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[1] In this paper, we report a detailed description of a thin cirrus at the tropopause above a
cumulonimbus (Cb) convective cluster observed during the Airborne Platform for Earth
Observation–Third European Stratospheric Experiment for Ozone (APE-THESEO)
campaign in February–March 1999 in the western Indian Ocean. The thin cirrus (Ci) has
an optical depth at 532 nm below 0.1, with extended subvisible stretches, and is located
directly below the tropopause, which was supersaturated with respect to ice. A direct
comparison between the optical depth retrieved by Meteosat and that obtained by means of
the hygrometers installed on the M55-Geophysica aircraft is discussed showing
discrepancies ranging from 10 to 20%. Combining satellite and aircraft data, we show that
the observed Ci is not due to cirrus outflow from Cb anvils. In the absence of any deeply
convective clouds reaching altitudes above 15 km, we propose a possible mechanism
of Ci formation based on a net mesoscale transport of water vapor from altitudes above
16 km to the tropopause region around 18 km. This transport could be driven by the critical
layer and turbulence induced by gravity waves that could have been generated by lower
level Cb cluster activity. The proposed mechanism for high-altitude Ci formation
corroborates the new paradigm of a tropical tropopause layer (TTL) or ‘‘substratosphere,’’
several kilometers thick, which is decoupled from the convection-dominated lower
troposphere. INDEX TERMS: 0320 Atmospheric Composition and Structure: Cloud physics and

chemistry; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport and chemistry;

0394 Atmospheric Composition and Structure: Instruments and techniques; KEYWORDS: thin tropical cirrus,

APE-THESEO campaign, tropical tropopause layer (TTL), convective system
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1. Introduction

[2] Past observations have revealed very low water vapor
concentrations in the lower stratosphere over tropical
regions [Holton et al., 1995; Tuck et al., 1997]. The
Brewer-Dobson theory for stratospheric circulation [Brewer,
1949] suggests that the upward branch of the circulation is

located in the tropics. The cold temperatures encountered by
the air masses upon crossing the tropical tropopause region
limits the water vapor content with which they enter the
stratosphere. Recently, the special character of the altitude
range a few kilometers below the tropical tropopause, which
is only rarely penetrated by deep convection, has been
emphasized by naming this region ‘‘substratosphere’’ [Thu-
burn and Craig, 2000] or tropical tropopause layer (TTL)
[Sherwood and Dessler, 2000].
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[3] Nevertheless, the low water vapor mixing ratios of
�2 ppmv observed in the lowermost tropical stratosphere
cannot be explained in terms of the average value of
tropical tropopause temperatures observed globally. Little
is known about the drying mechanisms at work. Three
distinctive mechanisms have been suggested: (1) slow
upwelling that dries air through large-scale formation of
ice particles [Brewer, 1949; Newell and Gould Stewart,
1981] in visible or possibly subvisible cirri, (2) convective
overshooting with extreme cooling followed by dehydra-
tion due to sedimenting ice particles and subsequent
mixing of the dehydrated air into the stratosphere [Dan-
ielsen, 1982], and (3) wave-induced cirrus cloud forma-
tion, either below the tropopause, for example by Kelvin
wave forcing [Boehm and Verlinde, 2000], or above the
tropopause, for example in buoyancy waves leading to
dehydration in situ in the lower stratosphere [Potter and
Holton, 1995].
[4] Newell and Gould Stewart [1981] suggested that air

could enter the stratosphere only over particularly cold
tropical areas (named ‘stratospheric fountains’), in which
a sufficient amount of tropospheric air crossing the cold
tropopause could explain the water content observed in the
stratosphere.
[5] Another mechanism, that could be responsible for the

dehydration of the tropospheric air masses entering the
stratosphere, was suggested by Danielsen [1982], who
postulated that cumulonimbus anvils, when penetrating the
stratosphere, are destabilized by longwave heating below the
cirrus anvil and radiative cooling above it. This allows for
the growth of large ice particles and the removal of con-
densed phase water from the lower stratosphere by sedimen-
tation. One essential condition for the presence of such a
mechanism is that Cbs must reach the local tropopause in
order to have such an impact on the lower stratosphere.
[6] Potter and Holton [1995] postulated that tropical

convection need not penetrate the tropopause in order to
act on the water content in the lower stratosphere. By using
a model, which simulates the development of convection
over the northwest coast of Borneo, they concluded that thin
cirrus clouds forming in the lower tropical stratosphere
caused by upwelling buoyancy waves might contribute to
the observed water vapor minimum. However, conclusive
experimental evidence for the existence of ice particles or
even cirrus clouds in the lower tropical stratosphere is still
missing. On the other hand, there is evidence from previous
airborne campaigns for buoyancy waves, which are asso-
ciated with strong convection and are a necessary prereq-
uisite for the hypothesis of Potter and Holton [1995].
Pfister et al. [1993] reported observations performed during
the STEP campaign with the ER-2. In particular, they found
oscillations of the temperature of the order of 5 K when
flying above mesoscale convection. The relationship among
different meteorological parameters (T, u, w) suggests that
these oscillations may be ascribed to gravity waves prop-
agating upwards. Furthermore, by using radiosonde obser-
vations, Tsuda et al. [1994] found, over Indonesia, where
strong convection is often present, that temperature fluctua-
tions were around 2 K in the troposphere and could exceed
3 K in the stratosphere. Also in this case, the oscillations can
be ascribed to gravity waves propagating upwards, associ-
ated with the Cbs below.

[7] By means of microphysical modeling, Jensen et al.
[1996a] argued that the crystals would not grow larger than
10 microns in ice clouds forming in buoyancy waves, and
that sedimenting ice therefore caused only little dehydra-
tion. On the other hand, they also showed that in clouds
associated with large-scale upwelling motion the crystals
could grow to larger sizes and have more time for sedi-
mentation leading to dehydration of the tropopause region
and hence of the lower stratosphere. Spaceborne lidar
observations [Winker and Trepte, 1998] and limb viewing
measurements confirm that extended thin cloud structures at
the tropopause are quite frequent in the tropical regions. The
average geometric thickness of these cirrus (Ci), as deter-
mined by lidars located in the tropical area, is around 600 m
with an optical thickness of 0.008–0.01 [Platt et al., 1998;
Nee et al., 1998]. Cirrus clouds with an optical thickness
below the limit of 0.03 are categorized as subvisible [Sassen
and Cho, 1992], as they cannot be observed by the naked
eye. This complicates their analysis and detection, which
can only be achieved by lidar technology.
[8] Using results coming from various aircraft campaigns

