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Abstract. This study examines the possibility for a theoret- Keywords. Atmospheric  composition and  structure
ical approach in the estimation of water vapour mixing ra- (Aerosols and particles; Middle atmosphere — composition
tios in the vicinity of polar mesospheric clouds (PMC) using and chemistry; General or miscellaneous)

satellite observations of Volume Scattering Radiances (VSR)
obtained at the wavelength of 553 nm. The PMC scattering

properties perturb the underlying molecular Rayleigh scat-

tered solar radiance of the background atmosphere. As arél  Introduction

sult, the presence of PMC leads to an enhancement in the

observed VSR at the altitude of the layer; the PMC VSRs areThe phenomenon of noctilucent clouds (NLC) was first ob-
superimposed on the exponentially decreasing with heighserved in the late 1880-ies at twilight in summer time at
Rayleigh VSR, of the PMC-free atmosphere. The ratio be-Northern high latitudes and reported by Backhouse (1885)
tween the observed and the Rayleigh VSR of the backgrounénd Jesse (1887). Jesse (1887) determined the average al-
atmosphere is used to simulate the environment in which théitude of NLC at~82km, confined to a geometrically thin
cloud layer is formed. In addition, a microphysical model layer of typically 1-3km (Thomas, 1991, and the references
of ice particle formation is employed to predict the PMC therein). Since then there have been extensive observations
VSRs. The initial water vapour profile is perturbed until and modelling efforts to determine the origin, morphology
the modelled VSRs match the observed, at which point theand microphysical properties of these clouds employing both
corresponding temperature and water vapour profiles can bground-based and satellite means (e.g. Thomas, 1991; von
considered as a first approximation of those describing theZahn and Berger, 2003; DelLand et al., 2003, Rapp and
atmosphere at the time of the observations. The role of temThomas, 2006, and references therein, to mention some of
perature and water vapour in the cloud formation is exam-the more recent studies).

ined by a number of sensitivity tests suggesting that the wa- The first observations of NLCs from space were per-
ter vapour plays a dominant role in the cloud formation in formed by the Orbiting Geophysical Observatory (OGO-
agreement with experimental results. The estimated wate6) in 1970 (Donahue et al., 1972); it was suggested they
vapour profiles are compared with independent observationke called Polar Mesospheric Clouds (PMC) to characterize
to examine the model capability in the context of this study.these space-based observations (Thomas, 1995). Since then,
The results obtained are in a good agreement at the peak @xtensive observations of PMC have been made by various
the PMC layer although the radiance rapidly decreases witlsatellite experiments, among which the Ultra-Violet Spec-
height below the peak. This simplified scenario indicates thatrometer (UVS) on board the Solar Mesosphere Explorer
the technique employed can give a first approximation esti{SME) (Olivero and Thomas, 1986; Thomas and Olivero,
mate of the water vapour mixing ratio, giving rise to the VSR 1989), the Solar Backscattered Ultraviolet (SBUV) instru-
observed in the presence of PMC. ment on Nimbus-7 (Thomas, 1991), the Wind Imaging In-
terferometer (WINDII) (Evans et al., 1995) and the Halo-
gen Occultation Experiment (HALOE) (Hervig et al., 2001;
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and Aerosol Measurement (POAM 1) (Debrestian et al., This paper reports an attempt to develop a method, in which
1997). More recently PMC observations were performedsatellite BSR profiles of PMC and VSR can be used in com-
by the Student Nitric Oxygen Experiment (SNOE) (Bailey bination with a 1-D version of the Community Aerosol and
et al., 2005), the Optical Spectrograph and InfraRed Imag-Radiation Model for Atmospheres (CARMA) (Turco et al.,
ing System (OSIRIS)/Odin experiment (Murtagh et al., 2002;1979; Toon et al., 1979), in order to derive a self-consistent
von Savigny et al., 2005; Petelina et al., 2006), the Scanningneasure of the water vapour mixing ratio in the vicinity of
Imaging Absorpton spectrometer for Atmospheric CHartog-these PMC.
raphy (SCIAMACHY) on ENVISAT (Bovensmann et al., On the one hand, the PMC detection process used in this
1999; von Savigny et al., 2004), the Atmospheric Chemistrywork takes advantage of the enhancement of the VSR of the
Experiment (ACE) (Bernath, 2001; Bernath et al., 2005), solar radiance measured. PMC can be identified in satellite
and the Aeronomy of Ice in the Mesosphere (AIM) experi- observations as an enhancement in the volume scattering ra-
ment (Russell et al., 2009; Benze et al., 2009; Hervig et al. diances (VSR) of the measured solar radiance at the altitude
2009). However, there are still remaining questions about theof the cloud formation superimposed on the Rayleigh (ex-
PMCs formation mechanism, evolution, physical propertiesponentially decreasing with height) VSR of the cloud-free
and composition. Ground-based and satellite observationatmosphere.
aim at answering these questions by studying the clouds’ On the other hand, for the modelling effort of PMC layers,
physical properties and measuring the thermal, chemical aneche CARMA model requires initialization of the conditions
dynamical environment in which they form. of the ambient atmosphere (such as temperature and water
It is now well accepted that PMC can be described as avapour mixing ratio). For the purpose of the analysis, tem-
thin layer, located near the high-latitude summer mesopausperature data obtained from Falling Sphere (FS) experiments
region in both hemispheres, comprised of ice or iced (ice-(Schmidlin et al., 1991) are used in the altitude range from
coated) particles (Reid, 1997; von Cossart et al., 1997, 199970 to 90 km height. Water vapour mixing ratio profiles, used
Hervig et al., 2001; Emerenko et al., 2005). The currentfor the initialization of the model simulations (herein called
theoretical understanding of the microphysics, life cycle and“reference profiles”), are adopted from the HALOE v. 19 ex-
brightness of PMC layers indicates that the ambient temperaperiments (Russell et al., 1993) on the UARS. In addition, the
ture and water vapour mixing ratio control the formation and CARMA model was modified to calculate the BSR profile of
evolution of these layers (e.g. Turco et al., 1982; Thomasthe simulated PMC.
1991; Libken, 1999; von Zahn et al., 2004). In this re- Two sets of BSR profiles are obtained: experimental
gard, ambient temperature, water vapour mixing ratio and(WINDII) and modelled (CARMA). During the simulation
volume scattering radiance measurements may be considergulocess, the observed and the modelled BSR profiles are
as PMC parameters. However, the point to be made in thegompared. When the modelled BSR profile becomes compa-
current study is the possibility to use VSR measurements irrable or matches the observed BSR profile, the water vapour
the altitude range 70-90 km in the presence of PMC for themixing ratio profile is recorded. Finally, the derived water
calculation of back-scatter ratio (BSR, defined in Sect. 2.5)vapour mixing ratios are compared with independent satel-
profiles, in order to derive in turn an estimate of water vapourlite observations to verify the results obtained.
content in the mesosphere and in the vicinity of PMC, using
a microphysical model. This topic is discussed in more detail2.2 Satellite-based PMC observations by the WINDII
in the following order. First, the methodology and theoreti- experiment
cal approximations considered in the present study are de-
scribed. The microphysical model is employed in examiningVertical profiles of the BSR in the height range 70 to
the dependence of PMC’s BSR on the ambient temperatur®0km are derived from the Wind Imaging Interferometer
and water vapour mixing ratio. Next, the model predictions (WINDII) (Shepherd et al., 1993) observations of Volume
are compared with independent observations and the resulfayleigh Scattering Radiance (VRSR). WINDII was primar-
obtained are discussed. ily designed to measure global winds, by measuring the
wavelength shift of visible airglow emission lines. The
WINDII volume scattering radiances (VSR) are obtained

