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[1] The balloonborne microRADIBAL instrument is a radiometer that measures the
radiance and polarization of the sunlight scattered by the atmosphere, gas, and aerosols in
a horizontal plane in the near-infrared range. It was launched from Esrange, Sweden, on
25 January 2000 in the framework of the Third European Stratospheric Experiment on
Ozone (THESEO) 2000 campaign, and performed measurements in the vicinity of a large
polar stratospheric cloud (PSC). The measurements provide diagrams of the radiance
versus scattering angle at several altitudes. The aerosol signature, derived from the
radiance measurements, has been modeled via Mie theory and the T-Matrix code. Three
different size distributions of aerosols have been tested: monomodal and bimodal size
distributions of spherical particles, and bimodal size distributions including a mode of
spherical and a mode of nonspherical particles. The best agreement between the measured
and modeled signatures is obtained considering a bimodal size distribution composed by a
mode of medium spherical particles (median radius about 0.15 mm) and a second mode of
larger nonspherical particles (median radius about 1.1 mm, aspect ratio about 0.6).
Concentrations and surface densities of the PSC particles have been estimated. The
existence of such particles has been tentatively explained using the Lagrangian
Microphysical and Photochemical Lagrangian Stratospheric Model of Ozone
(MiPLaSMO) model. On 25 January 2000 the polar stratospheric cloud detected by
microRADIBAL is associated with a lee-wave event. Temperature perturbations due to
lee-wave events were calculated using the National Research Laboratory Mountain Wave
Forecast Model (MWFM) and have been included along trajectories. They are localized in
a large region between the Norwegian mountains and Esrange. Their amplitude varies
from 3 to 7 K. Detailed comparisons between measured and modeled surfaces and
dimensional distributions of PSCs’ particles are achieved. The two modes of particles
detected by microRADIBAL can be interpreted from MiPLaSMO results considering
different air masses located along the lines of sight. The air masses are characterized by
two different temperature perturbations due to lee-wave events. With a small temperature
perturbation (�3 K) that occurred just before the time of the measurement, supercooled
ternary solution particles are predicted, and with a strong temperature perturbation (�6 K)
that occurred four hours before the measurement, nitric acid trihydate particles are
formed. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and particles (0345,

4801); 0320 Atmospheric Composition and Structure: Cloud physics and chemistry; 0341 Atmospheric

Composition and Structure: Middle atmosphere—constituent transport and chemistry (3334); 0360

Atmospheric Composition and Structure: Transmission and scattering of radiation
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3E. O. Hulburt Center for Space Research, Naval Research Laboratory,
Washington D. C., USA.

4Danish Meteorological Institute, Copenhagen, Denmark.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2001JD001017$09.00

SOL 75 - 1



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
16 MAY 2002 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2002 to 00-00-2002  

4. TITLE AND SUBTITLE 
Polar stratospheric cloud microphysical properties measured by the
microRADIBAL instrument on 25 January 2000 above Esrange and
modeling interpretation 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Research Laboratory,E.O. Hulburt Center for Space 
Research,Washington,DC,20375 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

12 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



Citation: Brogniez, C., N. Huret, S. Eckermann, E. D. Rivière, M. Pirre, M. Herman, J.-Y. Balois, C. Verwaerde, N. Larsen, and

B. Knudsen, Polar stratospheric cloud microphysical properties measured by the microRADIBAL instrument on 25 January 2000

above Esrange and modeling interpretation, J. Geophys. Res., 108(D6), 8332, doi:10.1029/2001JD001017, 2003.

1. Introduction

[2] It is now well known that polar stratospheric clouds
(PSCs) play a crucial role in the polar ozone loss by
activating chlorine species and/or by denitrifying the atmos-
phere. The understanding and the quantification of the
impact of such clouds on ozone chemistry is one of the
objectives of the scientific community [World Meteorolog-
ical Organization (WMO), 1999]. The knowledge of these
clouds has evolved considerably since early studies [Steele
et al., 1983; Toon et al., 1989; Crutzen and Arnold, 1986;
Hamill and Toon, 1991] thanks to many laboratory and in
situ measurements. Nevertheless, a lot of uncertainties are
still remaining concerning their composition, phase, size
distribution, and formation conditions. Three kinds of PSC
particles are usually considered: ice particles, solid nitric
hydrate particles (nitric acid trihydrate (NAT) or nitric acid
dihydrate (NAD)) and supercooled ternary solutions (STS).
The laboratory study of Koop et al. [1997] suggests us the
existence windows for each kind of particles as a function of
temperature. The temperature range where the NAT phase is
stable, overlaps with the STS existence temperature range in
the neighborhood of the NAT saturation temperature, TNAT.
During the Arctic winter 1999 Schreiner et al. [1999]
detected the presence of liquid particles consistent in
composition with supercooled ternary solutions rather than
solid hydrates, for low temperature between 189 and 192 K
associated with a lee-wave event. But in January 2000 the
same instrument has revealed successively the presence of
NAT particles and the presence of STS particles [Voigt et
al., 2000] associated with small temperature fluctuations.
The temperature perturbations due to mesoscale lee-wave
event are a nonnegligible pathway of solid particles for-
mation in Arctic region [Carslaw et al., 1999]. Moreover,
Larsen et al. [1997] have shown that PSC 1a particles (solid
particles according to optical classification, probably com-
posed of NAT), can be formed when air masses experiment
a long residence time below TNAT (not necessary below
TICE) at synoptic scale. Thus in Arctic region the air mass
temperature histories have to be studied in detail at both
synoptic scale and mesoscale to describe PSC formation and
interpret the in situ measurements.
[3] The extensive field campaign, THESEO 2000, dedi-

