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Abstract. Spaceborne lidar observations have recently re-sults support the view that the SVC population observed by
vealed a previously undetected significant population of Sub-CALIOP is an extension of the general upper tropospheric
visible Cirrus (SVC). We show them to be colder thar4®, ice clouds population with its extreme thinness as its only
with an optical depth below 0.0015 on average. The forma-differentiating factor.

tion and persistence over time of this new cloud population
could be related to several atmospheric phenomena. In this

paper, we investigate if these clouds follow the same for-

mation mechanisms as the general tropical cirrus populatiod  Introduction

(including convection and in-situ ice nucleation), or if spe-

cific nucleation sites and trace species play a role in their for-Subvisible cirrus (SVC) are optically thin ice clouds with
mation. The importance of three scenarios in the formatiorePtical depths below 0.03 mostly found in the tropical up-
of the global SVC population is investigated through differ- Per troposphere. Their existence has been known for sev-
ent approaches that include comparisons with data imagin@raﬂ decades thanks to in-situ measurements from airborne
from several spaceborne instruments and back-trajectorieBrobes (e.g. Heymsfield, 1986) and ground-based observa-
that document the history and behavior of air masses leadin§ons (Sassen and Cho, 1992). These studies were able to
to the point in time and space where subvisible cirrus weredocument the composition of some SVC (e.g. Davis et al,
detected. In order to simplify the study of their formation, we 2007; Lawson et al., 2008; Davis et al., 2010), but are hard
singled out SVC with coherent temperature histories (mearf© generalize globally. Limb observations from spaceborne
variance lower than 4 K) according to back-trajectories alonginstruments such as SAGE-Il (Wang et al., 1994) led to im-
5, 10 or 15 days (respectively 58, 25 and 11% of SVC).portant insights about these clouds, but are generally limited
Our results suggest that external processes, including locd#y & poor spatial resolution. .

increases in liquid and hygroscopic aerosol concentration (ei- 1 he role SVC play in several upper tropospheric processes
ther through biomass burning or volcanic injection forming is still unclear. Due to their optical transparency and cold
sulfate-based aerosols in the troposphere or the stratospher§mperatures, high tropospheric ice clouds present a lim-
have very limited short-term or mid-term impact on the Svc ited albedo effect but some greenhouse effect, by which
population. On the other hand, we find tha0 % of air they modulate the global radiative budget. Most impor-
masses leading to SVC formation interacted with convectivetantly, their mechanisms of formation and evolution are
activity 5 days before they led to cloud formation and detec-Not well understood. This has serious implications for at-
tion, a number that climbs to 60 % over 15 days. SVC forma-mospheric physics: SVC in the Tropical Tropopause Layer
tion appears especially linked to convection over Africa and(TTL, Fueglistaler et al., 2009) are often associated with

Central America, more so during JJA than DJF. These rethe dehydration of air before it enters the stratosphere. Our
poor understanding of their interaction with water vapor,
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which can generate persistent supersaturation within SVGnjection from eruptions and biomass burning and convec-
(Peter et al., 2006) means their influence as regulators at thiion) have a detectable impact on the formation of these lay-
troposphere-stratosphere interface cannot be correctly reprars (Sect. 5).

duced by models. This leads, among other things, to high

uncertainties in the modeling of stratospheric water vapor .

evolution, which has consequences for climate prediction? SVC Observations from CALIOP

(Solomon et al,, 2010). CALIOP is located on the CALIPSO satellite (Cloud-

Recent advance; in signal analy sis, and thg ava”ab'"tyAerosol Lidar and Infrared Pathfinder Satellite Observation),
of spaceborne active remote sensing observations, have al-

. . part of the A-Train, which follows a nearly sun-synchronous
lowed the global-scale detection of upper tropospheric Iay-Orbit that crosses the equator twice per dav. at 01:30 and
ers with extremely small optical depths (down to 0.001), q P Y, :

. : : . 7713:30 local time. CALIOP measures range-resolved verti-
far thinner optically than what was previously possible

using satellite observations. Most notably, observationscal profiles of elastic backscatter at 532 and 1064 nm, which

from the Cloud-Aerosol Lidar with Orthogonal Polarization g(r)scug] er;t thleir\]/ergczlloi';tgzltjg;?o?lf ;erooristﬂ”?r:jdeg:(?;i (Ijailc')
(CALIOP, Winker et al., 2009) have for the first time doc- - by applying 9

umented the large spatial and temporal cover of SVC (e.gopUcaIIy thin layers over more than 2 years of CALIOP ob-

Sassen et al., 2009; Martins et al., 2011). Using the same o servations (June 2006-December 2008), we have generated
. a dataset of cloud base and top along the CALIPSO track
servations, Pan and Munchak (2011) found such clouds are . . .
with a 5 km resolution. The algorithm and dataset are docu-

frequently close to the TTL and extend somepmes hor.lzon_mented at length in Martins et al. (2011). In addition, the op-
tally over several thousand kilometers. The increase in theﬁical deothr of each cloud was retrieved by laver-intearatin
estimated overall cover of optically very thin clouds follow- pthe : y 18y 9 9
) . . ) . ... attenuated backscatter profiles from CALIOP level 1 data,
ing these discoveries means estimates of their radiative |mf llowing Platt et al. (2002) as
pact had to be revised (Haladay and Stephens, 2009; Yang & 9 '
al., 2010; Dupont et al., 2010; Lee et al., 2009; McFarquhar 1 .
etal., 2000). v =o-ln(1-25ny")

