the lower atmosphere, since ionic species can only form in the MLT 270 

where, in the absence of ablated sulfur, very small concentrations would be present. Figure 271 

2a shows globally and annually averaged number density profiles of the major sulfur species 272 

considered in the model. Three important results illustrated in Figure 2a are: first, that the 273 

total sulfur number density in the MLT, the lower mesosphere and the upper stratosphere is 274 

significantly larger when the injection of meteoric sulfur is included; second, that the only 275 

significant ionic species SO+ is very minor compared to the major neutral species; and third, 276 

that SO is the dominant species in the MLT, and SO2 in the middle mesosphere. The largest 277 

enhancement from meteoric ablation occurs in the MLT, where the difference with respect to 278 

the reference model run increases from ~1 order of magnitude at 80 km to 2 orders of 279 

magnitude at 100 km for the S-MIF run.  Meteoric sulfur forms a strong SO layer peaking at 280 

~92 km and a weak SO+ layer peaking at 98 km. SO2 overtakes SO at 88 km and is the form 281 

in which sulfur is transported down to the lower atmospheric layers, where there is an 282 

increasingly large contribution of sulfur from the surface. Figure 2b shows that meteoric and 283 

surface total sulfur balance around 62 km in the S-MIF run (the grey line shows the global 284 
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average of the contribution of meteoric sulfur to the total). Globally, meteoric sulfur remains 285 

a significant contribution down to 30 km.  Figure 2c shows that the reduction of the meteoric 286 

input by a factor of 3 results in an average reduction of gas phase sulfur by the same factor, 287 

although in the mesosphere and below there are significant differences with latitude. 288 

3.1. The meteoric SO layer in the MLT and enhanced mesospheric SO2. 289 

SO+ (Figure 3, left column) is the major sulfur ionic species, showing a peak around 98 km 290 

at mid-latitudes of the order of 50 ions cm-3. In the model sulfur is injected in neutral atomic 291 

form as discused above. However, the concentration of S is very small in the MLT due to its 292 

rapid reaction with O2 and only increases with altitude towards the thermosphere. SO (Figure 293 

3, middle column) is the most abundant sulfur-bearing species in the MLT, with a peak of 294 

~1.5  105 molecules cm-3 at ~ 92 km. SO and SO+ are coupled by reactions with weak 295 

temperature dependences (R4 and R15), which leads to very similar seasonal and latitudinal 296 

distribution of these species. The SO+ layer peaks 8 km higher than the SO layer, following 297 

the O2
+ vertical profile. SO and SO+ VMRs show similar seasonal variability, but peak at 298 

high latitudes and between 100 and 120 km altitude (Figure S3). This altitude range is where 299 

the MIF peaks. The altitude difference between the peak VMR and number density highlights 300 

the rapid transport of sulfur downwards following ablation. The highest mixing ratios (ppbv 301 

levels) of sulfur species anywhere above 10 km are reached in the MLT when meteoric sulfur 302 

ablation is included in the model.   303 

SO2 (Figure 3, right column) is the second species in importance after SO in the MLT. SO 304 

and SO2 are coupled by SO2 photolysis and the temperature-dependent SO + O2 reaction. SO 305 

peaks at mid-latitudes in summer, but the mid-latitude southern hemispheric SO maximum is 306 

a permanent feature of the SO layer that creates a hemispheric asymmetry. SO2 maximizes at 307 

high latitudes in the winter hemisphere at the expense of SO. This leads to the downward 308 
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transport of meteoric sulfur in the form of SO2, whose enhanced concentrations expand over 309 

a much wider range of altitudes into the mesosphere (Figure 4). Generally, transport in the 310 

upper mesosphere is upwards near the summer pole, globally from the summer to winter 311 

pole, and downward near the winter pole. Thus, meteoric sulfur is strongly focused towards 312 

high latitudes [Gabrielli et al., 2004; Bardeen et al., 2008; Megner et al., 2008; Hervig et al., 313 

2009], and has a very small effect on SO2 concentrations in the lower tropical mesosphere. 314 

Enhanced SO2 VMRs are localized at high latitude in winter and cover a wide altitude range 315 

from 120 to 80 km, which shows how meteoric sulfur is transported downwards by air 316 

masses descending within the polar vortices (Figure S3). The double peak of the SO2 VMR 317 

in the MLT results from the temperature dependence of the SO + O2 reaction, so that the 318 

reaction is slowest around the local temperature minimum at the mesopause. 319 

The S-MIF/3 simulation generates almost identical layers in the MLT, but with number 320 

densities smaller by a factor of 3. As shown in Figure 2c, the gas-phase sulfur abundance 321 

remains proportional to the sulfur input flux in the MLT, which as discussed above results 322 

from the absence of permanent sinks. 323 

3.2 Meteoric sulfur in the upper and middle stratosphere 324 

Figure 5 shows the stratospheric seasonal averages of SO2 from the reference run (black 325 

contour lines) overlaid with the SO2 change relative to the S-MIF and S-MIF/3 simulations 326 

(left and right columns, respectively). As in the mesosphere, meteoric sulfur increases the 327 

SO2 mixing ratios at high latitudes, particularly in the winter hemisphere. The changes in 328 

equatorial and mid-latitudes are small, but in the winter southern hemisphere enhancement of 329 

SO2 is significant above the altitude range where polar stratospheric clouds form. It is well 330 

known [Mills et al., 2005b] that, at the onset of spring, the SO2 transported down the polar 331 

vortex during winter is oxidized to SO3 by OH formed from H2O photolysis; this results in 332 
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higher levels of SO3, plotted as black contours in Figure 6, bottom panel row. SO3 333 

subsequently associates with H2O to form H2SO4 (black contours in Figure 7, bottom panel 334 

row). In the S-MIF run, meteoric sulfur significantly contributes to springtime H2SO4 335 

formation in both hemispheres, as demonstrated by the relative change colored contour plots 336 

in Figure 6 and Figure 7.  Changes in SO3 and H2SO4 are most significant at those altitudes 337 

and latitudes where the reference simulation levels are higher, i.e. in the 30 - 40 km altitude 338 

range and above 70° latitude. Notably, H2SO4 increases by more than 20% at 30 km and 339 