cated to the study of the polar atmosphere, took place in
winter 2000 from Kiruna, Sweden. The balloonborne instru-
ment microRADIBAL, developed by the Laboratoire d’Op-
tique Atmosphérique (LOA) to observe stratospheric
aerosols, flew during this campaign. It is a miniaturized
version of RADIBAL, developed also by LOA in the
1980’s, which observed the stratospheric aerosols many
times in previous experiments and has been used for
satellite measurement cross validations [Ackerman et al.,
1989; Brogniez et al., 1992, 1996, 1997; Santer et al.,
1992]. It belongs to a category of instruments performing
sparse measurements dedicated to aerosol characterization
in specific conditions. These instruments use various tech-
niques such as those developed in particle counters [Deshler

et al., 1993; Ovarlez and Ovarlez, 1995], aerosol lidars
[Flentje et al., 2000], and occultation instruments [Renard
et al., 2000]. MicroRADIBAL measures the sunlight scat-
tered by the atmosphere in various directions, from which
information on the aerosol phase function, and therefore on
the aerosol size distribution can be derived. It performed its
first scientific flight on 25 January 2000, from Esrange-
Kiruna (Sweden) while PSCs were clearly observed from
the ground.
[4] In this study, the MiPLaSMO model has been run

along isentropic trajectories to interpret the data obtained by
the microRADIBAL instrument. This model allows us to
follow the time evolution of a population of particles
influenced by microphysical processes (nitric acid and water
condensation/evaporation, freezing of STS) using thermo-
dynamic calculations. Then surface areas can be deduced
for the three different kinds of PSC particles [Rivière et al.,
2000].
[5] The instrument and the measurements are described in

section 2, as well as the data processing and the retrieved
aerosol characteristics. Section 3 details the Lagrangian
model, MiPLaSMO, along with the lee-wave modeling
and the trajectory studies leading to the particle character-
ization. The consistency between the observed and modeled
aerosol characteristics is discussed in section 4.

2. MicroRADIBAL Measurements

2.1. Description

[6] MicroRADIBAL was developed by the LOA during
1998/1999. It is a modified version of the photopolarimeter
RADIBAL (RADIomètre BALlon) [Herman et al., 1986]
that can be flown on a stratospheric platform. The instru-
ment has been miniaturized, to allow an easier launch
without an auxiliary balloon, and has been upgraded: the
measurements are performed in 5 channels (instead of 2 in
RADIBAL) centered in the near infrared at 730 nm (full
width at half maximum = 10 nm), 865 nm (55 nm), 1000
nm (40 nm), 1270 nm (80 nm) and 1620 nm (65 nm). The
three first channels are equipped with silicium detectors
while the two others are InGaAs detectors cooled by a one
stage Peltier module. The new instrument is composed of 15
separate optics whose axes are parallel, with narrow fields
of view (FOV = 1.5�). They are arranged in groups of 3 for
each wavelength, the 3 optics being equipped with ana-
lyzers positioned 60� one from each other in order to derive
the polarized light.
[7] The radiometers detect the sunlight scattered by the

atmosphere (gas and particles) and an absolute calibration in
the laboratory (via an integrated sphere calibrated every
year by Labsphere Laboratory, traceable to the National
Institute for Standards and Technology (NIST)) enables
radiance and degree of polarization of the scattered sunlight
to be inferred. Owing to the rotation of the gondola around
its vertical axis, the observations are performed under
various directions in a horizontal plane. Scans are thus
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obtained with an angular sampling of about 2–6� depending
on the rotation rate. A magnetometer allows us to determine
the azimuth direction of the line of sight and to deduce the
corresponding scattering angle with respect to the solar
incident light.
[8] Note that, accounting for the measurement method

(horizontal viewing), the detectors integrate the signal from
the balloon to a distance of about 100–300 km (depending
on the aerosol density profile). One must also bear in mind
that due to the FOVof the instrument (1.5�), the width of the
region observed at 200 km is about 5 km. Moreover, for the
different scattering angles, the measurements correspond to
light coming from various azimuth directions, and thus from
different geographical locations.
[9] The microRADIBAL instrument was launched from

Esrange (67.9�N/22.1�E), Sweden, at 09:00 UT on 25
January 2000 since a PSC was clearly observed from the
ground. The measurements are usually performed during the
ascent or the descent of the balloon, and the aerosol are
studied at several altitudes. During this flight, due to trajec-
tory constraints, measurements were made during the ascent
of the balloon. Due to some problems in the flight train
(twisting of the train) the gondola sometimes rotated very
fast and thus only sequences in the 17–21 km range could be
used. The 17–21 km altitude level was reached at about
10:00UT, the balloon position being about 66.7�N/22�E.
[10] As in previous RADIBAL analyses [Herman et al.,

1986; Santer et al., 1988, 1992; Brogniez et al., 1992, 1996,
1997] in each channel we consider the radiance L normal-
ized to the solar irradiance E outside Earth’s atmosphere,
i.e., the reflectance

r qð Þ ¼ pL qð Þ
E

; ð1Þ

where q is the scattering angle. The reference irradiance, E,
in the 730 nm and 865 nm channels is derived from
Fröhlich and London [1986], in the other channels it is
derived from Arvesen et al. [1969]. The normalized
radiance is studied as reflectance diagrams.