In the wake of the documentation of this large number of
optically thin layers, and the uncertainty surrounding theirwhere y’ is the total attenuated backscatter coefficient at
formation processes, it is important to address the questio®32 nm integrated over the cloud layg&iis the lidar ratio and
of whether SVC should be mostly considered an extensiom is the multiple scattering coefficient. As in previous works
of the generic high troposphere cloud population (in which (Noel et al., 2007; Winker et al., 2009), we assumed constant
case they follow traditional cloud formation theories, includ- valuesS = 25 sr andny = 0.7. The impact of these choices
ing convection and in-situ ice nucleation) with small optical on the retrieved optical depth is discussed in Martins et
depths as their only specificity, or whether their formation al. (2011). The obtained dataset, called SEL2 for Subvisible-
and composition are significantly affected by specific nucle-Enhanced Level 2 is available for studies focusing on subvis-
ation sites or trace species (in which case they constitute &le cirrus athttp://climserv.ipsl.polytechnique.fr/sel2.html
population with a unique composition and qualitatively dif- CALIOP observations can be exploited to retrieve indica-
ferent intrinsic properties, that needs to be addressed sepions about the microphysical properties of particles within
arately from the generic cloud population). Answering this the SVC. In the polarization-sensitive 532 nm channel, the
question would shed light on the role played by SVC in at- ratio of backscattered light in the perpendicular and par-
mospheric processes. For instance, the inclusion of organiellel planes of polarization defines the depolarization ratio
aerosols, sulfate or nitric acid within nucleating ice crystals (Sassen, 1991). It depends on particle shape and is rou-
would have serious implications for the ability of SVC to tinely used in cloud observations to discriminate liquid wa-
dehydrate the upper troposphere, as it has been shown ter droplets (spherical) from ice crystals (non-spherical). The
severely limit water vapor deposition (&mer et al., 2006; ratio of backscattered light in the 1064 and 532 nm channels
Murray, 2008; Grenier and Blanchet, 2010), and could ex-defines the color ratio, which provides information about par-
plain persisting supersaturation in clear air or around SVCticle size (Vaughan et al., 2010). Particulate backscatter was
(Kramer et al., 2009). calculated by removing the molecular contribution from the

Here we first document the properties of cloud layers iden-CALIOP total attenuated backscatter, using the same approx-
tified as SVC in the Tropics from CALIOP observations imation as in Martins et al. (2011). The molecular contribu-
(Sect. 2). We then document the history of air masses thation had to be removed, as it can be significant in optically
led to the formation of these layers using back-trajectorieshin features such as SVC. Section 4 focuses on these ratios
(Sects. 3 and 4). By merging these results with complemenwithin SVC.
tary satellite data, we investigate the possibility that three We identified subvisible cirrus clouds in the SEL2
phenomena affecting the atmospheric composition (nucledatabase by requiring (1) layer optical depthiselow 0.03,
ation of trihydrate crystals through HN@eposition, aerosol  following the widely used convention from Sassen and Cho
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subvisible Cirrus 200 to 1200 m thick (row 2), and optically extremely thin
/ el o ' (row 3): almost all of them exhibit < 0.015, making them
ﬂj L. C& Ultra Thin Tropopause Clouds (Peter et al., 2003). These
- ) clouds are most frequently a few hundred kilometers wide,
593% Rt X but can reach several thousand kilometers on occasion (row
P 4), which explains why their average horizontal extent is
close to 500 km. While the temperature distributions are not
Gaussian with a tail towards warm temperatures, the distri-
butions of thickness are close to Gaussian both in geomet-
rical height and optical depth. Relating these properties to
specific mechanisms is not straightforward, but these obser-
20 T 2 longitude vations will have to be accounted for by models of SVC gen-
R eration. The horizontal extent exhibits a very skewed distri-
x ‘ ‘ - ‘ ‘ ‘ ‘ ‘ ‘ bution with a long tail towards large values. This suggests a
non-diffusive dispersion with large dispersion being induced
by shear and filamentary structures.
The geographic distribution of SVC in a 18 10° grid
(Fig. 3) over the tropical region{30°) shows most are
ik located between 2B and 10N along the Intertropical
ol ] Convergence Zone (ITCZ), with fewer SVC closer to mid-
L ] latitudes. Maxima are in regions of deep convection (Central
b ] America, Africa, Asia and Western Pacific), identified by the
s w L contour lines showing minima of outgoing longwave flux as