2 Methodology from the green-line 36) background filter at a wavelength
of 553nm. The radiance detected by the instrument is pre-
2.1 General description of the technique dominantly scattered solar radiation from the atmospheric

molecules, thus having a Rayleigh-type exponential distri-
The idea of using a theoretical approach in the estimation obution with height, and is used to derive back-scatter ratios
atmospheric parameters in the PMC region (such as tempergEvans et al., 1995) and mesospheric temperatures (Shep-
ture or water vapour mixing ratio) will be illustrated employ- herd et al., 2001). Since the WINDII temperatures are de-
ing volume scattering radiances (VSR) observed from a limbrived from the Rayleigh scattering radiances in the presence
viewing of the atmosphere in the vicinity of the mesopause.of PMCs no temperature measurements are possible within
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the PMCs as the scattered light is distorted from its ex-the nucleation and growth of ice particles in the upper meso-
ponential profile. The BSR are interpreted as a signaturesphere, points out that the nucleation on dust particles is a
of the presence of PMCs. The PMC signatures came as far more efficient nucleation process than the ion nucleation,
by-product of the VSR observations, appearing as sharp inwhile Gumbel et al. (2003) found that homogeneous or ion
tensity enhancements on the Rayleigh scattered atmosphenmicleation does not play a significant role in the formation of
background at altitudes 6¥83—85 km in the summer atmo- ice particles near the summer mesopause. This result is also
sphere. The BSRs, obtained as the ratio between the olsupported by von Zahn and Berger (2003), who found that
served VSR and the VSR corresponding to the Rayleigh scatthe respective super-saturation ratios for homogeneous and
tering background at 553 nm wavelength, and their verticalion nucleation, needed for stable growth of pure ice crystals
extent give information on the cloud brightness and its thick-in the upper mesosphere region, are of the order of 1000 and
ness. The vertical resolution of WINDII VSR data, from 200, respectively. Hence, at least from a theoretical point of
which temperature and BSR are derived, is 2 km in the heightview, heterogeneous nucleation on nanometer-sized particles
range 65 to 115 km. More information on the WINDII exper- appears to be an efficient and significant process of nucle-
iment can be found elsewhere (Shepherd et al., 1993). Aboudtion (e.g. von Zahn and Berger, 2003).
45 data profiles of VSR are observed per day within & 10  As the present study is not primarily a model development
latitudinal band, which allows the mapping of the PMC and project, the dependence of PMC particle formation on funda-
their brightness at high latitudes $5°) in both hemispheres. mental microphysical parameters, such as nucleation, is not
examined; rather we allow some empiricism in the model. In
2.3 The 1-D CARMA model this context the sensitivity of the back-scatter ratio at the peak
of PMC layers £83km) to temperature and water vapour
The CARMA model is a multi-dimensional model for mixing ratio perturbations is examined using a 1-D version
aerosols (Toon et al., 1988), and uses Eulerian transport obf the CARMA model. To this end, the forward model cal-
dust and ice particles to simulate the formation and evolutionculates the PMC BSR from assumed initial temperature and
of PMC particles and layers. It has been widely used in thewater vapour profiles estimating the BSR evolution over a
study of the microphysical and physical properties of PMC period of 48 h. These calculations are repeated for a number
(e.g. Turco et al., 1982; Jensen and Thomas, 1988; Jensen et cases, in which the initial water vapour mixing ratio and
al., 1989; Rapp et al., 2002, 2007; Rapp and Thomas, 2006femperature profiles are scaled up and downHiy0 ppmv
In the scope of the present study, dust and ice particles arand4-2.0 ppmv, and:5% (~7 K), respectively. Some of the
modelled at a latitude of69° N for the altitude range from  results from these simulations are presented and discussed
75 to 90km. The CARMA model used in its 1-D version in Sect. 3. The vertical profile of the eddy diffusion coeffi-
accounts only for vertical transport. Neither additional in- cient used in this study is adopted from von Zahn and Berger
fluxes of meteoric dust particles at the top of the model do-(2003) and corresponds to summer conditions at the Arctic
main nor water vapour influx from below (except from the Lidar Observatory for Middle Atmosphere Research (ALO-
original initialization) are assumed. Condensation nuclei areMAR) (e.g. Lilbken, 1997). The eddy diffusion coefficient
presumed to exist in altitude and size distributions accordingncreases with increasing altitude above 82 km, obtaining its
to the model of Hunten et al. (1980). The meteoric dust par-maximum value around 87 km (1xA° cn?s1). Below
ticle size distribution is assumed to be a log-normal (Turco et82 km, it takes a constant value of“dh? s—1.
al., 1982; Toon et al., 1988). The log-normal size distribution
was defined by defining its median radius, total particle num-2.4 Model initialization
ber density and geometric standard deviation. The median
radius of these particles varies from 0.9 nm at 86 km to 3 nmFalling-sphere (FS) experiments have been previously used
at 84 km height, while the total particle number density variesfor the study of the thermal structure of the Arctic sum-
between 2500 ci? at 86 km to 3250 cm?® at 84km. PMC  mer mesosphere (e.guibken, 1999). Unlike remote sensing
