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Abstract. Meteoroids entering the Earth’s atmopsphere ex-
perience strong deceleration and ablate, whereupon the re-
sulting material is believed to re-condense to nanometre-size
’smoke particles’. These particles are thought to be of great
importance for many middle atmosphere phenomena, such
as noctilucent clouds, polar mesospheric summer echoes,
metal layers, and heterogeneous chemistry. The properties
and distribution of meteoric smoke depend on poorly known
or highly variable factors such as the amount, composition
and velocity of incoming meteoric material, the efficiency of
coagulation, and the state and circulation of the atmosphere.
This work uses a one-dimensional microphysical model to
investigate the sensitivities of meteoric smoke properties to
these poorly known or highly variable factors. The result-
ing uncertainty or variability of meteoric smoke quantities
such as number density, mass density, and size distribution
are determined. It is found that the two most important fac-
tors are the efficiency of the coagulation and background ver-
tical wind. The seasonal variation of the vertical wind in the
mesosphere implies strong global and temporal variations in
the meteoric smoke distribution. This contrasts the simplis-
tic picture of a homogeneous global meteoric smoke layer,
which is currently assumed in many studies of middle atmo-
spheric phenomena. In particular, our results suggest a very
low number of nanometre-sized smoke particles at the sum-
mer mesopause where they are thought to serve as condensa-
tion nuclei for noctilucent clouds.

1 Introduction

Meteoric material reaching the Earth’s ablates in the 80-
100 km region and is believed to re-condense into tiny so-
called ”smoke particles” (Hunten et al., 1980). These parti-
cles are especially important in the middle atmosphere where
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dust sources from below are small. The smoke particles are
thought to play a major role in a host of middle atmospheric
phenomena, such as noctilucent clouds, polar mesospheric
summer echoes, metal layers, and heterogeneous chemistry
controlling key species such as water vapour.

Noctilucent clouds and polar mesospheric summer echoes
are both a direct consequence of the presence of ice particles
(e.g. Witt, 1969; Rapp and Liibken, 2004). The formation
process of these ice-particles is however unclear. At water
vapour partial pressures and temperatures of the mesopause
region, homogeneous nucleation is considered unlikely such
that pre-existing ice nuclei are deemed necessary (Keesee,
1989). Over the years, many different candidates for these
nuclei have been proposed, such as ion clusters, sodium bi-
carbonate molecules, sulfate aerosols, soot particles, and me-
teoric smoke particles (see Rapp and Thomas (2006) for a
recent review). However, among these, meteoric smoke par-
ticles are considered the most likely candidate.

The ablated meteoric material also gives rise to metal atom
(Na, Fe, K, Mg) layers at altitudes of 80-100 km that easily
can be detected by lidars. Plane (2004) shows that the diurnal
variation of these layers only can be modelled satisfactorily
by the inclusion of meteoric smoke particles serving as a sink
for the metal species. Summers and Siskind (1999) discuss
a local maximum in the water vapour distribution that occurs
around 70 km altitude and cannot be explained applying con-
ventional gas phase chemistry. They speculate that the reac-
tion O + Hy — HyO may occur on the surface of the smoke
particles and explain the observed water maximum.

Despite the obvious scientific interest in these smoke par-
ticles, little is known about their actual properties. This lack
of knowledge is mainly due to the complications involved
in measurements at these altitudes where in situ studies only
can be carried out using sounding rockets. Because of the
difficulties in detecting neutral particles, measurements of
nanometre-sized particles in the mesosphere are so far only
available for the charged fraction of the total particle popula-

© 2006 Author(s). This work is licensed under a Creative Commons License.



»
’ meteoroids 7

-
atoms
molecules smoke
L ]
\ Allatinn . " chemistry & ® *
70-100 km e —> = —_— -
‘/ ' * ¢ condensation °
"\I coagulation
]

sedimentation

1

i
] &
\ advection
1

meteorites

]
v
Fig. 1. Fate of the meteoric material entering the Earth’s atmosphere

tion (Schulte and Arnold, 1992; Gelinas et al., 1998; Croskey
et al., 2001; Lynch et al., 2005; Rapp et al., 2005).

The term ’smoke’ has its origins in the space society and
refers to particles formed by condensation or chemical reac-
tion from molecularly dispersed matter (Gray, 1936). The
first to describe the re-condensation of ablated meteoric ma-
terial into smoke particles and to suggest their possible im-
portance in the mesosphere was Rosinski and Snow (1961).
In 1980, Hunten et al. (1980) performed a thorough study
where they treated the ablation process, the coagulation, and
the re-condensation to smoke particles and computed the
smoke distribution. However, many of the factors that de-
termine the distribution were, and are to a large extent still
today, poorly known. These factors include the amount of
meteoric input, the height at which the ablation occurs and
the density and coagulation efficiency of the smoke particles.
Other factors, such as the state of the background atmosphere
including winds and eddy diffusion, might be easier to deter-
mine, but are instead highly variable.

