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Abstract. The formation, evolution and eventual sublima- 1 Introduction

tion of noctilucent clouds (NLC) may have a significant ef-

fect on the odd oxygen and hydrogen chemistry of the highice particles form in the high latitude mesosphere between
latitude summer mesosphere. Three mechanisms are consigd and 90km during summer when temperatures fall be-
ered here: the direct uptake of atomic oxygen on the surfow 150K (Gadsden and Sdbder, 1989; Thomas, 1991;
face of the ice particles; the redistribution of water vapour, Liibken, 1999). When these ice particles grow large enough
which changes the photochemical source of odd hydrogeno efficiently scatter light they become visible to ground-
species; and the direct photolysis of the ice particles thempased observers during twilight — these spectacular “night-
selves to produce odd hydrogen species in the gas phase. ghining” clouds are termed noctilucent clouds (NLCs). When
1-D photochemical model is employed to investigate the po-they are observed from the ground by lidar (Chu et al., 2003)
tential importance of these mechanisms. This shows, usingr from space by limb-scanning satellites (Donahue et al.,
the recently measured uptake coefficients of O on ice, that972), they are usually referred to as polar mesospheric
the heterogeneous removal of O on the surface of the cloudlouds (PMCs). The ice particles that make up these clouds
particles is too slow by at least a factor of 50° to compete initially form in the vicinity of the mesopause at about 88 km
with gas-phase O chemistry. The second and third mechaand then sediment, dehydrating the surrounding atmosphere
nisms involve the solar Lymaa-photolysis of HO in the  as they grow (von Zahn and Berger, 2003). Although much
gas and solid phase, respectively. During twilight, Lynaan- work has been done in understanding the cloud formation
radiation is severely attenuated and these mechanisms are iprocesses and ice aerosol particle properties, little emphasis
significant. In contrast, when the upper mesosphere is fullyhas been placed on the role that ice particles may play in the
illuminated there is a dramatic impact on the O profile, with neutral chemistry of the upper mesosphere. Only recently
depletion of O at the base of the cloud layer of close to anhas this issue begun to be addressed quantitatively through
order of magnitude. A correspondingly large depletion in O |aboratory and modelling studies (Murray and Plane, 2003a;
is also predicted, while H, OH, HOand HO, are found  Murray and Plane, 2003b; Murray, 2003; Plane et al., 2004).
to be enhanced by factors of 3-5. In fact, rocket-borne mass This paper will focus on the impact of mesospheric ice
spectrometer measurements during summer have revealed |Barticles on atomic oxygen, the most abundant minor atmo-
cal H,O2 enhancements in the region of the clouds. Rocket-spheric species in the upper mesosphere. Figure 1 illustrates
borne measurements of atomic O angEofiles in the pres-  five profiles of atomic O in the mesosphere and lower ther-
ence of mesospheric clouds in the daytime are highly desirmogsphere (MLT), measured by rocket-borne resonance fluo-
able to test the predictions of this model and our understandrescence instruments. All of these measurements were made
ing of the genesis of mesospheric clouds. in late July or early August, at Esrange in northern Swe-
den (67.9 N). The rockets were launched between 00:41 and
02:23 local time (LT), when the solar-zenith angje (vas
92-94 (see Gumbel, 1997 for a comprehensive review of
mesospheric and thermospheric O measurements). The per-
tinent details associated with each rocket flight are listed in
Correspondence tal. M. C. Plane Table 1. In all of these measurements the presence of NLC
(j.plane@uea.ac.uk) was confirmed by photometers positioned either onboard the
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Table 1. Summary of the summer mesosphere high latitude atomic O measurements shown in Fig. 1.

Profile Localtime Date Minima  Ledge scale Peak fO] Zenith
altitude®  height? angle?
km km cnr3

(@)-NLC-78  00:41 30/7/78 81.8 0.5(82.5-85) 4B2 of

(b) - CAMP-82  01:48 4/8/82  83.2 0.3(83.9-85.2) #I'2 o9g°

(c) - CAMP-82  02:05 4/8/82  83.2 0.5(84-85.5) — °94

(d)-SISSI-90  01:05 26/7/90 84.5 0.5(86-88) xutl 92°

(e)—NLC-93  02:23 2/8/93  83.3 0.6 (84-86) x70ll 9>

@ The altitude at which the minima in the O profile below the ledge is centred.
b The scale height of the atomic O ledge between the heights in brackets

¢ The peak thermospheric [O].

d Zenith angle from Gumbel (1997).

(a) and (b), Dickinson, unpublished results;
(b) and (c) Kopp et al., 1985a;

(d) Ratkowski et al., 1994;

(e) Gumbel et al., 1998.
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around 95 km. Below this peak the O density falls away very
sharply forming what is known as the atomic O ledge, where
the O concentration decreases by several orders of magni-
tude between 80 and 90 km. The O concentration below the
ledge, in the mesosphere, is highly variable and depends crit-
ically on factors such as the odd hydrogen density and
The huge difference in concentration of thermospheric and
mesospheric O can be explained in terms of photochemical
lifetime of O, which changes from just a few hours at 75 km
to several months at 100 km (Brasseur and Solomon, 1984).
This is because the catalytic cycles (Egs. 1-4 and Egs. 5—
8) that remove O involve third-body reactions, the rates of
which depend on the square of the atmospheric density (M),
and thus decrease dramatically with increasing altitude.