ice particles are formed via heterogeneous nucleation on preechniques, they provide in-situ measurements of the atmo-
existing dust particles. Although there is no real proof of the spheric density and temperature and are proven to be a valu-
kind of nucleation mechanism responsible for the PMC par-able technique in measuring temperature within PMC dis-
ticle formation, the assumption of heterogeneous nucleatiomlays. The initialization temperature profile employed in the
is considered to be a useful tool for the modelling of PMC CARMA model is the mean of 15 FS profiles obtained be-
layers, and serves the purpose of this research, because itgeen 27 July and 17 August 1992 during the SCALE and
particles are formed either by a) homogeneous, b) heterogee CHO campaigns at Andoya (8B, 16° E) (Libken, 1999;
neous, or c¢) ion nucleation. The ice particles formed duringA. Milleman, personal communication, 2002). The mean
the nucleation and growth processes have to overcome theemperature profile over this period can be considered as a
Kelvin barrier of the Gibbs free energy of the particle-water representation of the mean thermal structure of the summer
vapour system in order to be stable and keep growing (e.gmesosphere in early August 1992, the period for which there
Gadsden and Scbder, 1989). Reid (1997), having studied are also VSR and BSR satellite observations from WINDII
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at Northern high latitude. ilibken (2000) reported that the Recent optical studies of NLC ice particle size distribu-
mean temperature at typical PMC altitudes, from the be-tions, at visible wavelengths (440 nm and greater) (Hedin et
ginning of June until mid-August, remains rather constantal., 2008, Fig. 3) have shown that the scattering of light by
with time, but changes significantly by 5-10K before and typical PMC particles is very close to Rayleigh-type, if the
after that period. Under these circumstances, the mean FBarticles are spherical. In the case of WINDII with observa-
temperature profile selected is considered to be a good apions at 553 nm wavelength this concerns the consideration
proximation for the initialization of the CARMA model for of the Rayleigh scattering of PMC particles adopted in the
PMC BSR simulations in late July/early August 1992. At study conducted. Although particle scattering theory based
the time of the WINDII BSR observations the only observa- on the size of individual particles could be applied to such
tions of water vapour mixing ratios close in time and spacea study, before employing more complex theories (e.g. Mie-
to WINDII came from the HALOE experiment on UARS. scattering theory) in the analysis, we consider it necessary to
Hence, the selection of that data as a “reference source” oéxamine the results using Rayleigh scattering. Therefore, at
water vapour mixing ratio serves as an approximation in thethis point of our proposed approach, we try to construct, de-
model initialization. scribe and explain the basic steps that need be considered in
The two UARS instruments, WINDII and HALOE, look order to retrieve water vapour profiles in the vicinity of PMC
in different directions and do not observe simultaneously thefrom the WINDII BSR observations. At the WINDII obser-
same volume of air. Therefore at a first glance it seems thavations wavelength of 553 nm, the Rayleigh-limit is reached
the combination of WINDII and HALOE observations is not even earlier than at 440 nm wavelength (the wavelength con-
very appropriate. However, the purpose of this study is to desidered by Hedin et al., 2008) and thus Rayleigh scattering
scribe and demonstrate how water vapour (temperature) praheory describes satisfactory the scattering properties of the
files can be estimated having knowledge of the BSR and temice particle size distribution considered in the current study.
perature (water vapour) profiles associated with the presencin the process of simulating the BSR with the 1-D CARMA
of PMC. For this purpose it is sufficient that both WINDII model we have adopted the method by Klostermeyer (1998),
and HALOE experiments observe the upper mesosphere athere the total scattering rati®’ of the atmosphere is ex-
high latitudes during the PMC season, and can provide inforpressed in terms of the total extinction coefficient of the scat-
mation about the water vapour mixing ratio and the presencéering medium (the iced particleg) and the airy,, as:
of PMC.

R =10+2, 3)
2.5 Theoretical considerations in the modelling Ya
of the BSR With an accuracy 0f~10%, R’ is also an estimate of the BSR

(Klostermeyer, 1998). The total extinction coefficigentof
In the presence of PMC, the volume scattering radianceced particles at the wavelengti{(A=553 nm for the WINDII
measured by the WINDII experiment (ViRdeparts from VSR, observations) equals the sum of the scattering cross
the exponentially distributed with height background volume sections of the individual molecules per ¢and is given as:
Rayleigh scattering radiance (VRSR). The ratio between the

VSR, and the VSR of the background atmosphere gives a,, = /szr (dn/dr) - dr, (4)
measure of how much brighter the PMC is compared to the
background and can be expressed as: wherer is the particle radius in centimetre@, is the ef-
ficiency factor of each particle size awth(r) is the parti-
VSR, = VRSR, + VSRpumc, (1) cle number density at each size bin of radiusxpressed
_ VSR, . VSReme @ in cm™3. For par_ticle radii of I_ess than 80 an_r can be _
= VRSR, _ —VRSRa , expressed analytically by the first term of a series expansion