(CEPEX, TOGA COARE) and satellite observations,
McFarquhar et al. [2000] concluded that despite their
extreme thinness the subvisible clouds have a non-negligible
effect on the radiative budget of the tropical region. Further-
more, theymay affect the upper tropospheric vertical motions
and the water vapor content of the lower stratosphere.
[9] Using lidar [Browell et al., 1983] observations, Pfister

et al. [2001] subdivided the subvisible clouds (SVCs) in the
tropics into two main categories according to their lidar
backscattering ratio and the altitude at which they are
located. The first class, SVC I, is characterized by a
maximum backscatter ratio, at 603 nm, of 4–5 or even
higher, and are located below the tropical tropopause with a
maximum potential temperature not higher than 380 K.
They indicated that this class of SVC is related to strong
persistent convection present in the observation areas. Class
II SVCs are represented by thinner clouds with a smaller
scattering ratio than class I, and are located at higher altitude
around 390 K. Speculations based on the thermal history
indicate that these clouds may be generated by gravity or
inertio-gravity waves.
[10] One of the major issues related to the thin clouds

observed at the tropical tropopause concerns their mecha-
nism of formation and maintenance. In this study we
describe a novel data set based on in situ and remote
measurements from two research aircraft and Meteosat 5
of a thin cirrus over the tropical Indian Ocean.
[11] Even though the collected data set is still too limited,

objective of this study is to use it in order to speculate about
the roles of different physical processes in the formation of
tropical thin cirrus clouds, on the base of the adaptability of
existing theories with the present data set.

2. APE-THESEO Campaign

[12] During February and March 1999 the APE-THESEO
campaign took place as the first European high-altitude
airborne tropical experiment (L. Stefanutti et al., The APE-
THESEO tropical campaign, submitted to Journal of Atmos-
pheric Chemistry, 2002). Two aircraft, the M-55 Geophysica
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(which can fly up to 22 km) and the DLR Falcon, performed
combined flights over the western Indian Ocean.
[13] During the campaign, convective activity was gen-

erally not strong enough to reach the tropopause. The
satellite data show that anvils associated with Cbs on the
average remained a couple of km below the local tropo-
pause (with the exception of the last four days of the
campaign). This is in accord with our in situ and lidar
measurements of deeply convective systems. Conversely,
the measurements show thin clouds at the tropopause, as
well as a surprisingly cold and dry tropopause (A. R.
MacKenzie et al., manuscript in preparation, 2002).
[14] Amongst the most remarkable findings of this cam-

paign was the detection of ultrathin tropical tropopause
clouds (UTTCs) with geometrical thicknesses around
200–300 m and optical depths around 10�4. These distinct
layers appear to be long lasting and geographically very
extended; see B. P. Luo et al. (Dehydration potential of
ultrathin clouds at the tropical tropopause, submitted to
Geophysical Research Letters, 2002) (hereinafter referred
to as Luo et al., submitted manuscript, 2002) for details.
Here we do not report on UTTCs but on thicker SVCs that
might lead to UTTC formation upon evaporation.

2.1. In Situ Measurements

[15] During APE-THESEO, the Geophysica carried a
comprehensive scientific payload with in situ sensors to
measure meteorological parameters, water vapor, ozone,
and trace gases, further with an in situ size-resolving aerosol
counter as well as with two upward looking aerosol lidar
systems. The current analysis relies mostly on data from the
following in situ instruments on board Geophysica: data
from MAS [Adriani et al., 1999], a multiwavelength aerosol
scatterometer, which operated at 532 nm during the tropical
campaign and allows to measure both, the parallel and the
perpendicular (depolarized) components of the backscat-
tered light; data from FISH [Zöger et al., 1999] and from
FLASH [Merkulov and Yushkov, 1999], two Ly-a fluores-
cence hygrometers measuring the total and the gas phase
content of H2O, respectively; data from FOZAN, a chem-
iluminescent ozone sensor that detects fast ozone variations
[Yushkov et al., 1999], which are used to distinguish tropo-
spheric from stratospheric air. The in situ payload includes
also a modified FSSP-300 optical particle detection instru-
ment covering a particle diameter size ranging from 0.4 to
23 mm. Unfortunately, this instrument did not work during
the first flight, but it collected several measurements in
following flights [Thomas et al., 2002].

2.2. Remote Sensing of Clouds by Lidar

[16] The research aircraft Falcon of the German Aero-
space Center (DLR) carried the 4-wavelength aerosol and
ozone lidar OLEX (Ozone Lidar Experiment) in zenith-
viewing mode [Wirth and Renger, 1996]. OLEX provided
two-dimensional vertical cross sections of visible and sub-
visible cirrus cloud backscatter ratios at 354, 532 and 1064
nm, of the depolarization ratio at 532 nm, and of strato-
spheric ozone. The backscatter ratio is defined as the ratio of
total (aerosol plus air molecular) backscatter coefficient
divided by pure air molecular backscatter coefficient. The
OLEX on board of the Falcon provided unprecedented new
views of Ci and SVCs in the TTL (cf. Luo et al., submitted

manuscript, 2002). Besides following its own research
goals, the Falcon served as path-finding aircraft for the
Geophysica. Both aircraft can fly with the same speed at
their respective altitudes, allowing simultaneous detailed in
situ and remote measurements of the same clouds.

2.3. Satellite Support

[17] The campaign took place simultaneously with the
INDOEX (Indian Ocean Experiment) intensive field phase
(A. Clarke et al., An overview of the C-130 flight missions
and measurements during INDOEX, submitted to Journal
of Geophysical Research, 2001), which was supported by
Meteosat 5 cloud images in order to provide information on
convective cloud activity in the area. For this purpose
Meteosat 5 was relocated to 63�E, i.e., directly above the
Indian Ocean, and APE-THESEO profited from this relo-
cation. The satellite radiometer acquires images simultane-
ously in three spectral ranges: in the visible (0.5–0.9 mm),
thermal infrared (IR) (10.5–12.5 mm), and water vapor
(WV) (5.7–7.1 mm). The acquisition frequencies of 30
minutes with total coverage and high spatial resolution of
5 km at the equator are adequate for the observation of fast
atmospheric processes in a large oceanic region.

2.4. Case Study

[18] In this paper we describe specifically the flight of 19
February when extended thin cirrus with optical depths
between 0.01 and 0.09 was observed. The cirrus was
located close to the tropopause above, but clearly detached
from an area of moderate Cb activity, similar to visual
observations from aircraft by Harris-Hobbs et al. [1990].
The cloud is characterized by a relatively high backscatter-
ing ratio and optical depth. Its high altitude does not allow
the cloud to be classified according to the scheme proposed
by Pfister et al. [2001], who considered Ci as an anvil
outflow. Conversely, these clouds may play a role in the
formation of UTTCs (Luo et al., submitted manuscript,
2002).