I I
2 4 6 8 10 12 14 16 18 20

Lattude observed by CERES over the same periods. In JJA, maxima
Fig. 1. (2) SVC detection along CALIPSO orbit (top) on 6 August are over the Eastern region of Asian Monsoon and the Ara-
2007 (orbit T07-03-58ZN). Vertical profiles are shown in blue, SvC bian Sea. In DJF, SVC are much more numerous and max-
detections appear in black (cloud top) and red (cloud bésppl- ima are over Western Pacific, Central Africa and the Amazon
titudes of SVC clouds remaining after layer filtering based on hori- Basin. Cloud fractions are low over Atlantic and Eastern Pa-
zontal extent and temperature (bottom) as a function of latitude.  cific oceans in both seasons. This geographic distribution is
consistent with Massie et al. (2010) and Martins et al. (2011).

altitude
=

Attitude (km)
&

(1992), and (2) layer temperatures colder thatD° (to en-
sure only the ice phase was present), using GEOS-5 tempeg  Back-trajectories
atures included in CALIOP level 1 data. To limit the inclu-
sion of spurious detection from signal noise, we restricted3.1 Model setup and initialization
our analysis to SVC extending over at least 200 km along-
track, or 40 consecutive 5km-wide profiles. Vertically con- Back-trajectories use time-resolved wind fields from me-
tiguous layers distant horizontally by less than 10 km (span-+teorological analysis or re-analysis to document the three-
ning 2 profiles) were considered to be part of the same clouddimensional time itinerary followed by air masses. By us-
Since a large majority of cirrus clouds lie in the Tropics ing additional fields, one can retrieve atmospheric properties
(30° S-30 N) according to CALIOP studies (e.g. Sassen et(e.g. temperature) along the trajectory. We resolved back-
al., 2008), we have restricted our SVC analysis to this re-trajectories with the TRACZILLA model (James and Legras,
gion. Figure 1a shows an example of SVC layers detected®009), a modified version of the Lagrangian trajectory model
in a single CALIPSO overpass over the Tropics on 6 AugustFLEXPART (Stohl et al., 2005). By contrast with FLEX-
2007 (orbit TO7-03-58). The filtering described above iden-PART, TRACZILLA provides an advection scheme that dis-
tified two SVC in this overpass between 15 and 17 km ofcards the intermediate terrain following coordinate system,
altitude (Fig. 1b), both with temperatures neat5° (198 K) and performs a direct vertical interpolation of winds, linear
and optical depths near 0.004. in log-pressure, from hybrid levels (Pisso and Legras, 2008).
We analyzed SVC during the boreal summer (JJA) andits reverse integration of trajectories uses wind fields from
winter (DJF), the two periods with the largest tropical cirrus combined re-analysis and 3-h forecasts from the ECMWF
cover (Massie et al., 2010). Between"®and 30N, over  (European Center of Medium range Weather Forecast) ERA-
the 2006—2008 period, 2810 SVC were detected in JJA andnterim dataset (Dee et al., 2011), on‘aldngitude-latitude
4039 in DJF. SVC temperatures are between 185 and 215 Krid and 60 vertical hybrid levels (Legras et al., 2005).
(Fig. 2, row 1) with maximum occurrence around 195K, and For each SVC detected by CALIOP and meeting the crite-
are on average 5K warmer in JJA. In both seasons, SVC arga from Sect. 2, a Cartesian domain was defined bounded
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Fig. 2. Histograms of average temperature (row 1), geometrical (row 2) and optical thickness (row 3) for SVC in JJA (left column) and DJF
(right), 2006—2008. The mean thickness of SVC is roughly equal to 600 m and the mean extension to 450 km.

by the cloud beginning and end coordinates in the correnumber exceeded 100 for clouds several thousand kilometers
sponding CALIOP orbit. This domain was then discretized long.
in 1° x 1° boxes. In the regions under study, this means di- Back-trajectories form different patterns depending on
viding each SVC in roughly 100-km sections along-track. their starting point. Figure 4 displays three representative ex-
The TRACZILLA model released particles in each box cen- amples of 15-days back-trajectories in JJA, initialized at the
ter at the mean SVC altitude within the box, and followed time and place of SVC (dots on Fig. 4). For the SVC detected
their back-trajectories 15 days prior with a 1-h sampling (360over South Asia on 11 June 2007 (red), back-trajectories fol-
points). Thus, multiple back-trajectories were calculated forlow a round shape that is typical for initialization over this
each SVC according to its horizontal extent. On averageregion. By contrast, an SVC detected over Central America
ten back-trajectories were launched per SVC, although thioon 31 July 2007 (blue) leads to straight paths that do not de-
viate much from the SVC latitude. This is typical behavior

Atmos. Chem. Phys., 12, 120812101, 2012 www.atmos-chem-phys.net/12/12081/2012/
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Discrete SVC occurrence in JUA coupled with CERES data
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Fig. 3. Geographic distribution of SVC (in %) for JJA periods (top) and DJF (bottom) for 2006—2008. The sum of all boxes is 100 %. Contour
lines show top of the atmosphere outgoing longwave flux (V\?)n‘rom CERES monthly means (EBAF product), averaged over the same
periods.