H+ 0O+ M — HOo + M (M = third body) (1)
HO, + O — OH+ Oy (2
OH+0—>H+02 3)

Fig. 1. Composite of the atomic O measurements made during sums
mer above Esrange in Northern Sweden (BRD(grey lines). The
pertinent details of these rocket measurements are described in Ta-
ble 1. Also shown, as a dashed black line, is the modelled profile for
02:00 LT in July with no additional O loss mechanisms activated.
The details of this 1-D model profile are given in Sect. 5.1.

same payload as the atomic O probe, or on a separate paylo

Net: O+ 0 — O3 (4)

+03 —> OH+ 0Oy (%)
OH+0O— H+0, (6)
0+02+M— O3+ M @)
%f'et:o+o_>oz )

launched within minutes of the payload carrying the atomic
O probe.

In contrast to the O chemical lifetime, the production of

The atomic O profile in the sunlit MLT is characterised O from the photolysis of @in the Schumann-Runge con-
by a peak O concentration of typically #6102cm=3 at  tinuum (137-175nm) in the lower thermosphere, and in the
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Schumann-Runge bands (175-205nm) in the mesospheref HoO vapour coexists around NLC, where the®Imixing
does not vary greatly with altitude. Hence, the substantialratio can be enhanced by factors of 3—4 over the background
increase of the O lifetime with altitude results in the atomic ambient levels (i.e., increased up to about 15ppm). This
O ledge. redistribution of water vapour in the high latitude summer
The rocket measurements shown in Fig. 1 were all mademesosphere results in the dehydration of the region above
during twilight (wheny=92-94, see Table 1). Under these 84 km and the humidification of the region immediately be-
conditions the mesosphere is still illuminated by the visible low (von Zahn and Berger, 2003).
part of the spectrum since these wavelengths penetrate the A second source of odd hydrogen species is the Lyman-
dense regions of the lower atmosphere through which it haghotolysis of the ice particles themselves, causing the ejec-
to pass. However, wavelengths less than 300 nm in the soldion of a variety of hydrogen and oxygen species into the
actinic flux, responsible for much of the photochemistry in gas phase. Westley et al. (1995a and 1995b) used mass
the upper mesosphere, do not penetrate the lower levels afpectrometry to show that OH,2HH,O, HO, and HO;
the atmosphere. Hence, the concentration of O below 85 knglesorbed from an ice film irradiated at 121.6 nm, over the
is very sensitive tgr and exhibits a pronounced diurnal cy- temperature range 50-100K. They showed that the overall
cle: wheny is greater than 96photochemical production of photodesorption yield (the number of molecules lost from
O ceases and the O rapidly formg rough recombination the ice film per photon) increased significantly with temper-
with O, (Reaction 7) (Brasseur and Solomon, 1984). Duringature, and derived an effective desorption cross section of
the daytime, whery is smaller than about 80the typical ~ 8x10 '8cn? molecule’l. The absorption cross section of
O concentration below 80km is around'€@m—3 and the  gas-phase pD is 1.4x10~" cm~2 molecule®, which indi-
peak concentration at 95 km is betweedénd 132cm3. cates a quantum yield for photodesorption of close to unity
At the times of the rocket flights shown in Fig. 1, the concen-at 121.6 nm. Watanabe et al. (2000) irradiated 120D
tration of O in the mesosphere is clearly much lower. ice at 126 nm and upon subsequent temperature-programmed
desorption found that Pwas produced. Watanabe (private
communication, Hokkaido University) speculates that reac-
2 How might the formation of mesospheric ice clouds tion of D (produced by photolysis of fD) with another D,
influence atomic O in the MLT? or DO, to produce D only occurs efficiently at very low
temperatures since at higher temperatures D will diffuse out
Mesospheric ice clouds may influence the atomic O profileof the ice structure before it has a chance to react. Yabushita
in at least three ways: firstly, through the uptake of O onet al. (2003) has recently reported that H atoms are pro-
the surface of the ice particles; secondly, by redistributingduced from the surface of 90-140K ice samples irradiated
water vapour, thus altering the odd hydrogen chemistry ofat 193 nm. It is reasonable to assume that the efficiency of
the mesosphere; and thirdly, via the direct photolysis of theH production increases at 121 nm, where the optical absorp-
ice particles themselves to produce H and OH, particularlytion cross section of water ice is much larger than at 193 nm
at the base of the ice aerosol layer where the larger particlegvarren, 1984). It seems clear from the available experimen-
that give rise to NLC are observed. tal data that H and OH are produced in the gas phase upon
The first of these mechanisms, initially suggested by Oliv-Lyman- photolysis of ice, although the efficiency for pro-
ero (1974) and later by Gumbel et al. (1998), is the catalyticduction of these radicals has still to be determined.
removal of atomic O on the surface of NLC ice particles. In this paper the impact of NLC on the neutral chemistry
Laboratory measurements of the uptake of O on ice films,of the mesosphere will be investigated using a 1-D photo-
thought to be realistic surrogates of mesospheric ice partichemical model of the MLT region to evaluate these three
cles, have shown that the removal of atomic O on ice oc-mechanisms.
curs through adsorption of O, followed by O op (@ the gas
phase picking the adsorbed O off the surface to foo©
O3, respectively (Murray and Plane, 2003b).
The second and third mechanisr_ns both operate througbrhe model, termed MESOMOD, is a 1-D photochemical
an enhanced odd hydrogen chemistry, with a correspond-

