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Abstract

This study present a comparison of lidar observations of midlatitude cirrus clouds over the
SIRTA observatory between 2002 and 2006 with multiple tropopauses (MT) retrieved from
radiosounding temperature profiles. The temporal variability of MT properties (frequency,
thickness) are discussed. Results show a marked annual cycle, with MT frequency reaching
its lowest point in May (~18% occurrence of MT) and slowly rising to more than 40% in
DJF. The average thickness of the MT also follows an annual cycle, going from less than 1
km in spring to 1.5 km in late autumn. Comparison with lidar observations show that cirrus
clouds show a preference for being located close below the 1* tropopause. When the cloud
top is above the 1* tropopause (7% of observations), in 20% of cases the cloud base is above
it as well, resulting in a cirrus cloud "sandwiched" between the two tropopauses. Compared
to the general distribution of cirrus, cross-tropopause cirrus show a higher frequency of large
optical depths, while inter-tropopause cirrus show almost exclusively low optical depths (T
< 0.03 in 90% of cases) typical of subvisible clouds. Results suggest the occurrence of inter-

tropopause cirrus clouds is correlated with the frequency of multiple tropopauses.



l. Introduction

Clouds have been identified by the IPCC as one of the most important problems to tackle re-
garding climate prediction (IPCC 2001), as their radiative and dynamic influence on the
Earth's climate is complex and not yet fully understood. Exercises in climate model compari-
son reveal divergences even in the sign of cloud feedback to CO2 doubling scenarios (e.g.
Cess et al., 1990; Bony et al. 2004). The role of high altitude ice clouds, herein after referred
to as cirrus clouds, is particularly difficult to characterize. As they are optically thin (i.e.
semi-transparent), they often lie below the detection threshold of most passive remote sensing
instruments such as those present on meteorological and research satellite systems. Recent
studies suggest the existence of an entire population of subvisible ice clouds (Nee et al. 1998,
Goldfarb 2001) whose radiative influence (Prabhakara et al. 1993) is totally overlooked in
current radiative budget calculations. Additionally, the optical and microphysical properties
of cirrus clouds are extremely variable (Cantrell and Heymsfield 2005). Hence, it is difficult
to ascertain if their properties can be correctly parameterized at small or large scales, as they
strongly depend on local phenomenonas - even when only considering latitude-constrained
areas (Heymsfield and Miloshevich 2003). Since recent results suggest that cirrus cloud cover
may be increasing due to human activities (Zerefos et al. 2003, Minnis et al. 2004), im-

proving our knowledge of these clouds is a current and important issue.

The conditions in terms of thermodynamics, dynamics and ice forming nuclei are keyele-
ments that influence the formation of high-altitude tropospheric clouds (Sassen 1992, Mace et
al. 2001, Korolev et al 2003). Since cirrus clouds are found at high altitudes, their formation

process and further evolution can be sensitive to atmospheric conditions in the Upper Tropos-
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phere and Lower Stratosphere (UTLS). Studying UTLS conditions could give hints on what
drives cirrus cloud formation and how to better predict their properties. The tropopause tem-
perature inversion has a constraining effect on cloud altitude, and several studies have fo-
cused on the properties of cirrus clouds near the tropopause, especially at tropical latitudes
(McFarquhar et al. 2000; Peter et al. 2003; Garrett et al. 2005). Hence variability in the ther-
modynamic structure of the tropopause could affect the properties of cirrus clouds near the
UTLS transition. One such structure is the occurrence of multiple inversions in the UTLS
area resulting in the formation of Multiple Tropopauses (MT). More than just a theoretical
concept, multiple tropopauses are symptoms of actual physical phenomena (Sect. I1I) that can

help detect and analyze specific atmospheric conditions of cloud formation.

This paper presents a study of MT at midlatitudes, and investigates their possible influence on
the occurrence, persistence and optical properties of high-altitude tropospheric clouds. The
observation dataset and the retrieval techniques is presented in Sect. II. Statistical properties
of the retrieved MT are presented in Sect. III and compared to existing litterature. The fre-
quency of occurrence and properties of cirrus clouds in case of MT are then compared to the

rest of the database in Sect. IV. Results are discussed and conclusion is given in Sect. V.