The aim of this work is to investigate the sensitivities of
the smoke particle system to these poorly known and highly
variable factors and to determine the resulting uncertain-
ties/variability of meteoric smoke quantities such as number
density, mass density, and size distribution. The study is car-
ried out using a 1-dimensional version of the CARMA model
which is described in section 3.

2 Physical processes controlling the smoke production

A schematic picture of the interactions believed to take
place once meteoric material enters the earth’s atmosphere
is shown in Fig. 1.

Reaching the atmosphere the meteoroids experience a
strong deceleration and an associated heating. As the tem-
perature reaches the boiling temperature the meteor starts ab-
lating. At which altitude this happens depends on the speed,
size and the composition of the meteoroids (Ceplecha et al.,
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1998). Faster meteoroids experience stronger deceleration
and therefore ablate at higher altitudes. The smaller mete-
oroids are more efficient at radiating the gained energy and
can hence survive a stronger deceleration without the onset
of ablation. The very smallest meteoroids (< 11.5ug at 12
km/s, see Hunten et al. (1980)) never reach the boiling tem-
perature and remain intact throughout the atmosphere. The
slowest and largest meteoroids may not fully evaporate so
that a residual meteorite remains, and less material is de-
posited in the atmosphere.

Subsequent steps in the evolution of smoke particles are
highly uncertain: Following Rosinski and Snow (1961),
Plane (2000) has argued that the concentration of the ablated
material within the meteor trail is too low to compete with
the outward diffusion of the meteor trail. Hence, a direct
re-condensation of the meteoric material inside the trail on
time scales of seconds to minutes is very unlikely. Instead,
molecules and molecular clusters formed in the ablation pro-
cess become “normal” actors in the mesospheric gas phase
chemistry. Plane (2003) has recently pointed out that me-
teoric smoke particles are probably formed by polymerisa-
tion processes of metallic compounds and silicon oxides (all
originating from meteoric ablation), since several of these
species (particularly the metal mono-hydroxides, carbonates,
and bi-carbonates) have large dipole moments. Nanometre-
sized smoke particles are then thought to be subsequently
formed by coagulation processes. As coagulation continues
the particles are constantly subject to sedimentation as well
as diffusion and advection by the wind.

How effective the coagulation is, depends on the probabil-
ity of collision and the ’sticking efficiency’, i.e. the proba-
bility of sticking once having collided. The latter is a func-
tion of the roughness of the particle surface, the shape of
the particle, as well as of atmospheric factors. We know too
little about the smoke material to determine this efficiency
but since the kinetic energy of the collisions is very small
(~ 1072 eV) bounce-offs can be considered unlikely, and
we assume a sticking efficiency of unity.

In the atmosphere, particles collide as a result of sedi-
mentation speed differences, turbulent motion, intra-particle
forces and Brownian motion. We shall here concentrate on
the Brownian coagulation since the coagulation due to sedi-
mentation speed differences and turbulent motion is negligi-
ble for particles smaller than 1xm in diameter (Fuchs, 1964)
and that of inter-particular forces is difficult to estimate be-
cause of the unknown composition of smoke particles (this
is dealt with in section 4.4). The efficiency of the coagu-
lation due to Brownian motion in the continuum regime for
low Knudsen numbers is described by the Brownian coagu-
lation kernel which for two particle populations i and j can
be written as (Pruppacher and Klett, 1997)

Kiyj :4’/T(T’Z‘+’I“j)(D¢+D]‘) (1)

Here r;, r; are the radius of particles i and j respectively
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and D;, D; are the corresponding diffusion coefficients, de-
fined as
kT

where kp is Boltzmann’s constant, 7' the temperature, 7 the
viscosity of air, Kn the Knudsen number and A, B and C
are corrections for particle resistance to motion (Millikan,
1923). In the upper parts of the mesosphere the air becomes
so thin that continuum flow is no longer a good approxima-
tion. The model therefore uses an interpolation formula de-
veloped by Fuchs (1964) which covers both the free molecu-
lar regime and the continuum regime and simplifies to equa-
tion equ:BrownContinuum. See Jacobson et al. (1994) for
further information.

Using expression 1 for the coagulation kernel the change
in concentration ny, of particles & can be written (Pruppacher
and Klett, 1997)

k—1 &S]
% = % ; K p—ining—; — ny ; K; xn; 3)
The first term represent the production of k-particles by co-
agulation of smaller particles and the second term represent
the k-particles that coagulate with others resulting in even
bigger particles. The factor 1/2 in the first time is due to the
fact that only one k-particle is produced from every pair of
colliding particles.

