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Abstract. A time-resolved model of the Na layer in the 1 Introduction

mesosphere/lower thermosphere region is described, where

the continuity equations for the major sodium species Na,The first objective in this paper is to describe a new time-
Nat and NaHCQ are solved explicity, and the other short- resolved model of the sodium layer in the upper meso-
lived species are treated in steady-state. It is shown that thephere/lower thermosphere (MLT). We have developed this
diurnal variation of the Na layer can only be modelled satis-model, hereafter termed NAMOD, to provide a more realistic
factorily if sodium species are permanently removed belowdescription of the input of Na atoms into the MLT from mete-
about 85 km, both through the dimerization of NaHCahd ~ Oric ablation, the conversion of Na atoms into'Nians and

the uptake of sodium Species on meteoric smoke partic|e§ma” Na-containing molecules, and the eventual removal of
that are assumed to have formed from the recondensation dhese species from the gas phase via condensation onto parti-
vaporized meteoroids. When the sensitivity of the Na layercles. The model also permits the behaviour of the Na layer to
to the meteoroid input function is considered, an inconsis-be analysed on a much shorter time-scale than is possible us-
tent picture emerges. The ratio of the column abundance ofng traditional steady-state Na models (Plane, 1991; McNeil
Na™ to Na is shown to increase Strong|y with the a\/erageet al., 1995; Plane et al., 1999) The second objective is to ad-
meteoroid velocity, because the Na is injected at higher alti-dress the large degree of uncertainty, illustrated in this special
tudes. Comparison with a limited set of Naneasurements issue of Atmospheric Chemistry and Physics, concerning the
indicates that the average meteoroid velocity is probably lesgneteoroid velocity distribution and the total meteoroid mass
than about 25kms!, in agreement with velocity estimates €ntering the atmosphere. The purpose here is to investigate
from conventional meteor radars, and considerably slowetvhether modelling the characteristic features of the Na layer
than recent observations made by wide aperture incohererfonstrains the widely ranging estimates of these meteoroid
scatter radars. The Na column abundance is shown to be veifput parameters.

sensitive to the meteoroid mass input rate, and to the rate of Figure 1isaschematic diagram of the gas-phase chemistry
vertical transport by eddy diffusion. Although the magni- of sodium that is believed to take place in the MLT (McNeil
tude of the eddy diffusion coefficient in the 80—90 km region €t al., 2002). Almost all of these reactions have now been
is uncertain, there is a consensus between recent models ugtudied in isolation in the laboratory, under conditions appro-
ing parameterisations of gravity wave momentum depositiorPriate to the MLT (Plane, 2002). Above the atomic Na layer
that the average value is less than1® cn?s™1. Thisre-  around 90km, ion chemistry predominates. Na atoms are
quires that the global meteoric mass input rate is less thafPnized mostly by charge transfer with the ambientNand
about 20td?, which is closest to estimates from incoher- O;“ ions, together with a small contribution from solar photo-
ent scatter radar observations. Finally, the diurnal variatioionization. Na is then neutralised by forming clusters which

in the meteoroid input rate 0n|y S||ght perturbs the Na |ayer,undergo dissociative electron recombination. Below 90 km,
because the residence time of Na in the layer is several day$a becomes converted to the stable reservoir Nagi®@@ a

and diurnal effects are effectively averaged out. series of steps beginning with the oxidation of Na byt®
NaO. As shown in Fig. 1, species such as NaO, NaOH and

NaHCG; are converted back to Na by reaction with O and H,
and also by photolysis.
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@ The major source of sodium in the MLT is the ablation
2 of sporadic meteoroids, which provide a much greater mass
0 flux than meteor showers (Ceplecha et al., 1998; Baggaley,
COQ, N2 o .
.0 oM N 2002). Unfortunately, the average daily input of meteoroids
? into the atmosphere is rather uncertain. Until the 1990s, es-
OorO + timates of the mass flux passing through the beams of me-
Na.X" 1 =22 [ NaO he X passing 9 _
Na - teor radars indicated a figure of about 44 taver the entire

Earth (Hughes, 1978). However, conventional meteor radars

. e NO* . - - actually measure specular reflections from the ion trail cre-
e S 1 Meteoric ,

0," blation | ated in the atmosphere by the ablating meteoroid, from which
/ ablation the mass and velocity of the meteoroid are derived indirectly

(Baggaley, 2002). Furthermore, the wavelength of the radar
will only sample a subset of the mass/velocity distribution
of the meteoroids. In fact, the mass flux from conventional
radar estimates has now been revised upwards by a factor of
2-3 (Hughes, 1997).

The meteoroid mass input rate has also been estimated by
other techniques. For instance, measuring the accumulation
of iridium in ocean-floor sediments indicates that the mete-
oric influx could be up to 240 td (Wasson and Kyte, 1987).
More recently, the analysis of small particle impact craters on
the Long Duration Exposure Facility (LDEF), an orbital im-
pact detector placed on a spacecraft for several years, has
yielded an estimate of 80-130tH (Love and Brownlee,

. ) ) ) S 1993; McBride et al., 1999). The median mass of the incom-
Fig. 1. Schema_tlc drgW|_ng of_the_ sodium chem|str_y in the NAMOD ing dust particles was deduced to beidd) with a median ra-
modgl._ The thin solid Ilngs indicate reactions with _meas_ur_ed ratedius of 100um and a mean entry velocity of about 18 ks
qoefﬂuents. The brpkgn lines are meqsqred photodlssouanqn r‘.ea(‘S_ingle-particle analyses of stratospheric aerosol have shown
tions. The grey solid lines are dissociative electron recombination . . )
reactions with estimated rate coefficients. that half of the p_ar.tlcles in the lower ;tratosphere contain 0.5
to 1.0% meteoric iron by mass, requiring a total extraterres-