Il. Observations

To investigate a possible relationship between multiple tropopauses and ice clouds, the
present study uses collocated in-situ and remote sensing observations made between 2002
and 2006. Tropopause levels were retrieved from temperature profiles, obtained through a

dataset of radiosoundings launched twice daily (00 and 12 UT) from the Meteo France



Trappes regional center (48.8°N, 2.0°E), 20 km to the West of Paris. The dataset contains
over 3000 radiosonde profiles gathered over the same period. The simultaneous study of ice
clouds involved finding a data source suited to the detection and analysis of optically thin

clouds.

During the past decades, numerous techniques have been developed to detect cloud occur-
rences from e.g. passive remote sensing observations by spaceborne radiometers (Rossow
and Garder 1993). These methods are generally successful in estimating the spatial and tem-
poral coverage of clouds with moderate to high optical depths T. However, due to their limit-
ed optical thickness, ice clouds are usually difficult to detect via these conventional means.
Especially in the lower end of optical thickness, subvisible cirrus (T < 0.03) account for more
than 20% of cirrus clouds (Goldfarb et al. 2001) but are in effect invisible to passive remote
sensing, typically limited to optical depths above 0.1 (Stordal et al. 2005). In addition, several
studies have shown that retrievals of high-altitude cloud properties using passive cloud im-
ager data, such as cloud top height (e.g. Naud et al. 2004; Daloze and Haeffelin 2005) or mi-
crophysical properties (e.g. Chiriaco et al. 2004), can include significant biases due to the
semi-transparent nature of those clouds. This precludes the use of passive remote sensing
data to study interactions between the thermodynamic structure near the UTLS and cirrus
cloud properties. Other observations are therefore required to obtain a realistic estimate of the
ice cloud cover, and lidar measurements have become the de facto standard when considering
this particular problem, thanks to their high sensitivity to optically thin atmospheric layers.

Moreover, most modern lidar systems are equipped with the ability to read the polarization



state of the backscattered light (Sassen 1991), providing insights into the cloud phase (Wang

and Sassen 2001) and microphysical properties (e.g. ice crystal shapes, Noel et al. 2004).

In the present paper, lidar observations are provided by the 532 nm LNA (Lidar Nuages
Aerosols) lidar system, located at the SIRTA Observatory (Site Instrumental de Recherche
par Télédétection Atmosphérique, 48.71°N 2.21°E, Haeffelin et al. 2005), 15 km east of
Trappes. This lidar features a narrow field-of-view telescope (0.5 mrad) dedicated to the ob-
servation of high-altitude tropospheric clouds, and is equipped to retrieve 20 vertical profiles
of backscattered light and depolarization ratio ® by second, with a 15 meters resolution. The
first lidar observations stored in the SIRTA database date back to 2002 (Matthias et al. 2004),
and routine operation (5 days a week) was initiated in 2004, totaling today more than 500
days of observations. The STRAT algorithm (Morille et al. 2006) was applied 1) on the
backscattered light profiles to separate cloud layers from the molecular background (using
wavelet transform analysis), and 2) on the depolarization ratio to unequivocally flag ice
clouds (only clouds producing values of 8>0.2 were considered). Optical depths were then
retrieved for ice cloud layers using a standard transmission-loss algorithm (e.g. Platt, 1973;
Platt et al. 1998). This algorithm derives the extinction produced by a given cloud layer
(hence, its optical depth) by comparing the molecular backscatter in the free troposphere
above and below the layer. This requires a significant signal-to-noise ratio above the given
layer - i.e. only layers that were penetrated all the way through by the lidar were considered.
This criteria means that a lot of cloud layers were discarded in the process; it is assumed that
the volume of observation is still sufficient to paint an accurate representation of cirrus

clouds.