Examples of 15 days back-trajectories for back-trajectories initialized near the equator, which typi-

- cally extend over much longer ranges. A last back-trajectory,
associated with an SVC observed over Central America on
29 June 2006, shows a more complex shape (green). In our
results, back-trajectories initialized far from the equator gen-
erally tend to spread out more.

90,

Fo
60

30)

o

latitude

o Q»’ » 3.2 Temperature history coherence

601 . 2007/06/11-21

I 2006/06/29-06

T oomaos = Back-trajectories initialized in the same vicinity tend to sep-

P05 20 0 60 w0 0 N & W 20 150 180 arate over time due to the chaotic properties of advection in
ongitude . . . . .
a time-varying flow. For instance, the green back-trajectories

Fig. 4. Examples of three 15-days back-trajectories. For each, dotd Fig- 4 initially originate from nearby sections of the same

identify the position of the SVC used to initiate back-trajectory SVC, but drift apart significantly as time goes back. Due
seeding. to natural air mass dispersion, the distance between them

can reach several degrees, and they eventually spread over
the whole tropical belt (Tzella and Legras, 2011). As back-
trajectories drift apart, the histories of the air masses they
track start to diverge, mixing becomes significant and it
gets harder to identify the mechanisms responsible for the
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Table 1.Regions used in the study.
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70

stability criteria for 15 days back-trajectories
T T T

Region Latitude range  Longitude range
. 30°S-2C N 80-150 E
Asia 3°S-30N  150-180E
Asian Monsoon 20-30N 50° W-15C E 8
Anticyclone (AMA) g
Pacific 30S-30N  180-118W
Central America 30S-30N  115-40W °
. 30°S-30N  40° W-5C°E E
Alrica 3°S-20N  50-80 E :
eventual SVC formation. In order to avoid the complexities 4 5 8 00 1214

average of variance for 15 days back-trajectories

linked to the tracking of air masses mixing, we constrained

our study to SVC coming from an identifiable air mass. Since 4,
temperature is a major factor in ice nucleation processes, we
used its variance history to quantify back-trajectories disper-
sion. For an SVC with n back-trajectories, we computed for

each of the 360 time points the temperature variance amonc
the n back-trajectories. The resulting temperature variance
time series was then averaged over 5, 10 and 15-days win-
dows back in time. A small temperature variance means that
all back-trajectories can be considered to share a commor
history during the time window. Conversely, large tempera- s
ture variances are a sign of dispersion, i.e. the histories of the
n back-trajectories diverge significantly.

Figure 5a shows the distribution of temperature vari- '
ances among 15 days back-trajectories for all SVCs. Back- ¢
trajectories with temperature variance below 4 K were clas-
sified as “coherent 1" (C1), temperature variance between
4 and 8K as “coherent 2" (C2) and temperature variance
above 8K as “divergent” (D). Figure 5b and ¢ show exam-
ples of temperature histories and how the associated SVC - . ]
was classified according to the criterion explained above. [ <
Figure 5b shows a case with roughly constant temperature
(around—75°) for all back-trajectories. This SVC was cat-
egorized as C1 at 5, 10 and 15 days back in time. Figure 5c
shows a case in which the temperature decreases significantl
during the first 5 days back in time, but temperature variance
stays low. As time goes back, temperature variance increases
a sign of history divergence among back-trajectories. This
SVC was characterized as C1 considering only the 5 days 19 7
preceding its observation, but D considering 10 and 15 days. ¢

We studied SVC temperature history coherence in 5 geo-
graphical areas described in Table 1 and shown in Fig. 4, sim- ] )
ilar to those used by Riihimaki and McFarlane (2010). Asia Fig. 5. (f"‘) Histogram of temperature variance fqr 15 days back-
and Africa regions are truncated to accommodate the Asia ragt_actones for e_a_ch .SVC over 3yr of data. Red lines represent the

. . . ifferent classificationgb, c) Example of temperature histories
.Monsooln_ Anticyclone region (AMA), a special C§1§e due to across 15-days. The temperature coherence criterion is applied on
its specific meteorology. Numbers of SVC classified baseds_gays windows.
on their temperature history over 15 days are presented by re-
gionin Table 2 for JJA (top) and DJF (bottom). In Fig. 6 Asia,
Africa and Central America stand out again as SVC hotspots
(as in Fig. 3). Temperature coherence does not change much
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Table 2.Number of SVC according to their temperature history coherence in DJF and JJA (from 2006 to 2008) over 15 days back-trajectories.