3. Case Study of Flight on 19 February 1999

[19] In Figure 1, the Geophysica flight path is shown on
the corresponding IR Meteosat 5 image. The Falcon flew
precisely the same path 30 to 60 minutes ahead of the
Geophysica in order to serve as pathfinder and to provide
the Geophysica pilot with cloud altitude information.

3.1. Meteorological Characterization

[20] The color code used in Figure 1 represents cloud top
brightness temperature. Two different convective regions
can be identified. The more intense and extensive system is
located to the west and southwest of the Seychelles, and has
a cloud top temperature around �65�C, corresponding to
roughly 2 km below the tropopause (measured along the
flight path). Another system is located to the north of the
Seychelles, characterized by a cluster of isolated Cbs with
cloud top brightness temperatures higher than �50�C. It
should be noted that these temperatures are only estimates.
The brightness temperature in the IR images corresponds to
the actual temperature only for opaque clouds, as is appro-
priate for Cbs. For thin cirrus clouds, however, the weak
emissivity would have to be taken into account in the
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derivation of the actual temperature. This will be discussed
later in the paper and we return to this complication below.
[21] The flight path adopted on that day took the two

aircraft in a southeasterly direction towards the region with
isolated and moderate Cbs. Within the area indicated by the
white square in Figure 1, the Geophysica made direct
observations of the local tropopause. Figure 2 shows the
temperature profile measured on board of the Geophysica
measured during various dives and ascents. The tropopause
region was very cold, with a minimum temperature ranging
from �87 to �90�C. The cold-point tropopause is located
around 18.2 km. This tropopause is unexpectedly high for
the western Indian Ocean, higher than observed during most
other flights performed during APE-THESEO (A. R.

MacKenzie et al., manuscript in preparation, 2002). The
high altitude of the tropopause may be a consequence of the
convection present in the area (Luo et al., submitted manu-
script, 2002). In the tropics, cumulus convection may be
associated with anomalously high tropopauses, as observed
during the MONEX campaign [Johnson and Kriete, 1982].
[22] Figure 3 shows the wind speed and direction diagram

(hodogram) retrieved by the ECMWF analysis averaged
inside the boxed area (numbered 1) indicated in Figure 1. At
high altitudes, the wind was northeasterly with a speed of
around 14 m/s. At lower altitudes the wind speed decreases.
The wind direction for altitudes below 14 km (140 mbar)
was southwesterly, and remains in that sector down to 9 km
(300 mbar). Below 9 km the winds turn northeasterly again.

Figure 1. IR brightness temperature image acquired by Meteosat 5 during the APE-THESEO flight on
19 February 1999 from the Seychelles towards Mogadishu (the coastline of Somalia is visible in the
upper left corner). The red line indicates the flight path of the aircraft, and the white box (box 1) indicates
a region with high cirrus close to the tropopause. Included in this box is a second white box (box 2) that
is considered in the analysis reported in Figure 6. The inset shows the wind field at 200 mbar (red) and
100 mbar (blue); the direction of the anvils outflow is aligned to the wind field at 200 mbar. See color
version of this figure at back of this issue.
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[23] This horizontal shear is very useful information in the
interpretation of the satellite images, as high clouds at differ-
ent altitudes are advected in different directions, and follow-
ing their direction allows us to identify their altitude in a
better way than is possible from the brightness temperatures.
[24] In the inset of Figure 1 we show in detail a section of

the Meteosat 5 image, focusing on the region where the Cb
clusters were present. By assuming the emissivity to be
unity, the top of these Cbs, with a brightness temperature
around �55�C, corresponds to an altitude of roughly 13 km
between (200 140 mbar) (see Figure 1). In Figure 1, the
Meteosat picture is combined with the wind field at 200
mbar and 100 mbar retrieved from the ECMWF analysis.
This reveals that the anvil outflows associated with the
highest Cbs (red and green colors in Figure 1) were directed
to the northeast, according to the mean wind direction at
that altitude (see winds direction at 200–140 mbar in the
hodogram in Figure 3). On the other hand the Cbs pattern is
inconsistent with the direction of the winds at higher
altitude, like for instance those at 100 mbar reported in
Figure 1 (see the hodogram in Figure 3 for other high-level
winds). It is therefore evident (brightness temperature and
wind field) that the outflow of the Cb cluster activity was
located at an altitude not above 200–140 mbar, i.e., some
kilometers below the altitude of the local tropopause. Over-
shooting of the strongest Cbs to higher altitudes in the TTL
region cannot be excluded. Closer inspection reveals that
besides the Cbs and their anvils, there is a stratiform low-
altitude cloud system located below 500 mbar in the same
region, represented by a greyish area in Figure 1.

3.2. In Situ and Remote Particle and Gas
Measurements

[25] The cirrus layer was crossed several times during the
outward and inward flight legs, as reported in Figure 4.
Close correspondence is shown between in situ observations
fromMAS and the remote sensing by the Falcon lidar, which
observed the cirrus cloud to be close to the tropopause

around 18 km with a maximum thickness of the order of 1
km and a maximum backscatter ratio around 10 at 532 nm.
Figure 4a shows the Falcon measurements at 532 nm
together with the Geophysica flight altitude as obtained from
the onboard GPS (black curve). The Geophysica was man-
euvered into the cirrus deck, which is hardly visible for the
pilot, according to the instructions given by the lidar scien-
tists on board of the Falcon. Figure 4b shows the MAS
measurement performed during the inward leg at the same
latitudes. The in situ backscattering observation confirmed
the general geometric and optical characteristics of the cloud
retrieved by remote measurement. The delay of 2500 sec of
the Geophysica flying after the Falcon has to be taken into
account when comparing the two measurements. This delay

Figure 2. Temperature profile obtained by the Geophysica during the flight, showing a very high
tropopause with minimum temperatures of �90�C.

Figure 3. Hodogram using ECMWF data analysis showing
the average winds in the boxed region indicated in Figure 1.
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could explain some of the discrepancies observed between
both data sets, as it is likely that the cloud was not quite
stationary. In any case, the comparison reveals good agree-
ment between the measurements. The layer was crossed only
once in full width during the inward flight leg, while the
other observations correspond to partial crossings from
below (i.e., for latitudes north 1.5�S) and from above (i.e.,
for latitudes south of 2.5�S). Figure 4c reports the estimated
optical depth at 532 nm using the vertically integrated lidar
data and a value of 125 sr for the extinction/backscatter ratio
(more details are reported in the following section).
[26] Comparing this figure with the temperature profile

reported in Figure 2 reveals that the strong inversion present
at the local tropopause coincides with the top of this cloud
layer. The thickness, the scattering ratio, and the top altitude
of the cloud structure decreased towards the south. This can
possibly be ascribed to older parts of the cloud, which
sediment and evaporate at lower altitudes.
[27] Figure 5 shows some of the Geophysica in situ

measurements as function of time: the particle backscatter

ratio from MAS, the cloud water content from FISH, the
flight altitude, and the latitude. The inlet of FISH over-
samples particles, enhancing the water signal from partic-
ulate matter by about a factor of 5. This is corrected for in
Figure 5. The maximum backscatter ratios measured by
MAS during each cloud encounter was 6–8, while the
maximum water mixing ratios in the condensed phase
derived from the FISH measurement were around 1.8–2.2
ppmv (with spikes up to 3–4 ppmv H2O). In the latitude
range between 0 and 2�S, the base and the top of the cirrus
cloud were located between 17.5 and 18.5 km. The cloud
layer is not uniform, as shown by the data between 43000 s
and 45000 s UTC in Figure 5.