lll. Multiple Tropopauses over the SIRTA

Despite its central role in atmospheric sciences, the tropopause can still behave in unusual,
surprising ways. For instance, depressions at midlatitudes (e.g. on the Eastern U.S. coast) can
drag cold air masses from the arctic, resulting on occasion in tropopauses as low as 6 km. In
the Tropics, the separation between the troposphere and the stratosphere is often defined as
the point of temperature minimum, but in midlatitude regions the thermal structure of the
tropopause layer can be quite complex. The thermal or lapse-rate tropopause definition is
based on the variability in lapse rate (-dT/dZ) in an atmospheric temperature profile. In the
most commonly used definition, the conventional tropopause is defined by the World Meteo-
rological Organization (WMO) as the "lowest level at which the lapse rate decreases to 2°C/
km or less, provided also the averaged lapse rate between this level and all higher levels with-
in 2 km does not exceed 2°C/km" (WMO 1957). However, the WMO definition also allows
additional tropopauses above the first one, if the average lapse rate between any level above
the first tropopause and all higher levels within 1 km exceeds 3°C/km. This technical defini-
tion, which is used in the rest of the present study, actually reflects dynamical disturbances to
the temperature profile (e.g. jet streams or upper level fronts, Nadstrom et al. 1989) resulting
in multiple temperature inversions in the UTLS (Shapiro 1980), that can lead to tropopause
foldings (Sprenger et al, 2003) and mixing of stratospheric and tropospheric air (Hoinka
1998). According to a recent climatology of MT using Global Positioning System radio oc-
cultation data between 2001 and 2004 (Schmidt et al. 2006), MT frequency and thickness
(defined as the altitude difference between the lowest and the highest tropopauses) exhibit a

strong dependence on latitude and season. Their results show the occurrence of MT is almost



null near the equator (20°S-20°N), while it varies between 80% (DJF) and 45% (JJA) at
40°N. The seasonal dependency is less intense in the southern hemisphere, but occurrences of
~70% are still reached in the southern hemisphere winter (JJA). MT thickness is correlated
to MT occurrence frequency, reaching maxima of 5.2 km at 40°N (DJF) and 4.0 km at 40°S

(JJA).

Analysis of temperature profiles from the Trappes radiosoundings (49°N) on the 2002-2006
period shows that Multiple Tropopauses occur in 31.4% of cases, with a 3" tropopause in
10.1% of cases and a 4" in 4.3% of cases (additional tropopauses were considered to be neg-
ligible). Figure 1 shows the annual cycle of MT occurrences, averaged over the 2002-2006
period. The vertical bars represent the 2002-2006 interannual variability (one standard devia-
tion), confirming the significance of the annual cycle. The tropopause temperature and
pressure are known to exhibit quasi-biennial oscillation and long-term fluctuations (Angell
and Korshover 1973) than can affect both the annual cycle and the interannual variability.
The annual MT occurrence cycle begins with high occurrences (~35%) in January, followed
by a steep decline during spring (reaching a ~18% minimum in May), then finally rising
slowly during summer and autumn to reach again high occurrences (~43%) in December.
High MT occurrences in winter (DJF) coincide with more frequent occurrences of fronts. Th-
ese values are consistent with results from Schmidt et al. 2006, who found occurrences over
France in the 45-55% range in winter (DJF) and 20-35% range in summer (JJA). Figure 2
shows the annual cycle of tropopause altitudes and the mean Inter-Tropopause Thickness
(ITT, i.e. the distance between the lowest and highest tropopauses) based on 2002-2006 data.
The minimum and maximum altitudes are reached in January-April and June-September re-

spectively. The monthly mean altitude of the first tropopause varies 1.6 km between winter
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and summer (from 10.2 to 11.8 km), while that of the second tropopause varies almost 2.7
km (from 10.25 to 12.9 km). The annual variations of additional tropopauses (3™ and 4") ex-
ceed 3 km, with the maximum variation showed by the 3rd tropopause: from 10.75 km in

April to more than 14 km in August.