2.2. Data Processing

[11] In order to eliminate the impact of the oscillations of
the gondola (leading to variations in the optical thickness of
the observed air mass), the diagrams have been smoothed
over 5� scattering angle range and averaged over about 300
m altitude range. To retrieve the scattering characteristics of
the aerosols, the molecular contribution has to be removed
from the measurements, as will be explained below.
Because of the polarizing properties of the molecules, their
relative contribution to the polarized radiance is much larger
than their relative contribution to the total radiance. Since
the molecular contribution is evaluated by assuming an
horizontal viewing, any failure in the smoothing process
entails large errors in the polarized light. The polarization
data proved to be too noisy and they have not been used in
the following analysis.
[12] Figure 1 shows the averaged reflectance measure-

ments obtained at about 20 km. The solar azimuth is 170�,
and the positive scattering angles correspond to observa-
tions toward the Scandinavian mountains, whereas the
negative scattering angles are associated to regions located

eastward of the balloon. Despite the averaging, one can
notice that the diagram is asymmetric with respect to the
solar incident plane. The aerosols of the polar stratosphere
have been observed by RADIBAL during several previous
flights performed in winter from Esrange. A typical exam-
ple of these measurements, obtained in a free-PSC strato-
sphere in February 1997, is reported in Figure 2. We first
observe that the reflectance is 5–10 times larger in January
2000 than in the February 1997 flight. In a comparison
between these measurements two characteristics clearly
appear: (1) there is a strong variation from forward to
backward scattering angles, much larger in the 2000 meas-
urements than in no-PSC conditions, (2) the spectral varia-
tions, from 865 nm to 1620 nm, are weaker in 2000 than
during no-PSC observations for about the same wave-
lengths, especially in the forward direction. These measure-
ments show that the situation encountered on 2000 is more
complicated than previous ones in free PSC atmosphere.
Then, in the present study we choose, in a first approach, to
interpret measurements associated with positive scattering
angles.
[13] To analyze the measurements, the reflectance in each

channel is expressed in the single scattering approximation
as follows [Santer et al., 1988]

rl qð Þ ¼ tl qð Þ
4

dl;aer pl;aer qð Þ þ 2rl;g sinhs
� �n

þ dl;Rayl pRayl qð Þ þ 2rl;g sinhs
� �o

; ð2Þ

where t is the atmospheric transmission from the sun to the
detectors, d is the slant optical thickness, p is the phase
function, rg is the reflectance of the atmosphere or ground
below the balloon and hs is solar elevation. The indices

Figure 1. Reflectance measurements versus scattering
angle, obtained at about 20 km altitude by microRADIBAL
in the five channels. The sign of the scattering angle is to
distinguish observations on both sides of the solar incident
plane.
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‘‘aer’’ and ‘‘Rayl’’ refer to aerosols and Rayleigh respec-
tively. The Rayleigh slant optical thickness is derived from
the temperature and pressure profiles available from the
PTU sounding performed by the Swedish Space Corpora-
tion-Esrange (09:29 UT) close to the balloon trajectory.
Estimation of the surface reflectance rl,g has been obtained
from several previous RADIBAL flights (1994–1995–
1997) conducted from Esrange over snowed lands, by using
a reflectance-meter. We observed little variability in these
data from flight to flight. As the small microRADIBAL
gondola was not equipped with a reflectance-meter, we took
for rl,g mean values of those previous measurements. Note
that the solar elevation was low during the flight (hs � 4�)
so that the term due to the surface is rather small.
[14] The data processing here was different from the usual

RADIBAL flight processing to make the aerosol signature
more obvious. We first remove the molecular and the
surface contributions from the measured reflectance to
derive a term that we call ‘‘corrected reflectance’’:

rcorrl qð Þ ¼ rl qð Þ
tl qð Þ �

dl;Rayl
4

pRayl qð Þ þ 2rl;g sinhs
� �

; ð3Þ

which corresponds to the aerosol signature

rcorrl qð Þ ¼ dl;aer
4

pl;aer qð Þ þ 2rl;g sinhs
� �

: ð4Þ

By assuming that the transmission tl is equal to 1 in
equation (3), a first fit to the spectral and angular variations
of the aerosol signature (equation (4)), via Mie theory for
lognormal (LND) size distributions, allows us to estimate
the aerosol phase function in each channel; the aerosol slant
optical thickness is then expressed as:

dl;aer ¼ 4
rcorrl qð Þ

pl;aer qð Þ þ 2rl;g sinhs
; ð5Þ

then the transmission is derived following Santer et al.
[1988], and new values of rl

corr (q) are derived according to
equation (3).
[15] These corrected reflectances are modeled using equa-

tion (4) via a radiative transfer code. The data processing
relies on the analysis of the directional and spectral behav-
iors, and the aerosol size distribution allowing to retrieve
these behaviors is inferred.
[16] The spectral aerosol extinction coefficients, sl,ext, at

the balloon altitude z are derived from the slant optical
thickness measurements by assuming that the aerosol layer,
here the PSC, is homogeneous and located in a small height
range �h above z, which gives the approximate formula

sl;ext � dl;aer

ffiffiffiffiffiffiffiffiffiffiffiffi
1

2R�h

r
; ð6Þ

where R is the Earth radius.
[17] �h has been estimated using POAM III (Polar

Ozone and Aerosol Measurements) measurements obtained
three hours later, 300 km apart from the balloon. POAM III
has observed large extinction corresponding to a PSC layer
around 20 km, about 3–6 km thick. In our case, because
microRADIBAL instrument was within the PSC, we have
set �h to a smaller range (1.5–3 km) than POAM III
estimate. With these values equation (6) leads to sl,ext in the
0.005dl,aer – 0.009dl,aer range. For each wavelength two
limit values of the extinction coefficient are then derived.
[18] Finally, given these measured extinction coefficients

and the estimated extinction cross section of the particles for
the retrieved size distribution, the number density and the
surface area density ranges of the aerosols are derived.