4. Optical Depth Estimates From Meteosat
Observations

[28] The aircraft measurements provide information that
allows us to refine our analysis of the Meteosat 5 images.
We use the method reported by Ackerman et al. [1988] in

Figure 4. Comparison between aerosol backscatter ratios measured by OLEX on the Falcon (a) and by
MAS on the Geophysica (b). The Geophysica flight path is shown as a black curve in Figure 4a. Some
discrepancies can be ascribed to the different times of the measurements (40 min delay of Geophysica).
Estimated value of the optical depth as a function of the latitude is reported in Figure 4c using an
extinction/backscattering ratio of 125 sr (see text for details). The dashed line represents the threshold for
subvisible clouds as indicated by Sassen and Cho [1992].
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order to calculate the cloud optical depth in the presence of
thin cirrus clouds. From this we estimate the ice water
content, using the thermal channel data of Meteosat 5.

4.1. Meteosat-FISH Comparison

[29] Assuming that no midlevel clouds were present
between the sea surface and the cirrus layer, the IR thermal
radiance measured by the radiometer on board of Meteosat
can be expressed as:

Bo ¼ Bs 1� eð Þ þ Bceþ Bsds tð Þ � Bcdc tð Þ; ð1Þ

Bs represents the radiance emitted by the surface below the
cloud, which we assume to be the highest radiance observed
around the region of interest; Bc is the blackbody cloud
radiance calculated assuming the cloud isothermal tempera-
ture to be equal to Tc; t is the cloud optical depth; and e is
the cloud absorption emissivity which is related to t by the
following expression:

e ¼ 1� e�t ð2Þ

This expression is very approximate, because we assumed
that inside the cloud layer the temperature was isothermal.
[30] In equation (1), the first two terms represent the

transmission and the thermal emission through the cloud
treated as a non-scattering medium. Corrections due to the

scattering are represented by the third and the fourth terms
(Bsds(t); Bcdc(t)), which are a function among others of the
single scattering albedo (v) and the asymmetry factor (g)
[cf. Ackerman et al., 1988]. We use values of v = 0.5 and
g = 0.85 assuming the particles to be cirrus ice crystals, as
has been suggested by Liou [1974]. From equation (1),
given the values of Bo and Bs and the temperature of the
cloud layer Tc (measured directly by the aircraft), the optical
depth of the cloud can be retrieved. It is worthwhile to
observe that, due to the small value of the optical depth
reported in this study, neglecting the terms for the correction
for scattering the induced error in the estimated value of the
optical depth is about only 5%.
[31] Another issue concerns the calibration of the IR

channel of the Meteosat 5. In this case we have estimated
than an error up to 50% in the value of the calibration
coefficient will induce an error in the estimated optical
depth of less than 3%. This implies that the estimated
optical depth is not very sensitive to the calibration coef-
ficient. That is probably due to the fact that assuming the
same coefficient for the determination of the radiance clear
sky surfaces and the radiance cloudy sky, the net effect on
the estimated optical depths compensate.
[32] The optical depth can also be retrieved using the

cloud water measurement performed by FISH. The raw data
from FISH are first corrected for the oversampling of
particles by dividing the fraction of the signal due to the
particles by a factor of 5. The optical depth is related to the
total column ice water path (IWP expressed in g m�2)
through the following expression:

t ¼ b� IWP ð3Þ

where b is the broadband absorption coefficient [Starr and
Cox, 1985]. We assumed the value b = 0 048 m2g�1

obtained using the formulas described by Ebert and Curry
[1992] and assuming a size distributions with particle mode
around r � 5–6 mm and particle number densities of 6–9
L�1 for r > 3 mm which was measured by FSSP-300 in thin
cirrus clouds at the tropopause observed during following
flights.
[33] The Falcon and the Geophysica followed the same

path, so the geometric parameters of the layer could be
detected. From 0�S to 2�S, the layer was at a constant
altitude of 18 km with a geometric thickness of approx-
imately 1 km. We focus our attention on the portions of the
flight, during which the Geophysica traversed the cloud
layer, retrieving the total column ice water path (IWP) by
means of FISH. The midcloud average temperature meas-
ured in situ by the Geophysica was equal to �86�C. We
have used the algorithm relative to the points of the
Meteosat images in which the Geophysica crossed the cloud
layer, assuming midlevel clouds to be absent. The in situ
observation (FISH) is compared with the satellite analysis in
Table 1.
[34] The water path (i.e., optical depth) measured in situ

by FISH in the cloud layer was comparable with the
estimate based on the Meteosat image, using the algorithms
described above. This means that the radiance observed by
Meteosat can actually be ascribed to the presence of this
cloud layer with the features (i.e., optical depth, altitude)
observed by the aircraft. In conclusion, the direct informa-

Figure 5. Latitudes covered (upper panel) and in situ
measurements performed by the Geophysica (middle and
lower panels) during the flight on 19 February 1999. Lower
panel: aerosol backscattering ratio at 532 nm from MAS.
Middle panel: condensed phase water mixing ratio (after
subtraction of gas phase mixing ratio) and GPS flight
altitude. See color version of this figure at back of this issue.
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tion retrieved by the two aircraft and the Meteosat obser-
vations confirm the scenario that high clouds at the tropo-
pause were present at altitudes much higher than those of
the cumulus convection, which did not reach altitudes above
12 km (i.e., remained 6 km below the observed Ci). The
effective emissivity of the cloud layer was very small,
ranging from 0.068 to 0.061 for the two cases, respectively.
From these values it can be determined that the visible
optical depth at 532 nm results ranges from 0.088 to 0.078.
From MAS we can retrieve a total backscatter coefficient,
integrated over altitude, of 7.5 � 10�4 1/sr and 6 � 10�4 1/
sr for traversing the cloud. Thus, for this cloud, we obtain an
extinction/backscatter ratio approximately equal to 117–
130 sr. Similar values have been found in the past by lidar
observation [Sassen and Cho, 1992] for extremely high and
cold clouds, as well as by laboratory tests [Sassen and Lou,
1979]. These values are comparable with those obtained in a
cloud chamber by ice crystals shapes corresponding to small
plates and columns. In situ observations performed by
Heymsfield [1986] in a cirriform cloud at �83�C revealed
such crystals shapes (amongst others). Applying these
values of the lidar ratio to the OLEX data we can evaluate
the optical depth of the cloud along all its structure, see
Figure 4c. This indicates that the thinner parts of the cloud,
where the large particle may already have sedimented out,
have an optical depth around 0.012, which is below the
threshold for visibility defined by Sassen and Cho [1992].

