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[1] In situ aerosol measurements were performed in the Indian Ocean Intertropical
Convergence Zone (ITCZ) region during the Airborne Polar Experiment-Third
European Stratospheric Experiment on Ozone (APE-THESEO) field campaign based in
Mahé, Seychelles between 24 February and 6 March 1999. These are measurements
of particle size distributions with a laser optical particle counter of the Forward
Scattering Spectrometer Probe (FSSP)-300 type operated on the Russian M-55 high-
altitude research aircraft Geophysica in the tropical upper troposphere and lower
stratosphere up to altitudes of 21 km. On 24 and 27 February 1999, ultrathin layers of
cirrus clouds were penetrated by Geophysica directly beneath the tropical tropopause at
17 km pressure altitude and temperatures below 190 K. These layers also were
concurrently observed by the Ozone Lidar Experiment (OLEX) lidar operating on the
lower-flying German DLR Falcon research aircraft. The encountered ultrathin subvisual
cloud layers can be characterized as (1) horizontally extending over several hundred
kilometers, (2) persisting for at least 3 hours (but most likely much longer), and (3)
having geometrical thicknesses of 100–400 m. These cloud layers belong to the
geometrically and optically thinnest ever observed. In situ particle size distributions
covering diameters between 0.4 and 23 mm obtained from these layers are juxtaposed
with those obtained inside cloud veils around cumulonimbus (Cb) anvils and also
with background aerosol measurements in the vicinity of the clouds. A significant
number of particles with size diameters around 10 mm were detected inside these
ultrathin subvisible cloud layers. The cloud particle size distribution closely resembles a
background aerosol onto which a modal peak between 2 and 17 mm is superimposed.
Measurements of particles with sizes above 23 mm could not be obtained since no
suitable instrument was available on Geophysica. During the flight of 6 March 1999,
upper tropospheric and lower stratospheric background aerosol was measured in the
latitude band between 4�S and 19�S latitude. The resulting particle number densities
along the 56th meridian exhibit very little latitudinal variation. The concentrations
for particles with sizes above 0.5 mm encountered under these background conditions
varied between 0.1 and 0.3 particles/cm3 of air in altitudes between 17 and
21 km. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and particles (0345,

4801); 0320 Atmospheric Composition and Structure: Cloud physics and chemistry; 0365 Atmospheric

Composition and Structure: Troposphere—composition and chemistry; 4801 Oceanography: Biological and
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1. Introduction

[2] Subvisual cirrus clouds are known since the early
1970s mainly through lidar measurements [Uthe and Rus-
sell, 1977; Heymsfield, 1986]. These clouds, frequently
occurring near the local tropopause, often are of considerable
horizontal extent. For this reason they possibly play a role in
dehydration and the mechanisms behind the dryness in the
lower stratosphere. Also the cloud particles could influence
the gas phase chemistry by heterogeneous reactions. Knowl-
edge of the particle sizes and other microphysical properties,
chemical composition and formation mechanisms of these
clouds is very limited, because only few results of in situ
measurements are available in the literature.

1.1. Definitions and Phenomenology

[3] Cloud layers of a few hundred meters to 1 km thick-
ness occurring in the vicinity of the tropical mean tropo-
pause, horizontally extending over up to 2700 km were
reported by Winker and Trepte [1998] based on LITE (Lidar
In-space Technology Experiment) measurements. Observa-
tions showed them as thin sheets of unusual homogeneity in
clear air, frequently above intense tropical thunderstorms.
By comparing midlatitude lidar measurements of subvisual
clouds with visual cirrus, Sassen et al. [1989] defined clouds
as subvisual, if their optical thickness tc is below tc ’ 0.03
at visible wavelengths. Schmidt et al. [1993] and Schmidt
and Lynch [1995] used as threshold criterion a visible optical
depth of tc � 0.05 and introduced, mainly based on possible
cloud formation mechanisms, five classes of subvisual
clouds. These are (1) equatorial/Intertropical Convergence
Zone (ITCZ) clouds, (2) clouds of origin near jet streams, (3)
clouds associated with cold fronts, (4) orographically gen-
erated subvisual clouds, and (5) other types like anvil top
clouds or contrail residues. They estimated cloud persistence
times ranging from minutes for ‘‘class 5’’ to days for ‘‘class
1.’’ SAGE II extinction observations of zonally averaged
occurrence frequencies of subvisual cirrus clouds are given
by Wang et al. [1996] for latitudes ranging from �60�S to
+60�N. The measured 6-year climatology clearly demon-
strates the existence of such clouds in this entire latitude
band, both above and below the average tropopause location,
with an occurrence frequency maximum in the tropics.

1.2. Microphysical Properties

[4] Adopting tc � 0.05 as threshold for the visible optical
depth, Lynch [1993] proposed the following as ‘‘baseline
properties’’: Subvisual cirrus clouds consist of nonspherical
ice particles like plates, columns, bullets, or clusters having
long dimension sizes smaller than 50 mm, and are of number
densities below 50 L�1 with an ice water content (IWC) not
above 2 � 10�1 mg/m3 (These number were obtained by
ASSP measurements with a lower size detection limit of
3 mm). The clouds occur at altitudes between 12 and 18 km
at or near the tropopause and have geometrical thicknesses
below 1 km. Similarly Schmidt et al. [1993] quote liquid or
ice water contents of 0.08–0.2 mg/m3 for subvisual ITCZ
cirrus clouds with the exception of their ‘‘class 4,’’ where
significantly higher values (0.2–1.0 mg/m3) can be reached.
Sassen et al. [1989] also derived estimations of cloud
particle sizes (based on a low number of observations at
midlatitudes and assuming small hexagonal ice crystals) to
be on average near 25 mm effective diameter. For number