The most common type of Na layer model that has beertrial flux of between 20 and 100 td (Cziczo et al., 2001). In
employed is where the metal chemistry is assumed to be inhe past couple of years, high-powered large aperture radars,
steady state at each height level in the model (Plane, 1991such as the radio telescope at Arecibo, have reported direct
McNeil et al., 1995; Plane et al., 1999; McNeil et al., 2002). observations of the meteor head echo (i.e. the ball of plasma
Such a model assumes that the gas-phase chemistry is fast @anound the ablating particle as it descends through the at-
the time-scale of vertical transport, and that the metal chemmosphere). This enables measurements of the direction of
istry is closed. That is, all the constituent species cycle be-origin, velocity, deceleration and mass to be made (Pellinen-
tween each other, so that no species provides a permaneWannberg and Wannberg, 1994; Mathews et al., 1997; Close
sink in the upper mesosphere. However, in a recent laboet al., 2000; Janches et al., 2000; Mathews et al., 2001). The
ratory study of the photochemistry of sodium species (Selfobserved mass distribution is shifted to smaller mass ranges
and Plane, 2002), we have found that the major reservoir(median mass1ug) compared with the LDEF results, so
NaHCQs, has a sufficiently large photolysis cross-section be-that the total incoming mass rate is about 10%dthat is,
low 240 nm that its photolysis lifetime is only a few hoursin 1 order of magnitude lower than the LDEF estimate. The
the MLT. As will be demonstrated in Sect. 2.4, this would mean entry velocity is also significantly higher, around 40—
cause a large increase in Na below 90 km during the day50kms1. These conflicting results from the two different
arising from NaHCQ photolysis. Because such an increasetypes of radar measurement have yet to be resolved.
is not in fact observed (Clemesha et al., 1982; States and
Gardner, 2000), the most likely explanation is that NaHCO
is permanently removed in the 75 to 85km region. In the2 The time-resolved sodium model (NAMOD)
new model to be described here, this removal occurs through
the polymerization of NaHC®into dimers, and also by 2.1 Sodium chemistry
the uptake of sodium species onto meteoric smoke particles
(Hunten et al., 1980; Kalashnikova et al., 2000). Hence, aThe sodium reaction scheme used in NAMOD is illustrated
steady-state treatment of the chemistry that partitions sodiunn Fig. 1. The appropriate rate coefficients, listed in Ta-
between Na and NaHCs no longer appropriate. ble 1, are taken from a recent review by the author (Plane,
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Table 1. Gas-phase neutral and ion-molecule reactions of Na Species contained in the model.

Number Reaction Rate coefficiént
Neutral chemistry

(R1) Nat+Oz—NaO+0, 1.1x10 % exp(—116/T)

(R2) NaG+O—Na+O, 2.2x10-19(1/2001/2

(R3) NaO+O3— Na+20, 3.2x 10 10(exp(—550/T)

(R4) NaO+H,—NaOH+H 1.1x10 9 exp—1100/T)

(R5) NaOtH,— Nat+H,0 11x10~9 exp(—1400/T)

(R6) NaO+H,0—NaOH+OH 4.4x1010exp(—507/T)

(R7) NaOH+H—Na+H,0 4x10 L exp(—550/T)

(R8) NaOH+COy(+M)—NaHCO; 1.9x1028(1 /2001

(R9) NaHCQ+H—Na+H,CO3 1.84x107 1370777 expn(—1014/ T)

(R10) NarOp(+M)—NaO, 5.0x10739(7 /200~ 122

(R11) NaQ-+0—NaO+0, 5.0x10 10exp(—940/T)

(R12) 2NaHCQ(+M)— (NaHCO3), 8.8x10710(7 /200 K)—~0-23
lon-molecule chemistry

(R20) Na+-O5 —Nat+0, 2.7x1079

(R21) Na+NO™—Nat+NO 80x1010

(R22) Na"+Na(+M)—NaN3 4.8x10730(7 /200 ~22

(R23) Na"+COy(+M)—Na.COj 3.7x10729(1/200 =29

(R24) NaNZ +X—NaX*t4+No(X=CO,, H,0) 6x10~10

(R25) NaN§+O—>NaO++N2 4x10°10

(R26) NaO"+O—Nat+0, 1x10~11

(R27) NaO™+No—NaNj +0 1x10~12

(R28) NaOt+0,—Nat+03 5x10~12

(R29) NaYt+e —Nat+Y(Y=Ny, COp, Hy0, O) 1x10-8(7/2001/2
Photochemical reactions

(R30) NaOrhv—Na+O 55x102

(R31) NaQ-+hv—Na+05 1.9x10~2

(R32) NaOH+hv— Na+OH 1.8x1072

(R33) NaHCQ+hv— Na+HCO3 1.3x1074

(R34) Narhv—Nat+e~ 2x107°

# Rate coefficients are taken from a recent review of mesospheric metal chemistry (Plane, 2002), except for R12 (see text).
Units: unimolecular, s1; bimolecular, crd molecule 1 s~1; termolecular, ctfimolecule 2 s~1