4.2. Generalization for the Western Indian Ocean

[35] We tried to generalize the local, in situ, observations
to a larger region. For this purpose we used a qualitative
method based on the Meteosat 5 IR and WV images by
applying the Szejwach method. This qualitative method
allows one to recognize the signature of a high cirrus cloud
in the Meteosat images assuming that the radiative proper-
ties are uniform and similar to the cirrus observe during the
flight.
[36] Szejwach [1982] describes a method for determining

the temperature of semi-transparent cirrus clouds from the
infrared radiances (namely the window channel and the
water vapor absorption channel) measured by Meteosat.
This method is based on the combination of WV and
thermal IR channels through a bi-dimensional histogram,
which is used to extrapolate the cloud top temperature for
semi-transparent cirrus [Desbois et al., 1982]. This method
cannot be applied for cloud thickness below 0.0145 in the
IR (approximately 0.03 in the visible range) because the
cloud signature will be lost in the background fluctuations.
This threshold value has been obtained from Figure 6
considering IR values that are 3 standard deviations above
the mean of the background values.
[37] We have considered for these two channels an area of

100 � 13 pixel (approximately 500 � 65 km) as indicated

in the box 2 reported in Figure 1 which should contain the
high cloud measured by the M-55 Geophysica. The corre-
sponding bidimensional histogram is reported in Figure 6;
on the same figure we report a curve function (F(T)) that
associates the temperature of a blackbody to a radiometric
value (expressed in digital counts) in the IR and WV
channel. Two clusters of points can be identified, one
corresponding to the background conditions and the other
to a thinner structure whose the max radiance in the IR
channel is similar to the values reported in Table 1. For this
second cluster we have calculated a regression line. The
intersection of this line with the curve F(T) gives a good
approximation of the temperature of the upper cloud surface
[Szejwach, 1982]. The temperature obtained with this
method is about �87 to �88�C, very close to the actual
midcloud temperature measured by the aircraft (�86�C).
Unfortunately for the second cluster, the number of points is
so small that a regression line drawn through it would be
unreliable due to the high uncertainty. For this reason this
method cannot be applied in a direct way. In any case,
Figure 6 demonstrates that the radiances observed in the IR
and WV channels for cluster 2 are not incompatible with the
observation of a single thin cloud at �86�C. These IR and
WV radiance values may be combined in order to get the
signature of the presence of the thin cirrus in the Meteosat 5
images.
[38] In Figure 6 we report the WV radiance values

corresponding to the IR radiance measured for the thin
cirrus cluster assuming it related to a thin cirrus at �86 C.
These radiances will be used to extrapolate the presence of
the high cirrus in the Meteosat 5 images. In Figure 7, we
report an IR image where the pixels in blue indicate an IR
radiance and a WV radiance corresponding to the presence
of the thin layer at the tropopause (i.e., cluster 2 in Figure
6). Despite the approximations applied in its derivation, this
figure mirrors the possible position and advection of a cloud
layer at the tropopause in comparison with the Cb clusters

Table 1. Comparison of Optical Depths Estimated From the

Meteosat Data and the FISH In Situ Measurements for the Two

Cloud Crossing Points Shown in Figure 5a

Latitude,
�S

Longitude,
�E

Meteosat Rad.,
Wm�2sr�1

Meteosat Optical
Depth

FISH Optical
Depth

�1.12 51.2 10.5 0.044 0.038
�1.6 51.6 10.6 0.039 0.044

Figure 6. WV and IR bidimensional histogram consider-
ing an area of 130 � 30 pixels where the Ci cloud has been
observed. In the same figure we also report a curve function
that associates the temperature of a blackbody with a
radiometric value, and we report the interpolating line of the
cluster 2 points. See text for details.
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area assuming that it has IR and WV radiances compatible
with that derived from Figure 6.
[39] Three different clouds systems can now be identified

in the Meteosat image. The bright white represents Cbs tops
at or below the 200-mbar level; the grey represents a
stratiform low-level cloud system below the 500-mbar level;
and blue represents the thin high clouds located, according
to the lidar observations, at or slightly below the tropopause
(around 75 mbar). The high clouds (blue) can be identified
only by a combination of the Meteosat and the in situ
observations. The generalization to regions without in situ
measurements (i.e., away from the flight path) is permis-
sible only when the following two criteria are satisfied: (1)
no clouds are present at lower altitudes (such as the strati-
form clouds observed in parts of the region), and (2) the
cloud optical thickness is not too small (with respect to the
Meteosat sensitivity). It can be observed that the thin
tropopause clouds extended to the southwest from the
region with cumulus activity. According to Figure 3 this
requires that they were formed above the Cb region and
advected to the southwest by the upper level winds, while
the Cb/Cu activity was advected into the opposite direction
(see Figure 1).
[40] Figure 7 also shows, for the two crossing points, the

24-hour isentropic back trajectories between 380 K and 390
K (cloud altitude), calculated from the ECMWF analysis,
terminating where the Geophysica in situ instruments
detected the cirrus. Since the region of convective activity
was reasonably stationary in the 24 hours prior to the flight
(Meteosat images, not shown), Figure 7 shows that the air

masses of interest crossed the region with the mesoscale
convective clusters. In Figure 8 we report the IR thermal
brightness temperature history along the back trajectory
followed by the air mass at 384 K (close to cloud center)
ending at the observation point. Before crossing the Cb area
on day number 50 (roughly half a day before the observa-
tion) the IR thermal brightness temperature of the column
still was close to the background value and well above the
radiance value observed in the presence of the thin cirrus
clouds. Hence, it is likely to assume that before crossing the
Cb area on day number 50 the cirrus was not yet present in
the air masses where it was observed. Furthermore, the
same air masses have not encountered any Cb with a cloud-
tops getting anywhere near the tropopause altitude. The
observed cirrus cannot, therefore, be considered a Cb anvil.
In fact, if it was generated by a deep convection encoun-
tered before the two days trajectory reported in Figure 8, the
optical depth should be higher than the observed one
(assuming that anvils optical depth decreases with increas-
ing the distance from the originating convection [Ackerman
et al., 1988]), and hence the IR brightness temperature
before day number 50 should be lower than the observed
one certainly well below the background value reported in
Figure 8.
[41] Conversely, the convective area crossed half a day

before the observation corresponds to the Cb cluster region
described above. It is much lower than the cirrus, but
obviously responsible for its formation. This observation
appears to be different from those described by Pfister et al.
[2001], according to which cirrus with scattering ratios
similar to the one described here are considered to be Cb
anvils.