75°S. In the S-MIF/3 simulation the distribution of H2SO4 is similar, but the enhancements 340 

fall below 10% in the aforementioned sensitive regions. 341 

Pure sulfate condensation nuclei (CN) are also affected by meteoric sulfur, which increases 342 

their number densities and the pure sulfate surface area density (SAD). The seasonally 343 

averaged number densities for the first CN bin and for the sum of the bins with wet radii 344 

larger than 3 nm are contour-plotted in Figure 8 for the reference simulation. The polar 345 

spring production of H2SO4 results in binary nucleation of H2SO4 and H2O, forming SSA by 346 

coagulation and condensation - known as the polar stratospheric CN layer. A meteoric input 347 

of 3 t S d-1 has a significant impact on the first CN bin (Figure 8, left column, second and 348 

fourth panels). The largest increases (more than 100%) occur at altitudes higher than 35 km 349 

where the CN number density is lower than 1 cm-3 (the region with densities lower than 1 350 

cm-3 are screened for clarity). The relevant increases in number density are confined to the 351 

polar regions during spring, particularly in the southern hemisphere. CN with radii larger than 352 

3 nm only experience enhancement by meteoric sulfur in the Antarctic spring between 25 and 353 

30 km altitude, with a peak change of 70%. The total sulfate CN number density (Figure 9, 354 

left column) mainly reflects the large increase in the first CN size bin. Regarding sulfate CN 355 

surface area density, the S-MIF simulation shows increases of 80% at 30 km and 40% at 25 356 

km in the southern hemisphere at 75°S (Figure 9, right column). In the S-MIF/3 run (Figure 357 
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S4 and S5) the enhancements in CN number densities with respect to the reference run are 358 

approximately half those in the S-MIF run. 359 

3.3. Comparison with observations 360 

A comparison of the averaged rocket measurements of mass to charge ratio (m/z) = 48, from 361 

day-time and twilight (i.e. solar zenith angle < 96°) flights, with modeled vertical profiles of 362 

SO+ is shown in Figure 10. Two of these rockets were launched from Wallops Islands (37.8 363 

N, USA) on 12/Aug/1976 11:58 LT (payload 18.1006 [Meister et al., 1978]) and 01/Jan/1977 364 

14:03 LT (payload 18.1008 [Meister et al., 1978]). Four more were launched from Kiruna 365 

(67.8 N, Sweden) on 30/Jul/1978 01:32 LT (payload S26/1 [Kopp et al., 1985b]),  366 

13/Aug/1978 01:38 LT (payload S26/2 [Kopp et al., 1985b]), 16/Nov/1980 05:50 LT 367 

(payload 33.010 [Kopp et al., 1985a]), and 03/Aug/1982 01:32 LT (payload S37/P [Kopp et 368 

al., 1984]). And the last two were launched from Red Lake (50.9 N, Canada), on 24 and 369 

26/Feb/1979 11:55 LT (payloads 18.020 and 18.021, [Kopp, 1997] ). The SO+ observations 370 

have an uncertainty of the order of 100% [Swider et al., 1979] and may contain interferences 371 

from the ion cluster NO+.(H2O) as discussed below. 372 

These eight rocket flights have been selected on the basis of showing signal at m/z = 48 373 

(SO+) above the noise, and all occurred in daytime or twilight conditions. The 374 

nighttime/daytime distinction is important because the [O2
+]/[e-] ratio is different in the 375 

absence of sunlight [Ogawa and Shimazaki, 1975] and, as we have discussed above, O2
+ and 376 

electrons control the source and sink of SO+. The ratio of O2
+ to electron densities is more 377 

important than their absolute densities, and therefore enhanced auroral activity (payload 378 

S37/P) should not have a very large impact on the SO+ number density under the assumption 379 

of electrical neutrality (i.e. [e-] = [O2
+] + [NO+] + [Fe+] + [Mg+]…).  380 
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Geometric means of the SO+ profiles are calculated due to the sparse data set available. The 381 

agreement between the S-MIF simulation and the observations is remarkably good 382 

considering the small number of observations and that rocket profiles are snapshots of the 383 

meteoric ion layers for ~20 s duration, and therefore reflect the particular state of the 384 

atmosphere in that narrow time window. We have not attempted to adjust the sulfur input to 385 

match the observations. In summer the S-MIF simulation overestimates the peak SO+ number 386 

density by a factor of ~3, while the S-MIF/3 simulation matches better the observations, 387 

excluding the two sporadic layers shown, which correspond to a single rocket profile. Note 388 

that for the S-MIF/3 simulation, the corresponding SO layer in Figure 3 is less dense by a 389 

factor of 3, i.e. peaking at 5 × 104 molecule cm-3 rather than 1.5 × 105 molecule cm-3. In 390 

winter the situation is less clear, with the S-MIF simulation matching better the peak of the 391 

SO+ layer. The two simulations bracket the SO+ observations reasonably well at the altitude 392 

where the peak of the layer is expected. 393 

In order to compare with SO2 MIPAS observations between 15 and 45 km, the model output 394 

was degraded to the vertical resolution of the instrument by convolving it with a variable 395 

width Gaussian function, where the width is given by the altitude-dependent vertical 396 

resolution. Typical values for the vertical resolution are 3.5–4 km at 20 km, 4–5 km at 30 km 397 

and 6–10 km at 40 km altitude [Höpfner et al., 2013]. Zonal averages of the simulated SO2 398 

fields were also calculated for the same latitudinal bands as the observations. Figure 11 399 

shows the resulting seasonally-averaged SO2 contour plots for the S-MIF/3 simulation (left 400 

column) and the reference simulation (middle column), together with the MIPAS data (right 401 

column). The model captures the main features of the observations below 30 km, including 402 

the tropical stratospheric maximum and the polar winter descent of SO2 from the mesosphere. 403 

However, both the reference and the S-MIF/3 simulations (and also the S-MIF simulation, 404 

not shown) fail to reproduce the elevated mixing ratios in the high stratosphere at tropical and 405 
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mid-latitudes. Furthermore, the S-MIF/3 simulation overestimates SO2 in the winter pole 406 

above 35 km (Figure 12). 407 

Measurements of H2SO4 in the stratosphere are scarce. None is available over the southern 408 

polar regions where the impact of meteoric sulfur would be the largest. A number of mid-409 

latitude stratospheric H2SO4 balloon-borne mass spectrometric measurements have been 410 

reported, which have been compiled by Mills et al. [2005b]. Figure 13a compares the 411 

geometric average of the available measurements at 43º N carried out in September and 412 