JJA Africa Asia AMA  Central Am. Pacific Total
c1 117 61 24 71 59 332 (11.8%)
Cc2 69 48 27 40 28 212 (7.5%)
D 590 891 198 307 280 2266 (80.6 %)
Total 776 (27.6%) 1000 (35.6%) 249 (8.9%) 418(14.9%) 367 (13.1%) 2810
DJF Africa Asia AMA  Central Am. Pacific Total
c1 196 81 6 85 44 412 (10.2%)
Cc2 108 80 2 40 36 266 (6.6 %)
D 894 1305 32 579 551 3361 (83.2%)
Total 1198 (29.7%) 1466 (36.3%) 40 (1%) 704 (17.4%) 631 (15.6%) 4039
histograms of stability in JJA increases slightly~ 12 %, compared to 7.5 % over 15 days).
110 ‘ ‘ i Over 5 days, the number of C1 SVC more than doubles again
1oe0 L IAMA region . (~58 %) compared to 10 days. We understand the C2 state
%00 g oCbral America as transitory between C1 and D states.
800 The rest of the paper will focus on C1 SVC with the most
coherent temperature history before cloud formation, based
700
% o on the assumption that it should be easier to identify mech-
® anisms responsible for their formation. 15-days temperature
e histories are used throughout.
400
300
200 4 SVC with coherent temperature histories
100]
_ 4.1 Geographical distribution and properties of
Total nb Coherzrt];;imy CmCe%r;erenm Divergent Cl SVC
1500 histograms of stabilty in DJF . Figure 7 shows the geographical distribution of C1 SVC. In
BArca DJF, there are noticeably more SVC over the Gulf of Guinea
%gm region and Africa ¢~ 6 %) and less elsewhere. In JJA, SVC are more
1250 -P:2it1riil America

1000

750

number of SVC

500

250

Total nb Coherent 1 Coherent 2

stability criteria

Divergent

scattered, with disputable hotspots over the western Pacific,
Central America and West Africa. Geographic distributions
of C1 SVC do not necessarily match those of the general
SVC population (Fig. 3). Table 3 describes how C1 SVC fall
in five temperature ranges. Almost half of C1 SVC (45.4 %)
are in the middle 191-195K range, 26.5% in the 188-191 K
range and 17.5% in the 195-205K range. The remaining
small number of C1 SVC (10.6 %) are either very cold (183—
188 K) or very “warm” (205-215K). 55.4 % of C1 SVC are
detected in DJF and 44.6 % in JJA, which is close to the dis-
tribution of the entire SVC population (Sect. 2). According to
the Kolmogorov-Smirnov test at a 5 % significance level, C1
SVC have properties very similar to the general SVC popu-

Fig. 6. Histograms of SVC temperature history coherence in ‘]‘JAIation, being on average colder by less than 1K and thinner

(top) and DJF (bottom) by area.

by 80 m (keeping in mind that CALIOP vertical resolution is
60 m near the TTL). Their average optical depths are roughly
equal.

between winter and summer, except over the AMA region We calculated the cloud depolarization and color ratios
where it almost vanishes during winter. Over 10 days (not(Sect. 2) for each SVC averaged over its vertical range

shown), the number of C1 SVC is more than doubl&b %)

and horizontal sections used as starting points for back-

than over 15 days (11.8 %) , while the number of C2 SVCtrajectories (Sect. 3.1). Distributions of depolarization ratio

www.atmos-chem-phys.net/12/12081/2012/
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Table 3. Number of C1 SVC with respect to temperature. Most SVC are located in 195-191 K.

DJF JIA
T (°K) 2006-07 2007-08 2008-0$ 2006 2007 2008 Total
215-205 0 0 0 41 0 2 43
205-195 21 3 6/ 20 53 27 130
195-191 127 20 2 58 69 37 338
191-188 88 60 2 14 8 3 197
188-183 13 17 6 0 0 0 36
Total 249 100 63| 133 130 69 744
SVC Coherent 1 discrete occurence in JUA
90 6

latitude
«
Frequency (%)

& L
S =)

'
3]
b=

-70

-90 0
-180 -160 -140 -120 -100 -80 -60 -40 -20 O 20 40 60 80 100 120 140 160 180

longitude

SVC Coherent 1 discrete occurence in DJF

latitude
Frequency (%)

-90 0
-180 -160 -140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180

longitude

Fig. 7. Distribution of C1 SVC (% of total population) in JJA (top) and DJF (bottom).

vs. temperature (Fig. 8, top), and of depolarization vs colorshows near-zero depolarization ratio and small color ratios
ratio (Fig. 8, bottom) suggest groups with distinct optical (below 0.4), typical of near-spherical small particles (8 % of
properties. A large group shows large depolarization (0.3-SVC). Almost all layers belonging to this second group were
0.5), temperatures near 193K and color ratios close to lobserved in the low stratosphere during JJA 2006, and were
(88.6 % of SVC). These properties are consistent with largejdentified by Carn et al. (2007) as sulfate aerosols produced
non-spherical particles such as ice crystals from typical uppegfter injection of SQ in the stratosphere by the eruption of
tropospheric clouds (Sassen and Benson, 2001; Chiriaco e¢he Soufrere Hills volcano (Montserrat) on 20 May 2006.
al., 2007). A much smaller group at temperatures near 205 KThese layers extended over several thousand kilometers and
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Depolarization vs temperature for SVC Coherent 1 Atlantic becomes a non-negligible source for air leading to
‘ ‘ ‘ ‘ e Pacific SVC.