(van de Hulst, 1957, p. 144; Klostermeyer, 1998) and is given
where VSR, is the WINDII-measured volume scattering ra- by:

diance, VSR is the volume scattering radiance of the 5 2
PMC, and VRSR is the volume Rayleigh scattering radi- o) = § Y B 1 (5)
ance of the cloud-free atmosphere, in photonstst?; the 3 ’

ratio R is dimensionless and does not depend on the Sun’s . o . : .
radiance or instrument sensitivity. Here only the quantitywherem is the refractive index of the medium (iced patrticles)
VSR,, is measured. The value of VRSKs found from the ~ andx is the “size parameter’(xz@) Although we have
area where VSR=VRSR,, that is below and above the PMC assumed heterogeneous nucleation of iced particles with a
layer. An exponential fit to that area is applied and extrapo-silicon-based dust core, the refractive index used in Eq. (5) is
lated over the height range from 75 to 90 km, thus obtainingthat of water ice, since the resulting particles are ice-coated.
the VRSR,.. The ratioR is equal to unity when no PMC are Although this assumption may generate a systematic error
present. in our results, it is sufficient for the purpose of this study.
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Another issue rises when choosing the value of the refractivanodelling simulations of the scattering ratks (which we
index of water ice at mesopause temperatures. Although theall back-scatter ratio, adopting the term from Rayleigh li-
refractive index of water ice is not well known at such low dar observations) are considered successful if the values of
temperatures, Westley et al. (1998) measured its value to bthe measured scattering raftoand the modelle®’ become
1.29+0.01 at temperatures below 142 K; this value is used incomparable, or in the ideal cagé/R=1. With this in mind,

the present study. Eq. (7) provides an empirical relationship between the ra-

The values of thén(r) are provided by the model simula- diance wavelength and the differential Rayleigh-scattering
tions. Substituting Eq. (5) in Eq. (4) gives the total scatteringcross-section and thus a convenient way of estimating the
cross-section of the cloud layer as a function of altitude. Thelatter, thus allowing a first order approximation estimate of
log-normal particle size distribution was chosen, since is thewater vapour content from observations of VSRs in the pres-
most commonly used size distribution in model simulations.ence of PMCs.

For our case, the resulting log-normal size distribution of the

iced particles obtains a median radius range between 20 and

35 nm with a width of 1.4. Thus, the size parameter for each3 Sensitivity test results
case considered falls between 0.22 and 0.39.

For the estimation of®’ the molecular extinction coeffi- A sensitivity test was performed to examine the degree to
cient of the air need be calculated as well. However, duewhich variations in the background temperature and water
to the lack of data for the molecular extinction coefficient vapour content affect the BSRs. For the purpose of this test,
from the WINDII measurements, an alternative method hadtemperature and water vapour profiles correlative in time and
to be considered. In the case of WINDII, the observationsspace, that are in the height range from 70 to 90 km were
are made at the limb, away from the sun and are dependeriequired. These profiles are taken from the HALOE obser-
on the solar zenith angle, which is also related to the positiorvations at 74N on 24 August 1992. The mesopause is lo-
of the satellite and the local solar time (LST) at the time of cated at around 84 km with a temperature of 156 K; the water
the observations. A review of the range of LST observed forvapour mixing ratio at that altitude is 4.7 ppmv. At this start-
the cases considered shows a mean scattering an@e of ing point the minimum temperature is well above the tem-
(135°). Therefore, the molecular extinction coefficient of the perature of super-saturation and no PMCs were observed or
air, y, per unit volume is based on the Rayleigh theory andcould be simulated.
is given by: The sensitivity test proceeded by decreasing (scaling

do (135) down) the temperature, while keeping the water vapour pro-
Ya = Nm  ——, (6) file at its initial value and running the CARMA model un-
< til the critical point of supersaturation is reached, indicat-
where 42035) is the differential Rayleigh scattering cross- ing the atmospheric conditions for which PMCs (iced par-
section at scattering angte=135 per average gas molecule, ticles) begin to form from the assumed background water
expressed in chsr-1, dQ is the increment of solid angle vapour content. The model simulations showed that for the
in the direction of radianc&, while N, is the molecular selected water vapour content iced particles begin to form
number density given in molecules cf Below 100 km, the  at a mesopause temperature of 142 K. Therefore the starting
differential Rayleigh scattering cross section is calculated apoint of the sensitivity test is for a mesopause temperature
(adapted from Collis and Russell, 1976, p. 89, Eql}.7 of 142 K and water vapour of 4.7 ppmv. Scaling down this
_a “reference” temperature profile by 5% and 10% led to tem-
do(13%) _ 4.0875. (A(“m)) .108cmPsrl, (7)  peratures of 135K and 128 K respectively, at the mesopause,
ds 0.55 while the water vapour profile was kept unchanged from the
wherex is the wavelength of observation and the molecularinitial assumption. The temperature profile with mesopause
number density is given as: temperature of 135K is assumed to be the sensitivity test's

P( “base-line” profile. The decrease in the temperature leads

z) Ng . . . . .
=—" — (8) to a broadening of the region of super-saturation, in which

T(@) Ra sedimenting particles have a larger background area, over
Here P(z) andT (z) are the pressure and temperature at alti-which they can grow and sediment. Through the sedimen-
tudez, respectivelyN, andR, are Avogadro’s Number and tation process, the iced particles grow as water vapour from
the individual gas constahtor the dry air, respectively. The  the background atmosphere deposits onto their surface, al-

1in its original form Eg. (4.7) of Collins and Russell (1976) is Iowing larger particles to reside at the bottom of the clouds.
presented for a scattering angle@£r, applicable for lidar obser- It is therefore expected that th? altitude p.eak of a PMC {is
vations, with a constant in front of the brackets of 5.45. observed through the BSR profile to be shifted to lower alti-

2The individual Gas Constant depends on the particular gas andudes.
is related to the molecular weight of the gas. The value is indepen- The effect of temperature variations on the PMC’s BSR
dent of temperature and for dry at,=286.9 J/kg K. profiles is illustrated in Fig. 1a. The simulations begin with

m
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Fig. 1. BSR profiles at the time when the particle number density falls beté@0 cnt3 due to variations in temperature and water vapour
mixing ratio. (a) Reducing the “base-line” temperatuf@, by 5% to 135K (blue solid line), and by 10% to 128 K (red solid line); reducing

T by 10% to 128K after 11 h of particle growth (red dotted line). The water vapour remains constant at 4. {ipphime BSR profile for

a base-line water vapour mixing ratio of 4.7 ppmv is given in blue. The BSR profiles corresponding to a 5% increase and 5% decrease in
mixing ratio are given in black and red, respectively. The temperature is kept constant at 135K.