3 The Community Aerosol and Radiation Model for At-
mospheres: CARMA

CARMA is a flexible three-dimensional microphysical
model developed over the past 25 years, and has been applied
to a wide variety of atmospheric problems both on Earth and
on other planets. The applications range from studies of tro-
pospheric cirrus clouds (e.g. Jensen et al., 2001), via polar
stratospheric clouds (Toon et al., 1989), up to studies of noc-
tilucent clouds (e.g. Rapp and Thomas, 2006). The model
originated from a one dimensional stratospheric aerosol code
developed by Turco et al. (1979) and Toon et al. (1979) that
included both gas phase sulfur chemistry and aerosol micro-
physics. Later it was improved and extended to three dimen-
sions as described by Toon et al. (1988).

The transport of particles is handled by an Eulerian trans-
port scheme with a time step of 2000 s. In order to properly
handle vertical transport in a one-dimensional model, num-
ber densities of aerosol particles need to obey the continuity
equation in the form (Jensen et al., 1989, their equation 1)

on 1 9pair 1 0w
E - <pai7- 0z + E&) “)

where n is the number density of the transported species,
pair 1s the density of air, and w is the vertical velocity at
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which transport takes place. In the real 3-dimensional atmo-
sphere this continuity approach can be interpreted in terms of
a source/sink provided by the meridional circulation. Appli-
cation of equation 4 also ensures that the model satisfies the
hydrostatic equation.

The coagulation algorithm used in the model was devel-
oped by Toon et al. (1988) and Jacobson et al. (1994) where
it is described in detail. The scheme allows the computa-
tion of coagulation among any number of particle types, each
containing any number of substances. For the purpose of this
study it is enough to treat meteoric smoke as one substance.
This reduces the problem to only one particle type and thus
greatly decreases the necessary computing power. The parti-
cles are treated as spherical and two colliding particles result
in coalescence, so that another spherical particle is produced.

The model uses geometric bins where the particle volume
assigned to one bin is equal to that of the previous bin multi-
plied by a constant factor,Vz a1 (VrRar = 1.6 in the current
study), so that the volume of the ith bin is

v; = 1 Vi ®)

and the radius

ri ="T1 Véﬁ;qp/j (6)
where v; and 7; are the volume and particle radius corre-
sponding to the first bin, respectively.

When two particles of volume v; and v; coagulate, the
volume of the resulting particle is V;; = v; + v;. The new
volume is likely to be in-between the volumes of two model
bins. To conserve volume it is therefore necessary to partition
the new particle between the two bins k£ and k£ + 1. This is
done by defining a volume fraction f; ;1 (0 < fi ;1 < 1),
of the new particle of size V;;, that is partitioned to the two
model bins k£ and k£ + 1 according to (Jacobson et al., 1994)

fijk = (M) Uk 7

V1 — Uk ) Vi

This factor assumes geometrical bins and takes the size dif-
ference of the two bins into account.

For current purposes, we utilise the one-dimensional ver-
sion of CARMA. This allows us to do many sensitivity stud-
ies in a reasonable amount of computation time. The model
domain spans from 10 to 110 km altitude with a resolution
of 0.25 km. The meteor smoke particle size distributions are
evaluated on radius grids consisting of 35 size bins between
0.2 to 40 nm.

Finally, the piecewise parabolic method algorithm (Colela
and Woodard, 1984) was used for both advection in the
vertical and deposition growth (advection in particle radius
space). For more information on the numerical aspects of the
model, see Toon et al. (1988).

As an initial test of our simulations, we have tried to repro-
duce the results of Hunten et al. (1980). This means that we
ran the model with the input parameters used in Hunten et al.
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Fig. 2. Distributions of smoke particles as computed by the

CARMA model using the same ablation profi le and eddy diffusion
as Hunten et al. (1980) (solid lines); a) the total smoke particle num-
ber density as a function of altitude and b) the size distribution at
90 km. The original model results by Hunten et al. are shown as
squares.

(1980), i.e. their ablation profile, no vertical wind, an initial
particle size of 0.2 nm in radius, Brownian coagulation, and
eddy diffusion coefficients of 100 m? above 80 km, which
then decrease with an average scale height of 16 km below.
Fig. 2 shows the steady state number and size distribution of
smoke particles as computed by the CARMA model (solid
line) and the original distributions from Hunten et al.. Their
results are well reproduced with our model setup.