October to the average profiles at the same latitude obtained from the CESM1-WACCM 413 

reference and S-MIF runs (the differences between the S-MIF and S-MIF/3 results in the 414 

upper stratosphere at low and mid-latitudes is small, and therefore only the S-MIF results are 415 

shown). The model does a fairly good job in reproducing the average H2SO4 profile below 35 416 

km, but largely overestimates the observations above this altitude. The difference between the 417 

reference and S-MIF runs is negligible. For comparison, the average MIPAS SO2 profile 418 

between 40º and 50º N for September-November 2002-2012 is shown in Figure 13b. The 419 

model underestimates the observations for all altitudes above 25 km. The disagreement is 420 

particularly dramatic at 32 km, where the model predicts a minimum. Smoothing the data 421 

with the instrument vertical resolution helps to bring the model closer to the observations, but 422 

not close enough. 423 

CN observations (R > 3 - 10 nm, depending on pressure) up to 35 km height have been 424 

carried out at McMurdo (Antarctica, 78º S) from the mid-1980s [Campbell and Deshler, 425 

2014]. Figure 14 compares the September monthly averages of the observed CN number 426 

densities with the corresponding modeled vertical profiles for R > 3 nm and R > 10 nm for 427 

the reference, the S-MIF and the S-MIF/3 simulations (profiles for other months are 428 

compared in Figure S6). Note that a rigorous comparison would require convolving the 429 
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modeled sulfate aerosol number density for all bins with the dependence of the radius cut-off 430 

of the instrument with pressure. This function is unknown, but the rule-of-thumb is that the 431 

observations have a cut-off radius close to 3 nm below ~20 km (50 hPa), increasing to 10 nm 432 

at higher altitudes. 433 

3.4. Contribution to the sulfur burden in the MLT, mesosphere and stratosphere 434 

OCS is the most abundant sulfur-bearing molecule in the lower atmosphere and its vertical 435 

transport controls the stratospheric sulfur budget and the aerosol loading in periods of low 436 

volcanic activity [Brühl et al., 2012]. The injection rate of active sulfur from OCS into the 437 

stratosphere is calculated from the photolysis rate of OCS and the reaction rates of OCS with 438 

O(3P) and OH, which are the major OCS loss processes in the stratosphere and generate a 439 

global sulfur flux into the stratosphere of 135 t S d-1. The bulk of the OCS stratospheric loss 440 

occurs by photolysis and reaction with O(3P) in middle and low latitudes (< 50º) between 20 441 

and 35 km. Explosive volcanic eruptions also inject considerable amounts of SO2 into the 442 

stratosphere [Mills et al., 2016]. Eruptions with volcanic explosive index (VEI) equal or 443 

larger than 4 [Newhall and Self, 1982] inject into the stratosphere a few percent of the SO2 444 

that they emit, depending on the latitude where the eruption takes place. In the 2002-2012 445 

period (length of the MIPAS SO2 record) the average SO2 stratospheric injection was 560 t S 446 

d-1 according to  the inventory of volcanic emissions implemented in WACCM by Mills et al. 447 

[2016]. An assumed flux of extra-terrestrial sulfur into the MLT of 3.0 t S d-1 is therefore 2 448 

orders of magnitude smaller than the fluxes into the stratosphere from below. However, the 449 

mesospheric SO2 mixing ratio fields plotted in Figure 4 show that meteoric sulfur is focused 450 

into the polar vortices by the meridional circulation. Thus, the relative contribution of the S-451 

MIF to the sulfur budget of the middle and upper stratosphere (25 - 50 km) at high latitudes is 452 

disproportionately larger than indicated by comparison of the global fluxes inputs. Figure 2b 453 
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compares the contribution to the sulfur budget of meteoric and surface sources at different 454 

altitudes for six different latitudinal zones. It can be seen that the contribution of meteoric 455 

sulfur to the total gas phase sulfur density in the upper stratosphere increases towards the 456 

poles, reaching up to 35 % at 30 km over the southern hemisphere polar region in the S-MIF 457 

simulation (23% in the S-MIF/3 simulation).  458 

4. Discussion 459 

4.1. Sulfur in the MLT and the lower mesosphere 460 

Besides the question of whether extra-terrestrial materials impact atmospheric radiative 461 

transfer and chemistry, the meteoric sulfur source is interesting because it dominates the 462 

sulfur budget above the mesopause. The sulfur MIF has a number of important consequences, 463 

namely the formation of an SO layer in the MLT, with a weaker SO+ counterpart (Figure 3), 464 

and a substantial increase of the SO2 density in the mesosphere (on average by a factor of 2 at 465 

~65 km, for the S-MIF).  466 

The mass spectrometric observations of putative sulfur ions in the MLT carried out by 467 

Narcisi [1969], Zbinden [1975] and co-workers stimulated laboratory studies on sulfur 468 

chemistry [Fehsenfeld and Ferguson, 1973] and subsequent steady-state calculations of the 469 

sulfur budget using the reported rate constants [Swider et al., 1979]. These calculations are 470 

essentially in agreement with the modeling results presented here regarding S, S+, SO and 471 

SO+. The meteoric sulfur layer between 90 and 100 km (Figure 3) is dominated by SO, with 472 

[SO] > [SO2] > [SO+] > [S] >> [SO2+] > [S+]. The low density of SO+ observed by rocket-473 

borne mass spectrometry (Figure 10) stems from the fast neutralization of SO+ by 474 

dissociative recombination, and the fast reaction of S with O2 [Davis et al., 1972]. The main 475 

source of SO+ is charge transfer between SO and O2
+. CESM1-WACCM has been previously 476 
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shown to capture the seasonal variation of electrons [Feng et al., 2013], and agrees well with 477 

the observed electron and O2
+ number densities at 95 km ([e-] = 104 -105 cm-3). 478 

The seasonal behavior of SO and SO2 is driven by SO2 photolysis and the reaction between 479 

SO and O2. Because SO+ is tied to SO, it follows a similar seasonal variation. The SO+/SO 480 

ratio also depends on the seasonal variation of O2
+ and e-. SO2 is a comparatively inert 481 

reservoir molecule which is transported to lower atmospheric layers. The lack of chemical 482 

sinks implies a very long lifetime of SOx (= SO + SO2), which therefore shows a spatio-483 

temporal distribution determined by transport. This explains why the seasonal behavior of 484 