the reduction of the temperature by 5% and 10%, while themagnitude of such variations is comparable, although in the
water vapour profile is kept constant, yielding the BSR pro-lower range to the temperature fluctuations, which can be in-
files presented in Fig. 1a. The super-saturation case (142 Kduced by upward propagation and breaking of gravity waves,
is given in black, the 5% temperature reduction, correspondoften observed in the upper mesosphere and the mesopause
ing to 135K is given in blue, and the 10% temperature reduc-+egion.

tion corresponding to 128 Kiis given by the red solid line. Be-  Figure 1b shows the variability of BSR with respect to wa-
cause the lifetime of iced particles varies with temperature o, vapour variations. The background temperature is kept
the lifetime of the modelled PMC under different mesopausecgnstant at the “base-line” case (135K, blue line) while the
temperatures is expected to vary as well. Thus, in ordesagme percentage changesidi% as in the temperature test
to compare the results obtained, the BSR profile values arge applied to the background water vapour. Increasing the
recorded at the time when the cloud begins disappearing (i.8yater vapour mixing ratio by 5%, the BSR is increased by
when the cloud particle concentration falls below 100 parti- 130, (black line). A 5% decrease in the water vapour mix-
cles cm® (von Zahn and Berger, 2003)). At 135K the BSR ng ratio (Fig. 1b, the red line) leads to practically a 10%
reaches a value of 8 afterl1h from the beginning of the  change in the BSR. Accounting for the small water vapour
model simulation. An additional 7 K decrease in the temp_er'mixing ratios observed in the upper mesosphere, the effect
ature at 84km, from 135K to 128K, leads to a broadeningof 504 variations in the water vapour profile applied to the

of the formed layer and a shift of the cloud peak to lower al-shase-jine” case fall within the range of experimental noise
titude. The BSR reaches a value of 11 aft&7h fromthe 534 model accuracy.

beginning of the model simulation (Fig. 1a, red solid line), -

. : . In order to account for more realistic cases of water vapour
corresponding to a 37.5% increase in the BSR. However, befluctuations in the region of the upper mesosphere, we allow
cause the lifetime of the modelled PMC at 128K is longer 9 P P ’

than at 135K, the BSR profile of 128 K is also modeled over]cor variations of:1 ppmv and+2 ppmv on the “base-line

a period of~11h, in order to obtain the BSR values for both case water. vapour profile. Figure 2 illustrates thg \{arlabll
. ity of BSR in the case oft1 ppmv and:-2 ppmv variations
cases (135K and 128K) at the same time. Over an 11-h pe- . ) . )
. ' in the water vapour mixing ratios, which are more likely to
riod the BSR profile at temperature of 128 K reaches a value . . :
. ) o occur in the real atmosphere, due to horizontal and vertical

of ~5.5 (Fig. 1a, red dotted line), which is smaller compared o

‘ transport, as well as, atmospheric tides. In both cases the blue
to the 135K case. The layer thickness almost doubled coml-ine corresponds to the “base-line” case (135K, 4.7 ppmv at
pared to~3 km thickness of the 135K case with a peak at P » & 1PP

81 km the mesopause region), the black line represents an increase

' of 1 ppmv (2 ppmv), while the red line corresponds to a de-
The +£5% changes in temperature are of the order of 14 Kcrease of 1 ppmv (2 ppmv) in the background water vapour

for the selected “base-line” temperature profile (135 K). Themixing ratio, respectively. The results show that there is a
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Fig. 2. BSR variability for temperature of 135K and changes of the water vapour mixing ratio as fo(lys1 ppmv;(b) +2 ppmv. The
base-line cas&;=135 K for water vapour mixing ratio of 4.7 ppmv is given by the blue line; the case for water vapour mixing ratio increase
is given by the black line, while the case for water vapour mixing ratio decrease is given by the red line.

31% increase in the BSR in the' C_ase Of_ a 1.ppmv Incrgase Hable 1. Sensitivity of BSR to changes in the background tempera-
the background water vapour mixing ratio (Fig. 2a), while the ;e and water vapour abundances.

BSR decreases by about the same percentage (37.6%) in the

case of a 1 ppmv decrease in the background water vapour.
For the case where there is a change df2gppmv the BSR
increases by a factor of 2 reaching the value~df7. De-
creasing the ambient water vapour by 2 ppmyv, leads to a BSR
decrease by a factor of 4, reaching the value of 2 (Table 1).

5% Tpin, iNncrease

N/A 37.5%

5% 1nin, decrease
BSR change

5% HO increase 5% bO decrease

0 0
BSR change 12.5% 6.3%

Figure 3a—d gives the time evolution diagrams of the BSR
from a “base-line” case over a time period of 36 h for all
cases considered. Figure 3a shows the “base-line” case
(135K and 4.7 ppmv), while Fig. 3b presents the “base-
line” temperature case (at 135K) with the 5% increase in
the ambient water vapour. Figure 3c illustrates the 5% re-

duction in the ambient temperature (128 K) (with the base'ter vapour in the region. An increased water vapour leads to

line” water vapour of 4.7 ppmv), and finally Fig. 3d shows the formation of larger particle sizes, hence the larger BSR

“ _li ” 1 0, -
the *base-line” temperature case (135 K) with the 5% reduc value compared to Fig. 3a and vice versa. The only case with

tion in the ambient water vapour. As can be seen, the BSRs ) . ) .
. . : ; : a monotonous increase in the BSR over the model simulation
increase throughout the model simulations until reaching a

maximum value of about 16 (for the “base-line” case, 135 erriod 's for '=128K where the ambient temperature has

. : ' been decreased from its “base-line” case, thus broadening
and 4.7 ppmv), 19 (for the 5% increase in the water vapour, : fh . heref he line”
and temperature of 135K), 18.5 (for temperature of 128 Kt e region of the super-saturation. Therefore, the *base-line

water vapour of 4.7 ppmv is deposited over a larger popu-
0,
and water vapour of 4.7 ppmv) and 14 (for the 5% decre"JIS(?ation of condensational nuclei, leading to the formation of

in the water vapour and temperature of 135 K), respectively. . . . . :
o : more ice particles with smaller sizes. As a result, the time

The results in Fig. 3a—c are for the same ambient temperatureg ~ . .
i ) .. required for the cloud layer to reach its maximum BSR be-

profile, with the mesopause temperature of 135K mdmatmgcomes londer

that the super-saturation region, the lifetime of the modelled ger.