2002). Note that a number of minor sodium species (e.gGaussian 98 suite of programs (Frisch et al., 1998), com-
NaOs; and NaC@) and minor reaction pathways have been bined with the 6-311+g(2d, p) triple zeta basis set. This is
omitted from the model in the interests of computing effi- a large, flexible basis set which has both polarization and
ciency. This has a negligible effect on the computed atomicdiffuse functions added to the atoms (Foresman and Frisch,
Na profiles. 1996). Fig. 2 shows the optimized geometry of (NaHEZO
The rate constant for reaction 12 in Table 1, the dimer-There is strong electrostatic binding in the dimer because
ization of NaHCQ@ to form (NaHCQ),, was calculated NaHCGQ; has a substantial dipole moment (6.8 Debye). The
using Rice-Ramsberger-Kassell-Markus (RRKM) theory, resulting binding energy of the dimer is 180 kJ mb{with
which we have recently applied to recombination reac-an expected uncertainty ef4 kJ mol?! at this level of the-
tions of metallic species (Plane and Rollason, 2001). Theory, Foresman and Frisch, 1996). Moreover, the dimer
RRKM calculation requires as input the molecular param-contains six vibrational modes with very low frequencies
eters (optimized geometries, moments of inertia, vibra-(<100cnT1), which are really free internal rotors. The re-
tional frequencies and dipole moments) of NaHC&nhd  sulting density of rovibrational states is so high that the re-
(NaHCG;)2. These were calculated using the hybrid den- combination reaction to form (NaHG® is essentially at
sity functional/Hartree-Fock B3LYP method from within the the high pressure limit, even in the MLT pressure range of
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(

kaa(ICOI+[H201 ) +zgle

A

k26[01+k28[02]+k27[N2])

(kze[O] +k28[02]

kaa([COH+H201 ) +asle +kas[O]
9 (

k23l CO,[M])

C=J34+k20[O3 1+k21[NO™],

k11[O] )

Fig. 2. The sodium bicarbonate dimer, calculated at the B3LYP/6- p— <k1[03]+k10[02][M]—
k11[0]+J31

311+G(2d, p) level of theory. The Na atoms are8 &part, and the
H atoms are 8.9\ apart.

( ka[H2]+ke[H20] )
ko[O]4-k3[Oz]+ka[H2]+ks[H2]+ke[H20]+ J30
10-2—10-3mbar. Hencek1, is given by long-range dipole-

dipole capture theory (Stoecklin and Clary, 1992): ( kg[CO][M] ) '
J32+k7[H]+-kg[COR][M]
T 1/2 ,UvNaHCQ2 2 . ' i
k1p=1.766x1C° (—) (—) (kgT)"Y8, (1) kﬁfet is the first-order rate of uptake of species X on mete-
My Ameo oric smoke particles (see below), aW@* is the divergence

of the vertical flux of species X.

The transport of all the sodium constituents is then as-
sumed to be governed by the same eddy diffusion coefficient
up to the turbopause at about 100 km, and the vertical flux of
pecies X at heightis given by

where M, is the reduced mass of two NaHg@@nolecules
(=6.98x 10726 kg molecule), unarco, is the dipole mo-
ment of NaHCQ (=2.27x10-2%cm), ¢g is the permittivity

in a vacuum, andp is the Boltzmann constant. Note that
according to these quantum calculations the dimer should
be a sink for sodium, because it will not photolyse at wave- X A[X] 1 19T
lengths above 180 nm, nor react with atomic H (in constrast®” ==Kz (WHX] (ﬁJFfa_Z)) ’ ®)

to NaHCQ;, Cox et al., 2001; Self and Plane, 2002).

In NAMOD, the concentrations of the three major gas- Wherek . is the vertical eddy diffusion coefficientf is the
phase sodium species, Na, NaHCand Na, are deter-  atmospheric scale height, afidthe temperature. Note that
mined by full solution of their respective continuity equa- for this study we are concerned with averaging over rela-
tions. In contrast, all the other sodium species shown infively long periods (hours to days), so that short-term fluc-
Fig. 1 are short-lived intermediates, and are therefore corfuations in the meteor ablation rate and atmospheric turbu-
rectly treated in chemical steady state. The continuity equalénce are averaged out. Above the turbopause, molecular

Eqg. (5) are replaced bypx and Hy, the molecular diffu-

d[Na] sion coefficient and the scale height of the individual species

=1 A[NaH B[Na']— - . . .

dt abr+A[NaHCQs1+B[Na] X, respectively (Chabrillat et al., 2002). NAMOD is 1 di-
<C+D+kr’}‘§) [Na]—veNa ) mer)sional, extending from 65 to 110km \_Nith a height. res-
olution of 0.5km. Equations (2)—(4) are integrated with a
10 min time step using a time-implicit integration scheme
d[NaHCG;] (Shimazaki, 1985). The changing diurnal concentration pro-

_ NaHCQO; ) . .
dt =DI[Na]— <A+khet )[NaHCQ]— files of K,, and the background mesospheric species that
. . + —
2% 1-INaHCOx 12— v @NaHCCs 3 control the sodium chemistry (H, O,spNO™, e~ etc.) are
el Gl @) read in every 20 model minutes (see below). All model runs

shown here were integrated over 20 model days, for the con-

d[Nat] Nat Nat
=C[Na]— (B+kheat )[Na*]—V@ . (4)  ditions of January, 40N.

dt

wherelyp is the rate of injection of Na from meteoric abla- 2.2 Background mesospheric constituents
tion (see below),

In order to compute a consistent set of concentration profiles
A= (kg[H]+J33) [NaHCGs], for the background species, a separate mesospheric model