SOx does not reflect the seasonal variability of the MIF, which peaks in the autumn 485 

hemisphere at high latitudes [Feng et al., 2013]. The abundance of S-containing species in 486 

the mesosphere and upper stratosphere is driven by the residual circulation, with winter-487 

poleward transport at mesopause heights and downwelling around the winter pole. The 488 

calculated atmospheric profiles in the winter polar regions depend on the model-resolved 489 

residual circulation, and therefore the conclusions of the present study rely on how well 490 

transport is represented in CESM1-WACCM. Global observations of zonal winds and 491 

mesospheric temperature have been used previously for validation purposes [Garcia et al., 492 

2007; Richter et al., 2010; Smith, 2012; Feng et al., 2013]. Feng et al. have demonstrated 493 

good agreement between CESM1-WACCM simulations and zonal mean temperature and 494 

wind from the COSPAR International Reference Atmosphere (CIRA) [Fleming et al., 1990]. 495 

Similarly, Smith [2012] compared WACCM temperature and zonal mean wind with 496 

measurements of the Sounding of the Atmosphere using Broadband Emission Radiometry 497 

(SABER) instrument and the UARS Reference Atmosphere Project (URAP) climatology 498 

[Swinbank and Ortland, 2003]. The distribution of advected tracers such as CO, CO2, NO, O 499 

or SF6 also provides a way for validating the strength and structure of the mean circulation in 500 

CESM1-WACCM [Smith, A K et al., 2011; Garcia et al., 2014; Kovács et al., 2017]. 501 
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Before comparing rocket-borne SO+ observations and model output, care needs to be taken 502 

when assigning m/z = 48, as the ion cluster NO+.(H2O) has the same mass-to-charge ratio and 503 

peaks at the transition height between 70 and 90 km where there is a temperature  minimum 504 

with low electron density and atomic oxygen [Kopp et al., 1985b]. To avoid contamination of 505 

the m/z = 48 signal from NO+.(H2O), only data above 94 km has been considered in Figure 506 

10.  Considering the large uncertainties in the observations, the S-MIF model results are 507 

reasonably close to the SO+ rocket observations. The S-MIF run overestimates the summer 508 

peak SO+ abundance by a factor of ~3. The S-MIF/3 simulation indicates that the number 509 

densities of MLT sulfur species are indeed proportional to the meteoric sulfur input. Scaling 510 

down the sulfur input by a factor of 3 (S-MIF/3) results in a peak [SO] ~ 5 × 104 cm-3. For 511 

reference, the peak concentrations of reactive sodium, iron, magnesium and silicon around 90 512 

km are respectively [Na] + [Na+] ~ 5 × 103 cm-3 [Marsh et al., 2013a], [Fe] + [Fe+] ~ 2 × 104 513 

cm-3 [Feng et al., 2013],  [Mg] + [Mg+] ~ 5 × 103 cm-3 [Langowski et al., 2015] and [SiO] + 514 

[Si+]  ~ 1 × 104 cm-3 [Plane et al., 2016]. Comparison of MLT densities does not translate 515 

directly into input rate ratios because of differences in the chemistries and ablation height 516 

profiles of the elements, but it highlights the higher abundance of gas-phase sulfur in the 517 

MLT compared to most other elemental constituents of meteoroids, which results from the 518 

combination of a high sulfur abundance in cosmic dust, the relative volatility of sulfur, and a 519 

lack of chemical sinks. 520 

The relatively high density of SO in the MLT raises the question of whether direct detection 521 

of it in the MLT is feasible, e.g. by using its B-X or A-X transitions in absorption or 522 

fluorescence. The strong B-X transition [Danielache et al., 2014] appears too deep in the UV 523 

(200 - 230 nm) and has absorption cross sections insufficiently large (peak at 2.7 × 10-17 cm2 524 

at 0.08 nm resolution) [Phillips, 1981; Whyte and Phillips, 1982] to enable observation by 525 

absorption, even in occultation (attenuation ~ 1× 10-7 km-1).  The SOFIE instrument on the 526 



23 
 

AIM satellite has been used by Hervig et al. [2009] to measure the weak extinction caused by 527 

MSP using solar occultation, but this is only possible from 330 nm to longer wavelengths. 528 

Fluorescence from the B state occurs for υ' ≤ 2, since higher vibrational levels pre-dissociate. 529 

The υ' – 0 bands with υ' ≤ 2 are located around 240 nm and their absorption cross sections are 530 

smaller than 1 × 10-18 cm2 [Danielache et al., 2014], which precludes using ground-based 531 

lidar. A more promising approach may be attempting a retrieval of SO B-X and A-X 532 

fluorescence from dayglow spectra recorded by satellite-borne spectrometers such as 533 

SCIAMACHY (see e.g. normalized radiance spectra reported by Scharringhausen et al. 534 

[2008]), in a similar manner to observations of cometary tails carried out by the International 535 

Ultraviolet Explorer satellite [Wallis and Swamy, 1988; Kim and A'Hearn, 1991].  536 

The possible existence of a mesospheric sulfate aerosol layer has been previously suggested 537 

by Mills et al. [2005a], who considered injection of H2SO4 in the summer polar mesosphere 538 

resulting from evaporation of H2SO4 from uplifted SSA. As shown in Figure 2a, meteoric 539 

sulfur does not form additional H2SO4 in the MLT, because of the low pressure and low 540 

water (and hence OH) concentration. The main forms of meteoric sulfur are SO and SO2, 541 

which are non-condensable species under MLT conditions. Therefore, the impact of the 542 

meteoric sulfur input on such a mesospheric layer is most likely negligible. 543 

4.2. Meteoric sulfur in the upper stratosphere. 544 

Present day cosmic dust ablation has been considered to be a very small source of sulfur for 545 

the stratosphere. Turco et al. [1981] estimated a mass input rate of meteoric sulfur to the 546 

stratosphere of ≤ 5.5 t S d-1 (cf. 3.0 t S d-1 in our S-MIF simulation) compared to a mass input 547 

rate of 822 t S d-1 from surface sources. Cziczo et al. [2001] suggested an input range of 1.4 - 548 

4.7 t S d-1, representing less than 2% of the of the total stratospheric sulfur budget. More 549 

developed estimates of surface and meteoric sources of sulfur are now available and have 550 
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been considered in the present study. Court and Sephton [2011] speculated that atmospheric 551 

dynamics could enhance the impact of the meteoric source compared to volcanism. However, 552 

the only way of rigorously answering this question is by using a global chemistry-climate 553 

model. Our calculations show that SO2 is transported by the mesospheric meridional 554 

circulation into the winter polar vortex, before descending into the stratosphere. That is, the 555 

potential stratospheric impacts are mostly confined to the polar regions, where the focusing 556 

enhances the importance of meteoric sulfur relative to surface sources above 25 km at high 557 

latitudes. Thus, meteoric sulfur may contribute to the buildup of the spring-time SSA layer 558 

over Antarctica, and thus have the potential to influence polar stratospheric cloud formation 559 

and therefore ozone loss. 560 

Although the purpose of this study is not to improve the agreement between the standard 561 