The Inter-Tropopause Thickness shows a similar annual evolution (thick curve in Fig. 2),
from a 900 m minimum in May to a 1500 m maximum in October-November. These values
are slightly lower than the averages found in the Schmidt et al. (2006) study over France
(1.1-1.5 km for JJA and 2.2-2.8 km for DJF), but the general trend is consistent. The ITT in-
crease between May and October is correlated with the increase in multi-tropopause frequen-
cy over the same period (Fig. 1), however the sharp drop in ITT between November and De-
cember is not found in multi-tropopause frequency (where the decrease happens slowly
between December and May). It should also be noted that in Fig. 2 the ITT should not neces-
sarily follow distance between the 1% and 4" tropopauses - for its calculation the highest
tropopause is used on a case-by-case basis, and a 4" Tropopause was only present in 4.3% of
profiles. Partly because of this, the ITT is not directly correlated with the tropopause alti-
tudes: for instance the period between June and September is marked with stable high
tropopauses, but meanwhile the ITT keeps increasing. This can be explained by an increase
in the absolute number of tropopauses during the same period. The ITT reaches its peak in
October as the MT frequency reaches stability, and begins decreasing simultaneously with
tropopause altitudes. The average ITT is constrained between 0.6 and 1.5 km (Fig. 2, more

than 50% of all observations), however the individual values spread out over a very large dis-



tribution following a gamma shape with a major mode centered on 750 m. The absolute mini-

mum for an ITT is 215 meters, but values larger than 3 or 4 km are not uncommon.

IV. Ice Clouds and Multiple Tropopauses

The SIRTA Cirrus cloud 2002-2004 dataset (322 cases) has been described extensively in
Noél et al. 2006, including a presentation of cirrus occurrence statistics. After a review of the
2005 observations, it appears the conclusions reached in this paper still hold true for the ex-
tended dataset. The number of cirrus sightings increases smoothly with decreasing tempera-
ture between -10°C and -45°C, to reach its maximum in the (-55°C, -45°C) temperature
range, followed by a quick drop to zero occurrence at -75°C and colder. More than half of the
cirrus clouds are observed in areas where the relative humidity ranges between 80 and 120%.
The frequency of cirrus detection is variable over the course of each year, but it is not possi-
ble to ascertain if this is due to an actual change in the population of cirrus clouds or to sam-

pling effects (Protat, 2006).

Because the lidar is not operating continuously, and cirrus are sometimes hidden from it by
lower clouds, the frequency of cirrus sightings (from lidar) compared to the frequency of
multiple tropopauses (from radiosoundings) is a pointless exercise which will not be attempt-
ed here. On the other hand, comparing the properties of multiple tropopauses and cirrus
clouds on days when both are detected and fully visible could expose correlations between

the two phenomena.
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IV. 1. Cirrus Tops and Bases

This study focuses on the relationship between the tropopause(s) and cirrus clouds, thus only
clouds whose top altitudes are located higher than 7 km will be considered - this amounts to
198794 lidar profiles, or 1656 hours of cirrus observation. The distance between cloud top al-
titudes and the first (lowest) tropopause is shown in Fig. 3a for all clouds with top altitudes
above 7 km. Negative (resp. positive) values indicate cloud top altitudes below (resp. above)
the 1% Tropopause. Clearly most cirrus clouds are entirely located below the 1* tropopause.
For such clouds, we find no impact of the occurrence of single or multiple tropopauses on the
distribution of cloud top and base altitudes. Not surprizingly, the distribution (Fig. 3a) reveals
a large frequency of occurrence of cloud top altitudes close to the tropopause - i.e. cirrus

clouds are very likely stuck right under the tropopause.

Cloud with tops above the first tropopause occur in more than 5000 profiles (2.5% of the ob-
servations, 40 hours of operating time), out of which a strong 86% happen in a multi-
tropopause situation. For those clouds, a study of distance between cloud top altitude and the
2nd tropopause should naturally come next - however, after review this distance does not
yield very meaningful results, as it is itself strongly dependent on the ITT which varies wide-
ly on a scale of several kilometers, i.e. in the same range as cloud top altitudes (Fig. 3a). In-

stead, we use the ratio of the distance between cloud top and first tropopause to the distance

between the 1 and 2™ t (GoudTop” Tropol 1 ovvaluate h of this regi
ctween c an ropopauses ZTropoZ _ ZTropol O €valuatc now mucn o 1S reglon

is filled by clouds. This ratio is 0 (resp. 1) for cloud tops stuck to the 1* (resp. 2") tropopause.