4 Sensitivity study
4.1 Reference profile

We will now construct a reference case based on our current
best estimates of the input variables. Then all further sen-
sitivity studies will be compared to this case. We adopt the
ablation profile from Hunten et al. (1980), see Fig. 3a, which
corresponds to a meteoric mass influx of 44 metric tons/day.
We assume that there is no substantial re-condensation of
particles in the meteor trail because the outward diffusion
of such trails is thought to be too rapid to maintain a su-
persaturated environment (see above). Hence, we start our
calculations with initial particles sizes well within molecular
dimensions, i.e., at a radius of 0.2 nm. For the profile of verti-
cal eddy diffusion-coefficients we use a seasonal and latitudi-
nal average of the eddy diffusion-coefficients calculated with
the two-dimensional chemical-dynamical CHEM2D model
(Summers et al., 1997) (see Fig. 3). The temperatures and
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Fig. 3. Profiles used as model input, where the solid lines have
been used to produce the reference profile; a) the ablation profi le,
b) temperature profi les, ¢) eddy diffusion profi le, d) vertical wind
profi les for summer (dashed) and winter (dashed-dotted).

densities of the atmosphere are those of the US standard at-
mosphere, and the vertical wind is set to zero. Mass input
according to the ablation profile is fed into the model at every
time-step, and the model is run until an approximate steady
state is reached. At altitudes of ~80 km, this happens af-
ter approximately 1 month, whereas at altitudes of 65 km,
three months are needed. In order to guarantee steady state
conditions down to an altitude of 65 km, our standard model
integration time was hence chosen as three months.

The steady state profiles are shown as black lines in Fig. 4
and 5. The left hand panel shows the total number densities,
the middle panel shows the number densities of particles with
radii larger than 1 nm radius, and the right hand panel shows
the mass density. The limit of 1 nm radius has been chosen,
since this is approximately the size the particles need to be in
order to serve as condensation nuclei for noctilucent clouds
(Keesee, 1989). As we can see from the size distributions
shown in Fig. 5 the number density decreases rapidly with
size so that only 4% of percent of the particles are bigger than
1 nm. However, these particles make up 96% of the mass.

In the following sensitivity study the input variables have
been varied within geophysically reasonable limits. These
limits are based either on theoretical arguments or on mea-
surements, as described in each section. The effect that each
input variable has on the smoke distribution is then studied
by comparing the perturbed profile to that of the reference
case.
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Fig. 4. Sensitivity of smoke the distribution as result of uncertainty and variability in the studied factors. The left hand panel (a,d,g) shows
the total number densities, the middle panel (b,e,h) shows the number densities of particles bigger than 1 nm radius and the right hand panel
(c.f,i) shows the mass density. The top panel(a,b,c) shows effects due to uncertainties in meteoric input, where the light blue lines represent
the amount of input and the magenta lines the altitude of the ablation. The middle panel (d,e,f) shows the effects of internal smoke factors,
yellow being the effects of coagulation uncertainties and red those of density/shape uncertainties. The bottom panel (g,h,i) shows the effect
of atmospheric factors, dashed black line represents summer temperatures and densities, green line shows uncertainties due to eddy diffusion
and blue lines show variations due to the vertical wind.
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Fig. 5. Sensitivity of smoke size distribution as result of uncertainty
and variability in the studied factors. The top panel shows effects
due to uncertainties in meteoric input; the light blue line represent-
ing the amount of input and the magenta lines the altitude of the
ablation. The middle panel shows the effects of internal smoke fac-
tors, yellow being the effects of coagulation uncertainties and red
those of density/shape uncertainties. The bottom panel shows the
effect of atmospheric factors, dashed black line represents summer
temperatures and densities, green line shows uncertainties due to
eddy diffusion and blue lines show variations due to the vertical
wind.

4.2 Amount of meteoric material

The estimates of how much meteoric material enters the
earth’s atmosphere vary from 5 to 400 tons per day (Gabrielli
et al., 2004; Love and Brownlee, 1993; Mathews et al., 2001;
Ceplecha et al., 1998). There are two reasons for this wide
spread of estimates. The first is the problems involved in
measuring this quantity and the second is that different mea-
surement techniques are sensitive to different size ranges of
incoming meteoroids. For studies concerned with the mete-
oric smoke only the meteoric material that ablates and thus
stays in the atmosphere is of interest. As mentioned earlier
the smallest particles do not ablate and the biggest impacts
are very rare and the involved meteoroids do not fully ab-
late. Within the remaining size range of meteoroids the mass
distribution peaks around 10~° g (Flynn, 2002) and as much
as 80 % of the incoming mass originates from meteoroids of
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sizes between 10~ "g and 10~3g (von Zahn, 2005). Hence,
for atmospheric studies, it is enough to consider this mass
range. The studies giving the very lowest estimates of the
total influx (Mathews et al., 2001) has omitted part of this
mass range whereas the study reporting the highest estimate
(Ceplecha et al., 1998) also includes the masses of the very
biggest meteoroids. Currently, 55-165 tons/day is thought to
be the most likely range of values for the amount of meteoric
material that gets deposited in the atmosphere. (von Zahn,
2005). To study the influence of the amount of meteoric ma-
terial on the smoke distribution we have multiplied our orig-
inal ablation profile (44 tons/day) with factors f=0.1 and f=5,
respectively. The influence on the steady state smoke distri-
bution is shown as light blue dashed (f=0.1) and solid lines
(f=5) in Figs. 4 and 5. We see that a multiplication of the
meteoric input by a factor of 5 only corresponds to a dou-
bling of the total number densities at 80-90 km. The changes
in number densities of particles bigger than 1 nm radius are
similar. Studying the mass density, we see that a change in
meteoric input has less effect at the higher altitudes than at
lower altitudes. This is due to the fact that more ablated ma-
terial results in more coagulation which in turn makes the
particles sediment faster. This coagulation effect can also be
seen in the size distribution in Fig. 5, where an increase in
meteoric input results in greater amounts of large particles.