(MESOMOD) was run off-line. MESOMOD is also 1 di-

mensional, extending from 65 to 110 km with a height res-
B=(k22[N2][M] olution of 0.5km. It contains a full treatment of the odd
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oxygen and hydrogen chemistry in the MLT, with rate co- right-hand side describes the radiative losses, whels
efficients taken from the NASA/JPL compilation (DeMore Stefan’s constant anel is the emissivity of the meteoroid

et al., 1997). The vertical eddy diffusion coefficient is taken (c£=5.7x10"8Jm2s~1), 7, is the surface temperature of
off-line from a 3D global model, TIME-GCM (Kaufmann the meteoroid, and, is the temperature of the earth’s lower
et al., 2002). This model also supplies the@4 H, and  atmosphere for the fraction of meteoroid surface pointing
COy mixing ratios at the lower boundary (65 km). Param- earthwards, and the temperature of deep space for the rest
eterised codes for the photolysis o§,(H>0, HO,, H20o, of the particle surface (in practic&, >> T, and so setting
and Q at Lymane and in the Schumann-Runge continuum, T, to zero is a good approximation). Small particles will not
are used (Shimazaki, 1985; Brasseur and Solomon, 1998)e able to radiate efficiently when their size is comparable to
The photolysis of @in the Schumann-Runge bands is calcu- or smaller than the emission wavelengthi.e. 2rR/ 1 <1,
lated using a recent formalism (Koppers and Murtagh, 1996)where R is the radius of the meteoroid ahds the wave-
MESOMOD uses time-implicit integration with a 2 min time length of the emitted radiation). Their emission rate will
step, and was run for 5 model days before a set of diurnathen depart from Stefan’s Law (Bohren and Huffman, 1983),
concentration profiles was recorded every 20 min for inputcausing them to heat more rapidly and hence ablate more
into NAMOD. Note that because the concentration of sodiumefficiently. A black body at 1000K has a peak emission at
species is at least 4 orders of magnitude less than speciegs9um, so that only particles smaller than abouirh should
such as @or H in the MLT, the background chemistry is es- deviate from Stefan’s Law at this temperature (Rizk et al.,
sentially decoupled from the sodium. Profiles of N(]D;r 1991). However, these small particles contribute only about
and € are input off-line for the appropriate year and time-of- 10% of the total meteoroid mass (according to the LDEF ex-
day from the International Reference lonosphere 2000 (Bil-periment (McBride et al., 1999)), so that the effect of reduced
itza, 2003). heat loss from these particles should cause only a slight in-
crease in the total ablation rate.

The second term represents the energy losses due to heat-
ing of the particle, where,, (=2x10°kgm~2) the mete-
Broid density,C (=1x10°JK-1kg1) the meteoroid spe-
cific heat,T,, the mean temperature of the particle, and
the time. Note that vaporization is treated separately (see

tail by several investigators (Hunten et al., 1980; Love and . . . .
Brownlee, 1991; Kalashnikova et al., 2000; McNeil et al., ieSq;isg(r)]nbs below). The change in velocity of the meteoroid

2002). The problem becomes reasonably tractable for parti-
cles less than about 250n in radius, because heat conduc-
tivity through the particle is fast enough for the particle to be —=— 5
treated as isothermal (Love and Brownlee, 1991). Most of 4’ mn (ztre)

the total mass of cosmic dust is made up from particles withrpg first term on the right-hand side describes deceleration,
masses less than 10@ (Love and Brownlee, 1993). Assum- \,harar is the atmospheric drag parameteri(2) andm is

. . _3 . .
ing a density of X10°kg m (typical of an ordinary chon- e meteoroid mass. The second term describes gravitational
drite), a 25um meteoroid has a mass of 130, thereby  ycceleration of the particle, whereis the height in the at-

justifying the neglect of heat conductivity. o _ mospherer,(=6.378x10° m) is the radius of the earth, and
The frictional heating of the meteoroid by collisions with 1 (=3.99x 1014 m3s~2) is the gravitational constant of the

air molecules is balanced by radiative losses, and by the absgry | the present model, all meteoroids enter the atmo-
sorption of heat energy through temperature increases, me'E‘phere at 37to the zenith.

ing, phase transitions, and vaporization. In orde_r to calculate Equation (6) shows that for very small particles, the heat
these terms, parameters such as the meteoroid shape, d pacity term will be much smaller than the radiative loss

sity, and composition are needed (Rietmeijer, 2000, 20(_)Z)term, in which case the meteoroid will not become hot
In NAMOD it is assumed that most of the extra-terrestrial enough to ablate. This is the case for all particles smaller

matgrlal _has the _composmon of ordinary .chondntes. If thethan 100nm. A Jum particle must enter the atmosphere at
particles is spherical (i.e. the shape factor is 1.2), then the eN5ver 40 km s in order to heat up to 1200 K, the temperature
ergy balance equation is given by (Jones and Kaiser, 1966): ’

1 . ir at which volatile elements such as Na begin to evaporate (Fe-
3_ 4 14\, 7 alm gley and Cameron, 1987). All meteoroids larger thamtr©
gApav=doe (TS La ) +3Rme dt © will reach this ablation temperature. Figure 3a shows the alti-

The left-hand side of Eq. (1) represents the frictional heat-tude at which a 1.g particle R~=100um) reaches temper-
ing term, whereA (=0.5) is the heat transfer coefficient or atures between 500 and 2500 K, over the range of possible
fraction of the total kinetic energy of the air molecules that meteoroid entry velocities. Note that particles which origi-
is transferred to the meteoroigd, is the atmospheric den- nate within the solar system must have entry velocities that

sity, andv is the meteoroid velocity. The first term on the range from 11.5kms!, for a particle in the same orbit as the

2.3 Meteoroid ablation model

The physics of meteoroid ablation, which occurs because th
very high entry velocities of meteoroids lead to rapid heat-
ing by collision with air molecules, has been treated in de-

FpanRzuz T

@)
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130 models (Fegley and Cameron, 1987), is able to explain the
large depletion of Ca to Na observed in meteor trails (von
Zahn et al., 1999).