concentrations they provide values near 25 L�1. Barnes
[1980] presented in situ observations of large particles in
clear air at midlatitude and tropical latitudes when flying
under cirrus clouds and labeled these as subvisible cirrus.
The largest sizes obtained with a PMS 1D probe were
around 200 mm and concerning the number density it is
stated ‘‘Generally, the maximum concentrations in cloudless
skies have been 104 counts/m3 with the peak in the
distribution in the 2–10 mm range as determined by the
ASSP.’’ In situ measurements by Heymsfield [1986] in thin
layers of cirrus clouds above the (tropical) Marshall islands
between 16.2 and 16.7 km altitude utilizing a formvar
replicator showed a 50% mixture of trigonal plates and
columns at inside cloud temperatures of �83�C to �84�C.
The trigonal plates detected had thickness to diameter ratios
of nearly 1.0 at small sizes. The sizes detected by the
replicator range from the lower detection limit of 5–50
mm. Concurrent ASSP measurements showed mean concen-
trations throughout the layer of 0.05 cm�3 (i.e., 50 L�1) and
the mean diameter was estimated to 5 mm with IWC
typically around 10�1 mg/m3. Knollenberg et al. [1993]
adopted a combination of modified Forward Scattering
Spectrometer Probe (FSSP)-100 and 2D probe to measure
ice crystals in cumulonimbus (Cb) anvils over Micronesia
and concluded for the smaller crystals that these ‘‘are quite
dense and quasi spherical or of low aspect ratio.’’ The size
distributions exhibit a peak at 20 mm with number densities
expressed as dN/dD below 10�2 cm�3 mm�1 at temperatures
near�40�C. In situ measurements from the Marshall Islands
(December 1973) presented by McFarquhar et al. [2000]
showed that no crystals larger than 17 mm were detected by
the ASSP (size detection range: 2–30 mm), while the
presence of particles as large as 20–50 mm was indicated
by a 1DC probe. Other investigations by McFarquhar and
Heymsfield [1996] show that large ice particles in tropical
anvil clouds are of quasi-circular and hexagonal platelike
shape. Their Video Ice Particle Sampler (VIPS) analyses
furthermore show that over 90% of those crystals with sizes
from 5–10 to 100 mm are quasi-circular in shape exhibiting
rounded edges. They also concluded that the observed
particle habits inside tropical cirrus significantly differ from
those commonly found in midlatitude cirrus clouds.

1.3. Suggested Mechanisms for Cloud Formation

[5] Although a variety of possible mechanisms for creat-
ing and supporting such clouds have been introduced in the
literature, this question still seems unresolved requiring
more measurements and theoretical discussion.
[6] Barnes [1980] diffusely conjectured ‘‘natural lifting

motions within the atmosphere’’ as cloud generation mech-
anism. By means of satellite measurements over convec-
tively active areas like the ITCZ region, Prabhakara et al.
[1988] observed that thin cirrus clouds were present 100–
200 km away from high-reaching thick clouds. They sug-
gested that the cold tops of such thick clouds possibly are the
source of spreading thin cirrus sheets. In opposition to this
view, Heymsfield [1986] observed thin cirrus at the tropo-
pause in absence of convection. Jensen et al. [1996a] assume
for the formation of thin cirrus that either these layers are
residues of cirrus outflow from deep convection cloud
anvils, or that such layers form at the tropical tropopause
by the slow synoptic scale uplifting of a moist air layer and
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homogeneous nucleation. For the outflow scenario ice
particle equivalent volume radii between 2 and 20 mm result
for the matured clouds. For the slow-uplifting-scenario peak
ice crystal number densities of 0.5 cm�3 and equivalent
volume radii of 4–10 mm result with visible optical depth of
0.02. Also Jensen et al. [1996b] performed simulations of
the tropical ice cloud formation in the temperature minima
of gravity waves using wave periods of 1–2 hours. The
results indicate that high numbers of ice crystals with sizes
between 2 and 4 mm radius can form due to the low temper-
atures and rapid cooling. With respect to the availability of
sufficient water vapor, Jensen et al. [1999] presented water
vapor measurements with error analysis from the Microwave
Limb Sounder on the UARS (Upper Atmospheric Research
Satellite). These show relative humidities often reaching near
saturation with respect to ice in the tropical upper tropo-
sphere. The detected humidity values cover large-scale areas
and an uplift with cooling by a few hundred meters suffices
for ice nucleation and growth, as well as for supporting
formation and persistence of thin cirrus.

1.4. Modeling of the Cloud Properties

[7] Some of the observational results have found entry
into model calculations. For example, Boehm et al. [1999]
implement initial ice particle size distributions for modeling
the nighttime conditions of cirrus outflow remnants in the
tropics with modal radii of 10 and 20 mm based on the
measurements by Knollenberg et al. [1993] and McFarqu-
har and Heymsfield [1996]. These model calculations
suggest, that ice crystals in tropical cirrus must have modal
radii less than 10 mm, because otherwise the cloud lifetime
would be too small in comparison with the observations.
Using lognormal size distributions of varying modal param-
eters for subvisual tropical cirrus, Rosenfield et al. [1998]
conclude that 2 mm particles lead to scattering ratios above
those observed by lidar. If size radii of 6 mm are tried
instead, the observations match the calculated backscatter
ratios and optical depths.
[8] It has to be noted that tropical subvisual clouds occur

at the tropopause in an environment characterized by
temperatures below �80�C, while at midlatitudes these
temperatures are not much less than �60�C. Therefore

cloud particle habits and microphysical properties in trop-
ical clouds might differ from those at midlatitudes.