CESM1-WACCM predictions [Campbell et al., 2014; Mills et al., 2016] (which are 562 

equivalent to our reference simulation) and the available observations of sulfur species, the 563 

striking disagreement with MIPAS SO2 and balloon H2SO4 observations in the upper 564 

stratosphere at middle and low latitudes (Figures 11 and 13) led us to investigate whether 565 

meteoric sulfur could ameliorate the situation. Because of the focusing of meteoric sulfur 566 

inside the polar vortices, the S-MIF does not improve the agreement with MIPAS, and as 567 

shown in Figure 13 the H2SO4 and SO2 profiles at 43° N for the reference and the S-MIF 568 

simulations are almost identical. 569 

Uptake on MSPs, which is not included in these simulations, has been invoked previously to 570 

explain the poor agreement with H2SO4 above 35 km [Turco et al., 1981; Mills et al., 2005b; 571 

Saunders et al., 2012; Hervig et al., 2017]. Brühl et al. [2015] carried out simulations with 572 

the EMAC atmospheric chemistry-climate model, suggesting that a meteoric dust sink for 573 

H2SO4 is required to reproduce the observed distribution of SO2 with latitude and season at 574 
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40 km; ignoring this process would lead to overestimation of SO2 during high latitude winter. 575 

However, enhanced near-infrared photolysis of H2SO4, which has not yet been demonstrated 576 

theoretically nor experimentally, had to be considered by Brühl et al. to explain the SO2 577 

observations at low latitudes at 40 km, and ignoring this resulted in underestimation of SO2 578 

by 50 pptv. This is consistent with our results, which indicate that at mid-latitudes the excess 579 

of modeled H2SO4 is matched by the deficit of modeled SO2 above 35 km, suggesting that 580 

despite using the best current knowledge of H2SO4 absorption cross sections and pressure-581 

dependent photolysis quantum yields, there is still something missing in the photochemical 582 

scheme. Note that we have ruled out H2SO4 photolysis via the v ≤ 3 OH stretching overtones 583 

because they appear to be below the dissociation threshold. Ongoing work at the University 584 

of Leeds using the UM-UKCA model [Dhomse et al., 2014] with state-of-the-art sulfur 585 

sources and photochemistry shows that uptake of H2SO4 on MSP may indeed help to explain 586 

the general model overestimation of H2SO4 above 40 km (Graham Mann, pers. comm.), but 587 

at middle and low latitudes the simulated SO2 is substantially reduced with respect to the 588 

MIPAS observations when MSPs are included, which may suggest a missing process for 589 

converting H2SO4 into SO2. Overestimation of SO2 mixing ratios by MIPAS retrievals at 590 

middle and low latitudes between 12 and 20 km [Höpfner et al., 2015] has also been 591 

suggested by comparing recent in situ observations with an aircraft-borne laser induced 592 

fluorescence instrument and remote sensing observations using the Atmospheric Chemistry 593 

Experiment Fourier Transform Spectrometer (ACE-FTS) [Rollins et al., 2017]. However, it 594 

must me pointed out that the MIPAS and ACE-FTS uncertainty ranges and the short time 595 

scale variability range of the in situ measurements contain the corresponding CESM1-596 

WACCM SO2 averaged profiles, as noted by Rollins et al. [2017]. Other stratospheric SO2 597 

profiles derived from remote sensing observations have been obtained with the ATMOS 598 
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instrument [Rinsland et al., 1995] and are in general significantly higher than the MIPAS 599 

observations above 30 km [Höpfner et al., 2013]. 600 

On the other hand, the CESM1-WACCM simulations of H2SO4 below 35 km and SO2 below 601 

25 km appear reasonable: smoothing the model output with the altitude-, latitude- and time-602 

dependent vertical resolution matrix of the MIPAS SO2 observations helps bringing the 603 

modeled SO2 around the minimum at 32 km into better agreement with the observations. 604 

However, the uncertainty of the MIPAS retrieval between 20 and 35 km at middle and low 605 

latitudes is large (because the signal is low), and the observations in this altitude-latitude 606 

range should not be over-interpreted. As a summary, it can be stated that the disagreement 607 

appears to be a combination of shortcomings in the model photochemistry and issues with the 608 

MIPAS retrieval under very low signal conditions. 609 

The MIPAS observations at high latitudes (70°-90°) in the winter hemisphere are less 610 

uncertain than at lower latitudes and seem to be reliable from 45 km down to 20 km due to 611 

the descent of enhanced upper stratospheric SO2 concentrations. Comparison to the SO2 612 

VMRs from the reference run (Figure 11) shows that in the polar regions the simulations are 613 

not too far from the observations between 35 and 40 km, although the predicted SO2 polar 614 

enhancement is latitudinally narrower and restricted to a higher altitude range than in the 615 

observations. The S-MIF simulation predicts 250 pptv SO2 on top of the 100 pptv baseline 616 

predicted by the reference run at 45 km in winter for 70ºS - 90ºS (Figure 12). This means 617 

that the meteoric sulfur at 45 km is a factor of ~5 larger than 1 of the observations for that 618 

zonal band and season (50 pptv). The quoted uncertainty of the retrieval is of the order of 10 619 

pptv at 45 km. The S-MIF/3 simulation predictions on the other hand overlap with the 620 

variability range of the observations, although it still overestimates the observations in the 621 

southern hemisphere polar region above 37 km. 622 
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From the point of view of the SSA layer, the only instance where the input of meteoric sulfur 623 

could be potentially observed is in spring at high latitudes in the southern hemisphere, when 624 

the R > 3 nm CN number density increases by up to 70% at 30 km and about 40% at 25 km in 625 

the S-MIF simulation. Figure 14 shows that the calculated profile for R > 3 nm from the S-626 