4.3 Height of maximum ablation

The velocity of the incoming meteoroids determine the al-
titude at which the ablation occurs; a faster meteoroid ex-
perience a faster de-acceleration once it reaches the atmo-
sphere and thus ablates at a higher altitude. The minimum
meteoroid velocity is that of free fall, i.e., 11.2 km/s. Such
a meteoroid would experience maximum ablation at 80 km
(Hunten et al., 1980). The mean velocity of the incoming
meteoroids is not very well known, estimates lie between 14
km/s (Kalashnikova et al., 2000) and 24 km/s (Taylor, 1995).
This corresponds to an uncertainty in the height of ablation of
about 10 km (Hunten et al., 1980). The effect of the velocity
uncertainty was therefore studied by simply shifting the orig-
inal ablation profile, which has a maximum around 83 km, 10
km upwards respectively downwards. The resulting smoke
distributions are shown as magenta lines in Figs. 4 and 5, the
solid line representing the upward shift and the dashed line
the downward shift. We conclude that the ablation altitude
has little effect on the total size distribution apart from the
obvious effect that the whole distribution is shifted accord-
ingly. Looking at the number densities of particles bigger
than 1 nm radius and the mass density, we find that only the
upper part of the distribution is altered (i.e., above 75 km),
while the lower part of the distribution remains almost un-
changed.
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4.4 Coagulation efficiency

As mentioned in section 3 the model assumes spherical
particle-coagulation due to Brownian motion. If intra-
particle forces existed or if the particle shape were non-
spherical, this assumption would be a strong oversimplifica-
tion. Particle charging may effectively shut off coagulation if
all particles are equally charged (Jensen and Thomas, 1991),
or significantly enhance coagulation if they are oppositely
charged (Reid, 1997). Both these cases can be feasible in the
atmosphere depending on the ratio of particle number den-
sity to the local plasma number density and, hence, on time
of day, altitude, latitude, solar activity and other factors. We
estimate the uncertainty of the global average of the coagu-
lation efficiency by varying the coagulation rate between 0.1
and 10 times the nominal value. The result can be seen as
yellow lines in Figs. 4 and 5 where the dashed lines show
the low coagulation rate and the solid lines the high rate. As
expected, we get a lower total number density with stronger
coagulation (Fig. 4d). More surprisingly, we also get a lower
number density of the particles bigger than 1 nm radius (Fig.
4e). The reason is that enhanced coagulation favours the cre-
ation of particles of even bigger sizes. Indeed for particles
bigger than 7 nm radius, we do get an enhanced number den-
sity as a result of increased coagulation. Studying the mass
density (Fig. 4f) we can see a slight decrease with increasing
coagulation efficiency due to the fact that more coagulation
results in bigger particles that sediment more rapidly. This
shift towards bigger particles can also be seen in the size dis-
tribution at 80-90 km shown in Fig. 5.

4.5 Density and shape of the particles

The majority of the meteorites found on the ground have bulk
densities of around 2-4 g/cm? (Consolmagno et al., 2006).
Although this value probably well represents the incoming
meteoroids it might not be representative for meteoric smoke
particles. Once the smoke particles have formed, the nature
of the coagulation process determines the shape of the parti-
cles. This may be anything form solid spheres (which is what
we assume for our reference scenario) to fluffy aggregates or
needle-like particles. The shape of the particles determines
the sedimentation speed and coagulation kernels (see Table 1
in Turco et al. (1982) and the corresponding discussion of
their equations 8-11). As a first approximation we simulate
the sedimentation speed effect simply by varying the density
of the particles. The red lines in Figs. 4 and 5 represents the
effect on the smoke distributions when the original density
of 2 g/cm? is increased to 5 g/cm? (solid lines) and reduced
t00.2g/ cm? (dashed lines). As expected, denser smoke ma-
terial results in a smoke distribution at lower altitudes (see
Fig. 4d). This effect is even more pronounced for the parti-
cles bigger than 1 nm radius (see Fig. 4e). The density of the
material has however little effect on the maximum number
density. It also has little effect on the mass density (Fig. 4e).
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This slightly counter-intuitive fact is explained by a rapid de-
crease of the bigger particles (2 3 nm radius) which sediment
out of the domain. The enhanced sedimentation rate associ-
ated with a higher material density leads to a reduction of the
bigger particles at the mesopause, as can be seen in Fig. 5b.