PMC and the general characteristics of PMCs (e.g. layer

thickness and peak altitude) are expected to be approximately Results and discussion

the same. Thus, for a mesopause temperature of 135K and

4+5% changes in the “base-line” water vapour mixing ratio of The first step in the model simulations begins with the ini-

4.7 ppmv, (Fig. 3a—c) a maximum BSR is achieved after 24 htialization of the CARMA model with a profile of water

of particle growth. However, the difference in the maximum vapour mixing ratios in the altitude range 70-90 km. As in

+1.0ppmv  —1.0 ppmv
31% 38% 200%

+2.0 ppmv —2.0 ppmv
>300%

BSR value results from the different amount of available wa-
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(a) BSR Time Evolution (b) BSR Time Evolution
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Fig. 3. Sensitivity tests — BSR time evolution g&) 135K, “base-line” case, with water vapour mixing ratio kept consténtpase-line
temperature at 135K, water vapour mixing ratio increased by %0128 K, 5% decrease in temperature from “base-line” while water
vapour is kept constant at 4.7 ppnfd) 5% decrease in water vapour mixing ratio, temperature kept constant at 135 K. Simulation time after
start: 3h (black); 6 h (red, solid line), 12 h (red, dotted line); 18 h (blue, solid line); 24 h (blue, dotted line); 30 h (green, solid line), 36 h —
green, dotted line).

the sensitivity test, this “initial” profile is from the HALOE sphere in early August 1992, the period for which there are
experiment, for lack of other suitable data. Its purpose isalso VSR and BSR satellite observations from WINDII at
just to start the model simulations. As was already men-Northern high latitudes. The use of such a mean temperature
tioned in Sect. 2.4 a mean temperature profile obtained fronprofile stems primarily from the lack of available HALOE
15 FS profiles from the end of July and first half of August observational data during that period. In addition, this ex-
1992 at Andoya (69N, 16° E) is used for the initialization  cludes the possibility for any potential bias in the retrieved
of the CARMA model simulation for the retrieval of water HALOE v. 19 temperature profiles to be propagated through-
vapour profiles. This mean temperature profile is considereaut the model simulations since the HALOE v. 19 measure-
to represent the mean thermal structure of the summer mesanents of water vapour mixing ratios were found to be biased
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Fig. 4. (a—f) The vertical profiles of the volume scattering radiances in the presence of PMC, used in the model simulations of the BSR (solid
line). The volume Rayleigh scattering radiances for a cloud-free atmosphere are given by a dashed line.

and overestimated in the presence of PMC in the upper mes®2-84 km, respectively). Next, the percentage difference be-
sphere (70-90 km) (McHugh, 2005; McHugh et al., 2006). tween the observed and modelled BSR profiles are calculated
The model is run and the water vapour mixing ratio is ad- at the vicinity of the ice-particle layer peak altitude through-
justed until there is a match between the modelled and obeut the model simulations. When the difference between the
served BSRs. The adjustment of the water vapour mixingobserved and modelled BSR values is the smallest, the mod-
ratio profile is carried out by scaling down the initial water elled BSR profile is accepted. The BSR percentage differ-
vapour profile in steps of 0.2 ppmv, assuming that the scale@nce at the vicinity of the peak altitude ranges between 5%
water vapour vertical profiles preserve the shape of the initialand 10%. Therefore, the modelled BSR profiles not only
one. In an attempt to validate the approach described hereirhave to produce the observed BSR values in the vicinity of
it is crucial to examine the amount of water vapour requiredPMCs, but also the BSR profiles which produce an ice parti-
to produce the PMCs observed. Therefore, this simplifiedcle layer of the same properties as the observed.

technique of scaling the initial profile serves the purpose of

providing basic information on the water vapour abundance The FeS““S of the model_5|mul_at|ons are in good agree-
in the vicinity of the PMCs. Each time the water vapour pro- ment with the observed profiles with respect to the peak alti-

file is scaled down, the CARMA model is run until a satis- T;Jl\(jli:olf the P'\ffC; however, t?er:/(lartibcal eédenrt]of thﬁ mobdelled
factory match between the model and observed BSR is ob- ayer often appears slightly broader than the observa-

tained. In doing so, the modelled and observed BSR profileéipns' The time elapsed since the beginning of the model

are first compared against each other based on their shapgému_Iatlons IS ;gcorqled, angl the water vapour mixing rat|o_at
in terms of vertical thickness and peak altitude3km and e time whenz~1 is considered as the state of the ambi-

ent atmosphere in the presence of a PMC. Figure 4 presents
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(a) BSR vertical profile (b) BSR vertical profile
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Fig. 5. (a—f) The modelled and observed BSR profiles according to the WINDII data. The solid and dashed lines give the modelled and the
observed BSR, respectively.