Its distribution (Fig. 3b) is found to be bimodal and in 50% of cases the ratio is below 0.3,
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meaning the related clouds occupy a limited region between the 1% and 2™ tropopauses, with
their top in the lower 30% of the inter-tropopause zone. However, in 33% of cases the ratio is
above 0.7, meaning cloud tops are in the higher 30% of the same zone (i.e. these clouds span
the entire region). In only 16% of cases was the ratio between 0.3 and 0.7. Almost no cirrus
cloud was detected with a top altitude above the 2™ tropopause. Therefore, it appears that
clouds that cross the lowest tropopause live in an unstable temperature profile, which leads a

large fraction of them to rise or expand vertically until they reach the next tropopause.

Next we study the distribution of cloud base altitude for clouds that extend above the first
tropopause. Fig. 4 shows that tropopause-crossing cirrus clouds have most frequently their
base altitude less than 2 km below the 1* tropopause, with a maximum frequency of occur-
rence between -1.5 and -1 km. The distribution of cloud base altitudes is wide, with some
tropopause-crossing cloud bases as low as 4 km below the 1* tropopause. The cloud base al-
titude distribution is much narrower for clouds that are entirely contained in the inter-
tropopause zone (positive values in the Fig. 4 histogram), with almost all cloud base altitudes
within 1 km above the 1* tropopause. These clouds are, in effect, "sandwiched" between the
two lowest tropopauses. Only a very small, negligible number of clouds (not shown) have

their bases above the second tropopause.

By considering Fig. 3 and 4, it is possible to classify cirrus clouds in 4 categories (Table 1)
defined by the position of their boundaries with respect to the tropopause(s): (1) tropospheric
cirrus, with cloud top altitude more than 500 m below the 1* tropopause (83 %); (2) "ceiling"
cirrus, with cloud top altitude less than 500 m below the 1% tropopause (10 %); (3) cross-

tropopause (CT) cirrus (5%) and (4) inter-tropopause (IT) "sandwich" cirrus contained in the
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inter-tropopause zone (2%). As this paper focuses on the relationships between multiple
tropopauses and cirrus clouds, the following sections are devoted to the last two categories,
trying to highlight their specific properties compared to the rest of the cirrus population. Even
if, comparatively, they represent only a small part of the entire SIRTA dataset, the absolute
population of these clouds is significant enough - for instance, 16 cases of inter-tropopause
clouds were identified for the single year 2005. As an example, a cloud observed on March
17" 2005 is shown in Fig. 5a. The first and second tropopauses are marked with dashed lines,
at 11.5 and 12.5 km respectively, and are clearly apparent on the relevant temperature profile
from the 12 UT radiosounding (Fig. 5b). Note that temperature inversion of the first
tropopause is significantly weaker than that of the second tropopause. During the 3.5 hours of
observation, the cloud remains inside the limits defined by the 1* and 2™ Tropopauses. The
2" Tropopause acts as a cloud top ceiling.

IV. 2. Geometrical and Optical Thickness

The distribution of cloud geometrical thickness for CT and IT cirrus clouds (Fig. 6) is multi-
modal, with a major mode centered on 0.5 - 1 km, and a minor mode centered on 3 - 3.5 km.
Study showed that these two modes cannot be independently attributed to CT and IT clouds;
however they do not appear when considering all cirrus clouds, and therefore could be related
to the tropopause behavior and properties. However, relationships between these modes and
the distance between cloud and tropopause altitude, or the inter-tropopause thickness could
not be established. These two modes are in fact related to seasonal variations: clouds ob-
served between May and November (dark) have a distribution strongly biased towards low
values of geometrical thickness (0 - 1.5 km) - i.e. they are thinner; clouds observed between

December and April (light) equally include thin clouds (with a similar mode centered on
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small values), but a new mode appears between 2 and 4 km, centered on 3.25 km. This mode
is totally absent of the May to November observations; thus it follows that geometrically
thick cirrus clouds close to the tropopause are only observed between December and April,
i.e. a period marked by a high frequency of multiple tropopauses (DJF, Fig. 1) and a simulta-
neous decrease in the inter-tropopause thickness (Fig. 2). This is consistent with the observa-
tion that tropopause-crossing cirrus clouds are most frequently observed in conjunction with

multiple tropopause conditions (Sect. 4.1).