MIF run (red dots) is just about compatible with the observations of the sulfate CN spring 627 

layer at McMurdo below 25 km (where he observed CN can be considered to have R > 3 nm), 628 

but generates number densities of R > 10 nm CN above 25 km (red triangles) that are outside 629 

the observed range of variability. This is consistent with the overestimated SO2 mentioned 630 

above, since at the onset of the polar spring the extra SO2 is converted into H2SO4, which 631 

undergoes binary nucleation with water to form SSA. In fact, the S-MIF/3 simulation 632 

generates number densities of R > 10 nm CN above 25 km which are closer to and within the 633 

variability range of the observations. In summary, the S-MIF simulation exercise shows that 634 

the CN polar layers are sensitive to extraterrestrial sulfur, and may have been influenced in 635 

the past by events within the solar system causing enhanced rates of cosmic dust infall. With 636 

the assumption that the CN layers are formed only by the binary H2O-H2SO4 homogeneous 637 

nucleation, a sulfur input of 1 t S d-1 (S-MIF/3) appears to be compatible with the available 638 

CN observations. 639 

There is increasing observational evidence supporting the uptake of H2SO4 on MSPs and the 640 

formation of mixed MSP-sulfate particles in the lower mesosphere and the upper stratosphere 641 

[Neely et al., 2011; Saunders et al., 2012; Campbell and Deshler, 2014; Murphy et al., 2014; 642 

Hervig et al., 2017]. Given the uncertainties surrounding the role of MSPs as condensation 643 

nuclei of sulfate particles, we have not included MSP-sulfate interactions in the model 644 

simulations presented here. The presence of MSPs and uptake of H2SO4 on them will tend to 645 

reduce the number density of sulfate aerosol formed by binary H2SO4-H2O nucleation in the 646 

upper part of the Junge layer, where mixed MSP-sulfate aerosol would be abundant. This 647 
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may then reduce the impact of meteoric sulfur on homogeneously nucleated SSA deduced 648 

from our calculations with CARMA, and therefore may help to accommodate a sulfur input 649 

larger than 1 t S d-1. The loss of gas-phase sulfur on MSP, which in the model calculations 650 

mentioned above results in a decrease of SO2 above 40 km, may allow a larger S-MIF as 651 

well.  In the present study, we are mainly concerned about the differences between model 652 

runs with and without meteoric sulfur using the best available knowledge on sulfur 653 

atmospheric chemistry. Finding closure to the atmospheric sulfur budget is beyond the scope 654 

of this study. 655 

4.3. Constraining the cosmic dust input into the Earth’s atmosphere. 656 

The results of the S-MIF simulation with an injection of 3.0 t S d-1 overestimate the observed 657 

abundances of a variety of sulfur species in different regions of the atmosphere. The S-MIF/3 658 

simulation predicts SO+, SO2 and CN profiles which are more consistent with observations. 659 

Therefore, sulfur observations in the upper stratosphere and above constrain consistently the 660 

input of meteoric sulfur to approximately 1.0 t S d-1. 661 

There are three main reasons why the input of sulfur may be overestimated by the abundance-662 

scaled Na MIF: i) a depletion of sulfur relative to sodium in IDPs (δ/γ < 1 in equation E1), ii) 663 

a less efficient ablation of sulfur compared to sodium (ϕS/ϕNa < 1), or iii) the sodium input 664 

itself is overestimated. Of these three explanations we favor the first, since the sodium input 665 

is now well characterized by lidar observations [Gardner et al., 2016], and a lower ablation 666 

efficiency of sulfur with respect to sodium seems unlikely based on laboratory experiments 667 

with heated meteorites [Jurewicz et al., 1993; Greshake et al., 1998]. In CC meteorites, the 668 

major carriers of sulfur are sulfate minerals, which are more refractory than sulfides (Burgess 669 

et al., 1991). However, sulfates are not found in MMs (Jessberger et al., 2001), and have 670 

been observed only as minor components in some stratospheric IDPs (Zolensky and 671 
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Lindstrom, 1992). Therefore, it can be inferred that sulfur is present mostly in the form of 672 

iron and nickel sulfides in cosmic dust, which evaporate at lower temperatures. 673 

There is evidence supporting enrichment of Na relative to all other major elemental 674 

constituents in cosmic dust, meteor showers and freshly ejected cometary particles [Trigo-675 

Rodriguez and Llorca, 2007; Schulz et al., 2015; Carrillo-Sánchez et al., 2016]. Carrillo-676 

Sanchez et al. [2016] needed an enrichment factor of γ = 2.5 of Na with respect to Fe to 677 

explain the relative vertical fluxes of Na and Fe atoms in the upper mesosphere. In fact, in 678 

order to obtain the same cosmic dust input rate (CDIR) from the measured inputs of meteoric 679 

sodium [Gardner et al., 2016] and iron [Huang et al., 2015]: 680 

ܴܫܦܥ ൌ ெூிఊൈ	௫	ൈ	థቚ௑ ൌ ଴.ଷସ	௧	ே௔	ௗషభఊൈ	଴.଴଴ସ଻	ൈ଴.଺ ൌ ଶ.ହ	௧	ி௘	ௗషభ	଴.ଵଽ	ൈ	଴.ଷ ൌ  ଵ              (E2) 681ି݀	ݐ	44

Na must be enriched by a factor of γ = 2.7 ± 1.5. The CDIR in equation E2 is the ratio of the 682 

MIF of a particular meteoric elemental constituent X to the product of the abundance of X in 683 

cosmic dust, multiplied by its ablation efficiency. To evaluate E2 for sodium and iron we 684 

have used estimated ablation efficiencies (Table 2) from experiments with the Meteor 685 

Ablation Simulator [Gómez Martín et al., 2017], and it has been assumed that IDPs are not 686 

depleted in iron. The analogous equation for sodium and sulfur is then: 687 

ܴܫܦܥ ൌ ଴.ଷସ	௧	ௗషభఊൈ	଴.଴଴ସ଻	ൈ଴.଺ ൌ ଵ.଴	௧	ௗషభ	ఋ	ൈ	଴.଴ସଵ	ൈ	థೄ ൌ  ଵ                 (E3)  688ି݀	ݐ	44

This implies that δ × ϕS ≤ 0.6 when considering 1.0 t d-1 as an upper limit for the sulfur input, 689 

which  is consistent with  ϕS ≥ ϕNa = 0.6 and suggests that δ ≤ 1 , i.e. that sulfur is chondritic 690 

or slightly sub-chondritic in IDPs. The average sulfur ablated fraction derived from CI and 691 