six of the VSR profiles observed by the WINDII instrument freeze-drying effect of the upper mesosphere in the case of
at the end of July for the years 1992 (left) and 1993 (right),a PMC formation. On the other hand, an increased amount
superimposed on the background Rayleigh cloud-free VSRof water vapour mixing ratio is observed below 82km, as a
profile. Figure 5 presents the observed (dashed line) andesult of the iced particles sublimation after falling out of the
modelled (solid line) vertical profiles of the BSR for each region of super-saturation. As the modelled PMCs from the
case considered, obtained for a simulation period set to 48 WINDII observations considered are relatively weak (BSR
of ~3—4) no substantial changes in the water vapour mix-
According to these model results, during the formation ing ratio is expected below the cloud base due to sublimation
of the ice particle layer there is redistribution of the wa- of the sedimenting particles. During the model simulation,
ter vapour content leading to a steep decrease in the watehe ice particle layer becomes visiBI20 h after the begin-
vapour concentration in the region above 82km. Withoutning of the model simulation. The best match with the ob-
influx of condensation nuclei from above following the ini- served BSR is obtained after 36 h from the beginning, thus
tial input, and no vertical transport of water vapour the only allowing approximately 16 h for the particles to grow from
motion the formed particles experience is due to the gravitabeing sub-visible to becoming visible, as predicted by Rapp
tional sedimentation and eddy diffusion. Thus, what is mod-et al. (2002).
elled and seen is a snapshot of the PMC’s BSRs, and what
might have been the content of water vapour and tempera- 3pefined by an iced particle median radius greater than 20 nm,
ture in the upper mesosphere at that moment. The region, iand a particle number density greater than 100 particleScnon
which iced particles form and grow, indicates the so-calledzahn and Berger (2003).
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A review of the results from other model simulations (e.g. 90 [
Turco et al., 1982; Klostermeyer, 1998; von Zahn and Berger, oo "
2003) indicated that the water vapour mixing ratio adopted ’
in those studies were less than the HALOE v. 19 values usedg 86
in the model initializations. Recently, water vapour mixing = g4 [
ratios measured by the ACE experiment from 32 cases ofw :
spatial and temporal coincidence between HALOE and ACE, 2 .
yielded 29 of which from July, 2004 near®M (McHugh et 5 os0F
al., 2005) that were smaller than the HALOE v. 19 values - r
by about 40% at around 83 km (McHugh et al., 2003, 2006).  '°F
The new HALOE v. PMC water vapour data for July 2004 at 76 F
66° N, corrected for PMC radiance contamination (McHugh,
2005), were also found to be a factor of 2 smaller than the
HALOE (v. 19) values and in a very good agreement with

the ACE Observgtlons (McHugh, 2005; Hervig, 2(_)06)'_ Fig. 6. A comparison between the constructed WINDII mean water

In order to verify the proposed approach for estimating theyapour profile resulting from the 6 cases for July 1992 and 1993
water vapour mixing ratio profiles in the PMC region, a mean (plack solid line), the mean HALOE (v. 19) water vapour profile
water vapour profile derived from the 6 simulated BSR casegor August 1992 and 1993 (blue), the ACE water vapour profile at
is compared with water vapour profiles retrieved from the 66° N for July 2004 (green solid line), the HALOE, v. PMC wa-
HALOE (v. 19 and v. PMC), the ACE and the Sub-Millimetre ter vapour profile, corrected for PMC contamination (dashed purple
Radiometer (SMR) on the Odin satellite experiments. Theline) (McHugh, 2005), and the Odin/SMR mean water vapour pro-
results are shown in Fig. 6. The Odin/SMR water vapourfile in the presence of PMCs at 88-75" N, for July 2005 (red
profile is the mean profile of all mesospheric measurement§°"d line). The stgndgrd deylatlon of the len/SMR profile in the
taken on 15, 19 and 28 July 2005 at altitudes betwe&mne5s presence of PMC is given with red dotted lines (adopted from Los-
and 75 N (Lossow, 2006). sow, 2006).

Both ACE and HALOE (v. PMC) data (Fig. 6, purple

dash line and green solid line, respectively) give a watergimjated by the 1-D CARMA model. With the inclusion
vapour mixing ratio of~6ppmv (5.8-6.3ppmv) at 83km ¢ yransport in the CARMA model the retrieval of water

compared to a mixing ratio of 4ppmv at the same alti-\356,r profiles from the observed WINDII BSR is expected
tude derived from the WINDII BSR. The derived WINDII to improve, but even in this Slmpllfled 1-D version it has

water vapour mixing ratio peaks at about 78-79km with hoon gemonstrated that observations of BSR and temper-
a value of 6.8 ppmv compared to the ACE observation ofyyres can be used to provide a first approximation esti-

7'3 ppmv and HALOE v. PMC value of 7.5 ppmv at the SaMe mate of the water vapour content in the presence of PMC.
height (McHugh, 2005), and 7.7 ppmv from the Odin/SMR. |, other words, the constructed water vapour profiles may

The derived mixing ratio at 82-83km of 4ppmv is com- e considered as a proxy of the a priori water vapour pro-

parable to the model results byblfher and Sonnemann e which, when subjected to time-dependant microphysi-
(2001) (3ppmv), ALOMAR-22 GHz: 3-4ppmv (Seele and 5| processes such as heterogeneous nucleation, condensa-

Hartogh, 1999), Odin/SMR at 557 GHz: 5ppmv (LOSSOW, tjona| growth/evaporation and sedimentation, produce iced

2006) and Odin/SMR OH: 1-7 ppmv (Gattinger etal., 20,06)' particles, with sufficient number density and size, to account
HALOE v. PMC: 5-7 ppmv and ACE: 4—7 ppmv (Hervig, o, the BSR observed.

2006). In all these reports a mixing ratio of 7 ppmv appears

to be the upper limit of the water vapour content observed at

83 km and associated with the presence of PMC. Examiningg Model errors

the pattern of the derived water vapour profile, we observe

that the present results (Fig. 6, black solid line) agree besis the retrieval process begins with the assumption of an ini-

with the HALOE v. PMC (green solid line) bellow 80km tial temperature and water vapour profile, errors in these ini-

and the ACE (dashed purple line) retrievals in the presencdial profiles inevitably will be propagated into the modelled

of PMC although our values are smaller and are within theBSR profiles, and consequently in the WINDII-derived water

low range of Odin/SMR standard deviation for July 2005 (red vapour profiles. To quantify the impact of variations in the

solid/dotted lines). initial profiles (temperature and water vapour) on the mod-
In the simulation process, the cloud age giving rise toelled BSR profiles, a series of sensitivity studies was per-

the BSR observed by the WINDII was determined to beformed as discussed in Sect. 3. This sensitivity analysis can

36 h from the beginning of the simulation, which is within provide a measure of the BSR model retrieval errors. As-

Hervig's (2006) estimate of the age of the observed HALOE suming the standard deviation of both temperature and wa-