2.3. Results

[19] We have simulated the ‘‘corrected reflectance’’
(equation (4)) for various aerosol models and the best model
has been determined with a least squares fit method, by
minimizing the mean relative error, AE, computed over the
angular range and the five channels, i.e., N values, accord-
ing to the expression

AE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X5
l¼1

X
q

rcorr;mod
l qð Þ � rcorr;meas

l qð Þ
rcorr;mod
l qð Þ

" #2
vuut ; ð7Þ

where the indices ‘‘meas’’ and ‘‘mod’’ are for measured and
modeled signals respectively.
[20] We have first considered the simple case of a mono-

modal LND size distribution of spherical particles. A large
set of LND size distributions, characterized by their median
radius (rm) and their geometric standard deviation (s), has
been tested. The corresponding effective radii range
between 0.05–1.5 mm. We used Mie theory for spherical
aerosols of fixed refractive index; a mean constant value
equal to 1.43 has been selected since the total radiance
measurements are not much sensitive to this parameter.
[21] Since various measurements have already shown that

bimodal size distributions were observed in the stratosphere
[see, e.g., Deshler and Oltmans, 1998], we have also
investigated if a combination of two modes of spherical
particles could lead to a better agreement. The size distri-

Figure 2. Same as Figure 1 but for a RADIBAL flight
performed on 9 February 1997. Only two channels were
available.
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butions accounted for two LND components of spherical
particles, varying the parameters, rm and s, of the two
modes and their relative concentration.
[22] Considering the low temperature values, available

from the PTU sounding close to the balloon (193 K at level
20 km), which suggest us that solid particles could exist, we
also looked at nonspherical particles. We simulated the
measurements with size distributions whose large compo-
nent is constituted by nonspherical particles characterized
by their aspect ratio e, the smaller component remaining
spherical. We used the T-matrix code provided by Mis-
hchenko et al. [1996] for particles with effective radius in
the 0.6–1.8 mm range.
[23] We will refer hereafter to model 1 (M1), model 2

(M2) and model 3 (M3) for the three cases of particle size
distributions considered: one LND of spherical particles,
two LND of spherical particles and two LND of spherical
and nonspherical particles.
[24] We detail here the results obtained at 20 km. For

these measurements (see Figure 1) two features at about
30�– 45� and 120�–130� scattering angles exist. They are
probably due to very localized microphysical processes. In
this preliminary study, we chose to discard them, and focus
on the interpretation of the signal obtained over a wider
scattering angle range.
[25] The characteristics of the best models selected,

according to the AE criterion (see equation (7)), for the
three types of size distributions are reported in Table 1,
together with the respective mean relative errors. Note that
the effective radius, reff = 0.53 mm for M1, and reff = 0.37
mm for the medium mode of M2 and M3, is much larger
than for the background aerosols, reff about 0.05 mm
[Deshler et al., 1993]. The effective radius of the second
mode is very large, reff about 1.4 mm.
[26] Each model leads to a mean relative error about 10%

and the best retrieval is obtained with M3 (AE = 9%). We
have checked for statistical significance in the changes by
applying the Student’s t test [Press et al., 1992] (there are
136 measurement points for each of the five wavelengths).
The change is not significant between M1 and M2, but the
improvements are significant to the 5% level for M1/M3
and for M2/M3.
[27] To investigate whether a directional heterogeneity

exists, we have also performed fits over smaller angular
ranges 10�–70�, 70�–115� and 135�–175� and compared
the results in each angular range to the results obtained
previously. The mean relative errors are similar, no signifi-
cant improvement is obtained and for the three angular
ranges the aerosol model the most satisfying is the same
model M3. We have checked that the corresponding slant
optical thickness, derived from equation (5) and needed to
the number density calculations, are very close to the values
obtained from the global fit. Therefore we can conclude that

we do not observe a directional heterogeneity, and a global
fit over the whole angle range is satisfying.
[28] Figure 3 shows the microRADIBAL measurements

and the fits for each wavelength obtained with M3. Over all
scattering angles a good agreement between measurements
and fits is obtained, and there are no significant variations of
the mean relative errors as a function of scattering angle.
[29] Thus a size distribution composed of one mode of

medium spherical particles and one mode of large non-
spherical particles gives a good agreement over a wide
angular range, and a unique size distribution (rm1 = 0.15 mm,
s1 = 1.82; rm2 = 1.1 mm, s2 = 1.35, e = 0.6), can be
considered from 10� to 175� scattering angle.
[30] The aerosol extinction coefficients are computed

according to the interval defined from equation (6), and
the number densities and surface area densities are derived.
We have reported in Table 2, the characteristics of the two
particle modes retrieved at 20 km altitude with model M3,
and the corresponding densities. Uncertainties in the
retrieved modes have been estimated by varying the two
modes and their relative concentration without changing
much the quality of the fit. The mean relative error obtained
is very close to the minimum value obtained for the best fit
(within 0.5%). Table 2 reports the values obtained in two

Table 1. Characteristics of the Best Models Selected at 20 km for the Three Types of Size Distributions and Mean Errorsa

Model rm1, mm s1 reff1, mm rm2, mm s2 reff2, mm AE, %

One mode: spherical particles (M1) 0.25 1.73 0.53 11.6
Two modes: spherical particles (M2) 0.15 1.82 0.37 0.75 1.65 1.4 13
Two modes: spherical + nonspherical particles (M3) 0.15 1.82 0.37 1.1b 1.35 1.38 9

aWhere rmi is median radius, si is geometric standard deviation, reffi is effective radius, and e is aspect ratio.
bWhere e = 0.6.