4.6 Background state of the atmosphere

The background state of the atmosphere can in principle in-
fluence the particle evolution as e.g. fall speed and coag-
ulation depend on density and temperature. For our ref-
erence profile we used number densities and temperatures
taken from the US standard atmosphere which is an annual
and global average. The real temperature varies with season
and latitude and reaches its extreme values at the poles with a
summer-winter difference of nearly 100 K at the mesopause
(e.g. Liibken and von Zahn, 1991). To study the effects of the
background atmosphere we therefore used summer temper-
atures and densities taken from the CHEM2D model (Sum-
mers et al., 1997). This temperature distribution is shown
as a dashed line in Fig. 3, where the solid line shows the
US standard atmosphere. The densities are of course con-
nected to the temperatures and the greatest relative differ-
ences between the US standard atmosphere and the summer
CHEM2D profile are found around 100 km and amount to a
factor two. The effect of the background atmosphere on the
smoke distributions is shown as black dashed lines in Figs.
4 and 5. The effect is minuscular and it is hard to separate
the dashed line from the underlying solid black line of the
reference profile.

4.7 Eddy diffusion

In order to parameterise atmospheric motions which cannot
be resolved by a particular model (like e.g., small scale waves
and turbulence), the concept of eddy-diffusion is usually ap-
plied in which these non-resolved parts of the atmospheric
flow are simply treated as a diffusive process. Hence, pro-
files of eddy-diffusion coefficients cannot be directly mea-
sured, but must be inferred through a combination of mod-
elling and measurements of e.g. the vertical distribution of
trace constituents (Chabrillat et al., 2002). This results in a
wide range of estimates; the maximum mesospheric vertical
eddy diffusion ranges from 10 m?/s (CHEM2D model av-
erage over latitudes and seasons) to 1000 m?/s (Hocking,
1990). To reflect this spread we have multiplied our initial
eddy diffusion profile which peaks at 10 m2 /s (see Fig. 3)
with a factor 100. The result on the smoke distribution is
shown by the solid green line in Figs. 4 and 5. Eddy diffu-
sion acts to spread the particles over a larger altitude interval.
The effects are seen in the total number densities (Fig. 4g),
in the number densities of particles bigger than 1 nm radius
(Fig. 4h) as well as in the mass density (Fig. 4i). Since our
reference case is at the lower end of the estimated eddy dif-
fusion profile, a further reduction of the eddy diffusion has
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Fig. 6. Sensitivity of the colum density to different factors; a) col-
umn density of all particles and b) column of density of particles
larger than 1 nm radius. The variability is to be interpreted as ’times
the reference case’

little effect. That can be seen by the dashed green lines in
Figs. 4 and 5, which show the resulting smoke distribution
when the eddy diffusion profile was divided by 10

4.8 Vertical wind profile

The mesospheric residual circulation is characterised by
strong up-draught at the summer pole, transport towards the
winter hemisphere and down-draught at the winter pole. The
extreme vertical wind profiles as computed by the CHEM2D
model (Summers et al., 1997) are shown in Fig. 3d, where the
dashed line is appropriate for northern hemispheric summer
conditions, and the dashed-dotted line shows the correspond-
ing winter profile. Using these two profiles as vertical wind
input we obtain the smoke distributions seen as blue lines in
Fig. 4 and 5, the solid line corresponding to the summer pro-
file and the dashed line to the winter profile. We notice that
the winds have little effect on the total smoke number den-
sities between 80 and 100 km (Fig. 4g). However, studying
particles bigger than 1 nm radius, the effect becomes dra-
matic (see Fig. 4h). In the winter we expect an enhanced dis-
tribution (dashed line) whereas in summer the number den-
sities are reduced to less than 1 particle/cm? (the solid line
can thus not be seen in the figure). The effect of the vertical
wind on the mass densities can be understood as a combina-
tion of these effects; the winter profile showing only a little
effect whereas the summer winds lead to a strong reduction
due to the loss of bigger particles.
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4.9 Summary of sensitivities