Next we study the optical depth distributions for the four different cirrus cloud classes de-
fined in Sect. 4.1. Figure 7 represents the cumulative density functions of optical depth T for
all cirrus clouds (thick green line) and for the four different cirrus clouds classes (Sect. IV 1).
In this graphical representation, a steep increase signals a high density of the related optical
depth, and conversely, low slopes and horizontal sections convey low density. Thus the ab-
sence of any extreme slope in the all-cirrus curve shows optical depths are generally evenly
distributed between 10° and 1, with the most frequent being found between 0.05 and 0.2. The
distributions are analyzed in terms of three optical depths classes, namely thick (T > 0.3),
semi-transparent (0.03 < T < 0.3) and subvisible (T < 0.03) using the definition provided by
Sassen et al. (1989). The all-cirrus distribution reveals 40% subvisible, 50% semi-transparent
and 10% thick cirrus clouds. Free-tropopause and "ceiling" cirrus (i.e. clouds with tops below
the first tropopause, Sect. IV.1), shown in black and red lines, follow very closely the general
distribution, which is consistent considering they represent respectively 83% and 10% of all
cirrus clouds. CT cirrus (blue line) are found to be optically thicker than the general distribu-
tion, with 25% subvisible, 65% semi-transparent and 10% thick cirrus clouds. The horizontal

section for T < 10 on the blue curve signals the nearly total absence of very low optical de-
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pths that exist, although in small quantities, in the general dataset (green line) ; on the other
hand, the steep slope of the blue curve around T ~ 1 suggests the distribution peaks around
these values, while the general dataset is more evenly distributed. IT cirrus clouds (purple
line) have evidently far lower optical depths than the other groups, with 75% subvisible, 25%
semi-transparent and virtually no thick cirrus clouds. Half of the clouds in that group show
optical depths below 0.007. The purple curve is rugged compared to the others, due to the

smaller number of observations in that dataset.

Finally we study the relationship between the optical and geometrical thickness of the differ-
ent cloud classes. The density of cirrus clouds as a function of optical depth T and geometri-
cal thickness % (Fig. 8) shows a high concentration of optical depths between 0.005 and 0.02
(consistent with Fig. 7) but in addition highlights a high correlation between the two proper-
ties. Low optical depths (T < 107) are exclusively found for clouds thinner than 0.5 km, but
as optical depths increase the range of possible geometrical thickness rises as well. Subvisible
cirrus clouds (T < 0.03) can bear any geometrical thickness between 0 and 2.5 km, with high-
est frequencies for 0.2 < 4 < 0.8 km ; the widest range of cloud thickness (0 < 4 < 4 km) is
found for T ~ 0.3. For T > 0.3 a minimum geometrical thickness appears, which increases
with optical depth: for instance, cirrus clouds with T ~ 1 are always thicker than 0.5 km.
When considering densities from the other axis, very thin clouds (4 < 0.5 km) can bear any
optical depth between 10* and 0.3 (with a maximum frequency for 0.001 < T < 0.03, i.e.
subvisible cirrus). The possible minimum optical depth then gradually increases from 10 to
0.05 for cloud geometrical thickness between 0.5 and 4 km. No subvisible cirrus cloud is
thicker than 2 km. The relationship between optical and geometrical thickness is consistent

for all clouds considered in the present study. Dots in Fig 8 show observations relative to CT
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and IT cirrus clouds, they follow the general distribution quite well, with a relatively higher
dispersion of optical depths for cloud thickness above 3 km that might just be due to the rela-

tive sparseness of data.