Figure 3. Comparison between the ‘‘corrected reflec-
tance’’ derived from the measurements (dots) and the mean
retrieved diagrams (solid lines) obtained with a combination
of a size distribution of spherical particles (rm1 = 0.15 mm,
s1 = 1.82), and of a size distribution of non spherical
particles (rm2 = 1.1 mm, s2 = 1.35 with an aspect ratio e =
0.6).
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limit cases. The corresponding effective radii of the two
modes of the size distributions are close to the previous
values as well as the surface areas.
[31] The retrieved characteristics of the aerosols at two

other altitudes (17.5 and 21 km) are reported in Table 3. The
best agreement is obtained considering the same model M3
as at 20 km, but the mean errors are about 20%.
[32] Finally, microRADIBAL radiance measurements

between 17.5–21 km, in the positive scattering angle range,
can be retrieved accounting for one mode of medium-sized
spherical particles and one mode of larger non spherical
particles, whose effective radii are reff1 � 0.35 mm and reff2
� 1.4 mm, respectively. At 17.5 km the aerosol number
densities of each mode are smaller than at the other
altitudes, therefore one can conclude that the bottom of
the PSC was located around 17.5 km.
[33] Since the 20 km level has led to better agreement

between measurements and modeling from radiative transfer
study, we focussed on this layer for the following detailed
chemical and microphysical modeling interpretation.

3. Modeling Interpretation

[34] MiPLaSMO is a Lagrangian model devoted to the
study of chemical and microphysical processes associated
with ozone destruction. This model includes a detailed
chemical code involving 125 reactions in gas phase with
10 heterogeneous reactions, describing the time evolution of
42 species, and a detailed microphysical code using ther-
modynamic calculations [Larsen, 2000].
[35] Along isentropic trajectories, calculated off-line

[Knudsen et al., 2001] using ECMWF analyses, the model
allows us to follow the time evolution of the aerosol
spectrum. Coolings due to mountain waves are calculated
off-line by the NRL/MWFM model [Eckermann et al.,
1998] and can be included along trajectories. A complete
description of the MiPLaSMO model can be found in
previous studies [Huret et al., 1998; Rivière et al., 2000].

3.1. MiPLaSMO Microphysical Module Description

[36] The microphysical module considers five types of
particles: liquid aerosols (sulfuric aerosols), liquid PSC
particles (supercooled ternary solution (STS)), solid aero-

sols (sulfuric acid tetrahydrate (SAT)), solid PSC particles
(nitric acid trihydrate (NAT) or Ice). Two pathways are
possible for the formation of solid particles from liquid
particles. When temperature decreases, initial liquid sulfu-
ric aerosols can grow by condensation of nitric acid and
water to form a supercooled ternary solution (STS) [Taba-
zadeh et al., 1994; Carslaw et al., 1995]. STS particles
begin to freeze at Tice -1 K and ice particles are formed.
Condensed HNO3 and H2SO4 are conserved through the
formation of an inner NAT shell surrounding a SAT core in
the ice particles. According to Koop et al. [1997] STS
particles can remain liquid until Tice -3 K threshold is
reached. Then, if temperature increases, ice evaporates and
residual NAT appears. The other pathway allows direct
formation of NAT particles, below TNAT, from STS particles
by homogeneous freezing, following the parameterization
given by Tabazadeh et al. [2001]. This last process occurs
more readily in the air masses that are cooling slowly. NAT
and ice PSC can evaporate if the temperature increases and
solid aerosols as SAT appear. SAT aerosols can melt if
temperature is greater than the melting point of SAT, Tmelt
[Middlebrook et al., 1993] or deliquesce if temperature
decreases and the concentration of nitric acid in gas phase
is sufficient to form STS [Koop and Carslaw, 1996].
Nucleation of NAT particles on SAT aerosols is also
possible on pre-activated SAT aerosols [Zhang et al.,
1996].

3.2. Meteorological Conditions on 25 January 2000

[37] We have successively investigated the formation of
the PSC detected by microRadibal at synoptic scale and at
mesoscale. Detailed analyses of temperature histories based
on ECMWF analysis and on NRL/MWMF results for
synoptic scale and mesoscale respectively, are provided
together with MiPLaSMO results.
3.2.1. Synoptic Scale
[38] As mentioned previously in 2.2, the aerosol extinc-

tion coefficients are computed according to equation (6),
and then the number densities and surface areas are derived.
With the maximum value taken for �h, about 3 km, that
means that information is coming from up to about 200 km.
A cluster of ten day backward trajectories has been calcu-
lated in a region localized on the west side of the instru-

Table 2. Detailed Characteristics of the Two Modes of Particles Retrieved at 20 kma

rm1, mm s1 reff1, mm n1, cm
�3 s1, mm

2cm�3 rm2,
b mm s2

b reff2,
b mm n2, cm

�3 s2, mm
2cm�3

Best fit 0.15 1.82 0.37 13–24 7.5–14 1.1 1.35 1.38 0.05–0.09 0.9–1.8
Limit 0.1 2.0 0.34 28–47 9–16 1.2 1.35 1.5 0.04–0.07 0.8–1.5
Limit 0.2 1.65 0.37 8–14 6.5–11.5 1.0 1.49 1.5 0.06–0.1 1.0–1.7
aWhere rmi is median radius, si is geometric standard deviation, reffi is effective radius, e is aspect ratio, ni is number density, and si is surface area density.

The intervals account for uncertainty on the aerosol profile (see section 2.3). The first case is for the ‘‘best’’ fit, while the two last lines correspond to the
‘‘limit’’ cases (see section 2.3).

bWhere e = 0.6.