1.5. Chemical Composition and Effects

[9] Concerning the chemical composition of the subvi-
sual cloud particles, Hamill and Fiocco [1988] suggested
that tropical atmospheric conditions allow for NAT (Nitric
Acid Trihydrate) particles to remain stable. Omar and
Gardner [2001] tried to supply experimental evidence for
this by means of spaceborne lidar measurements. Most of
the references quoted implicitly or explicitly assume that the
particles detected in the subvisual cirrus clouds consist of
ice as main constituent.
[10] Since the subvisual clouds frequently occur at or

even above the tropopause [Wang et al., 1996; Winker and
Trepte, 1998] heterogeneous chemical reactions on the
cloud particles could play a role for the chemical compo-
sition of the air in this region. Such chemistry could for
example affect the ozone or NOy abundances [Borrmann et
al., 1996; Solomon et al., 1997] in the tropopause region.
For chlorine related reactions to proceed efficiently already
low values of reactive particulate surface area suffice, as has
been shown by Fahey et al. [1993], and Keim et al. [1996]
provided the involved reactive uptake coefficients are high
as is the case for particles consistent of ice. Therefore thin
populations of small particles like represented by subvisual
cirrus clouds could play a role in this respect. For this issue,
which is a matter of current debate [e.g., Bregman et al.,
2002], also detailed knowledge of the chemical composition
of the cloud particles is critical.

1.6. Tropical In Situ Measurements During the 1999
Airborne Polar Experiment-Third European
Stratospheric Experiment on Ozone (APE-THESEO)
Campaign

[11] The APE-THESEO campaign (described by L. Ste-
fanutti et al., The APE-THESEO tropical campaign, sub-
mitted manuscript, 2002) was carried out from 19 February
to 11 March 1999, utilizing the Russian M-55 high-altitude

Figure 1. The Russian high-altitude research aircraft
‘‘Geophysica’’ before takeoff on the airport of Mahé,
Seychelles. The mounting of the FSSP-300 sonde under-
neath the left wing is shown in the small photo.

Figure 2. Meteosat IR image of the Cb cloud from 24
February 1999, where the visible outflow region approxi-
mately corresponds to the white area. The Geophysica flight
path is traced in black, and the various colored areas
correspond to cloud penetrations where in situ data were
obtained (see text for details). Decreasing cloud top
temperatures are color coded from purple toward dark blue.
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research aircraft Geophysica [Stefanutti et al., 1999] and the
DLR Falcon, both based on the island of Mahé (Seychelles,
55�310E longitude, 4�400S latitude). The purpose of this
paper is to present in situ particle size distribution measure-
ments obtained during this campaign from ultrathin tropical
tropopause subvisual cirrus clouds, the outermost regions of
various anvil outflow clouds, cloud patches near a Cb turret,
as well as background aerosol measurements in the tropical
upper troposphere and lower stratosphere. For this study the
data of coordinated concurrent Geophysica and DLR Falcon
flights from 24 to 27 February 1999 are used. Additionally
size resolved aerosol measurements of the tropical upper
tropospheric and lowermost stratospheric background
atmosphere are presented utilizing the data of the 6 March
1999 Geophysica flight.

2. Methodology

[12] The aerosol particle size distributions were measured
in situ on board of Geophysica by means of a FSSP-300

optical particle detection instrument covering a particle
diameter size range from roughly 0.41 to 23 mm (depend-
ent on the refractive index of the particles) in 31 size
bins [Baumgardner et al., 1992]. Specific arrangements
were implemented to ensure the instrument’s operation
extending over the moist, hot ground conditions to the
dry, cold conditions (��90�C) encountered in the trop-
ical tropopause region and to enable transitions between
these extremes within 25 min. The FSSP-300 pod instal-
lation under the left wing of Geophysica is shown in
Figure 1. The data acquisition and control computer was
mounted in a specially designed unpressurized, thermally
controlled container box inside the airplane’s wheel
compartment.
[13] The conversion of the individual particle light scat-

tering signals to particle sizes was performed adopting Mie
theory for background aerosol conditions, while for the
cloud encounters the T-matrix method was applied accord-
ing to the study of Borrmann et al. [2000]. An optical
refractive index of 1.44 was assumed for the stratospheric

Figure 3. Vertical profiles of temperature, ozone and water vapor mixing ratios, and measured aerosol
properties for the flight of 24 February 1999. The thin black line indicates the water vapor mixing ratio
necessary for saturation with respect over ice at the encountered ambient conditions. The thick light gray
line depicts the total water vapor measurements from FISH. In the cloud regions, these two lines coincide,
thus indicating saturation.
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and uppermost tropospheric sulfuric acid aerosol back-
ground particles. This implies a certain simplification
because Geophysica did not fly high above the tropical
tropopause region and therefore particles other than sulfu-
ric acid droplets might have been sampled also. However,
the particle size channels as given by the instrument above
0.9 mm are wide because due to the ‘‘Mie-ambiguities’’
several size bins have to be combined here to wider
channels. Thus a some variation of the refractive index
(either due to dilute versus concentrated sulfuric acid drop-
lets or particles of different composition) will not result in
greatly changed size distributions. For the aspherical cirrus
cloud particles the T-matrix calculations were performed
using 1.31 as refractive index for ice. Despite hypotheses
concerning the chemical composition of the cloud particles
suggesting that nitric acid may be involved, for this study the
sampled particles are assumed to be ice. This mainly because
the concurrent in situ total water measurements on Geo-
physica indicate saturation or supersaturation with respect to
ice for all cloud events analyzed. For the particle shape
rotationally symmetric ellipsoids with an axis length ratio of
0.8 were assumed.
[14] The data frames taken for each sample were of 2–5 s

accumulation time. Before deriving particle size distribu-
tions all entering data frames recorded inside clouds with
this high resolution were individually inspected for possible
artifacts introduced by the presence of larger cloud particles