V. Discussion and Conclusion

In this study, multiple tropopause altitudes were retrieved over the SIRTA observatory from
radiosoundings (Sect. III), producing results that are consistent with a previous GPS study
(Schmidt et al 2006). Using lidar observations it was possible to compare these retrievals
with cirrus cloud top and base altitudes (Sect. IV.1). Distributions of the distance between
cloud boundaries and the tropopause layer were presented, and used to classify the clouds in
4 categories. Clouds with tops above the first tropopause show distinctively different optical
depths distributions (Sect. IV. 2, Fig. 7), but the optical-to-geometrical thickness relationship
is not affected (Fig. 8). A study of the distribution of wind speed and direction showed simi-
lar distributions for all 4 categories of cirrus clouds (mostly winds coming from the Atlantic
Ocean, see Noél et al. 2006), with no specific values for CT and IT clouds - hence, related

figures were not presented.

The study of cloud top and base altitudes with respect to tropopause altitudes yields several
conclusions. Firstly, most cirrus clouds are totally contained below the first tropopause
(93%), but a non-negligible part either cross the tropopause (5%) or is totally contained be-
tween the first and second tropopause (2%). For the first group, the presence of multiple
tropopauses has close to no effect on their altitude and thickness. However, the frequency of

occurrence of the clouds increases with decreasing distance between the cloud top and the
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first tropopause - with almost 30% of cloud tops being located less than 2 km below the first
tropopause (Fig. 3a). In a similar fashion, clouds become more frequent as cloud bases get
closer to the tropopause, however the maximum frequency is found 0.2-1.5 km below the
tropopause. This is consistent with cirrus clouds stuck the tropopause considering this is also
the most frequent cloud thickness range (Fig. 8). For CT and IT clouds, the effect is much
stronger: tops are either very close to the first tropopause, or stuck all the way to the second

tropopause (Fig. 3b), while IT cloud bases are all within 0.5 km above the first tropopause
(Fig. 4).

Cloud categories are even more distinct when considering optical depth distributions (Fig. 7).
While clouds located entirely below the first tropopause are very similar to the general distri-
bution (they mostly define it), clouds that cross or are above the tropopause differ significant-
ly: CT clouds have a very low density of subvisible clouds (T < 0.03) and a large concentra-
tion of semi-transparent (T > 0.03) and thick (T > 0.3) clouds, while the picture is reversed
for IT clouds which are predominantly in the subvisible category and present no thick cloud.
A simple explanation for the relatively high optical depth of CT clouds is that by definition,
CT clouds can extend further up than BT clouds. Since the optical-to-geometrical thickness
relationship is not affected by the cloud location (Fig. 8), it follows that CT clouds should be
optically thicker than BT clouds. Regarding the cloud origin, the simplest hypothesis is that
CT clouds originate from within the free troposphere, where they have room to expand,
shrink and move vertically (either upwards or downwards), crossing the first tropopause at
some point during their life cycle, in particular when multiple tropopauses occur resulting in
a weak thermal inversion at the first tropopause level. Looking at IT clouds, their low optical

depths cannot be solely explained by their low geometrical extent (constrained by the double
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tropopauses): Fig. 8 shows that even thin cirrus layers (i.e. less than 1 km thick) can adopt a
wide spectrum of optical depths, up to 1. Other explanations will have to be investigated. Re-
garding their origin, the simplest hypothesis is that IT clouds originate from within the inter-
tropopause zone, where they are constrained by the double temperature inversion (Fig. 3 and

4) and thus keep a very low optical depth. 82% of IT and CT clouds with a ratio of

“Cloud o T 505 (Fig. 3b) have their base within 0.5 km of the first tropopause - in other

words, clouds that extend up to the second tropopause have, in most cases, their bases stuck
to the first tropopause. This suggests that IT clouds very rarely cross the tropopause to extend
downward in the troposphere, confirming the theory that CT clouds originated in the free tro-
posphere and later extended upwards in the inter-tropopause zone. Of course, these are sim-
ple considerations given the actual observations; cirrus generation mechanisms involves com-
plex processes and further studies will be required to reliably assess the origin and formation

of each cirrus category.