In order to easily compare the effects of the different factors,
we have studied the change in column density compared to
that of our reference profile. Corresponding results (i.e., re-
sulting column densities relative to the reference case) are
presented in Fig. 6. The upper panel shows the effect on the
column density of all particles, the lower panel shows the col-
umn density of particles bigger than 1 nm radius. We see that
the uncertainty in coagulation efficiency induces the greatest
uncertainties in the total column density, ranging from 0.3 to
3.5 times that of the reference profile. Looking at the parti-
cles bigger than 1 nm radius we see that the variation in the
vertical wind can cause the column density to vary from less
than 1075 (i.e., essentially zero) to 5.6 times that of the ref-
erence case with no wind, and that the coagulation efficiency
induces the second greatest uncertainties, between 0.2 and
3.6 times those of the reference profile.

Fig. 6 thus summarises the influence of each individual
factor on the smoke distribution. However, the combined ef-
fect of two or more factors may be significantly larger. In
order to address this issue we also studied the combined ef-
fect of two simultaneously altered factors on the smoke dis-
tribution. To do this in a systematic way we concentrated on
a few relevant quantities; (A) the average total number den-
sity between 80 and 90 km (B) the average number density
of particles larger than 1 nm between 80 and 90 km , (C) the
total column density and (D) the column density of particles
bigger than 1 nm radius. The extreme values of these quanti-
ties found by systematically varying two factors at the same
time are summarised in Table 1. Not surprisingly, we find
that the uncertainty in coagulation efficiency and the varia-
tion of the vertical winds cause the largest combined effect;
average number densities between 80 and 90 km of particles
bigger than 1 nm radius range from 107> to 29 times that of
the reference profile. For the total column density the values
range from 0.3 to 7.7 times the reference case. Note that the
four quantities A-D, in general show similar dependencies on
the various model parameters.

It is interesting to note the non-linearity in the interactions
between the factors. The extreme values of the smoke dis-
tribution (quantities A-D) do not always correspond to the
extreme values of the input parameters. Further, at a certain
point in parameter space two factors may enhance each other,
while cancelling each other in another point. An example
is the combined effect of material density and coagulation,
Fig. 7. This plot shows the increase/decrease of the num-
ber density (averaged between 80 and 90 km) relative to that
of our reference profile as a function of the material density
and the coagulation efficiency. We see that for our nominal
coagulation efficiency, the total number density (Fig. 7 a)
varies very little with material density. However, if the co-
agulation efficiency is decreased the variation with material
density becomes prominent. This is due to the fact that when
there is little coagulation the sedimentation speed and, hence,
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Table 1. Sensitivity of number or column densities due to two different factors. The values are relative to the reference case so that a 2 means
twice as high density as the reference profi le. (A) the average total number density between 80 and 90 km (B) the average number densities
of particles bigger than 1 nm between 80 and 90 km , (C) the total column density and (D) the column density of particles bigger than 1 nm

radius
Meteoric Height of | Atmospheric Vertical eddy | Coagulation Material den- | Vertical wind
input maximum state diffusion sity
ablation
0.3<A< 2.1 03<A<23 | 0.1<A<22 | 0.1<A<73 | 03<A<33 | 0.1<A<22
Meteoric 0.1<B<2.6 0.1<B<27 | 0003<B<27 0.04<B<6.0| 0003<B<2.§ 107° <B<3.5
: eet" 03<C<21 | 03<C<23 | 03<C<23 | 03<C<34 | 0.1<C<72 | 03<C<34 | 0.1<C<23
npu 0.4<D<1.8 | 03<D<28 | 04<D<19 | 03<D<24 | 0.1<D<7.6 | 02<D<2.1 107° <D<6.8
Height of
B 09<C<1.1 | 09<C<l12 | 09<C<19 | 03<C<3.8 | 08<C<l7 | 05<C<l.4
abthliorl: 0.7<D<14 | 0.7<D<14 | 06<D<14 | 02<D<40 | 04<D<l14 | 107° <D<6.6
LO<A<I.1 | 07<A<l.l | 03<A<37 | 09<A<1.8 | 07<A<l2
Atmosoherid 1.0<B<1.l | 002<B<12| 04<B<l5 | 02<B<l13 1075 <B<1.1
o p 1.0<C<1.1 1.0<C<1.7 | 03<C<37 | 09<C<18 | 0.8<C<l.4
state 1.0<D<1.0 | 09<D<1.2 | 02<D<3.7 | 06<D<1.0 | 107° <D<5.6
0.7<A< 10 | 02<A<35 | 04<A<19 | 0.6<A<l.1
Vertical 0.02<B<12| 002<B<1.6| 00l1<B<l4| 1075 <B<I.1
" 1.0<C<1.7 | 02<C<55 | 08<C<25 | 0.7<C<1.8
eady 09<D<12 | 02<D<3.8 | 0.6<D<2.1 1075 <D<5.8
diffusion
03<A<3.5 | 03<A<56 | 03<A<4.6
Coasulation 04<B<13 | 0.03<B<47| 107° <B<13
gulat 03<C<3.5 | 03<C<58 | 03<C<77
0.2<D<3.6 0.2<D<3.8 107° <D<29
09<A<1.6 | 04<A<20
Material 0.2<B<1.3 107% <B<2.1
donsit 09<C<1.7 | 04<C<20
y 0.6<D<1.0 | 1075 <D<5.6
0.7<A<1.1
. 1075 <B<1.0
V‘.’;gcal 0.8<C<1.3
Wi 1075 <D<5.6