The present model contains the following simple treatment
of differential ablation. Wher¥; reaches 1200K, further
frictional heat input to the particle is balanced by vaporiza-
tion and radiative cooling, and no further temperature rise
- occurs until the initial 20% of the meteoroid mass has evap-

orated. This is determined from the relation

120 -

110 -

100 -

Altitude / km

90 7 i dm 1
EE:—EA,OQ U3+468 (Tv4_Ta4> s (8)

80 : : : : : :
10 20 30 0 50 60 70 where¢ (=3x10°Jkg™1) is the heat of sublimation of the

Meteoroid velocity / km s meteoroid. All of the Na is assumed to evaporate in the first
5% of this fraction. Evaporation then ceases uftiteaches
140 \ \ \ 2100K, when 78% of the mass evaporates. The final 2%,
(b) containing most the Ca and other refractory elements, then
evaporates iff; reaches 2500 K.

Figure 3b shows the mass ablation rate as a function of
altitude, for the meteoroid mass and velocity distribution es-
timated from the LDEF experiment (McBride et al., 1999).
This will be termed the LDEF profile. The peak rate of ab-

- lation occurs at 91 km, and about 62% of the total incom-
\ ing material vaporizes. The unablated fraction consists of
LDEF velocity distribution (mean = 180 kms?) | particles that are too small, or that enter the atmosphere too
Peak at 92 km; 62% ablation efficiency slowly, to vaporize completely. This ablation profile is simi-
lar in peak height and width to that observed by conventional
meteor radars, such as in a recent paper using the 53.5 MHz
radar at Kihlungsborn, a mid-latitude site (Singer et al.,
Ablation rate / 10** g cm™ 5™ 2003). Also shown in Fig. 3b is the ablation profile predicted
if the velocity distribution is shifted so that the mean velocity
Fig. 3. () The height at which a 13g meteoroid reaches the tem- jncreases from 18 to 40 kntd, in line with the large aper-
perature shown on each of the curves, as a function of _meteoroniiure radar measurements (Pellinen-Wannberg and Wannberg,
entry velocity. (b) Helght profllgs (?f the total mass ablatlon.rate 1994: Mathews et al., 1997: Close et al., 2000: Janches et
for the LDEF meteoroid size distribution (reduced by 85% in all . . . . .
mass ranges to give a global input of 12.IiL¢i calculated using al., 2000). Thls ablation p“’f"e’ which will be referred to as
the assumed LDEF velocity distribution (blue line), or the LDEF the ISR p.rOf'Ie' now peaks IUSF a*?O‘_’e 100 l_(m' and 99% _Of
velocity distribution shifted by 22 knTs to simulate the velocity ~the material ablates. The profile is in sensible accord with
distribution observed by incoherent scatter radars (red line). a very recent micrometeor profile from the Arecibo Obser-
vatory (Mathews et al., 2003), where the observed broad ve-
locity distribution between 40 and 60 km’sresults in the
1 L . profile peaking even higher in the atmosphere at 106 km. In
Earth, to 72km's for a particle in a retrograde orbit (Bag- the NAMOD maodel, these profiles are then modulated with a

galey, 2002). . C .
o _diurnal and seasonal variation taken from a recent radio me-
Most of the models developed for estimating the meteoricteor survey (Yrjola and Jenniskens, 1998).

metal input into the atmosphere (Hunten et al., 1980; Plane,

1991; McNeil et al., 1995; McNeil et al., 2002) assume 2.4 Removal of sodium species from the gas phase

that the relative metallic abundances in the ablated vapour

are given by their meteoritic abundances. The major metal¥igure 4a illustrates the modelled Na layer at midday and
lic constituents by weight are then: Mg 12.5%, Fe 11.5%, midnight, when no permanent removal of sodium species is
Al 1.7%, Ni 1.5%, Ca 1.0%, Na 0.6% (Mason, 1971). A included in NAMOD i.e.k12 andkﬁet are set to zero. This
more realistic approach involving fractionation has been pro-shows that the Na layer always peaks below 90 km, that the
posed recently, with the relatively volatile elements such agpeak moves 2 km lower in daytime, and that the underside
Na and K evaporating first and refractory elements (such a®f the layer has a scale height less than 1 km. These model
Ca) evaporating last (McNeil et al., 1998). This differential predictions are not in accord with lidar observations of the
ablation scheme, which is based on planetary fractionatiordiurnal behaviour of the layer (Clemesha et al., 1982; States

120 1 ISR velocity distribution (mean = 40 km s™)