S . model extending from 65 to 110 km with a resolution of
ing increase in odd oxygen removal (Egs. 1-8). Odd hy'0.5 km. It uses a time-implicit integration scheme (Shi-

drogen ghems_try can be enhanced in two ways: the f'.rshwazaki, 1985) with a time step of 6 min to solve the conti-
mechanism, originally suggested by Kopp et al. (1985a), In'nuity equation for each species: for tivh constituent of
volves the Lymarx photolysis of a layer of enhanced water concentration. '

1

vapour at the base of an NLC. The source of addition®H

is thought to be the sublimation of large ice particles, which 9% _ Oi+Li+ 9 _ 0, (9)
have transported #D from higher altitudes (von Zahn and 97 0z

Berger, 2003). In fact, Summers et al. (2001) have used limbwhere Q; and L; are the chemical production and loss of
scanning satellite observations to show that a persistent layespeciesi, and ¢; is the vertical flux. Molecular diffusion

3 The 1-D photochemical model

www.atmos-chem-phys.org/acp/5/1027/ Atmos. Chem. Phys., 5, 10382005
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Table 2. The odd oxygen and hydrogen reactions included in ME-

SOMOD.

B. J. Murray and J. M. C. Plane: The impact of noctilucent cloud formation on atomic oxygen

Reaction

Rate Coefficiefit

H+03 - OH+ 0,
OH+0— H+0
O+ +M—>03+M
H+O,+M — HOy; + M
HO, + O — OH + O
0+03— 20,

OH +HO, — Hy0 + Oy
H + HO, — 20H
H+HO, — Hy+ O
O!D +H,0 — 20H
OID+Np - O+Ny
OlD+0; > 0+ 0,
OD+Hy — OH+H
OH +OH— Hy0 + 0O
OH + OH— Hy0;

OH + HyOy — Hy0 + HO,

HO, + O3 — OH + 20,
OH + O3 — HO, + O,

HOs + HOy — H205 + Oo

O+ HyOy — OH + HO,
OH+Hy - H)O+H

1.4x10710 exp(—470/ T)
2.2x10 M exp(-120/T)
6.6x 1034 (T/300)~2-3
5.7x10~32 (T7/300) 16
3x10~11 exp(-200/T)
8x1012 exp(—2065/T)
4.8x10 11 exp(-250/T)
8.1x10711x0.9
8.1x10711x0.1
2.2¢<10°10

1.8x10 1 exp(-110/T)
3.2x10" M exp(-70/T)
1.1x10°10

4210712 exp(-240/T)
6.2x10731 (—7/300)"1
2.9x10"12 exp(-160/T)
1.1x 10~ 14 exp(-500/ T)
1.6x10712 exp(-940/ T)
2.3x10 13 exp(-600/T)
1.4x10712 exp(=2000/ T)
5.5x 10712 exp(~2000/ T)

¢ Rate coefficient units: bimolecular, @rmoleculeflsfl;

termolecular, cimolecule2s~1; the rate constants were taken

from Sander et al. (2003).

110
Socrates —x\
100 A Molecular diffusion L
=
4
~
5 90 - .
=l
p=
< 80 A Lubken, 1997]
\ Profile used in this study
70 A F
Garcia and Solomon, 1985
104 103 108

Diffusion coefficient (K, or D)/ em’s”

Fig. 2. Composite of various eddy diffusion coefficierk£z) pro-
files, including that derived from high latitude summer mesosphere
neutral-turbulence measurementsiifken, 1997) (dashed line), the
results from the 2-D models of Garcia and Solomon (1985) and the
NCAR SOCRATES 2-D model of the middle atmosphere (Khos-
ravi et al., 2002). Also shown is the profile used in this study and
the molecular diffusion given the temperature profile for July, both
shown with heavy solid lines.

(SRB) and Schumann-Runge continuum (SRC) are taken
from Murtagh (1988) and Brasseur and Solomon (1984), re-
spectively. The photolysis rate of2B in the Schumann-
Runge bands (SRB) and at the Lymadine are calculated
using the parameterisations given by Brasseur and Solomon
(1984) and a parameterisation for the @lumn density

as a function of solar zenith angle is taken from Shimazaki
(1985). Profiles of pressure and temperature were taken from
a 2-D global circulation model (Garcia and Solomon, 1994).