Figure 10 shows histograms of total length travelled by
. - | back-trajectories versus the distance reached at their furthest
point away from the SVC of origin, for back-trajectories
classified as C1 over 15, 10 and 5 days in JJA Pacific and
DJF Africa. The total length exhibits similar range over
both regions (up to~30000km), but distributions differ.
Over the Pacific (left column), long trajectories (total lengths
> 10000 km, up to 22 000 km) are as common as short ones,

Temperature (°K)
N n
S S
& 3
T I
Ny @
5] 3
Number of SVC

208 and a minority of extremely long paths reach 35000 km. By
20 contrast, over Africa (right column), short trajectories (5000—

a2 12000 km) clearly dominate. This is consistent with Fig. 9,
215 o o o5 o o o o which shows longer trajectories being more prevalent over
Depolarization Pacific than over Africa. Over 15 days (top row), 3 groups

can be identified over both regions:

Depolarization vs color ratio for SVC Coherent 1
T T T 120

1. Short total length € 12000km) and much smaller
reach. These paths are roughly circular, and do not stray
far away from the area of SVC detection (similar to the
red path in Fig. 4).

o
o
T

2. Roughly equal total length and reach, close to the iden-
tity line (12 000-20000 km). These paths are roughly
straight (similar to the blue path in Fig. 4).

Color ratio

o
)
T
Number of SVC

\

o4 I 3. Long total length £ 20000km) and relatively short

I - reach. These trajectories have complicated shapes,
which are neither circular nor straight.

0.2

0 01 02 %épolarizatig: 05 06 07 Shorter time periods (rows 2 and 3) mean back-trajectories
travel over shorter distances and have shorter total lengths.

Fig. 8. Distributions of depolarization ratio vs. temperatures (top), AS a consequence they are less likely to evolve complicated

and depolarization ratio vs. color ratio (bottom) for all C1 SVC over shapes and the distributions aggregate around the identity

15-days in 2006—2009. line in both regions. Curved trajectories (reach considerably
smaller than the total length) still appear in DJF Africa over
10 days (right column). This suggests that trajectories need

dispersed slowly while traveling around the globe for severalat least 10 days to evolve a circular shape.

weeks. We will not consider them as clouds here, as they are

purely stratospheric, but will discuss their potential impact

on the SVC population in Sect. 5.2. 5 Three candidate processes for SVC formation

This section investigates the possibility that three atmo-
spheric processes help create the population of C1 SVC iden-

o o tified in Sect. 4: inclusion of nitric acid, nucleation of ice
Here we focus on Africa in DJF and the Pacific in JJA, areascrystals on liquid or solid aerosols, and convection.

with large numbers of C1 SVC detections. Figure 9 shows

these detections between 2006 and 2008 (top row), and thg.1 Inclusion of nitric acid

spatial distribution of associated 5, 10 and 15-days back-

trajectories. For DJF SVC over Africa (left column), most The formation of Nitric Acid Trihydrate crystals (NAT) by
air masses originate from the same area and stay there, withixing of water vapor and HN@®near 195K has been ob-

a few coming from Asia and America. Moving back in time served in the polar stratosphere for more than a decade (Voigt
from 5 to 15 days, maximum densities gradually shift awayet al., 2000). These crystals can be distinguished from pure
from the gulf of Guinea toward the Somali Basin. For JJA ice crystals by their specific optical signatures (e.g. Noel et
SVC observed over Pacific (right column), most air massesal., 2008). The possibility of NAT crystals forming in the
originate from the same vicinity, but as time goes back max-similarly cold TTL has been suggested by in-situ observa-
ima shift to the East and to Central America. At 15 days, thetions in the subtropics (Popp et al., 2004, 2007; Voigt et al.,

4.2 Histories of air masses leading to C1 SVC
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Coherent 1 SVC position in JJA over Pacific
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Fig. 9. Top: position of C1 SVC observed over Africa in DJF (left) and Pacific in JJA (right). Second to fourth rows: spatial distribution of
C1 back-trajectories over 0-5 days, 5-10 days, 10-15 days.

2007, 2008). The detection of such particles in CALIOP ob- cannot ascertain the exact nature of the particles under study,
servations is controversial since it is unclear whether the exbut analyzing the temperature history of the air masses lead-
tremely low TTL concentrations of HNfcan lead to NAT  ing to SVC formation can provide useful circumstantial ev-
concentrations measurable from space (Poole et al., 2009¢ence to support or infirm the possibility of HNGnclu-

Noel and Chepfer, 2009). sion. For instance, the formation of NAT crystals requires
As discussed in Chepfer and Noel (2009), such particlesustained HN@ supersaturation for long periods (Voigt et
would produce intermediate values of depolarization ratioal., 2008), as their nucleation process is considerably slower

(0.05-0.25) and color ratio (0.4—0.6). Such values make dhan ice.
faint apparition in our dataset (Fig. 8), at temperatures near Figure 11a shows the total trajectory length vs. the reach
200K (3.4 % of C1 SVC). Remote sensing observations aloneway from SVC over 15 days associated with C1 SVC with