5. Humidity Measurements Across the Cirrus
Layer

[42] The tropical upper troposphere is often very close to
the saturation level with respect to ice [Jensen et al., 1999;
MacKenzie et al., manuscript in preparation, 2002; Luo et
al., submitted manuscript, 2002]. Of course, these are very
favorable conditions for cirrus formation and maintenance.
In the following, we ask how this high relative humidity can
be established.

5.1. Evidence for a Vertical Mixing Barrier

[43] In Figure 9 we report the in situ chemical and aerosol
measurements taken on board the Geophysica across the
cloud layer. This plot has been obtained by using the water
vapor measured by FLASH (i.e., the Ly-a hygrometer which
measures only the gas phase water and does not sample
particles) (Figure 9a), the temperature (Figure 9b) and the
zonal and meridional wind (Figure 9d) measured by the
sensors on board of the Geophysica, the aerosol backscatter-
ing profiles obtained using the MAS data (Figure 9b), and
the ozone measurements performed by FOZAN (Figure 9c).
Furthermore, also the Richardson number (Figure 9e) has
been calculated using the following formula:

Ri ¼ g=qv*@qv=@z

@U

@z

� �2

þ @V

@z

� �2
" # ð4Þ

Figure 7. Detailed view of Figure 1. Blue regions: clouds
located at the tropopause, assuming the radiative properties
reported in Table 1. Colored lines: 24 hour isentropic
backward trajectories (380 K, yellow; 382 K, pink; 384 K,
light blue; 386 K, red; 388 K, green; and 390 K, blue)
terminating at the points indicated in Table 1 where the
aircraft crossed the layer. This indicates that the air masses
with observed cirrus clouds originated above the Cbs cluster
area (whitish regions). See color version of this figure at
back of this issue.
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Theoretical and laboratory research suggest that a laminar
flow becomes unstable and the onset of turbulence when Ri
is smaller then the critical Richardson number Rc. When a
flow is turbulent then another value Rt indicates the
termination of turbulence. Summarizing a laminar flow

becomes turbulent when Ri < Rc and a turbulent flow
becomes laminar when Ri > Rt. According to the existing
literature, it appears that Rc = 0.25 and Rt = 1.0 work fairly
well. These threshold values are reported in Figure 9e
together with the Richardson profile.

Figure 8. Thermal IR brightness temperature calculated from the Meteosat 5 observations along the
backward trajectory (at 384 K) of the air mass terminating at the crossing point of the Geophysica flight
path with the thin cirrus at the tropopause (pink trajectory ending at 1.6�S in Figure 6). Before traversing
the convective area (half a day before the observation), the radiance of the column was around the
background value, excluding the presence of a thin cirrus.

Figure 9. (a) Water vapor profile reported as relative humidity with respect to ice (RHI) and as mixing
ratio retrieved from FLASH. (b) Temperature and MAS aerosol backscattering ratio. (c) ozone mixing
ratio as measured by FOZAN and theoretical value (green line), (d) zonal and meridional wind as
measured by the Geophysica, and (e) Richardson number with two thin horizontal lines indicating the
possible presence of turbulence. The thick horizontal line at 125 mbar indicates the altitude reached by
convective activity in the area.
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[44] According to the wind direction these profiles rep-
resent a combination of air masses coming form different
direction at different altitudes. In particular only the air
masses, at 70–80 mbar where the cirrus is detected, are
downwind to the convective cluster area. The rest of the
profile is representative of air masses not perturbed by the
same convective region.
[45] A sharp decrease in the H2O mixing ratio is detected

at about 130 mbar accompanied by an isothermal layer in
the temperature profile, which indicates suppressed vertical
mixing. This altitude of the isothermal layer is equivalent to
the limit reached by the deepest tropical convection that we
were able to find in the western Indian Ocean. For example,
on 24 February, i.e., five days after the flight discussed
here, the Geophysica sampled ice particles at the upper
edge of Cb turrets reaching 15 km altitude, corresponding
to about 130 mbar. Meteosat observations taken at regular
intervals (not shown) reveal a strong and extended region of
convection in the southwest sector close to Madagascar.
Pressures of the upper cloud edges of this convective
activity can be estimated to be close to 14 km. It is likely
that this continuous activity has transported large amounts
of water vapor from the low troposphere to altitudes up to
130 mbar, and that the result of this deep convection is
found in the profiles reported in Figure 9, with the limit in
the vertical mixing associated with this convection around
130 mbar.
[46] Above 130 mbar, several secondary peaks in the

water vapor profiles are detected, again accompanied by
thin inversion layers in the temperature profile. A minimum
H2O mixing ratio in the gas phase of about 2 ppmv is
detected around the tropopause. Taking into account the
cloud condensed water content of 1.8–2.2 ppmv measured
by FISH, the total water content at the tropopause is about
3.8–4.4 ppmv. The overall accuracy of this instrument is
6%; the precision is approximately 0.15 ppmv.
[47] The relative humidity profile shows an increase with

altitude, reaching high value of supersaturation (140%) at
the tropopause. It is clear that directly below the tropopause,
where the clouds are observed, the atmosphere must at least
be saturated with respect to ice. In fact, supersaturation is
detected at the cloud top, whilst the lower part of the cloud
is located in a subsaturated environment. This is very
similar to what we found in the vicinity of ultrathin
tropopause clouds (Luo et al., submitted manuscript, 2002).
[48] Hence, the water profile indicates that the air masses

are firstly strongly dehydrated across the lower limit of the
TTL, but only reach their minimum water vapor content at
the tropopause.
[49] Above the isothermal layer in Figure 8 there is an

increase in the ozone mixing ratio, which also indicates the
presence of an intermediate chemical transition zone. This is
similar to the one reported by Folkins et al. [1999], between
130 mbar and the tropopause which assume a slow ascent in
the tropopause layer assuming a calculated heating rate 0.5
K/day and an ozone in situ production rate of 5 ppb/day, in
the Figure 9c the green curve represents the theoretical
values obtained by using a balance between ozone in situ
production and up welling described by Folkins et al.
[1999]. Comparing the two curves a general accordance
between the values measured and those estimated is
observed for altitudes above the 130 mbar.