Table 3. Characteristics of the Two Particle Types of the ‘‘Best’’ Retrievals at 17.5 and 21 km Altitudea

Z, km rm1, mm s1 n1, cm
�3 s1, mm

2cm�3 rm2,
b mm s2

b n2, cm
�3 s2, mm

2cm�3

17.5 0.15 1.82 6.5–10.5 3.5–6.5 1.1 1.35 0.02–0.04 0.3–0.7
21 0.15 1.82 18–29 10.5–17 1.1 1.35 0.09–0.15 1.6–2.7
aNotations are as in Table 2.
bWhere e = 0.6.
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ment, corresponding to microRADIBAL measurements
with positive scattering angles. This region is defined
between the neighborhood of the microRADIBAL instru-
ment (66.7N, 22.1 E) and a boundary about 200 km far from
the instrument.
[39] In this entire region temperature histories of the air

masses deduced from ECMWF analyses are similar. Figure
4a shows the time evolution of the temperature TECMWF for
the air mass corresponding to the neighborhood of micro-
RADIBAL instrument at 20 km. The time scale is given in
hours: time = 0h corresponds to the time of the measure-
ments on 25 January 2000 at 10:00 UT, time = �240h
corresponds to 15 January 2000 at 10:00 UT (the beginning
of the trajectory 10 days before the measurements). The
time evolution of Tice, TNAT and Tmelt calculated along the
trajectory has also been plotted on the graph, with concen-
trations of 5 ppmv for water vapor and 10 ppbv for nitric
acid. Figure 4a shows that TECMWF is warmer than Tmelt 100
hours before the time of the measurement. A cooling
appears 20 hours before the time of measurement, but
temperature never decreases below Tice, and temperature
at the time of measurement is above Tice and below TNAT.
[40] Time evolution of aerosol surface area, predicted by

MiPLaSMO along the trajectory, is presented in Figure 4b.
Surface areas corresponding to the two types of particles
measured by microRADIBAL are also shown (stars with
error bars).
[41] Initial particles are considered to be liquid sulfuric

aerosols, which is consistent with the temperature history
where TECMWF > Tmelt 100 hours before the end of the
trajectory (Figure 4a). The characteristics of the initial
lognormal spectrum are taken from measurements of the
University of Wyoming Optical Particle Counter (UW-
OPC) [Deshler et al., 1993] on 19 January 2000 available
from the NILU (Norwegian Institute for Air Research)
database. For this level the median radius is rm = 0.029
mm, the standard deviation s = 1.6, and the total number of
particles N = 12.8 cm�3.
[42] During the cooling that appears 20 hours before the

measurements, liquid aerosols grow by condensation of
nitric acid and water and STS occurs with a maximum
surface s = 7 mm2/cm3. Then the temperature increases,
STS fully evaporates and liquid sulfuric aerosols are pre-
dicted. Liquid sulfuric aerosol surface area predicted by
MiPLaSMO (s = 0.25 mm2/cm3) at the time of measurements
corresponds to background aerosols initially present in the
air mass, with a smaller surface than the surface of the first
type of particles measured by microRADIBAL (s = 6.5–16
mm2/cm3). The second type of particles detected by the
instrument cannot be reproduced by the model when using
only the temperature history given by ECMWF analyses at
synoptic scale. In this case, the only microphysical process
that occurs in the air masses is condensation/evaporation of
nitric acid and water on initial liquid sulfuric aerosols.
Direct freezing of STS particles into NAT particles
described by Tabazadeh et al. [2001] does not occur,
because the residence time of the air mass below TNAT is
too short.
[43] However, Carslaw et al. [1998], Berendt [2000] and

Rivière et al. [2000] have shown that temperature perturba-
tions due to lee-wave events in the Arctic often need to be
taken into account to interpret correctly microphysical

Figure 4. (a) Synoptic temperature (TECMWF) time evolu-
tion for the 10-days back trajectory (heavy solid line) at the
20 km altitude for 25 January 2000. Melting temperature of
SAT (Tmelt), temperature of NAT condensation (TNAT), and
ice frost point (Tice) are also shown; t = 0h corresponds to
the time of the measurements. (b) Simulated time evolution
of the particle surface area for liquid particles, and at t = 0h
surface areas for the two particle modes measured by
microRADIBAL (stars).
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measurements over orography. In the next section, temper-
ature perturbations due to lee-wave events are investigated.
3.2.2. Mesoscale Temperature Fluctuations
[44] Mountain-wave effects on this day were assessed by

performing hind-cast simulations with version 2.0 of the
Mountain Wave Forecast Model (MWFM), a nonhydro-
static ray-based extension of the hydrostatic 1.0 model
initially developed by Bacmeister et al. [1994]. MWFM
2.0 was used to provide operational forecasts of strato-
spheric mountain-wave activity throughout the SOLVE/
THESEO 2000 mission, and proved fairly successful in
forecasting and diagnosing various stratospheric mountain-
wave events that arose during the 1999/2000 winter [Hert-
zog et al., 2002; S. D. Eckermann et al., unpublished
manuscript, 2002].
[45] Hind-cast results here use NASA Data Assimilation

Office (DAO) 1� � 1� analyses for 25 January 2000 as the
background atmosphere for the MWFM model. Rather than
plotting the multiray results directly, as was done for on-site
forecasts and detailed wave case studies [e.g., Hertzog et
al., 2002], here we use an averaged hemispheric product
with the same 1� � 1� gridding as the global DAO analysis.
This product was developed specifically to assess the role of
mountain-wave mesoscale temperature fluctuations (MTFs)
within the global photochemical transport model experi-
ments of Pierce et al. [2002]. Briefly, hind-cast MWFM ray
results within each 1� � 1� DAO grid box at each pressure
level were averaged to provide an average peak temperature
amplitude and standard deviation due to the various moun-
tain waves within this volume.
[46] Grid box-averaged peak temperature amplitudes