CM cosmic dust analogues is 0.8-0.9 [Greshake et al., 1998; Court and Sephton, 2014] for 692 

heating up to 1300 K during 10 to 15 s. Under the assumption of chondritic abundance of 693 
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sulfur in IDPs, an ablated fraction of 0.85 results in a CDIR = 29 t d-1, which is consistent 694 

with the 45% uncertainty of the CDIR value in equations E2 and E3. The laboratory 695 

determinations of the ablated fraction of sulfur were carried out under conditions not entirely 696 

relevant for the atmosphere. Although the heating curves were not reported, the duration of 697 

the heating pulses (longer than 10 s) are somewhat long compared to predictions from meteor 698 

physics calculations [Love and Brownlee, 1991]. It is therefore plausible that the atmospheric 699 

ablated fraction is slightly smaller than the aforementioned experiments suggest. Future 700 

laboratory measurements of the sulfur yield should be carried out under mass, size and entry 701 

angle dependent heating profiles in order to calculate more representative integrated 702 

atmospheric yields [Bones et al., 2016; Gómez Martín et al., 2017]. 703 

The only caveat to this interpretation is that the relative abundances of sodium and sulfur in 704 

unmelted and scoriaceous MMs [Kurat et al., 1994; Genge et al., 1997] and stratospheric 705 

IDPs [Schramm et al., 1989; Arndt et al., 1996] are close to chondritic (Figure S2), and in 706 

order to explain such relative abundances, an original enrichment of sodium could only be 707 

compensated by a lower ablation efficiency of sulfur, which as mentioned above seems 708 

unlikely. Stratospheric IDPs may be asteroidal in origin (due to their slow entry speed) and 709 

thus reflect a S/Na ratio closer to CI, but unmelted MMs have been shown to originate mostly 710 

from cometary meteoroids [Carrillo-Sánchez et al., 2016] and should reflect a depletion of 711 

sulfur with respect to sodium (assuming they are not altered by weathering). 712 

4. Conclusions 713 

This study indicates that cosmic dust ablation is the major source of sulfur to the MLT and 714 

the lower mesosphere, creating a layer of SO peaking at 90 km with a higher number density 715 

than the meteoric Fe layer. A photochemical equilibrium is established between SO and SO2 716 

in the MLT, where the partitioning changes seasonally with solar illumination. The number 717 
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density of SO is predicted to be high enough that it may be detectable through spectroscopic 718 

observation of the dayglow. Because of the lack of chemical sinks for SO2 due to low 719 

pressure and hydroxyl radical density in the mesosphere, most of the injected sulfur is 720 

transported into the upper stratosphere as SO2, where it contributes to the nucleation of 721 

sulfate aerosol in polar spring. The sulfate stratospheric CN layer is very sensitive to the 722 

meteoric injection rate: a moderate rate of 3.0 t S d-1 results in the model overestimating polar 723 

springtime CN above 20 km compared with observations. The present day input rate needs to 724 

be on the order of 1.0 t S d-1 to be consistent with all the observations available, including 725 

SO+ in the MLT, and SO2 and CN in the middle and upper stratosphere. An enhanced input 726 

of cosmic dust, such as during the Late Heavy Bombardment or a close encounter with a 727 

comet, would have a significant impact on the sulfate layer at high latitudes. The present day 728 

estimate of 1.0 t S d-1 translates into similar overall input rates of cosmic dust that were 729 

deduced from the measured Fe and Na fluxes, supporting the superchondritic abundance of 730 

Na suggested in previous work, and implying a chondritic abundance of sulfur in cosmic dust 731 

and a similar ablated fraction of meteoric Na and S. Future refinements of the estimated input 732 

rate of meteoric sulfur presented here should address the impact of heterogeneous nucleation 733 

of H2SO4 by MSPs. 734 
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Table 1. Sulfur ion-neutral and dissociative recombination (DR) reactions. 748 

# Reaction ΔH298/kJ mol-1 a
 k/ 10-10 cm3 s-1 Reference 

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

+, branching 50% b   
2 S + O2

+ → SO+ + O -194.2 1.0 same as N + O2
+, branching 50% b 

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 calculation c 
5 SO + N2

+ → SO+ + N2 -509.8 19×(T/300) -0.5 dipole-ion calculation c 
6 SO2 + N2

+ → SO2
+ + N2 -311.6 5.0×(T/300) -0.5 experimental 298 K, b T dependence dipole-ion c 

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 K b with T dependence dipole-ion b 
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 calculation c 
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-ion c 

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

+ + H b 
20 SO2

+ + CO → SO+ + CO2 -179.3 3.0×(T/300) -0.5 experimental 298 K, b T dependence dipole-ion c 
21 SO2

+ + e- → SO + O -639.6 2300×(T/300) -0.5 experimental with typical DR T dependence e 
22 SO2

+ + e- → S + O +O -118.2 1500×(T/300)-0.5 experimental with typical DR T dependence e 
a NIST Chemistry webbook [Linstrom, 2016] and references therein.  749 
b An Index of the Literature for Bimolecular Gas Phase Cation-Molecule Reaction Kinetics [Anicich, 2003] and references therein. 750 
c [Georgievskii and Klippenstein, 2005].  751 
d [Gómez Martín and Plane, 2011]. 752 
e Dissociative Recombination [Florescu-Mitchell and Mitchell, 2006] and references therein. 753 
 754 
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 755 

Table 2. Estimated abundances of iron, sulfur and sodium in IDPs, calculated ablated fractions and observed meteoric metal fluxes.  756 

 SPWW fractions (%) d Fe S Na 
CI&CM a 75 19.6 4.6 0.45 
OC b 10 22.5 2.2 0.68 
Anhydrous c 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 
ϕ f  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 
a Average of CI and CM % weight abundances [Hutchison, 2004] 757 
b Average of H, L and LL % weight abundances [Hutchison, 2004] 758 
c % weight abundances in coarse stratospheric IDPs [Schramm et al., 1989] 759 
d Contribution of different meteoritic compositional groups to the 2000 South Pole Water Well MM Collection [Taylor et al., 2012]  760 
e Ratio of elemental sulfur abundance (% atom) to abundance of element X (X = Fe, Na) 761 
f Ablated fractions of Fe and Na from the meteor ablation simulator (MASI) [Gómez Martín et al., 2017] weighted with the Planck or the IRAS mass distributions [Carrillo-762 
Sánchez et al., 2016]. 763 
g Fluxes from [Huang et al., 2015; Carrillo-Sánchez et al., 2016; Gardner et al., 2016] 764 
 765 
        766 
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Figures 767 

 768 

Figure 1. Atmospheric sulfur cycle. Solid, dashed and dash-dotted lines indicate respectively 769 

chemical, photolysis and electron recombination reactions. 770 
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 771 