[50] The only discrepancy is observed around 80 mbar (at
the altitudes where the cirrus has been detected), where the
ozone measured is lower than the expected curve produced
theoretically. In fact, the values measured are lower and
similar to those observed at 105–110 mbar. The higher
ozone mixing ratio values observed at 90 mbar is similar to
the value expected assuming a balance between the ozone
production and a slow upwelling, so we suppose that the
minima at 80 mbar cannot be ascribed to rich ozone strato-
spheric midlatitude intrusion at lower altitudes.

5.2. Discussion of a Possible Ci Formation Mechanism

[51] The brightness temperature calculated along the
backtrajectories in Figure 8 suggests that the cirrus cloud
has not been advected from other regions (i.e., Micronesia
region) but, rather, has been generated locally over the
western Indian Ocean. Furthermore, we found an extremely
high, cold, and relatively humid tropopause in the region of
the cirrus cloud.
[52] As stated above, both the RHI profile above 130

mbar [Jensen et al., 1999], and the ozone mixing ratio
profile, could be the consequence of slow ascent in the
tropopause, assuming heating rates well below 1K/day (a
value around 0.5 K/day has been assumed from the ozone
profile). Discrepancies (ozone minimum and supersatura-
tion in the RHI) are observed just below the tropopause
level where the Ci layer is detected.
[53] Which specific mechanism could have triggered such

high relative humidities in the tropopause layer, the for-
mation of the thin cirrus at the tropopause, and the corre-
sponding minimum in the ozone profile above the
convective region?
[54] As suggested by Churchill and Houze [1990, 1984a],

humid air masses may be lifted when they reach a con-
vective system. According to this hypothesis, Jensen et al.
[1996b] have formulated a cirrus formation mechanism
triggered by slow vertical motion or turbulent mixing. In
their model they assumed a moist layer just below the
tropopause (from 15.5 to 17 Km) with an RHI equal to
95%. The Ci formation is triggered by an updraft in the last
1.5 km of the troposphere with a peak velocity of 1 cm-s-1.
They estimated according to their simulation that the Ci
cloud persisted for hours even when the updraft decreased
after 10 hours. Alternatively, they indicated that also turbu-
lent mixing can drive the Ci formation producing a mixed
layer where the mixing ratio is constant and thus with the
upper part supersaturated with respect to ice and the lower
part drier. Furthermore, they stated for this turbulent case,
that the number of ice crystal nucleated is probably higher
than the slow uplift scenario.
[55] Bearing in mind that only the upper part of the

profiles reported in Figure 9 are representative of the
cluster area above which we supposed the Ci formed, we
tried to understand which could have been the triggering
mechanism.
[56] The mesoscale undulations over a convective cluster

associated with upward propagating gravity waves would
uplift the tropopause, but it would be essentially an isen-
tropic process and thus when the activities are damped the
air should return to the original altitudes and the Ci particles
should evaporate. Also the peak vertical wind speed as
captured by the ECMWF analysis data above the convective
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cluster is about 5 mm s�1 lower than the values used in the
simulation described above. Thus, taking into account the
observation performed, this first scenario for the cloud
nucleation appears to be very unlikely.
[57] Can on the other hand the turbulent mixing be

responsible for the Ci formation?
[58] Using measurement performed in the CEPEX cam-

paign, Teitelbaum et al. [1999] have reported mixed layers
induced by convectively generated gravity waves. These
mixing layers were traced by constant values in the ozone
mixing ratio and potential temperature profiles. In the cases
reported by Teitelbaum et al. [1999], a mixed layer started
from the critical layer and extended up to 2 km above.
[59] Taking into account the wind profiles reported in

Figure 9, and assuming them to be valid also for the
convective area, we have retrieved the critical levels assum-
ing convectively generated waves propagating upwards.
The critical level represents the altitude at which the vertical
wavenumber is infinite.
[60] The vertical wavenumber (m) has been calculated

using the following formula [Piani et al., 2000]:

m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2

cx � Uð Þ � k2

s
ð5Þ

where N is the buoyancy period; U is the storm-relative
zonal wind cx is the group velocity, and k is the horizontal
wavenumber.
[61] Past observation of gravity waves [Pfister et al.,

1993], have shown that the gravity waves cannot be
considered in term of linear, stationary wave dynamics.
Their analysis of a case study during the STEP campaign
suggests that they may be moving at about 4 ms�1. In the
same study a value of k = 5.7 � 10�5 m�1 has been
considered.
[62] Using these values in equation (5) we obtain that the

critical level is located at 110 mbar (roughly 16 km) (figure
not shown).
[63] Considering a mixed layer up to 2 km (as observed

by Teitelbaum et al. [1999]) started from this altitude, the
ozone mixing ratio would be well mixed from 110 mbar up
to roughly 78 mbar. Thus above the convective cluster the
ozone mixing ratio would be mixed within this altitude
range, which is consistent with a net upward flux of water
vapor due to turbulence acting on a background of decreas-
ing water vapor with height and increasing ozone with
height.
[64] This hypothesis of net transport of lower altitude

(110 mbar) air to the tropopause is supported by Figure 9c,
where we report the ozone profile measured by FOZAN,
and a minimum corresponding to presence of the cloud
layer is observed. The ozone values observed at the tropo-
pause are as low as those observed at altitudes around 110
mbar and comparing this profile with other taken in an
unperturbed region on the same day it appears that the
ozone at the tropopause is lower than in unperturbed cases.
According to the discussion reported above, it is possible to
explain this ozone minimum at the tropopause as midtropo-
spheric air masses (110 mbar) which, in the area where the
moderate Cbs are detected, have been lifted probably by
vertical diffusion as a consequence of the mixing layer from

around 110 mbar to the tropopause, thereby modifying the
ozone (and water vapor) profile at the tropopause. This may
have been caused by Cb-induced wave activity, which
modifies the structure of the TTL.
[65] Likely the turbulence induced by the mixing layer

could have been responsible for the cloud formation. In fact,
as stated by Jensen et al. [1996b], water vapor would have
been transported at high altitudes by vertical diffusion
producing super saturation at higher altitudes inside the
mixed layer. As a matter of fact like in the case of the ozone
mixing ratio profile the total water (condensed and gas
phase) just below the tropopause is very close to the total
water content (only gas phase) observed around 110 mbar.
[66] In Figure 9e we have calculated also the Richardson