the material density determines the particle population at the
mesopause. On the other hand, when coagulation becomes
more effective, the high number densities of small particle
cannot be maintained and coagulation becomes the limiting
factor. Fig. 7b shows the same dependence for particles
larger than 1 nm. Even for these particles, low coagulation
is favourable. As earlier mentioned this is because stronger
coagulation does not only cause more 1 nm particles to form
but also coagulates them more efficiently to bigger sizes.

www.atmos-chem-phys.org/acp/0000/0001/

5 Conclusions

The sensitivities of meteoric smoke distributions have been
studied with respect to a number of factors that either are
poorly known or highly variable. We have shown that ver-
tical wind and coagulation efficiency are the two unknowns
that have the greatest effect on the smoke distribution. The
vertical wind has little influence on the smallest particle frag-
ments but severe effects on the distribution of particles big-
ger than 1 nm radius, i.e. the particles that are thought to
serve as nucleation seeds for noctilucent clouds. The winter
down-draught enhances the particle distribution by a factor
6 while the summer up-draught drastically reduces the num-
ber of particles at the summer mesopause so that less than

Atmos. Chem. Phys., 0000, 0001-13, 2006
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Fig. 7. Sensitivity of number density between 80 to 90 km to variations of coagulation and density, relative to the reference case. The values
shown are to be interpreted as "times the reference profi le’. The value of the vertical axis is to be read as ’times the nominal coagulation rate’

so that 1 represents the coagulation of the reference case.

one potential ice nuclei per cubic centimetre remains. The
effect of transport is therefore of critical importance for the
distribution and properties of both meteoric smoke particles
and ice particles in the middle atmosphere. This result relies
on the assumption that the outward diffusion of the meteor
tail is high enough so that little or no coagulation takes place
within the meteor tail, as argued in Plane (2000). Should
the initial growth to 1 nm particles prove to be much faster
than currently thought (for instance due to strong electric or
magnetic forces) this assumption may no longer be valid.

The effect of many factors has been shown to be non-
linear. For example 5 times the meteoric input into the at-
mosphere only results in 2-3 times as many particles. The
non-linearity of the problem becomes even clearer when the
combined effects of two factors are studied. These effects
can often greatly outweigh the sum of the two separate ef-
fects.

In order to constrain the unknown parameters, simulta-
neous measurements of particle properties and background
properties are important. This includes number densities,
size distributions, the ratio of charged particles to neutral
particles, as well as the determination of the composition of
smoke particles. Measurements of number densities and size
distributions would allow us to deduce constrains of the fac-
tors related to smoke production as long as the atmospheric
environment is reasonably well known. Knowledge of the
composition of meteoric smoke would significantly reduce
the uncertainties in both material density and coagulation
efficiency. An attempt to study smoke composition has re-
cently been made by the means of rockets-borne collection
and subsequent laboratory analysis (Gumbel, 2005). The re-
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sults from these campaigns are still waiting to be published.
Measurements of the ratio of charged to neutral particles
would give considerate constrains on the coagulation effi-
ciency. Efforts to measure this ratio are currently under way
in the framework of the German-Norwegian-led ECOMA-
project (Rapp et al., 2003).

The importance of the vertical wind, and the resulting vari-
ations in smoke distribution, need to be considered when
comparing data from rocket campaigns to model results. Ul-
timately, a series of rocket measurements performed at differ-
ent seasons, would be needed to validate our understanding
of the role of meteoric smoke in the middle atmosphere.

When it comes to modelling, it is important to investigate
the effects of transport in a 2- or 3-dimensional model. A
one-dimensional model treats the transport in a simplistic
way, as described in section 3. Hence, these results must
be confirmed by coupling a microphysical model of smoke
formation and evolution with an appropriate 2-d or 3-d cir-
culation model of the atmosphere. With such a model, spa-
tial and temporal variations in the smoke distribution could
be properly studied, which would enable better comparisons
with experiments.

Acknowledgements. The authors would like to thank John Plane for
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