(�TMTF) due to hind-cast mountain waves at 50 hPa over
Scandinavia are plotted in Figure 5 at 6:00 UT and 12:00
UT on 25 January 2000. The model forecasts significant
mountain wave-induced temperature amplitudes over north-
ern Scandinavia, consistent with detailed analyses of fore-
casts, models and aircraft/balloon measurements of this
region of the stratosphere on this day [e.g., Dörnbrack et
al., 2002; Voigt et al., 2000; S. D. Eckermann et al.,
unpublished manuscript, 2002]. In particular, the map
shows significant (reversible) MTF cooling due to mountain
waves in the vicinity of Esrange.
[47] The trajectory corresponding to an air mass in the

neighborhood of the instrument is plotted in red and an
example of a trajectory corresponding to an air mass on the
west side of the instrument (about 200 km far from it) is
plotted in yellow. The positions of the air masses at 6:00 UT
(corresponding to 4 hours before the time of measurements)
are illustrated by stars.
[48] Mountain-wave MTFs are localized above the Nor-

wegian mountains and are spatially inhomogeneous: how-
ever, it should be noted that mesoscale model simulations
suggest some downstream penetration of larger-scale iner-
tially modified waves on this day [Dörnbrack et al., 2002].
The maximum temperature perturbation is around 6 K
(yellow region) and the air masses corresponding to the
neighborhood of the instrument (red trajectory) crosses this
region exactly at 6:00 UT (Figure 5a). The air masses on the
west side of the instrument, were located over the sea at
6:00 UT. The MTF map at 12:00 UT (Figure 5b) shows that
the region where the lee-wave event occurs has extended on
the east side of the Scandinavian mountains, with amplitude

smoothed between north and south. Thus we might reason-
ably assume that, at 10:00 UT, air masses located on the
west side and far from the instrument have experimented
temperature perturbations around 3 K.
[49] Given this scenario, two types of temperature histor-

ies can be identified, hereafter referred to as Temperature
Histories 1 and 2 (TH1 and TH2). For the trajectories
leading to the neighborhood of the instrument (TH1), the
temperature perturbations are �6 K prior to the measure-
ments, and temperature oscillations exist for �2 hours. For
the region located on the west side of the instrument,
temperature history 2 (TH2) corresponds to temperature
oscillations that begin 2 hours before the time of measure-
ments. The maximum temperature perturbation in this case
is �3 K. For both types of temperature histories, the
oscillation period is set to 30 min, as by Tsias et al.
[1997], which is roughly in the range of small-scale intrinsic
wave periods inferred for a southern Scandinavian wave
event observed on 2 March 2000 by Hertzog et al. [2002].

3.3. MiPLaSMO Results

[50] Temperature perturbations due to the hind-cast lee-
wave event shown in Figure 5 have been included along
trajectories for TH1 and TH2. Figure 6 shows the time
evolution of the temperature of the air masses and of the
particle surface area, accounting for the two temperature
histories defined previously. Surface areas measured by
microRADIBAL are also plotted for the two types of
particles (stars with error bars). Values of surface areas
predicted assuming TH1 are 0.23 mm2/cm3 for sulfate
aerosols and 1.6 mm2/cm3 for NAT, and, assuming TH2
the predicted surface area is 10 mm2/cm3 for STS. Values
measured by microRADIBAL are 6.5–16 mm2/cm3 for
spherical particles, and 0.8–1.8 mm2/cm3 for nonspherical
particles.
[51] For TH1, the temperature perturbations induce a

cooling of the air mass below Tice, four hours before
measurements (Figure 6a). At the time of measurements
temperature is above Tice. During the strong cooling, liquid
sulfuric aerosols grow by condensation leading to the
formation of STS. Then, when temperature decreases below
Tice, a part of these large liquid STS particles freeze to form
ice particles. All STS particles are not frozen because the
temperature never decreases below Tice � 3 K. Then, when
temperature increases, ice evaporates and residual NAT
particles appear. At the measurement point the air mass
contains two types of particles: liquid sulfuric aerosols and
NAT particles (Figure 6b). The NAT surface area predicted
is consistent with the surface area of the second mode of
particles detected by microRADIBAL (lower star). Unfortu-
nately the model cannot reproduce the large surface areas of
the first type of particles obtained by the instrument (upper
star).
[52] Considering temperature history TH2, during the lee-

wave event, the temperature never went below Tice � 1 K
(Figure 6c). Particles predicted in this case are STS (Figure
6d), and the surface area predicted is in agreement with the
first mode of particles measured by microRADIBAL. In this
case only one type of particles is predicted by the model.
[53] The modeling calculations show that the type of PSC

particles predicted depends strongly on the intensity of the
temperature perturbation. STS and NAT particles cannot be
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predicted in the same air mass at the same time. MWFM
model has highlighted two temperature histories, corre-
sponding to different air masses explored by microRADI-
BAL, located in the neighborhood of the balloon and far
from it. In the first case, when the temperature decreases
below Tice, NAT particles and small liquid sulfuric aerosols
are predicted. In the second case, when the temperature is
below TNAT but above Tice at the time of measurement, large
STS particles are predicted. STS and NAT particles surface

area predicted by the model are respectively consistent with
those obtained for the medium mode of spherical particles
and for the large mode of nonspherical particles by micro-
RADIBAL.