Peak at 101 km; 99% ablation efficiency

100 -

80 -

Altitude / km

60 -

40

0 10 20 30
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and Gardner, 2000). However, if removal of NaHERY

dimerization is now switched on in the model, Fig. 4b shows

that the layer now peaks around 90 km with little diurnal vari- 0 2000 4000 6000 8000
C . . 110 ‘ : ‘

ation in the peak height, and the layer has an approximately

Gaussian shape, in much better agreement with observations

(Plane et al., 1999; States and Gardner, 2000). 100 |

Figure 4c illustrates the effect of also switching on the het-
erogeneous removal of the three major sodium species on~
meteoric smoke particles. These particles have been pro-
posed to form through the recondensation of vaporized mete-
oroids (Hunten et al., 1980; Kalashnikova et al., 2000). The
height profile of 1.3 nm radius smoke particles, illustrated in
Fig. 4c, is calculated in NAMOD from the total ablated me-
teoroid flux (Hunten et al., 1980). Note that these small par- 70
ticles, which are really macromolecules (e.g. a cluster of 60 110
FeSiQ molecules would have a radius of about 1.3 nm), can- (b)
not be much larger or their sedimentation velocity would in- \
crease to the point where they could not remain at significant 100 1 =
concentrations above 80 km (Hunten et al., 1980).

[Na] / atom cm’

90 H

Altitude / km

80 -

The uptake of sodium species on these smoke particles is 90 -
likely to be highly efficient, and an uptake coefficient of 0.5 is
assumed in NAMOD. In fact, NaHCand Na should ad-
sorb readily because of electrostatic effects, and we have re- 80 1
cently shown in the laboratory that Na atoms stick with high
efficiency on a silica surface (B. J. Murray and J. M. C. Plane,
University of East Anglia). As shown in Fig. 4c, there is now 1{8 .
less than 0.5 km change in the peak height between midnight

and midday. In contrast, the centroid height of the layer
decreases from 92.5km to 91.0km in daytime, which is in 100 -
good accord with observations (Clemesha et al., 1982). This
decrease arises largely because during daytime there is addi
tional ionization of Na on the topside, as well as photolysis of
NaHCG; on the bottomside. The Na concentration of around
5100 atom cm® at the layer peak, and the column density of %0 Meteoric smoke particles
5.9x10° atom cnT?, are typical values during winter at mid- (radius = 1.3 nm)
latitudes (Plane, 1991). /

Note that in these model runs the LDEF velocity distribu- 70 4 \ \ \

tion was used with a diurnal average Na input flux from ab- 0 2000 4000 6000 8000

lation set to Bx10%atomcnT?s™1, equivalent to a global [Na, smoke particles] / cm®

meteoroid mass input rate of 12.1t'd This Na input flux,

together with permanent removal of sodium by heteroge-rig 4. Modelled height profiles of the Na layer at midday and

neous uptake and dimerization of NaH&@ the base case mjdnight, for 40 N, January: (a), no permanent sinks for gas-

in the sensitivity tests that follow. phase sodium specie€y), dimerization of NaHCQ is included;
(c), dimerization of NaHC@ and permanent removal of sodium
species on meteoric smoke particles of radius 1.3 nm are included.
The smoke particle profile is depicted by the solid grey line. The
diurnal average Na ablation flux is8310% atom cnm2s~ 1.

Altitude / km

(©

90

Altitude / km

3 Sensitivity tests on the meteor input function

In this section the NAMOD model is used to investigate 3.1 Entry velocity

which features of the Na layer are particularly sensitive to

the meteoroid entry velocity and mass flux. The sensitivity Figure 5a shows the profiles of the Na injection radjg, pre-

of the layer to diurnal variations in the meteoroid flux will dicted for the LDEF and ISR velocity distributions. These
also be considered. profiles peak at altitudes of 94 and 112 km, respectively, a
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substantial separation of 18km. Note that these injection

130 profiles peak at altitudes 3 and 10 km higher than the re-
120 A L spective mass ablation rate profiles in Fig. 3b, because all the

Na is assumed to ablate in the first 5% of vaporized mass.

E 110 4 i Figure 5b illustrates the predicted profiles of meteoric smoke
> 100 particles for the two velocity distributions. Because the sed-

= imentation velocity of 1.3 nm particles becomes significant

= 90 | - above 90km £2cms1), the profiles both exhibit a sharp

< cut-off between 85 and 90 km. More particles are produced
80 1 | in the ISR profile because essentially all the incoming mete-

70 | (a) Profile of the Na injection rate | oroid mass ablates, compared with only 62% for the LDEF

‘ ‘ ‘ profile.
0 1 2 3 4 Figure 5c illustrates the predicted diurnally-averaged
Na ablation rate / 10 atom cm™ s height profiles of Na, N& and NaHCQ for the two veloc-
110 ity distributions. One effect of the greater number of smoke
(b) Profile of meteoric smoke particles particles in the ISR case is to reduce both NaH@@Ad Na

by increased heterogeneous uptake below 90 km, with the re-

= 100 4 ISR velocity distribution | sult that the peak of the Na layer moves up from 91 to 93 km.
—\‘4 However, although a peak of 93 km is about 2 km higher than

o 90 typically observed in mid-latitude winter conditions (Plane et
:% al., 1999), this is probably not of significance because of un-
= g0 certainties in the smoke profile and uptake coefficients of the
< LDEF velocity distribution sodium species. Of greater interest is the ratio of the column

15% of LDEF mass flux abundances of Nato Na, which increases from 0.27 in the

70 1 LDEF case to greater than 0.5 for the ISR velocity distribu-
‘ ‘ ‘ tion. This occurs because in the ISR case most of the Na is

10° 10t 10? 10° 10 injected well above 100 km (Fig. 5a), where it is converted

Concentration / cm™ to Na" (by charge transfer with NOand O}') more rapidly
‘ ‘ ‘ : than being transported downwards by eddy diffusion.