Atmos. Chem. Phys., 12, 120812101, 2012 www.atmos-chem-phys.net/12/12081/2012/



M. Reverdy et al.: On the origin of subvisible cirrus clouds 12091

<10° Range vs total length / DJF Africa/ 15 days back trajectories x10° Range vs total length / JUA Pacific / 15 days back trajectories 25
2 : " ; : " 150 T T T T T
181 181 |
16 ‘ T L 4 Meo
14 u i 14 u
100
12f 1 o 12 — 45 O
€ #E 5
< b s
e 1 T 58 1 q 5
2 32 2
& EE 5
08 1 2 08F 402
50
06 g 06 b
04 B 0.4 1 s
25
02 02 B
o , . = . , . , .
0 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4 0
Total length (km) x10° Total length (km) x10*
10" Range vs total length / DJF Africa / 10 days back trajectories 2% 10° Range vs total length / JUA Pacific / 10 days back trajectories 25
2 T T T : 150 T T T T T
1.8F 18
w8l 25 g6t L 4 Beo
1.4F 1.4f |
100
120 o _12f 459
g »E 2
o 1 75 2o 1 4 2
o =l @
2 32 2
& £ g
08 2" o8t 4 f302
50
06} 06l
0.4 04 4 W5
25
02 02
. , . . . . .
1 15 2 25 3 35 4 ° % 05 1 1.5 2 25 3 35 a0
Total length (km) x10° Total length (km) x10*
10 Range vs total length / DJF Africa/ 5 days back trajectories . 10 Range vs total length / JUA Pacific / 5 days back trajectories 5
2 T T T T 150 T T T T T T
1.8
o 1.65 60
1.4F
100
(o] 1.2r 45 O
P i =
g E »
3 75 Sy 1 5
S 59 3
2 E2 2
& Ed 5
2" o8t 30 2
50
06
04 15
25
02
. . . , . . . , . , .
0 05 1 15 2 25 3 35 4 0 % 05 1 1.5 2 25 3 35 4 0
Total length (km) x10° Total length (km) x10°

Fig. 10.Histograms of total back-trajectory length (horizontal) vs. reach away from the SVC (vertical) for 15-days (row 1), 10-days (row 2)
and 5-days (row 3) C1 back-trajectories over Africa in DJF (left) and over Pacific in JJA (right). The identity line is shown in black.

depolarization ratios in the 0.05-0.25 range (106 SVC). 30 %NAT crystals given adequate HNQevels. In any case, only

of trajectories are nearly straight with large total lengthsa very small minority (3.4 %) of C1 SVC is concerned, which
and reaches (10 000-20 000 km). 37 % of them deviate fronthemselves form only~ 10 % of SVC considering 15-days
straightness, with total length below 15000km and reachback-trajectories. Our results thus support the fact that nu-
below 8000 km. Temperature distribution (Fig. 11b, right) cleation of NAT-like particles is not a statistically significant
shows a small, cold group (190-197 K, 22 %), a tall nar- process for SVC formation.

row group in the 197-203 K range (34 %) and a warm group

(205-210K, 28 %). This suggests that a relatively large num-5.2  |ocal increase in aerosol concentration

ber of C1 SVC with depolarization ratios similar to NAT

crystals stem from air masses that travelled along a relativelysackground aerosols are a potent source of SVC forma-
straight trajectory at stable temperatures colder than 197 Kjony (Thomas et al., 2002). There are many possible path-
(56 % of trajectories) over long periods (up to two weeks). ways for ice nucleation from aerosols, whose local impor-
Such conditions would physically allow the nucleation of ance depends strongly on temperature, mixing ratios of
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Histogram of mean back trajectories temperatures for NAT crystals SVC
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Fig. 11. Distribution of total trajectory length vs. reach away from the SVC (left column) and histograms of mean temperature along the
back-trajectory (right column), for C1 SVC with depolarization ratios between 0.05 and 0.25.
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Fig. 12. Top: daily SG concentrations observed by OMI (STL data from OMS#oduct v.3). Middle: daily scattering ratios observed by
CALIOP between 19 and 21 km in the same latitude band (CALIOP level 1 data v.3.02). Efforts were made to remove observations affected
by the South Atlantic Anomaly. Bottom: daily SVC cloud fraction (percents) from the SEL2 dataset, defined as the number of CALIOP
profiles in which SVC were detected on the total number of profiles. The three time series were averaged using a 15-days moving window
over the Tropics£30°, thick grey line) and three equal bands of latitude: 30-8.(Qred), 10 S—1C N (black) and 10—-30N (blue). Numbers

refer to the eruptions listed in Table 4 and are located on the dates of eruption. The color of their outlines documents the latitude band in
which the eruptions occurred, and grey background indicates the eruption failed to reach the TTL.