(i.e., with sizes beyond the upper detection limit of the
FSSP-300). None of the sampling data frames taken from
the clouds of 24 and 27 February 1999 were affected by this
kind of error. Also based on the presence of particles larger
than 5 mm, it was decided during these frame-by-frame
inspections whether a data reduction using Mie theory or the
T-matrix method was adopted in order to differentiate
between inside-cloud and background aerosol data sets.
Commonly out of the 2–5 s data frames larger flight time
intervals of at least 60 s had to be averaged together for the
FSSP-300 data due to the very low atmospheric particle
number densities and the corresponding demands of count-
ing statistics.
[15] It is important to note that the upper size detection

threshold of the FSSP-300 arrangement is near 23 mm,
which implies certain limitations. In cirrus decks connected
with anvils larger particles may be present albeit in much

Figure 4. Size distributions of the subvisual cloud layer
(labeled as ‘‘A’’ in Figure 3) at the tropical tropopause near
17 km. Due to counting statistics, the three curve segments
do not significantly differ from each other at sizes above 2
mm. The curves labeled ‘‘BG’’ correspond to background
aerosol measurements outside of (but close to) the cloud.

Figure 5. Size distributions of three different parts of a Cb
outflow cirrus. ‘‘Cloud B’’ and ‘‘Cloud C’’ qualify as visible
based on their optical depths. Based on the FSSP-300 data,
‘‘Cloud D’’ would be subvisual. However, if larger particles
were present, the optical thickness might be higher. The
letters ‘‘B,’’ ‘‘C,’’ and ‘‘D’’ correspond to the data with the
same label in Figure 3.
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lower number densities [Heymsfield and McFarquhar,
1996]. For this reason the size distribution measurements
presented in this study for Cb outflow clouds highlight the
properties of the smallest hydrometeors only. Also the
optical properties derived from the size distribution meas-
urements pertain to the size limits inherent in the FSSP-300
design. However, with regard to possible heterogeneous
chemistry effects the particulate surface area supplied by the
small sized particles may be sufficient to drive certain
reactions near saturation [Fahey et al., 1993; Keim et al.,
1996].
[16] Besides these in situ aerosol measurements, the

remote sensing instruments MAL (Miniature Airborne
Lidar) and MAS (Multiwavelength Aerosol laser Scatter-
ometer) probed the near range around the aircraft. MAL is a
microjoule lidar operating at 532 nm [Matthey et al., 2000]
and capable of parallel and perpendicular polarization of the
backscattered light signal. MAS is an instrument similar to a
backscatter sonde using three different wavelengths [Adriani
et al., 1999] and delivers time series of backscatter ratio
(BSR) as well as depolarization ratio (DR). Measurements
performed by means of the FISH (Fast In situ Stratospheric
Hygrometer) instrument [Zöger et al., 1999] delivered total
water data, i.e., the sum of gas phase and particulate water.
The ozone mixing ratio was measured by an electrochemical
cell sensor (ECOC) from the Central Aerological Observ-
atory (CAO) in Moscow [Kyrö et al., 2000] and N2O was
measured as tracer gas by HAGAR [Riediger et al., 2000].
The altitudes given in this study for the in situ measurements
are pressure altitudes.
[17] For the flights of 24 and 27 February 1999, as well as

on 6 March 1999, the meteorological research aircraft
Falcon of DLR (German Aerospace Center) preceeded
Geophysica performing lidar measurements above 10 km.
On board of the Falcon the 4-wavelength aerosol and ozone
lidar, Ozone Lidar Experiment (OLEX) was installed
zenith-viewing [Wirth and Renger, 1996]. It provided 2D
vertical cross sections of cirrus and subvisible cirrus cloud
backscatter ratio at 354, 532 and 1064 nm, of the depola-
rization at 532 nm and of stratospheric ozone along the
flight path. By means of these measurements Geophysica,
usually taking off 30 to 60 min after the DLR Falcon, could

be guided by the Falcon crew into regions with clouds of
interest.

3. Subvisual Clouds Near the Tropical
Tropopause

[18] On 24 February 1999 a Cb cloud system of approx-
imately 400 km diameter was studied by means of concur-
rent, coordinated Falcon (remote sensing measurements) and
Geophysica (in situ instrumentation) flights. In situ aerosol
measurements were obtained: (1) at the margin of the main
cloud body between 14.1 and 15.3 km altitude, (2) in the
outermost regions of the outflow cirrus umbrella between
12.9 and 14.1 km, (3) the subvisual cloud layer at 16.9 km
above (albeit disconnected from) the Cb system. The size

Figure 6. OLEX lidar observations in terms of geome-
trical altitude during the last flight leg (descent) of the 24
February 1999 flight. The backscatter ratio at 1064 nm is
color coded and displayed as vertical cross section through
the atmosphere above the aircraft. The backscatter ratio is
defined for this figure as the ratio of total (aerosol plus air
molecular) backscatter coefficient divided by pure air
molecular backscatter coefficient.