Although there is only a limited set of rocket-borne mass
spectrometric measurements of Nians in the MLT (Kopp,
1997), we have averaged the data from nine flights at mid-
and high latitudes to obtain an approximate™eolumn
abundance of 1x10°cm~2. That is, the N&/Na ratio
should be around 0.2-0.25. Comparison with the NAMOD
predictions above implies that an average entry velocity
around 40 kms! is significantly too high. In order to pro-
70 4 . . . . i duce a N&/Na ratio below 0.3, most Na must be injected
(c) Profiles of major sodium species below 100 km, requiring that the average entry velocity be

0 1000 2000 3000 4000 5000 6000 less than about 25 kns,
Concentration / cm™

Altitude / km

It should be noted that lidar observations of Na in freshly-
ablated meteor trails recorded a height distribution with a
centroid height of 8940.3km, and a root-mean-square

Fig. 5. (a) Height profiles of the Na input rate from meteor abla-
tion, calculated for the LDEF meteoroid size distribution (reduced W'dth of 3.3:0.2km (Kane and Gardner, 1993). In compar-

by 85% in all mass ranges to give a global input of 12.1%dand 10N, the Na ablation profile from the LDEF mass/velocity

the LDEF velocity distribution (blue line), or the LDEF velocity dis- distribution (Fig. 5a) is both higher (centroid=96.5km) and
tribution shifted by 22 km3s? to simulate the velocity distribution ~ broader (rms width=8.3 km). However, as Kane and Gardner

observed by incoherent scatter radars (red liil®)Height profiles  pointed out, the lidar observations are biased towards larger

of the concentration of 1.3 nm radius meteoric smoke particles, forparticles that produce observable concentrations of Na above

the two velocity distributions in (a)(c) Diurnally-averaged height  the background Na layer. Furthermore, the rate of molecu-

profiles of Na, N& and NaHCQ, for the two velocity distributions |5y diffusion varies inversely with the pressure, so that trails

in (a). Conditions are 40N, January. produced higher up are increasingly likely to decay by diffu-
sion into the background metallic layers before they can be
observed.

Atmos. Chem. Phys., 4, 627—-638, 2004 www.atmos-chem-phys.org/acp/4/627/



J. M. C. Plane: A new time-resolved model of the mesospheric Na layer 635

3.2 Total meteoroid mass 1o

In Sect. 1 there is a discussion of the widely differing esti-
mates of the total meteoroid mass input to the atmosphere
which range from less than 10 to over 200tdThe Na col-

umn abundance is clearly sensitive to the meteoroid flux, and ==
so it might be thought that application of a model such as 2
NAMOD would provide a means of constraining these flux §
estimates. However, the Na column abundance is also con <
trolled by the chemistry in the MLT, and the rate of down- 80 1
ward transport by eddy diffusion. While laboratory experi-

ments appear to have placed the gas-phase chemistry on rei
sonably firm ground (Plane, 2002), there is currently uncer- 0
tainty regarding the appropriate valueskf, to use for de-

scribing vertical transport in the MLT. Atmospheric models

which include a parameterisation of gravity wave momentum I ‘ —
deposition predict an average value 6y, between 80 and 160 1 / / (b)

100 -

90 -

10xK,
20x K

0 1000 2000 3000 4000 5000 6000
[Na] / atom cm”

90 km of (1-4)x10° cnm? s~ ! (Garcia and Solomon, 1994; 70
Chabrillat et al., 2002; Kaufmann et al., 2002). In contrast, 140 4/ 60
estimates based on measured energy dissipation rates in thr 50
MLT find values up to an order of magnitude greater (Hock- 120 1
ing, 1990).

Figure 6a shows the effect on the diurnally-averaged Na
layer of increasingK ., by factors of 2, 5, 10 and 20, for a
constant meteoric mass input (12.1&1 Note the marked
reduction in the column abundance and peak density, with
increasingk ;.. The peak height of the layer also decreases
from 91.0 to 88.5 km. However, this change is comparatively 40 | 20
modest, and because the peak height is also sensitive to ur 105

8
certainties in the chemistry, it is not as useful a test of the 20 1 %5//7
balance between the meteoric input flux and downward trans- ///’4

100 ~

80 4

60 -

2

Meteoroid mass flux / t

\

port by eddy diffusion. — =P 00— |
Figure 6b is a contour plot showing the Na column 1 10
abundance predicted by NAMOD for a range of meteoroid Eddy diffusion coefficient, K/ 10° em®s™

mass inputs (1.4 to 170td) and values ofK.. (8x10*

to 4.6<10°cm?s™ ) between 80 and 90km. Note that the Fig. 6. (a) Diurnally-averaged Na profiles where the eddy diffu-
concentration profile of meteoric smoke particles is calcu-sjon coefficient profile is multiplied by the factor indicated. The
lated separately for each of these model runs. This ploiglobal meteoroid mass input rate is 12.1#d (b) Contour plot of
demonstrates the sensitivity of the Na column abundancehe diurnally-averaged Na column density (in®1&tom cn2) as

to both parameters. However, inspection of Fig. 6b showsa function of the global meteoroid mass input rate (assuming the
that the typical Na column abundance of B0°cm—2 can LDEF mass and velocity distribution), and the average eddy diffu-
be produced from a range of combinations of these paramSiO” coeffi_cie_nt between 80 and 90 I;m. The_ t_ypical observed col-
eters. For instance, this column abundance is predicted t§™n density is about:610° atom cn1'2. Conditions: 46N, Jan-
result from a meteoroid mass input around 12%das esti-  4&V-

mated by the ISR observations (Sect. 2.3), combined with a

low K. value around 210°cn?s 1, as predicted by grav-

ity wave momentum deposition models (Kaufmann et al.,large values ofk . (>3x10°cm?s™) in order to limit the
2002). But the same column abundance can be produced Huild up of Na in the MLT.