At the upper boundary an additional flux of O is included,

dominates vertical transport above the turbopause, which isvhich results from the downward transport of thermospheric

at about 95km in the polar summer MLT ifhken, 1997),

O. This flux is estimated from the following expression (Shi-

whereas bulk mixing, parameterised by the vertical eddy dif-mazaki 1985):
fusion coefficient Kz, dominates below:

onj
¢i =—(Kzz+ Dj) — +
0z
where
Hpn Kz+Di\ H

197 1
eI P O 10
T81+HA>n'} (10)

(11

¢i = Di (i- — i) [O], (12)

where H; is the scale height of O at 110km (typically
15km), H is about 7km (Hedin, 1991), [@]s typically
2x10cm3 (Gumbel, 1997), and); is 5x10fcm?s 1.

with H and H; being the scale height of the atmosphere andThis implies a flux into the top level of the model of

thei-th constituent, respectively, a?] the molecular diffu-

sion coefficient.

7.4x10" cm2s71; this corresponds to a production term
in the top box of 1.%10” cm~3s~1, compared with midday

The model includes a full treatment of the odd hydrogen photochemical production of only 1x8.0° cm=3s-1. Addi-
and oxygen species, the reactions and rate coefficients dfon of this thermospheric flux increases the peak O concen-
which are listed in Table 2. The rate constants are taken frontration at 95 km from ¥ 10 cm=3 to 7x 10 cm=2, which
a recent evaluation (Sander et al., 2003). Parameterisatioplaces the model in very good agreement with rocket mea-
for the photolysis rates of £in the Schumann-Runge bands surements (see Fig. 1).

Atmos. Chem. Phys., 5, 1027638 2005
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110

4 Tuning the eddy diffusion profile

The K, profile used in this study was adapted fronkKga

profile derived from rocket-borne neutral density fluctua- 100 -

tion measured in the summer high latitude MLT at RD

(Lubken, 1997). Lbken found that significant turbulence §g

during this period only occurred between 78 and 97 km,

peaking around 90km. Later rocket measurements con-

firmed these results [ibken et al., 2002]. Figure 2 shows

that this is in contrast to the predictions of 2-D models, which

predict a much broader region of turbulence extending from 80 1 06:00

70 km to above 110 km.
While it was possible to derive the vertical extent of turbu- 12:00

lence accurately from the measuremenisblten notes that 70 1

the derivation ofK;; is only accurate to within a factor of ‘ ‘ ‘

two. In fact, for the modelling results presented below, the 10° 10° 10'° 1o 10°2

K77 profile used was that ofilbken (1997) reduced by a fac- [0]/cm”

tor of two (see Fig. 2). Using the unalteredltkenK,, pro-

file caused the concentration of O in the region of maximumFig. 3. The model O profile at 6 h intervals in July with an unper-

turbulence, at about 90 km, to be significantly reduced com-turbed odd hydrogen and water vapour profile and no uptake on the

pared with the rocket O profiles. The black dashed line inice particles.

Fig. 1 illustrates the model prediction at 02:00 LT with the

LubkenK; profile reduced by a factor of two — it is clearly _ o )
in good agreement with the rocket profiles. altitude at which minima were observed in the rocket mea-

surements (see Fig. 1 and Table 1). This feature, which has

stimulated various groups to suggest possible interactions
5 Results and discussion between O and NLC (Sect. 1) may simply be a product of

the unique photochemical environment at the altitude range
The model results presented here are for 02:00 and 14:00 L here NLC occur. Previous photochemical models of the
in July. These times were chosen for two reasons. The firsg;mymer mesosphere (e.g., Xu et al. (2001) and Ratkowski
is that the night-time model run corresponds closely to thegt 4. (1994)), have also predicted a minimum in O at about
launch times of the rocket measurements. The second is thaig m.
the largest ice particles and largest water vapour enhance- The minimum at 84 km in the model arises from the rela-
ments are expected at around 02:00 and 14:00 LT, becausfe chemical lifetimes of the odd oxygen {Dand odd hy-
of the effect of the semi-diurnal tide (von Zahn and Bel’ger,drogen (HQ) families in this region. Like O (the dominant
2003). O« species above 75km), the chemical lifetime of theyHO
family, which is orders of magnitude longer than the chem-
ical lifetimes of H, OH or HQ, increases dramatically with
altitude above about 80 km (Brasseur and Solomon, 1984).
However, there is one significant difference: the region in
which HQ rapidly increases in concentration, called the
HO ledge by analogy with O, occurs at a lower altitude than
the O ledge. At midnight in July, [HQ increases dramati-
8ally by a factor of about 25 between 82 and 82.5 km (Fig. 4),
whereas at noon the ledge is not so pronounced, with,][HO
increasing by just a factor of two over a similar altitude range.
This diurnal variation, driven by the attenuation of UV radi-

the rocket measurements, illustrated in Fig. 1, shows that th%ﬂ?(n at h'gh)_(’ Is clearty Sho""'f‘ Ier]I F'dg.' 4. 'I;he rlegll;)n aboveth
main features of the O profile are satisfactorily reproduced., M experiences no appreciable diurnal cycle because the

: ifetime of HO is larger than a day. It is clear from Fig. 4
The model reproduces the peak [OQ], the altitude of the peallI
[0], and the steep scale heighteD.5 km common to all the that the O ledge occurs about 1-2 km above that of thg HO

rocket measurements between 83 and 86 km. Below 83 k I,edge, and it is within the region between the ledges that the

the modelled [O] (& 108 cm~3) falls within the natural vari- minimum in O is generated due to the locally enhanceg HO

ability of [O] in the atmosphere. Interestingly, the minimum chemistry (Eqs. 1-8).
in the modelled O profile occurs at 84 km, very close to the

00:00 18:00

Altitude / k

5.1 Atomic O in the absence of ice particles

The modelled atomic O profile for July is shown as a func-
tion of local time in Fig. 3. The effect of attenuating vac-
uum ultraviolet radiation at large is clear at altitudes below
84 km, where [O] is reduced at night. However, throughout
the NLC season at 7N the mesosphere is never completely
in darkness, so that photolysis proceeds at a sufficient rat
to produce concentrations of O greater thaRd@ 3 in the
mesosphere.