Figure 7. Composite of FSSP-300 size distribution
measurements inside the tropical subvisual tropopause
cirrus layer ‘‘A’’ (see Figures 3 and 4) on 24 February
1999. The in situ data of McFarquhar et al. [2000] and
Heymsfield and McFarquhar [1996] from the Marshall
Islands are entered for comparison. The horizontal bars in
these curves represent the width of the instrument’s size
bins. The vertical bars in the black, solid curve designate the
errors due to counting statistics. The vertical dashed gray
bars in the upper McFarquhar et al. [2000] data indicate the
variability over several measured sampling periods.
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and location of this Cb system, as well as the flight path of
Geophysica and the relative positions of the cloud samples
can be inferred from the Meteosat image of Figure 2. The
areas colored in green correspond to (1), in red/brown to (2),
and in yellow to (3).
[19] The vertical profiles from the second half of the

Geophysica flight of 24 February 1999 (including the
descent) for aerosol number density and particulate volume
are shown in Figure 3 as measured by the FSSP-300.
Additionally ozone, the ambient temperature, and total
water content are displayed, this way identifying the loca-
tion of the local tropopause near 17–17.5 km pressure
altitude. Two distinct cloud layers are discernible: one
geometrically thick layer between 12.2 and 14.2 km altitude
(labeled as ‘‘B,’’ ‘‘C,’’ and ‘‘D’’), and a second one located
at 16.8 km (labeled as ‘‘A’’). The cloud particle size
distributions shown in Figure 4 correspond to this upper
layer ‘‘A,’’ while the size distributions ‘‘B,’’ ‘‘C,’’ and ‘‘D’’
of Figure 5 are from the layer between 12.2 and 14.2 km.
The upper cloud layer ‘‘A’’ had a vertical extent of 100–
400 m (being 100–200 m most of the sampled time) and
constitutes a subvisual cirrus cloud since its optical depths
based on Mie theory calculations are between 0.0004 and
0.0005 for 632 nm wavelength and between 0.0002 and
0.0003 for 11 mm. These optical thicknesses fall below the

thresholds of 0.05 in the visible and 0.03 in the infrared for
distinction of visual from subvisual cirrus clouds as sug-
gested by Schmidt et al. [1993]. The derived optical thick-
ness also satisfies the threshold criteria proposed by Sassen
et al. [1989]. Since there is the possibility of the presence of
particles larger than the FSSP-300s upper detection limit (of
about 23 mm), the optical thicknesses derived for the 24
February 1999, cloud constitute lower limits. However,
considering the fact that this cloud was less than 400 m
thick and persisted for at least 3 hours, particles much larger
than 23 mm would have sedimented out. Particles larger
than 20 mm diameter have under the measured atmospheric
conditions sedimentation velocities in the range of a few
hundred meters per hour [e.g., Knollenberg et al., 1982].
Therefore it is unlikely that large numbers of particles above
the upper detection limit of the FSSP-300 are present in the
cloud events of 24 February 1999.
[20] While the size distributions of Figure 4 are tropo-

pause subvisual cirrus clouds, those in Figure 5 are from
three different parts of a Cb outflow umbrella region. The
1064 nm data from the DLR OLEX lidar in Figure 6
actually show two disjunct layers between 16 and 18 km
above the anvil outflow clouds between 12 and 15 km. The
lower, thicker cloud near 12–15 km geometric altitude
roughly corresponds to the lower layer (labeled as ‘‘B,’’
‘‘C,’’ and ‘‘D’’) in Figure 3 and constitutes the cirrus
umbrella in the outflow of this mesoscale Cb system. As
described by Santacesaria et al. [2002] for a similar case
of the APE-THESEO flight from 19 February 1999, the
upper layer on 24 February 1999, near 16 km was

Figure 8. Synopsis of MAL and FSSP data for events
‘‘Cloud A’’ and ‘‘Cloud B’’ of the 24 February 1999 flight.
(See text for detailed discussion.)

Figure 9. Measurements of cloud particle size distribu-
tions in cloud patches near the margins of the Cb main
cloud as well as from the surrounding clear air background
aerosol (24 February 1999 flight).
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significantly above the Cb cloud and entirely disconnected.
The picture of the DLR OLEX lidar in Figure 6 shows that
these ultrathin cirrus layers horizontally extend over more
than 250 km. These two layers do not appear on the
corresponding, concurrent lidar data at 532 and 354 nm.
Only one of them (see the size distribution labeled as ‘‘A’’
in Figure 4) was penetrated by Geophysica. It needs to be
noted that the Falcon and Geophysica could not sample
entirely identical air masses because Geophysica did not
fly exactly along the path traced out by the Falcon’s lidar
beam. Either the planes were horizontally separated by
approximately 20 km or they reached the cloud at nearly
the same position albeit separated in time by 45 min. The
subvisual cirrus layer directly underneath the tropical
tropopause was penetrated three times by Geophysica
within 2 hours.
[21] The size distributions of the three individual pene-

trations in Figure 4 are not significantly different from each
other and all three were obtained at different pressure
altitudes but at identical potential temperature (i.e., 377 K).
However, since the counting statistics of each event is poor,

a single, composite, size distribution has been made for
Figure 7 from the data of these three crossings. Otherwise
the size resolution of the FSSP-300 data would have to be
decreased, which would result in size bins wider than those
commonly used by Baumgardner et al. [1992] or Borrmann

Figure 10. Profiles of measured temperature, ozone and water vapor mixing ratios, and aerosol
properties for the flight of 27 February 1999. The thermal tropopause was at 16.8 km and the ozone
started increasing from 70 ppbv toward stratospheric values at 17.0 km. Saturation with respect to ice is
indicated within (and below) the cloud regions as in Figure 3.