4. Discussion

[54] On the one hand, the microRADIBAL analysis
shows that the measurements can be explained by assuming

Figure 5. Grid box-averaged peak temperature amplitudes (�TMTF) due to hind-cast mountain waves at
50 hPa over Scandinavia at 6:00 UT (a) and 12:00 UT (b) on 25 January 2000. �TMTF is the amplitude of
the temperature perturbation due to lee-wave event with respect to the synoptic temperature analysis
(TECMWF). The red dot indicates the balloon position. Air mass trajectories corresponding to the
neighborhood of the balloon (red) and to west side of the balloon (yellow) are drawn. In Figure 5a, stars
correspond to the air mass locations at 6:00 UT.
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that two types of particles contribute to the signal: the first
type is a mode of medium-sized particles and the second
type is a mode of larger non spherical particles. On the
other hand, by using two temperature histories, the
MiPLaSMO model predicts the existence of three types
of particles: two of them (small liquid and NAT particles)
coexisting in the region close to the balloon, and the third
one (STS particles) existing alone in a region far from the
balloon. The surface areas obtained by microRADIBAL for
spherical particles and nonspherical particles are compara-
ble to those calculated by MiPLaSMO for STS and NAT
particles respectively.
[55] These results suggest us that microRADIBAL has

detected signals coming from two regions associated with
two types of particles, that differ in their location and
formation processes. In fact, the two types of particles
observed by microRADIBAL might be either mixed or in
different locations since microRADIBAL is unable to dis-
tinguish between these two situations.

[56] We have been further in the comparison by plotting
the size distributions derived from microRADIBAL meas-
urements and the size distributions retrieved from modeling
results with MiPLaSMO by using TH1 and TH2 (Figure 7).
The predicted size distributions for STS and NAT are within
the range of the measured size distributions for spherical
and nonspherical particles. For these two types of particles,
the median radius obtained with MiPLaSMO corresponds
approximately to the upper limit given by microRADIBAL
and the number of particles for MiPlaSMO corresponds to
the smaller limit given by microRADIBAL.
[57] Concerning the sulfate aerosols particles predicted

by MiPLaSMO using TH1, they cannot be detected by
microRADIBAL because they are small (reff � 0.05 mm)
and their number density is only about 103 times the
number density of NAT particles, so their contribution to
the signal is hidden by the contribution of the larger
particles. Therefore, in addition to the agreement in meas-
ured and predicted surface area, as told previously, the

Figure 6. (a and b) Same as in Figures 4a and 4b but for TLW, including temperature perturbation due to
lee-wave event in the case of temperature history 1 (TH1). Only the last 10 hours of simulation before the
measurements are presented. (c and d) Same as in Figures 4a and 4b but for TLW, including temperature
perturbation due to lee-wave event in the case of temperature history 2 (TH2).
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detailed information given by size distributions is also in
rather good agreement.
[58] Measurements on this same day by Voigt et al.

[2000] revealed also two types of aerosols located in two
regions during the evening due to a lee-wave event. In this
case, NAT and STS particles were formed successively in
the same air mass, and did not coexist at the same time at
the same location. The first type of particles was rather
small, characterized by rm1 = 0.05–0.25 mm and concen-
tration of about 15 cm�3, the second type was larger,
characterized by rm2 = 0.5–1 mm and concentration less
than about 0.5 cm�3. Therefore microRADIBAL PSC
particle measurements are comparable in phase, liquid or
solid, size and number density to those obtained by Voigt et
al. [2000].

5. Conclusion

[59] MicroRADIBAL instrument has detected polar stra-
tospheric cloud particles on 25 January 2000 at 10:00 UT,
over northern Scandinavia at about 50 hPa. A detailed
analysis of temperature history of the air masses combined
with microphysical modeling shows that this PSC is asso-
ciated with temperature perturbations due to lee-wave
events. Detailed aerosol characteristics (size distribution,
concentration, surface area density) have been extracted
from measurements. An analysis over a large range of
scattering angles, (excluding two features) accounting for
the wavelength dependence of the signals, leads to an
interpretation of the measurements in terms of two size
distributions characterized by a medium mode correspond-
ing to spherical particles and a large mode corresponding to
non spherical particles. The MiPLaSMO Lagrangian model
has been run to tentatively explain the existence of such
particles. Mountain wave-induced temperature amplitude

calculations, obtained with the NRL/MWMF model, have
shown a large variability of the temperature perturbation
amplitude depending on the location. Therefore two temper-
ature histories have been deduced, leading to predicting
three types of particles. The STS particles are associated
with a small lee-wave event just before the measurements.
Sulfate aerosols and NAT particles are obtained considering
a stronger lee-wave event, where temperature decreased
below Tice, four hours before the time of measurement.
The STS and NAT particles do not coexist in the same air
mass at the same time.
[60] Surface areas of STS and NAT particles predicted by

MiPLaSMO are in good agreement with those of the
medium-sized mode and of the large mode of particles
measured by microRADIBAL. The measured and modeled
particle size distributions (median radius, standard deviation
and total number of particles) are also in agreement. There-
fore the two modes of particles retrieved from microRADI-
BAL measurements might be identified as two types of
particles, STS and NAT, existing in two geographical
regions associated with two different temperature histories
induced by lee-wave events.
[61] In this study, some microRADIBAL measurements

have not been analyzed, they were probably due to micro-
physical processes that occurred at small scale. Additional
investigations are needed, and could be based on a 3-D
meteorological model including a detailed parameterization
of PSC formation together with lee-wave prediction.
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