Comparison of the modelled O profile at 02:00 LT with

www.atmos-chem-phys.org/acp/5/1027/ Atmos. Chem. Phys., 5, 10382005
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Atomic O concentration / cm™ 100
107 108 10° 1010 10" 10"
100 | 12:00LT 07
xX= 500 g
=
< 80 -
£ o] OH £
> <
3 /
= 70 4
< 80 - HO
2
60 ; ;
10° 1010 10 10'2
70 A . .
‘ ‘ : Atomic O Density / cm™
10° 100 107 108 10°
Concentration / cm™ Fig. 5. High x atomic O profile measured by rocket-borne res-
onance fluorescence instruments where ice particles do not ex-
ist. This profile was measured at 05:25 on 3 April 1974 by
Atomic O Concentration / cm a rocket-borne resonance fluorescence/absorption probe launched
107 108 10° 1010 1011 1012 from South Uist (57.4N and 7.2 W) while x=95° (Dickinson et
: : ‘ ‘ al., 1980).
oo | 2H0LT
These effects at large should not of course be restricted
to the season and regions in which ice particles form. Un-
g 90 | fortunately there appears to be only one O measurement that
3 has been made with>90° in the absence of ice particles
g (see the review by Gumbel (1997)). This O profile was mea-
b= sured at 05:25 LT on the 3 April 1974 with a resonance flu-
< 80 | orescence/absorption probe on board a rocket launched from
South Uist (57.4N and 7.4 W) while x=95° (Dickinson et
al., 1980). This profile exhibits a distinct minimum just be-
o low 80 km, as shown in Fig. 5.

105 106 107 108 10° 5.2 tl'mpact of heterogeneous uptake of atomic O on ice par-
icles
Concentration / cm™
A lower limit to uptake coefficienty, required to produce
Fig. 4. The model odd hydrogen family and its constituents at & Significant depletion in the atomic O profile, can be de-
12:00 LT (top) and 24:00 LT (bottom). Also shown, as a grey rived using the MESOMOD model by including a cloud par-
dashed line, is the model O profile at 12:00 LT and 24:00 LT, re-ticle surface area profile derived from a detailed cloud micro-
spectively. physics model (von Zahn and Berger, 2003). The profile of
the cloud surface area shown in Fig. 6 is calculated assuming
a normal size distribution where the width of the distribution

The minimum in O below the ledge is reinforced by the is equal 10 0.23mean (rmean:mean particle radiL!s) (Berger
severe attenuation of Lymanradiation below 80 km at high and von Zahn, 2902)' The fI.I’St-OI’deI" rate cz?effluent for up-
X, Which results in the peak HOproduction rate to shift take of O on the ice surface is then given by:
from 75_ km, during the daytime, to 84 km. This has the resultkhet _ %C_AS i +vi) s (13)
of causing the greatest removal of O just beneath the O ledge.

As a consequence of the minimum in O at around 83 km, thewvherec is the root-mean-square velocity of @,is the volu-

partitioning within the HQ family is altered in such away as metric surface area assuming smooth spherical particles, and
to favour OH and H@. Thus a peak concentration of these ¢ is a factor to increase the surface area to account for the
species is observed in the model (Fig. 4). non-spherical nature of mesospheric ice particles and surface

Atmos. Chem. Phys., 5, 1027638 2005 www.atmos-chem-phys.org/acp/5/1027/
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Mean particle radius (dashed line) / nm
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Fig. 6. (a) The particle number density and radius in the summer mesospher Mtfitn a microphysical model (von Zahn and Berger,
2003). (b) The volumetric surface area (solid line) and Mie scattering cross section (dashed line) as a function of altitude for the mean
particles radii and number densities in Fig. 6a assuming a normal size distribution.

roughness. The productsAs therefore the total volumetric the Kelvin effect to be responsible for the lack of sub-micron
surface areay; is the uptake coefficient of O on typesites,  structures. At much lower temperatures, the formation of
where the adsorbed O then reacts with gas-phase O to preurfaces with a larger degree of curvature will be stable, but
duce Q; andy;; is the uptake coefficient of O on disordered for NLC particles significant surface roughness is unlikely
type ii sites, where the adsorbed O reacts with gas-phase Gsince the particles themselves are already on the scale of a
to produce @ (Murray and Plane, 2003). The experimentally few tens of nanometers#£20 nm). Surface roughness would
determined uptake coefficients are: have to be on a smaller scale than this. It is believed that mi-
_ cropores, structures on the scale of nanometers, do not exist
vi=15x10 0 exp1l4kJ mol’l/RT)[Oz] abori/e about 110K in ice films, and therefore such structures
are unlikely to exist in NLC ice particles. Henaes5 seems
a generous upper limit and appropriate for testing the poten-
tial impact of NLC on the atomic O profile.