Figure 11. OLEX lidar observations in terms of geome-
trical altitude during the flight of 27 February 1999, near the
region where Geophysica obtained in situ data.
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et al. [2000]. The size distribution significantly differs from
the background aerosol of the surrounding air as shown in
Figure 4 (and labeled there as ‘‘BG’’), but only for size
diameters larger than 1 mm. Although the number densities
are as low as 0.011 particles/cm3 (i.e., 11 L�1) for sizes
above 1 mm, a distinct peak around 10 mm is present inside
this cloud. If all particles detected by the FSSP-300 down to
0.57 mm are taken into account, cloud particle number
densities of 0.17 particles/cm3 (i.e., 170 L�1) of air result.
Also entered into Figure 7 are data of December 1973 by
Heymsfield and Jahnsen [1974, see McFarquhar et al.,
2000] and Heymsfield and McFarquhar [1996] from sub-
visual tropopause cirrus for comparison. These subvisual
clouds over the Marshall Islands apparently also contained
particles as large as 10 mm although the peak of the size
distribution is shifted toward smaller sizes compared with
the 24 February 1999, case over the Indian Ocean. The
measurements of the upper curve in this figure show much
higher number densities over the entire size distribution and
the presence of particles larger than 20 mm as well. This
cloud was qualified as subvisual by Heymsfield and McFar-
quhar [1996].
[22] The anvil outflow of the Cb cloud (see Figure 5) was

also penetrated three times at different locations and at
different stages in the cloud development. The shape of
the size distributions with labels ‘‘Cloud B,’’ ‘‘Cloud C,’’

and ‘‘Cloud D’’ is very similar for these three penetrations,
only the absolute number concentrations change in depend-
ency of the thickness of the cirrus veil around the Cb turret.
The thickness of ‘‘Cloud B’’ was approximately 1100 m with
an optical depth at 632 nm of 0.12 and of 0.082 at 11 mm.
‘‘Cloud C’’ was of similar geometrical thickness as ‘‘Cloud
B,’’ but its optical depths were 0.037 for 632 nm and 0.025 at
11 mm. The lowest curve in Figure 5 for ‘‘Cloud D’’
corresponds to a cloud layer of 650 m vertical extent with
0.0008 (632 nm) and 0.0005 (11 mm) optical depths respec-
tively. Thus for the upper two ‘‘Clouds B’’ and ‘‘C’’ the
cloud thickness and optical depths were high enough to
qualify as visual cirrus. The lowermost size distributions in
Figure 5 labeled ‘‘BG’’ with particles smaller than 2 mm only
are background aerosol measurements taken immediately
above and below this outflow cloud. The similarity of the
three size distributions from the outflow cloud (designated as
Cloud ‘‘B,’’ ‘‘C,’’ and ‘‘D’’) may suggest a cause–effect
relationship, however the database is insufficient to verify
such a connection since the measurements were not quasi-
Lagrangian.
[23] Figure 8 shows the time series of volume depolariza-

tion and backscattering ratio as measured by MAL for those
parts of the flight of 24 February 1999, where ‘‘Cloud B’’
was within range of this instrument. The volume depolariza-
tion itself only can serve as a measure for the particle number

Figure 12. Time series of MAS (BSR: backscattering ratio, DR: depolarization ratio at 532 nm), FSSP-
300, FISH, and ECOC data for the cloud event of 27 February 1999.
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density [Cairo et al, 1999]. The short periods of enhanced
number densities shown in the FSSP-300 data coincide with
corresponding small increases of volume depolarization and
scattering ratio in the figure. The aerosol depolarization also
derived from these MAL measurements mostly were
between 25% and 35%. This variable is a measure for the
asphericity of the particles and based on the obtained values
in this cloud it needs to be assumed that the FSSP-300 was
confronted with particles of some asphericity. This justifies
the application of the T-matrix method as mentioned above
for the conversion of the scattered light intensities to particle
sizes. It corresponds to results of McFarquhar and Heyms-
field [1996] and Ström et al. [1997] who found slightly
aspherical crystal habits for the smaller sizes.
[24] There are seven prominent features of the subvisual

clouds encountered on 24 February 1999:
1. They are horizontally extending over several hundred

kilometers.
2. The cloud lifetimes are at least 3 hours. This is the

time interval when the planes were actually present in or
under the cloud, and it can be speculated that the cloud
persisted for a much longer period of time.
3. These cloud layers have geometrical thicknesses of

100–400 m, mostly even below 200 m. The optical depths
are near 0.0004 at 632 nm.
4. The clouds occurred at ambient temperatures below

190 K.
5. These subvisual clouds exhibit a mode in the size

distribution around 10 mm particle diameter.
6. and particles smaller than 1 mm have number densities

of values near the background above and below the cloud.

7. The observed subvisual clouds more strikingly appear
in the data of particulate surface area and volume than in the
number densities.
The fifth item is consistent with the assumption by Boehm et
al. [1999] who concluded based on radiative transfer model
calculations and dynamical considerations, that the particles
of such persistent tropical cirrus clouds should be smaller
than 20 mm diameter and it is also consistent with other
experimental findings mentioned in the Introduction. For
example measurements with the FSSP-300 by McFarquhar
and Heymsfield [1996] inside tropical cirrus clouds at
altitudes between 7 and 14 km over the tropical Pacific
also show a small mode between 10 and 20 mm. Similarly
Knollenberg et al. [1993] report a small maximum between
10 and 20 mm for a Cb anvil penetration over Arizona,
USA, while their measurements over Darwin, Australia,
only exhibit a shoulder in the size distribution and not such
a distinctive modal peak. Also in situ measurements by
Heymsfield and Jahnsen [1974] inside tropical subvisual
cirrus showed the enhanced presence of particles in the 3–
17 mm size range.
[25] Although the similarity of the size distributions from

clouds ‘‘A’’ (Figure 4) and ‘‘D’’ (Figure 5) seems indicative
of a cause–effect relationship here too, again one can not
necessarily conclude, that they have the same origin. Based
on the wind speed and direction data measured by Geo-
physica as well as analyses of the meteorological data fields it
becomes clear that the encountered cloud events are not from
the same air mass like for a quasi-Lagrangian experiment.
[26] During the APE-THESEO flight of Geophysica on

24 February 1999, size distribution measurements also were
obtained at the outermost margins of the Cb turret between

Figure 13. Cloud particle size distributions of the parts
‘‘1’’ to ‘‘4’’ in Figure 12 (see text for details).