number, which indicates that in the lower part of the cloud
(as indicated by the horizontal lines), the presence of
turbulence is highly probable. This portion of the Ri profile
can identify the turbulent region, which is between the
critical Richardson number Rc and the value Rt, indicating
the start and the end of turbulence. This turbulence may be
either a residual of the turbulence induced by the critical
level, assuming that long wave radiation would cool the
upper part of the cloud damping the turbulence in the upper
part of the cloud, or a consequence of the long wave heating
of the low part of the clouds which could produce the
observed turbulence. According to Teitelbaum et al. [1999],
the former case is a realistic possibility, but we have not
direct information obtained above the convective area, so
we can only speculate, using the ozone mixing ratio profiles
and the possible cirrus formation mechanisms existing in
the literature.
[67] The net water vapor updraft induced by the turbu-

lence would have created favorable conditions for the
formation of cirrus through the in situ nucleation of ice
crystals [Jensen et al., 1996b]. Subsequent horizontal
advection due to the upper level winds could explain how
the location of the observation (cirrus and supersaturated air
masses) is shifted to the southwest relative to the convective
area [Jensen et al., 1994]. This data set also supports the
Teitelbaum et al. [1999] study about mixing layers induced
by the gravity waves, and extends the conclusion of
Teitelbaum et al. [1999] by showing that absorbed gravity
waves could also have a role into the formation of thin
cirrus at the tropopause, without the necessity of having
strong Cbs overshooting the TTL region.

6. Conclusions

[68] During the first flight of APE-THESEO, a thin
cirrus, with a relatively high optical thickness of 0.1, was
observed. The lidar ratio, estimated by using the LIDAR
data together with the thermal IR Meteosat radiances, was
equal to 117–130 sr. This value is compatible with cloud
particles composed of small plate-like, or cylindrical, ice
crystals. Apparently, this observation is different from those
reported by Pfister et al. [2001]. In fact, it is not easy to fit
this Ci into the classification they have indicated according
to the Ci near the tropopause observed during the TOTE/
VOTE campaign. According to its high altitude, the present
cloud should belong into class II cirrus clouds. However, it
was not found directly downstream of deep convection.
Rather, we have shown that the present Ci cannot be
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considered to be anvil outflow, because of the low altitude
reached by the Cbs in the western Indian Ocean at this time.
A first strong decrease in the water vapor content is
observed across the lower limit of the TTL at 14–15 km,
followed by a slower decrease and a minimum at the
tropopause. The dehydration potential of the observed Ci
is high. We have measured roughly 2 ppmv (at 18 km) of
water condensed in the cloud particles. Simple microphys-
ical argumentation, based on T-matrix computations, sug-
gests that the observed ice particles had an average radius
around 5 mm and were aspherical, with an aspect ratio
ranging from 0.5 to 0.7 (Luo et al., submitted manuscript,
2002), in agreement with cold cirrus cloud observations
reported by Heymsfield [1986]. This implies a sedimenta-
tion speed of about 1 km in 24 hours.
[69] These observed Ci are extremely cold, and their

potential impact on radiative transfer may not be negligible.
The estimated effective emissivity retrieved by Meteosat in
the thermal IR channel is of the order of 0.068 and, the
surface radiance in the area is equal to 11.6 Wm�2sr�1, but
the IR thermal radiance emitted in space was reduced,
according to Table 1, by 10%.

7. Suggested Interpretations

[70] In this study we have described a data set, which is
important in the context of the current discussion on
formation and maintenance of cirrus clouds at the tropical
tropopause. Unfortunately the collected data are not enough
for a complete and clear analysis, so only interpretation
based on the most likely explanation can be performed
using the existing literature and recent studies in this field.
[71] In this section we summarize our speculations.It is

very likely that the thin cirrus was formed above the Cbs, as
has been observed in the past [Harris-Hobbs et al., 1990;
Churchill and Houze, 1984b]. According to the existing
literature describing the mechanism of cirrus formation, we
suggest that the cirrus observed is most likely generated by
a net water vapor transport, possibly consequence of a
turbulence layer induced at the critical levels by inertia-
gravity waves generated by the convective system at middle
altitudes.
[72] The mechanism of high-altitude Ci formation cor-

roborates the new paradigm of a tropical tropopause layer
(TTL) [Sherwood and Dessler, 2000] or ‘‘substratosphere’’
[Thuburn and Craig, 2000], which is decoupled from the
convection-dominated lower troposphere. The formation of
cirrus, observed during the flight described in this paper, is
therefore a consequence of local activity in the area of the
western Indian Ocean, and does not require tropopause-
penetrating Cbs.
[73] This mechanism could have a significant impact on

the water vapor distribution in the tropical upper tropo-
sphere, although this remains to be tested.
[74] Furthermore, the radiative heating in the cloud could

drive a local temperature increase combined with upward
motion of the cloud and turbulent motions in the cloud
[Rosenfield et al., 1998]. This implies that cirrus at the
tropopause could affect the lower stratospheric circulation
through an upward vertical motion driven by diabatic
heating [Gage et al., 1991]. These effects depend strongly
on the horizontal scale of the cirrus and on the temperature

lapse rate at the tropopause [Jensen et al., 1999]. While the
magnitude of the radiative effect of this thin cirrus at the
tropopause is locally very small when compared to thicker
cirrus cloud, taking into account their high aerial coverage
and relatively high stability, they may significantly perturb
the heat budget near the tropopause.
[75] Finally, thin cirrus at the tropopause can act as a

precursor of the subvisible cirrus observed very often during
APE-THESEO, and in particular also of the ultrathin
tropical tropopause clouds described by Luo et al. (sub-
mitted manuscript, 2002).
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Figure 1. IR brightness temperature image acquired by Meteosat 5 during the APE-THESEO flight on
19 February 1999 from the Seychelles towards Mogadishu (the coastline of Somalia is visible in the
upper left corner). The red line indicates the flight path of the aircraft, and the white box (box 1) indicates
a region with high cirrus close to the tropopause. Included in this box is a second white box (box 2) that
is considered in the analysis reported in Figure 6. The inset shows the wind field at 200 mbar (red) and
100 mbar (blue); the direction of the anvils outflow is aligned to the wind field at 200 mbar.
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Figure 5. Latitudes covered (upper panel) and in situ measurements performed by the Geophysica
(middle and lower panels) during the flight on 19 February 1999. Lower panel: aerosol backscattering
ratio at 532 nm from MAS. Middle panel: condensed phase water mixing ratio (after subtraction of gas
phase mixing ratio) and GPS flight altitude.

Figure 7. Detailed view of Figure 1. Blue regions: clouds located at the tropopause, assuming the
radiative properties reported in Table 1. Colored lines: 24 hour isentropic backward trajectories (380 K,
yellow; 382 K, pink; 384 K, light blue; 386 K, red; 388 K, green; and 390 K, blue) terminating at the
points indicated in Table 1 where the aircraft crossed the layer. This indicates that the air masses with
observed cirrus clouds originated above the Cbs cluster area (whitish regions).
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