(14)

vii =7x107°, (15)

However, it should be noted that the uptake on tyites
produces @, and since O is in photochemical equilibrium
with Og, the loss of O on typeé sites will not create a local The model shows that the measured uptake rates on ice
depletion of O. are too small to influence the O concentration in the sum-
An estimated upper limit te of five has been used in this mer mesosphere. In fact, widr5, y (=y;+y;) needs to
modelling study, for the following reasons. Lidar measure-be 0.05 before a significant reduction in the O concentration
ments with polarised light have shown that NLC particles areat the base of the cloud layer is observed. Figure 7 illus-
non-spherical with length-over-diameter ratios of at least 2.5trates the modelled O profile far=0, 0.1 and 1 as well as
(Baumgarten et al., 2002). In the troposphere the aspect ratithe two rocket profiles which appear to be least perturbed by
of ice needles has been measured to be as large as 33 (Yourthe action of gravity waves. Note that although the rocket
1993). Assuming a length over width ratio of 2.5 gives a [O] below the ledge is larger than the model [O], there is rea-
surface area enhancement over a sphere of equal volume sbnable agreement within the limits of the natural variability
£=1.25, while that of a particle with a length over width ratio (see Fig. 1). Whe=0.1 the model reproduces the rocket-
of 33 givese=2.5. Additional surface area may be available if measured ledge and minima rather well, but whes set at
the surface of the mesospheric ice particles are rough. Studinity the uptake in the upper part of the ice cloud becomes
ies of ice films deposited above 200 K show that surface areaignificant, the ledge is shifted upwards and the minimum
estimates from adsorption isotherms give very similar sur-is much deeper and wider than in the measured profiles. If
face areas to measurements by electron microscopy (Keyser=5, y must be larger than 0.05 in order to have a significant
and Leu, 1993). This result shows that above 200 K the largempact on [O], but not larger than 0.3 or too great a perturba-
surface area of these ice films is entirely due to structures otion results. Hence; would need to be at least®0° times
the scale of microns, since this is the resolution of the micro-larger than the laboratory measured value. We therefore con-
scopes used and smaller structures would be detected by gakide that heterogeneous uptake of atomic O on ice particles
adsorption measurements. Keyser and Leu (1993) postulatie not an important process in the summer mesosphere.
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Fig. 7. The calculated O profile for no uptake on ice and for overall Fig. 9. The atomic O profile with a modified water vapour profile at

uptake coefficients of 0.1 and 1 at 02:00 LT. Also shown are the ° ]
two rocket profiles (c and e, see Table 1) least perturbed by gravityoz'oo and 14:00 LT, when the largest water vapour enhancements

. are expectedZ,o shown in Fig. 8 was used directly for the cal-
waves (grey dashed lines). The surface area enhancerm8nt culated profiles marked D] x 2 (light solid lines), where the peak

enhancement was about two. For the profiles marked [H20]

94 (heavy solid lines) all values df,0>1 were increased by a fac-
tor of two, so that the peak enhancement was about 4. The dashed
92 1 grey lines represent the O profile for an unperturbed water vapour
profile.
g 90
4
2 mesopause (88-90 km) where they may grow and sediment
i 86 1 through the upper mesosphere dehydrating the region as they
84 1 descend, so that the mixing ratio can fall to less than 0.3 ppm
above 85km — about 10% of the mixing ratio if no ice par-
82 1 ticles were present. von Zahn and Berger (2003) show that
30 it takes on the order of 10 h for ice particles to grow large

0.1 1 enough to scatter light efficiently and become optically de-
tectable as NLC. They also state that the build-up of water
vapour at 83 km can only start after large patrticles, that give
rise to visible NLC, have formed. Hence, NLC are an indica-
Fig. 8. The impact of ice particle formation on the distribution of tjon for the presence of |arge, Sub”mating ice partic|es_ Itis
water vapour in the summer mesosphere at 14:00 LT aftN68x-  interesting to note that the water vapour layer between 81.5
presse_d in terms of an enh_ance_rnent/delOleUOn fé_lz‘@_{o-.'rh!s and 83 km occurs at the altitude of the visible NLC rather
factor is derived by comparing Fig. 4, the water distribution in the than below (Fig. 6). The microphysical model of von Zahn

absence of ice particles, and Fig. 9, the water distribution in the : f - .
presence of ice particles, in von Zahn and Berger (2003). Theand Berger includes the effect of tides. The semidiurnal tide

dashed line represents the water vapour enhancements in line withduses the ice particles to sublimate when the vertical tidal

the satellite limb scanning measurements of Summers et al. (2001)Vind direction reverses from down to up. The mixing ratio
in the regions of enhancedB can be as large as 13 ppm, an

enhancement factor (designatedZzago) of about three over
5.3 Impact of the modified water vapour profile in the pres- the unperturbed pO density (von Zahn and Berger, 2003).
ence of ice clouds This model prediction is in good accord with the satellite ob-
servations of Summers et al. (2001), where a maxinZixo
The detailed microphysical model of Berger and von Zahnvalue of almost four was recorded.
(2002) clearly demonstrates that the® mixing ratio is The redistribution of water vapour in the summer meso-
dramatically altered by the formation and transport of wa-sphere by ice particles will affect the mesospheric odd hy-
ter ice particles (Fig. 8). Ice particles nucleate close to thedrogen distribution, since the UV photolysis of® is the