Figure 14. Optical thickness of visible and subvisual
cirrus clouds from lidar measurements [Sassen and Cho,
1992]. In addition, the in situ data for the tropical regions of
the Marshall Islands from 1973 [McFarquhar et al., 2000]
as well the Indian Ocean (Geophysica flights from APE-
THESEO 1999) have been entered into this figure.
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14.1 and 15.3 km altitude, the results of which are shown in
Figure 9. In this part of the flight path Geophysica per-
formed a slow descent. A large spatial inhomogeneity
characterized by mostly clear air parcels with occasional
interspersed patches of cloudy air was encountered in this
area. Most likely this was a region of entrainment or detrain-
ment. Since Geophysica could not penetrate deeper into the
turret, only these cloudy patches could be sampled for
periods of less than 60 s. Because of the inhomogeneity
the particle concentrations vary over one order of magnitude
in the size range between 0.5 and 10 mm. Although the
shoulder at 10 mm particle diameter is a dominant feature in
the measurements of Figure 9, it should be noted that the
lack of an instrument detecting larger particles limits the
capability of obtaining results concerning the entire cloud
patch.

4. Below Tropopause Cirrus Clouds of 27
February 1999

[27] During the ascent from Mahé (Seychelles) of Geo-
physica on the flight of 27 February 1999, an extended,
contiguous cirrus cloud was crossed between 15,200 and
15,700 m pressure altitude, where the cold-point tropo-
pause was located at 16.8 km. The vertical profile of the
aerosol related data, ozone, and temperature is shown in
Figure 10. The corresponding OLEX lidar profile is shown
in Figure 11 where the lidar measurements were obtained
approximately 40 min before Geophysica reached this

cloud. A detailed view of MAS and FSSP-300 data is
given together with in situ total water measurements and
ozone in the time series of Figure 12. The data of the
entire cloud event (starting at 12460 and ending 13070 s
UTC) were subdivided into four parts (labeled as part ‘‘1,’’
‘‘2,’’ ‘‘3,’’ and ‘‘4’’) because the measured parameters of

Figure 15. Flight cross section of the aerosol data along the 56th meridian from 6 March 1999. The
flight segments labeled ‘‘a’’ to ‘‘d’’ are discussed in the text.

Figure 16. Vertical profiles of ozone, water vapor, N2O
mixing ratios, and aerosol concentrations from the entire
flight of 6 March 1999. The tropopause region is indicated
by the gray shadowed line.
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these parts significantly differ from each other. The four
measured cloud particle size distributions are shown in
Figure 13.
[28] In part ‘‘2’’ and especially in part ‘‘3’’ both of the

MAS signals (also shown in Figure 12) are high compared
to those obtained during part ‘‘4.’’ The lower particle
number densities at sizes near 10 mm in the particle size
distribution of part ‘‘4’’ (see Figure 13) coincides with the
decreased MAS signal, and the higher number density of
part ‘‘3’’ is correlated with higher MAS BSR and DR. For
parts ‘‘1’’ and ‘‘2’’ the ozone is lower while the total water

is higher than for parts ‘‘3’’ and ‘‘4.’’ The shapes of the size
distributions (see Figure 13) are not very similar and these
distributions differ most prominently in the absolute values
of the particle number concentrations for sizes near 10 mm.
Part ‘‘4’’ with the highest ozone levels and the lowest total
water content exhibits greatly reduced number densities for
these larger particles indicating increasing evaporation
when approaching the tropopause.
[29] Utilizing the Lidar measurements for obtaining the

geometrical thickness and using the in situ size distribution
data, the optical thickness of the cloud parts can be roughly
estimated. The highest value for the optical thickness
resulting from such estimations for the entire cloud is
0.024 (0.015) for 632 nm (11 mm). This is near the threshold
differentiating between visible and subvisible cirrus. Con-
sidering also that larger particles most likely present in this
cloud further enhanced the optical thickness, the cloud
probably qualifies as visible cirrus.
[30] The optical cloud thickness of the various cloud

encounters during the APE-THESEO campaign from the
24 and 27 February 1999 flights are shown in Figure 14 and
placed into the context of previous [Sassen and Cho, 1992]
lidar derived optical thicknesses for visible and subvisual
cirrus. Also the data of McFarquhar et al. [2000] are
entered into the figure. This comparison between in situ
measurements and lidar data demonstrates that the subvisual
clouds penetrated on 24 February 1999 are at the lowest
level of previously measured optical and geometrical
depths. The Geophysica measurements of the anvil outflow
region from 24 February are near or just above the threshold
value discriminating visual from subvisual and lie within
the range of the other observations.

5. The Background Aerosol Between 5�S and
19�S Latitude in the Tropical Tropopause Region

[31] On 6 March 1999, a flight from Mahé at 5�–19�S
was conducted due south along the 56�E longitude meri-
dian. During this flight background conditions for aerosol
were encountered in the upper troposphere and the lower
stratosphere. The meridional cross section of the measured
particle number density and surface area is shown in
Figure 15. As can be seen from the pressure altitude data
in this figure a ‘‘step ladder’’ profile across the tropopause

Figure 17. Particle size distributions of the background
aerosol measured during the meridional cross section flight
of 6 March 1999. The labeled curves correspond to the
flight segments in Figure 15. The error bars designate the
error due to counting statistics.