Figure 2. Panel a: Number density annual global averages vs. altitude for the major sulfur-772 

containing species. Dashed lines correspond to the reference simulation and solid lines to the 773 

S-MIF simulation. Panel b: contribution of meteoric sulfur (S-MIF run) to the total gas phase 774 

sulfur number density as a function of altitude for six different latitudinal zones (colors) and 775 

the global average (grey). Panel c: ratio of total gas phase sulfur in the S-MIF/3 simulation to 776 

total gas phase sulfur in the S-MIF simulation for different latitudinal zones and the global 777 

average (grey). 778 

 779 

 780 

 781 

 782 

 783 

 784 
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 785 

 786 

Figure 3. Number density seasonal averages vs altitude and latitude of SO+, SO and SO2 in 787 

the MLT from the S-MIF simulation (DJF: December-January-February; MAM: March-788 

April-May; JJA: June-July-August; SON: September-October-November). The  S-MIF/3 789 

simulation produces identical distributions, but with number densities smaller by a factor of 790 

3. 791 
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 792 

Figure 4 Volume mixing ratio (VMR) seasonal averages vs altitude and latitude of SO2 in the 793 

mesosphere. Contour black lines: VMR  for the reference simulation (without meteoric 794 

sulfur). Filled color contours: percent change by adding meteoric sulfur (left column: S-MIF 795 

simulation; right column: S-MIF/3 simulation). 796 



39 
 

 797 

Figure 5. VMR seasonal averages vs. altitude and latitude of SO2 in the stratosphere. 798 

Contour lines: VMR  for reference simulation. Filled color contours: percent change by 799 

adding meteoric sulfur (left column: S-MIF simulation; right column: S-MIF/3 simulation). 800 



40 
 

 801 

Figure 6. VMR seasonal averages vs. altitude and latitude of SO3 in the stratosphere. 802 

Contour lines: VMR  for reference simulation. Filled color contours: percent change by 803 

adding meteoric sulfur (left column: S-MIF simulation; right column: S MIF/3 simulation). 804 
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 805 

Figure 7. VMR seasonal averages vs. altitude and latitude of H2SO4 in the stratosphere. 806 

Contour lines: VMR  for reference simulation. Filled color contours: percent change by 807 

adding meteoric sulfur (left column: S-MIF simulation; right column: S-MIF/3 simulation). 808 
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 809 

Figure 8: Number density seasonal averages vs altitude and latitude of pure sulfate 810 

condensation nuclei. Left column: first size bin,  right column: wet radius R > 3 nm. Black 811 

contour lines: VMR  for the model run without meteoric sulfur. Filled color contours: percent 812 

change by adding meteoric sulfur (S-MIF simulation). 813 
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 814 

Figure 9: Number density seasonal averages vs altitude and latitude of the total number of 815 

pure sulfate condensation nuclei (left  column) and surface area density (SAD) (right 816 

column). Black contour lines: VMR for the model run without meteoric sulfur. Filled color 817 

contours: percent change by adding meteoric sulfur (S-MIF simulation). 818 
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 819 

Figure 10: Observed (black) and modeled (S-MIF in blue and S-MIF/3 in red) vertical 820 

profiles of SO+. Panel a: Summer NH (average of S26/1, S26/2, SP37 and 18.10006, see text 821 

for description of rocket flights). Only one measurement was available above 100 km. Panel 822 

b: Fall-Winter NH (average of 18.10008, 33.009, 33.010, 18.020 and 18.021). Observations: 823 

geometric mean and geometric standard deviation. Model: daytime zonal average (35-70N) 824 

profiles for the corresponding months. The uncertainty of the observations is of the order of 825 

100% [Swider et al., 1979]. 826 
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 827 

Figure 11: SO2 VMR seasonal averages vs. altitude and latitude (2002-2012). Left column: 828 

S-MIF/3 run. Middle column: reference run. Right column: MIPAS. The model results have 829 

been smoothed vertically and latitudinally as indicated in the text. 830 

 831 

 832 

 833 

 834 

 835 

 836 
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 840 
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 842 

Figure 12. Zonal averages of SO2 VMRs as a function of altitude, for the Polar Regions in 843 

the winter hemisphere. MIPAS observations are shown by squares, and the reported 844 

variability range (1 standard deviation) is given by triangles [Höpfner et al., 2013]. The 845 

reference, S-MIF and S-MIF/3 simulations are shown by green, red and blue thick lines, 846 

respectively. The variability range within the winter season for the S-MIF/3 simulation is 847 

given by blue thin lines. The reference run generally falls within the variability range of the 848 

observations, while the S-MIF run overestimates by a factor of 3 and 5 for the Artic and the 849 

Antarctic zones respectively. The S-MIF/3 run is broadly compatible with the observation, 850 

since the variability range of the simulations generally overlaps with the observational range. 851 
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 852 

Figure 13: Panel a: geometric mean of balloon observations at 43º N (Laramie, USA) carried 853 

out during September and October between 1980 and 1986. Modeled profiles from the 854 

reference and S-MIF runs are shown as continuous lines. Panel b: comparison of the MIPAS 855 

SO2 number density vertical profile for 40º - 50º N and September-November 2002-2012 to 856 

the corresponding modeled reference and S-MIF profiles. Thick black solid lines indicate the 857 

variability of the observations (1 standard deviation) and the thin dashed lines the uncertainty 858 

of the retrieval. Modeled profiles smoothed with the vertical resolution of the instrument as 859 

indicated in the test are shown by dashed lines. The red squares show the result of adding to 860 

the modeled, unsmoothed SO2 vertical profile the difference between the observed and 861 

modeled H2SO4 balloon vertical profiles in panel a, and then smoothing with the MIPAS 862 

vertical resolution. 863 
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 864 

Figure 14: September monthly averages of CN balloon observations at McMurdo Antarctic 865 

research station (78º S) between 1986 and 2010 (squares). The shaded areas indicate the 866 

uncertainty of the measurements and the horizontal bars the variability range [Campbell and 867 

Deshler, 2014]. The cut-off radius of the observations is 3 nm below 50 hPa (~20 km, dotted 868 

horizontal line) and increases towards 10 nm for lower pressure (higher altitude). The 869 

corresponding monthly averages at the same location from the reference, the S-MIF/3 and the 870 

S-MIF model runs are shown in black, blue and red, respectively. Circles and triangles 871 

represent modeled CN with R > 3 nm and R > 10 nm, respectively. 872 

 873 

  874 
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