Considering these results, it seems at first glance that cirrus clouds created in situ in the inter-
tropopause zone develop to become almost exclusively subvisible cirrus, and never extend
down to develop into optically thicker cloud systems: their development seems hindered by
the two temperature inversions found in multi-tropopause situations. Since IT clouds are so
high and cold, they have a significant impact in terms of climate change due to their influence
on the net radiation budget at the top of the atmosphere (Brown and Francis, 1995). These
clouds seems quite rare, at least over the SIRTA (2% of all cirrus occurrences), but since

their formation seems correlated with multiple tropopause events, their frequency could in-
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crease at other latitudes that show much higher occurrences of multiple tropopauses (e.g. up

to 80% in the Mediterranean region or the United States, Schmidt et al. 2006).

Finally, it is important to remember that ground-based lidars alone cannot provide a exhaus-
tive coverage of cirrus clouds near the tropopause, as (1) some of the cirrus clouds cannot be
penetrated all the way through due to their high optical depth, and were not considered in the
present study; and (2) an unknown fraction of cirrus clouds is hidden by optically thick, low-
level clouds. This shouldn’t modify the optical depth distribution found for cirrus categories
in the present study (as cirrus clouds have generally low opacity), however an unknown
quantity of cirrus clouds were not present in the observations, and could sway the importance
of a given category one way or another. A possible way to study the entire population of cir-
rus clouds would be to use combined lidar and radar profiles from spaceborne instruments,
i.e. viewing the atmosphere from above. Such observations will soon be available from the
recently launched CALIPSO (Winker et al. 2003) and CloudSat (Stephens et al. 2002) space-
borne platforms. In addition to the use of these observations, future work include (1) consid-
ering a definition of tropopause based on potential vorticity, which might allow a better un-
derstanding of the dynamic features associated with multiple tropopauses and the occurrence
of cirrus clouds, and (2) investigating if cirrus in each category share a common origin and
formation mechanisms, by correlating back-trajectories of air masses in observed clouds with

spatial imagery and models.
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Tables

Cirrus Category Frequency in observed clouds (sum=100%)
Tropospheric Cirrus 83%
Ceiling Cirrus 10%
Cross-Tropopause Cirrus 5%
Inter-Tropopause Cirrus 2%

Table 1: Frequencies of occurrence in observed clouds for the 4 cirrus categories.

-25.




Figure captions

Figure 1: Annual frequencies of multiple tropopauses over the SIRTA observatory, averaged
on the 2002-2006 period.

Figure 2: Annual evolution of the mean tropopause altitudes (thin line) and the mean inter-
tropopause thickness (thick line) during the 2002-2006 period.

Figure 3: a) Distribution of distance between the first tropopause and cross-tropopause cirrus
cloud tops, b) ratio of the cloud top to first tropopause distance on the distance between first
and second tropopauses.

Figure 4: Distribution of distance between cloud base and the first tropopause for cross- and
inter-tropopause cirrus categories.

Figure 5: a) Backscattering coefficients observed by the LNA lidar on March 17 2005 as a
function of time and altitude, using a logarithmic color scale. b) Temperature profile from
radiosoundings on March 17 2005. On both figures the first two tropopauses are indicated
using dashed lines.

Figure 6: Distribution of cloud Geometrical Thickness, for observations in the May to
December period (dark) and December to April (light).

Figure 7: Cumulative density functions of optical depth frequencies for 4 categories of cirrus,
together and individually.

Figure 8: Density Contour plots of the frequency of cirrus clouds as a function of cloud
geometrical thickness (x-axis) and cloud optical depth (y-axis). Dots are relevant to clouds

with base above the first Tropopause.
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Figure 1: Annual frequencies of multiple tropopauses over the SIRTA observatory,
averaged on the 2002-2006 period.
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Figure 2: Annual evolution of the mean tropopause altitudes (thin line) and the mean
inter-tropopause thickness (thick line) during the 2002-2006 period.
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Figure 3: a) Distribution of distance between the first tropopause and cross-
tropopause cirrus cloud tops, b) ratio of distance between cloud top and first
tropopause, to the distance between the first and second tropopauses.
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tropopauses are indicated using dashed lines.



450 T ]
Il May to November
[] December to April

400 1

350 [~ -

300 - 1

250

Occurrences

200

150

100

50

10 A

0.5 1 1.5 2 25 3 3.5 4
Cloud Thickness (km)
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