Table 1. Summary of the Observed Properties From the Encountered Clouds

Cloud type Date
Pressure altitude

[km]

Particle number
density [number/cm3]
0.7 mm < d < 25 mm

IWC
[mg/m3]a

Geometrical
thickness [m]

Optical depth
tC 632 nma

Tropopause subvisual ci 24 February 1999 16.5–17.0 0.05 0.0033 300 0.0004
Cb outflow ci
Subvisual 24 February 1999 13.2–13.9 0.04 0.0031 500 0.0007
Visible 24 February 1999 12.9–14.1 0.29/0.87 0.11/0.38 1100 0.04–0.12
Patches of

Cb turret 14.1–15.3
Minimum 24 February 1999 0.06 0.017 –b –
Maximum 24 February 1999 0.75 0.074 –b –
Cirrus 27 February 1999 15.3–15.8 �0.25 �0.035 1200c 0.024

aNote: These IWCs and the optical depth are obtained for particles with sizes between 0.7 and 25 mm (i.e., the detection limits of the
FSSP-300). The total ice water content as well as the optical depth of the cloud maybe much higher if larger particles are present.

bFor these clouds, the geometrical thickness and also optical depth could not be estimated.
cThe geometrical thicknesses of these clouds were estimated based upon the OLEX lidar measurements at 1064 nm (see Figure 11).
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(near 17 km) into the lowermost stratosphere was executed
during the outbound flight leg. The airplane was in the
lower stratosphere during this leg from 11�S to 18�S. Then
Geophysica performed a dip (i.e., an intermediate descent
into and subsequent reascent from the troposphere) during
which it turned around for its inbound flight. The return
flight was along the same meridian at higher altitudes as can
be seen in the right hand side of Figure 15. Figure 16 gives
the vertical profiles of total water, ozone, N2O, ambient
temperature and particle number density of the entire flight.
Between 17 and 21 km, above the tropopause, the particle
number density increases. This is the lower part of the
stratospheric Junge aerosol layer, the maximum of which
may lie at higher altitudes, i.e., beyond the cruising altitude
of Geophysica. The particle number concentrations meas-
ured during takeoff and landing at 5�S (Mahé) are similar
to those encountered during the ‘‘dip’’ at 18�–19�S, if one
considers the stratospheric data only in Figure 16. Thus
these measurements do not indicate much of a geographic
variation of the lower part of the Junge layer in this
latitude band. This is supported by the particle size
distributions shown in Figure 17. The size distributions
are data averages over the flight segments labeled as ‘‘a,’’
‘‘b,’’ ‘‘c,’’ and ‘‘d’’ in Figure 15. For the data reduction of
the background aerosol measurements a refractive index of
1.44 was used in conjunction with Mie theory calculations,
assuming these particles to be sulfuric acid droplets.
Taking into account the statistical errors, these size dis-
tributions do not significantly differ in shape, but only in
the absolute number densities. These considerations of the
Junge layer aerosol have to be viewed with caution
because only particles larger than 0.41 are detected by
the FSSP-300 whereas the background layer contains
smaller particles in larger numbers.

6. Conclusions

[32] Upper tropospheric clouds have been observed above
the tropical Indian Ocean on 24 and 27 February 1999
during the APE-THESEO field campaign where the Russian
high-altitude research aircraft ‘‘Geophysica’’ was used as
measurement platform. These were ultrathin layers of sub-
visual cirrus at the tropopause, cloud patches near the Cb
turret, and cirrus clouds in Cb anvil outflow regions. For the
in situ aerosol size distribution measurements in the size
range from approximately 0.5 to 23 mm a modified optical
particle counter of the FSSP-300 type was utilized. Depola-
rization measurements by a microjoule lidar (MAL) resulted
in values of 25–35% volume depolarization in visible
clouds, �4% in subvisual indicating that the cloud particles
were slightly aspherical.
[33] The concurrent in situ total water measurements

showed saturation with respect to ice directly above and
below and supersaturation inside the analyzed clouds. Con-
sequently for the data reduction of the FSSP-300 measure-
ments the refractive index for ice was adopted.
[34] Table 1 provides a summary of the observed proper-

ties from the encountered clouds.
[35] The subvisual clouds at the tropopause with an air

temperature of �190 K occurred as ultrathin cloud layers
with an horizontal extent of several 100 km. The geo-
metrical thickness derived from lidar measurements was

in the range from below 100 m up to 400 m. The optical
thickness was 0.0004–0.0005 for 632 nm wavelength,
clearly within the range of values for subvisual clouds,
while the particle concentration was 0.1–0.3 particles/cm3

(i.e., 100–300 L�1) and 0.015 particles/cm3 (i.e., 15 L�1)
for sizes above 1 mm for these clouds. Based on the
measured optical depths and geometrical thicknesses these
cloud sheets belong to the geometrically and optically
thinnest so far reported in the literature. In both cases, at
the tropopause and in 13 km altitude, the size distribution of
the subvisual clouds differs from the background aerosol
only for particle sizes above 1 mm. For these larger particles
the maximum in the size distribution is around 10 mm,
which is in the range of earlier measurements and model
calculations. In visible cirrus clouds the concentration of
particles below 1 mm was significantly above the concen-
tration of the background aerosol.
[36] On a flight with background aerosol conditions very

little latitudinal variation of the aerosol concentration of the
lower part of the Junge layer was observed in the lower
stratosphere between 17 and 21 km in the latitude band
from 5�S (Mahé) to 18�S.
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