PMC, determined to be between 24 and 96 h, a result alstéer vapour mixing ratios in the upper mesosphere is of the

0 2 4 6 8 10 12
WATER VAPOUR MIXING RATIO (ppmv)
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order examined in the sensitivity analysis (see Sect. 3). Tavations and compare the results with other water vapour es-
ble 1 represents the percentage error induced in the modelletimations in order to test the accuracy of the approach pre-
BSR profiles. Itis shown that temperature variations:-6%6 sented. Through comparisons, the validity of the satellite-
(corresponding te~+7 K difference) in the initial tempera- derived water vapour profiles was examined with respect to
ture profile lead to~38% (37.5%) changes in the modelled the HALOE (v. 19 & v. PMC) measurements, the ACE wa-
BSR. However, a 38% variation in the BSR translates to ater vapour data, and Odin/SMR water vapour retrievals in the
~=1 ppmv in the water vapour profile, as can be seen in Tapresence of PMCs, as well as assumptions made by other
ble 1. Further, a bias in the retrieved BSR profiles is intro- authors in PMC model simulations. The results obtained
duced as the result of the approach followed in the determishowed that in spite of the crude first approximation, the
nation of the theoretical BSR. Specifically, as mentioned inWINDII-derived water vapour mixing ratio profiles are real-
Sect. 2.5, it was assumed that the theoretical BSR profiles aristic, both in terms of the magnitude of water vapour mixing
approximated by the total scatter rafd of the ice particles  ratios and of its vertical distribution, indicating that informa-
in the presence of PMCs. Klostermeyer (1998) estimated thation on the BSRs can be used in the retrieval of water vapour
this approximation introduces-al0% error in the estimation mixing ratio. This can also be used as a test for the develop-
of BSR profiles, which in turn translates to-®% change in  ment of a more elaborate algorithm for the retrieval of water
the water vapour profiles. vapour from BSR employing VSR data and with the aid of
The results presented herein were obtained under two manicrophysical models, in which the full range of scattering
jor assumptions for the initialization of the 1-D CARMA angles and particle distributions would be accounted for.
model, concerning the particle size distribution and shape, Water vapour mixing ratio measurements in the upper
namely that the particle size distribution was log-normal andmesosphere are difficult to make because of the possible con-
that the modelled PM iced patrticles were spherical in shapetamination of satellite observations by the presence of these
While these two simplifying assumptions have been mostvery thin scattering layers (e.g. PMC). The approach pre-
commonly used in model simulations, recent model worksented herein showed that by using scattered radiance ob-
and comparisons with experimental data (e.g. Baumgarteservations for the retrieval of water vapour mixing ratios, 1-
et al., 2002; Eremenko et al., 2005; Hervig, 2006; Rapp etD model simulations can be performed to predict the PMC
al., 2007) have shown that a Gaussian size distribution andayer producing the observed BSR using the result as a first
non-spherical iced particles are more consistent with the obapproximation in the retrieval of water vapour mixing ratios.
servations, and should be considered in the modelling of theState-of-the-art models like CARMA and COMMA/IAP ex-
PMCs. Rapp et al. (2007) have shown that the assumptiofist for simulations of the PMC particles. The present report
of spherical particle distribution does not allow a consistenthas shown how the results obtained compare with other water
interpretation of available satellite and ground-based observapour mixing ratio observations, when only vertical trans-
vations of PMCs. However, measurements obtained undeportis considered using justa 1-D (CARMA) model. The ap-
forward scattering conditions were found to be least sensifproach described can also be used for the derivation of tem-
tive to the assumed particle shape. perature profiles rather than water vapour mixing ratios. The
At this instance it is not possible to estimate the impactmethodology is the same as the one described for the deriva-
of these new developments on our modelling results. Intertion of water vapour mixing ratio profiles. In this regard,
estingly, in spite of the crude approximations applied to thetemperature profiles can also be simulated within the PMC
present 1-D CARMA model simulations the results obtainedregion, even if the scattered solar radiances delineate from
appear within the range and comparable with the recent exthe Rayleigh-type of the background atmosphere. Rapp and
perimental satellite observations. While we recognise theThomas (2006) have shown that 1-D CARMA can success-
scope for refinement of the model and further developmenfully be used if provisions are made for vertical transport by
of the approach described herein, the preliminary results obassuming the profile of vertical winds. Including horizontal
tained are very encouraging. transport undoubtedly would improve the model simulations
of the PMC patrticles life cycle and their size distribution
(upon which the scattering properties of the layer depends).
6 Conclusions The technique would also improve if the adjustment of the
initial water vapour mixing ratio profile was performed using
The scope of this study lies within the development of anan iteration method (e.g. Chahine method) in the comparison
approach for retrieving water vapour profiles in the upperof the observed and simulated BSRs at every altitude of the
mesosphere and in the vicinity of PMC. The microphysi- simulations, rather than applying a scaling factor to the entire
cal 1-D CARMA model, satellite volume scattering radi- profile. In conclusion, the aim of this study was to examine
ances and temperature measurements and scattering thedhe possibility of introducing a theoretical approach of esti-
of small particles were employed in the retrieval of water mating atmospheric parameters, like water vapour mixing ra-
vapour mixing ratio profiles. The main objective was to de- tios and temperature, using satellite observations when these
rive “plausible” water vapour profiles from satellite obser- parameters are not observed directly. The results obtained
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showed that in spite of its preliminary stage and crude ap- clouds in the Southern Hemisphere, J. Geophys. Res., 102(D2),
proximations, the approach proposed was successful in re- 1971-1981, 1997. _

trieving water vapour mixing ratio profiles and demonstratedPeLand, M. T., Shettle, E. P., Thomas, G. E., and Olivero, J. J.: So-
the method’s capabilities. However, further work is needed lar backscattered ultraviolet (SBUV) observations of polar meso-
to incorporate recent model and experimental data and there- SPheric clouds (PMCs) over two solar cycles, J. Geophys. Res.,

fore, the results presented should be considered preliminaryDoi%i(EeS)’TSﬁS’gz';?r‘]tfzg zoffjg?gii?f’ io?zsj Noctilucent
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