Enhancement/depletion factor (Z;;,,)
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95

main source of odd hydrogen species. This is illustrated in
Fig. 9, which shows the impact on the O profile when the
H>O profile is modified. TwoZp,o profiles were used for
this modelling, the first was the profile shown in Fig. 8 that is
taken from the model of Berger and von Zahn (2002), where &
the peakZn,o was about two (solid line in Fig. 8); the second
was the same profile, but where all valuesZpf,o>1 were
multiplied by two to bring the HO enhancement in line with
the measurements of Summers et al. (2001) (dashed line ir 20 |
Fig. 8). 02:00 LT

The model calculations with the smaller pek,o will 14:00 LT
be considered first (light black lines in Fig. 9). Comparison
against the standard O profile (grey dashed line — the O pro-
file with an unperturbed water profile and no uptake on the 3
ice) reveals that the reduction inp,® and therefore H and [O]/cm
OH is sufficient to cause an increase in the concentration of o ) )
O in the region where,o<1. At 02:00 LT the photolysis Fig. .10. The calculated O profile .|nclud|ng the effgct of ice pho-
rate of O at 82—83 km is not sufficient to create a depletion ©YsiS: for 02:00 and 14:00 LT, with the particle size and number
in O, because Lymau-is significantly attenuated. However, O.Iens'ty Prome Shown In Fig. 6 (light solid line) and whgre_the par
the Lymane intensity is almost unaltered 2 km higher, hence ticle rgdlu; was increased by a factor of 1:5 .(heavy solid line). The

. . ) ) . O profile in the absence of an ice cloud is included for reference

there is a similar enhancement in the atomic O profile abovetdashed line).
this altitude both at 02:00 and 14:00 LT.

The calculations with the larger pedsy,o (heavy solid
lines) show that at 14:00 LT, when Lyman-jenetrates photon results in the ejection of one H atom and one OH rad-
deeper into the atmosphere, the photolysis gOHreates ical into the gas phase. The resulting modelled O profiles are
a rather striking depletion in O at 83km. There are, to date represented by the light solid lines in Fig. 10. The effect is
no rocket measurements to confirm this result. The odd hynegligible at night because the Lymanintensity is small,
drogen production is only rapid enough to enhance the losgut there is a clear depletion between 82 and 84 km in the
of O significantly whery is less than 839 which happensin  14:00 LT profile.

90

m

oo
W
1

Altitude /

10° 1010 o1

July between about 04:00 and 20:00 LT at RD The heavy solid lines in Fig. 10 represent upper limits to
) . . the impact of ice photolysis on the O profile. In this case the
5.4 Impact of the photolysis of large ice particles particle mean radius has been increased to 64 nm: the water

) ) vapour mixing ratio equivalent of this cloud is now 20 ppm,
A large proportion of the water between 80 and 90 km in the, ik requires all the b from 80 to 90 km to be deposited

summer mesosphere is in the form of water ice particles. INyithin a 1.5 km layer. The effect of this cloud on the atomic

fact, for a typical mean radius of 42nm and number density profile is clear whery is less than 8Q whereas the impact
of 200 cnt 3 at 83 km (Fig. 6a), the equivalent water vapour at night remains negligible.

mixing ratio is 9 ppm, assuming a density of 0.9 gchior

low-temperature ice. That is, a significant quantity of water

has been concentrated into a relatively narrow layer. Thus, i |mpact of ice particles on the neutral chemistry of the

the Lymane: photolysis of the ice particles and subsequent  mesosphere

release of H and OH into the gas phase were an efficient pro-

cess, the odd oxygen chemistry may be perturbed. In the preceding sections it has been shown that the odd hy-
Although NLC ice particles are small compared to the drogen chemistry of the mesosphere is substantially modified

wavelength of Lymarnx radiation, the Mie absorption ef- by the formation of ice particles. The focus of this paper so

ficiency at 121.6 nm for spherical ice particles with radii far has been the effect of this on atomic O, but the impact

greater than 30 nm approaches unity. The Mie calculationsn the minor HQ O and related species should also be con-

used in this study were performed with the code of Espy andsidered. Figure 11 shows the impact of the modifie®DH

Jutt (2002), using the refractive index for ice from Warren profile (using the upper limit t&n,0, shown as the dashed

(1984). line in Fig. 8) on a number of species at 14:00 LT in July. The
The volumetric Mie absorption cross section (units ofcm effect of ice photolysis has not been included in this model

cm~3), calculated assuming a normal distribution of ice par- run because there cannot simultaneously be a concentrated

ticles and using the Mie absorption cross section for the parti{ayer of water vapour and ice particles, since the available

cle distribution shown in Fig. 6a, is illustrated in Fig. 6b. For supply of O would then be exceeded. Of course, the two

this modelling study we have assumed that each absorbechechanisms can operate together, each at a reduced rate. At
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95 ments (Kopp et al., 1985b), positively charged clusters con-
taining HO, were observed in the presence of NLC. Kopp
90 + et al. (1985b) concluded that the concentration g®pimust
) be higher than expected in order for these clusters to form.
E 85 | The redistribution of water vapour, and subsequently the odd
E hydrogen species, by the formation of ice particles is most
2 likely the explanation for these enhanced®4 concentra-
§ 80 tions in the summer mesosphere.
75 4
7 Conclusions
70