the higher mass input estimated from conventional meteor Since such large values of the eddy coefficient are greater
radars (40-50td) (Hughes, 1978), if a larger value &, than both experimental (Hocking, 1990) and theoretical
around 168 cm? s1 is adopted, consistent with measured en- (Kaufmann et al., 2002) estimates &f., it seems that the
ergy dissipation rates (Hocking, 1990). Finally, mass inputglobal mass input rate must be below 100t dFurthermore,
rates above 100 td, estimated from the LDEF experiment a recent modelling study of the significant decrease in the
(Love and Brownlee, 1993) and the accumulation of iridium CO, mixing ratio above 80 km has demonstrated that the av-
in deep-sea sediments (Wasson and Kyte, 1987), require vergragek ., between 80 and 90 km needs to be less than about
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NAMOD was run for two extreme cases where the integrated
diurnal input was the same: 1), all the input occurs between

AlNap e 05:00 and 07:00 local time; and 2), the input is constant over
c — the diurnal cycle. Figure 7 is a contour plot of the difference
=~ . 40 in the Na concentration between cases 1 and 2, as a function
% — ;)20 of height and local time. While this appears to show a dra-
2 20 matic difference around dawn, it should be borne in mind that

. 40 the peak Na concentration around 90 km is over 5000tm

(Fig. 4c), and so the largest difference in Na concentration
shown in Fig. 7 is actually only 1.5% of the concentration in
the layer. This change is small because the residence time of

Local time / hours Na in the layer is about 6 days, so that diurnal variations in

the meteoroid input function are essentially averaged out.

Fig. 7. Contour plot showing the difference between the Na atom
density (atom cm3), as a function of height and local time, for the
case where all meteoric input occurs between 05:00 and 07:00 LT4
and where the meteoric input is constant over a diurnal cycle.

Conclusions

A new time-resolved model of the Na layer (NAMOD) has
1. e been described. The model runs efficiently by solving the
1

igrife(tzgivisth elg d())/rgiirrufs?(r)r:nglr?((j:w:;cdéﬁ;rsolggczfscog fgrav_continuity equations for the major sodium species Na Na
itational separation (Chabrillat et al., 2002). Figure 6b showsand NaHCQ explicity, and placing the other short-lived

that this upper limit ok ,, corresponds to an upper limit to species in steady-state. It is shown that the diurnal varia-
. <z tion of the Na layer can modell tisfactorily only if
the global mass input rate of about 20td on of the Na layer can be modelled satisfactorily only

T ) o sodium is permanently removed, both through dimerization
Of course, one uncertainty in this analysis is the assump¢ NaHCQ; and the uptake of sodium species on meteoric

tion in the ablation model that all the Na ablates in the firstg, ke particles that have formed from the recondensation of
5% of mass lost once the meteoroid reaches a temperature %\porized meteoroids.

1200K (Sect. 2.3). In fact, there is essentially no change in
the Na ablation flux when the “boiling point” for Na abla-

tion is raised to 2000 K. This is because only a small subset].he ratio of the column abundances of N Na increases
of meteoroids that regch 1200K do not cont!nue he;atmg Qyith the average meteoroid velocity: comparison with a lim-
2000K. The assumption that the Na ablates in the first masg | <ot of N& measurements indicates that the average me-

fraction is b?seg OT a thzrgodynamﬁgrg?del %f(;]_'f?h _tem'E:eoroid velocity is probably below 25 knt$, as observed by
perature melts (Fegley an ameron, ), and di UsION O, ventional meteor radars. The Na column abundance is
Na through the bulk of a meteoroid should not constrain the,

: ) sensitive to both the meteoroid mass input rate and the ver-
rate of evaporation from a molten particle smaller than abouttical eddy diffusion coefficient controlling downward trans-

Z?O,ur_n. tJ heiﬁ ItS' also Zorlne urc;rtal?r;ty n \{[anou_(sj zarar_r:-port_ Although there is uncertainty regardifg,, there is a
eters In the ablation model, Inciuding the Meteorold densily,,,qensys from models of gravity wave momentum deposi-
(om), the heat capacity®), and the heat of sublimatiog),

h | in th del based on th ¢ chond .t.tion, and modelling the observed fall-off in the €@ixing
whose values in the model aré based on those ol ChoNANlig, ;. i, ihe MLT, that the upper limitt& ,, in the 80 to 90 km

meteorites (Hunten et al., 1980). However, if all Na ablates
in the initial 5% of mass lost, then the ablation flux of Na
is not in fact sensitive to these parameters within reasonabl

When the sensitivity of the Na layer to the meteoroid input
function is considered, a rather inconsistent picture emerges.

region is about 310°cn?s~1. This implies that the mass
input rate is less than 20td, close to the estimates from
fide aperture incoherent scatter radars. Finally, the diurnal
Sariation in the meteoroid input rate causes only a slight per-
turbation to the Na layer, because the residence time of Na in

) o o the layer is several days and diurnal effects tend to be aver-
3.3 The diurnal variation in the meteoroid input aged out.

only affects the height profile afp,.
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