The photochemical model described in this paper has been
employed to investigate the potential impact of ice particles
Concentration / cm™ formation on the chemistry of the summer mesosphere. At-
tention has been focused on the atomic oxygen profile be-
Fig. 11. The calculated profiles for 14:00 LT in July ofsOH,  tween 80 and 90 km, the region in which these ice particles
OH, HO; and 0, with an unperturbed water vapour profile (light - cleate, grow and sediment, altering the water vapour pro-
daghed lines) and a water vapour profile modified by the freezeﬁle as they do so. Three mechanisms have been suggested
drying process (solid lines). that may either directly or indirectly influence the atomic O
profile: the uptake of atomic O on the ice particles; the mod-
L . ification of the water vapour profile by the freeze-drying ef-
14:00.LT the \_Nate.r vapour mec_hamsm is likely to domlnatg fect and the subsequent impact on the odd hydrogen-oxygen
fqllowmg sublimation of the particles as a result of the semi- interactions: and the direct photolysis of the large ice parti-
diurnal tide (Voh Zf"‘.hn and Berger, 200’_3’)' _ ~ cles at the base of the aerosol layer, to form H and OH.
~ At 83km a significant depletion of £is predicted. This Laboratory studies show that the uptake coefficient of O
is expected because of the fast photochemistry that links Q jce at temperatures representative of the mesosphere is
and & (Brasseur and Solomon, 1984). The mesosphesic O gnly 1x10~5 (Murray and Plane, 2003b), a factor of at least
profile is currently be§t inferred fr_om rocket-borne measure-5 103 times too small to influence the odd oxygen chemistry
ments of the @*A) infrared emission, such as those de- of the summer mesosphere. In contrast, the enhancement of
scribed by Gumbel et al. (1998) which do in fact record agqq hydrogen, through the photolysis of water vapour or ice,
minimum in Q; at 83km. The modelled peaks@oncentra-  may have a significantimpact on the O profile when the cloud
tion at about 88 km is enhanced by about a factor of two agayer is irradiated by Lyman-radiation at solar zenith an-
a resu!t of the dehydration of this. region and the consequenges less than-80°. The effect of enhanced water vapour at
reduction of odd hydrogen species. The peakddncen-  the pase of the cloud can be modelled with reasonable confi-
tration of 2<10° cm3 is in good agreement with the rocket gence, whereas the photolysis of ice particles is uncertain be-
measurements of Gumbel et al. (1998). cause the efficiency with which H and OH are ejected into the
Significant enhancements in the concentrations of OH,gas phase is poorly known. In the modelling study presented
HO_ and, to a lesser extent, H are observed at 83km. Thisere, this efficiency is assumed to be unity, whereas West-
enhancement is due in part to the direct photolysis of theley et al. (1995) suggest that the primary desorption product
additional water vapour at this altitude as well as the in-from the Lymane irradiation of ice films is HO. However,
fluence of the reduced O on the partitioning of the HO they performed their experiments at below 100K, with ice
species (reduced O favours the formation of OH and;HO films that were 500 nm thick. Release of H and OH from
over H). The enhancements of [OH] and [bl@t 83km are  the ice matrix before they recombine to form® should be
significant, but the predicted enhancement eDhlis dra-  more efficient at higher temperatures and in thinner ice films,
matic since its rate of formation is dependent upon [OH] or by analogy small ice particles. Laboratory measurements
and [HO:]2. Arnold and Krankowsky (1974) published re- of the H and OH yield from ice under conditions pertinent to
sults from several rocket-borne mass spectrometric measurgéhe summer mesosphere are required to properly quantify the
ments launched from Andgya in Northern Norway (89  importance of the ice photolysis mechanism. Nevertheless,
at different times of the year, where the®j ion was ob-  this modelling study shows that the efficiency of H and OH
served. The concentrations onG;, produced from HO; production must approach unity to have a significant impact
by charge transfer with ), could be modelled satisfactorily —on the O profile.
in all but the summer measurements. They speculated that The layer of enhanced water vapour that results from the
this discrepancy was due to much higher concentrations oévaporation of ice particles will produce additional H and OH
H>0> during summer. In later mass spectrometric measurethrough photolysis, resulting in a depletion of O. Indeed, an

10 10° 106 107 108 10°
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enhancement factor of 4, consistent with satellite measureby rocket-borne or satellite instruments might validate the
ments (Summers et al., 2001), should produce depletions gbredictions of this model and the microphysical models that
close to an order of magnitude. Von Zahn and Berger (2003predict a dramatic freeze-drying process in the summer high
show that the sublimation of ice particles should only occurlatitude mesosphere.
significantly around 02:00 and 14:00 LT. Hence, the largest
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