participating chemical species, aerosol concentrations andbsorbing water vapor at any relative humidity with respect
size distribution (Lohmann and Diehl, 2006). The active to water, and can subsist as liquid droplets for a long time.
pathway will influence the size and shape of ice crystals inSuch liquid sulfate aerosols (Jensen et al., 1996) and organic
the eventual cloud, and thus indirectly drives its impact onaerosols (Krcher and Koop, 2005) brought from the surface
the radiative budget and water vapor redistribution. In theby convection can freeze either homogeneously or heteroge-
TTL, the possible pathways are somewhat constrained but reaeously (through interaction with solid aerosols), leading to
main numerous. Background sulfuric acid particles grow byice nucleation. Recent research suggests that dry ammonium
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sulfate particles are efficient ice nuclei (Jensen et al., 2010)Table 4. Eruptions considered in the study.
but other aerosols such as mineral dust and organic carbon

(Karcher, 2002) can also play this role. Due to this complex- # Volcano Eruption Latitude reached
ity, the dominant formation processes of in-situ ice clouds in date UTLS
the TTL has still not bee_n asserted with certainty (F_royd _et 1 Soufriere Hills 2006-05 167N  yes
al., 2010), although the importance of anthropogenic emis- >  Hawaii 2006-06 20N no
sions seems notable (Weigel et al., 2011). Because it would 3  Tavurvur/Rabaul 2006-10 °& yes
be too complex to identify the ice nucleation pathway of each 4  Nyiragongo 2006-11 IS no
SVC in our dataset, we tried instead to detect a correlation 5 Nyamuragira 2006-11 1°5 no
between SVC cover and local increase in the atmospheric 6 Piton de la Fournaise  2007-04 213 no
concentrations of certain species due to specific events that 7  Jabal El-Tair 2007-09 152N yes

8 Dalafilla 2008-11 138N no

provide sources of ice nuclei.

5.2.1 Aerosol increase due to volcanic eruptions

L . , . ) The middle row of Fig. 12 shows the coincident daily evo-
We first investigate increases in concentration of sulfateyiqn in the same latitude bands of scattering ratio observed
based aerosols and dust that follow volcanic degassing angy CALIOP between 19 and 21 km of altitude. This ratio be-
eruptions (Lohmann et al., 2003; Bingemer et al., 2012).qyeen the particulate and molecular backscatter can be used
Were such aerosols to play a significant role in the forma-55 4 proxy for concentration levels of UTLS aerosols (as in

tion of the observed SVC population, an increase in Sul-gmier et al., 2011a). According to these time series, aerosol
fate levels would lead to an increase in the total ice particle

| a ase T concentration are initially high, probably due to the layer of
number and a shift of their size distribution towards smallerg itate_hased aerosols created by the Soufriere Hills eruption

crystals. Such changes would register as an incre_ase_ in SV(3 May 2006 that was visible for several weeks in CALIOP
cloud cover measured by CALIOP. The top row in Fig. 12 gyrat6spheric observations (Cam et al., 2007). SR levels re-
shows time series of column-integratedSfbserved by the ... high until the end of 2006, probably sustained by SO

Ozone Monitoring Instrument (OMI) in the Upper Tropo- o the Tavurvur/Rabaul and Nyamuragira eruptions. The
Sphere/Lower Stratosphere (UT,LS) betvyeen 15 and 2_0 kmgg peak in mid-December, in the wake of the Nyamuragira
Using these observations and information from the litera-gpntion, could be due to instrumental artifacts that affected
ture, we identified eight eruptions that could have a poten-ca| |op observations during the first two weeks of Decem-
tial impact on thg TTL levels _of aerosol c.once.nt_rati.ons (Ta- her 2006. S@peaks (top) do not appear instantaneously cor-
ble 4, numbers in Fig. 12), either from direct injection dur- yg|5teq to scattering ratios (middle), as the conversion of SO
ing the eruption or from emissions in the free tropospherey, g ifate-based aerosols might require the appropriate ther-
lofted to the TTL through convection. The eruption of thé 44y namic conditions. Later eruptions (2007 and 2008) do
Soufriere Hills stratovolcano (1), even though it was mod- ot seem to affect significantly the levels of UTLS aerosol

estin terms of stratospheric 3@ading (0.1 Tg, Prataetal., concentrations. Between February and June 2007 scatter-
2007), had probably the biggest influence on the UTLS comyq ratios decrease uniformly in the Tropics, as aerosols are
position during that period (Vernier etal., 2011a). The rest ofgjqyly |ofted to higher altitudes and latitudes, before settling
2006 saw four more eruptions: the strong Tavurvur/Rabaul,, slightly large values in the south Tropies 1.1, red line)

(3) and Nyamuragira (5) eruptions (the former leading to im- o, |gwer values in the north Tropies (.05, blue line). The
portant spikes in UTLS S§)see e.g. Clerbaux etal., 2008), g ation gets reversed in December 2007 until June 2008.
and the smaller Hawaii (2) and Nyiragongo (4) eruptions thatthg eng of the period sees a slight increase in scattering ra-
did not reach the TTL (Yang et al., 2007) and do not registerijos in the north and south Tropics, while values keep de-

on Fig. 12. In 2007 the Piton de la Fournaise eruption (6),¢reasing along the equator (black line). We intend to further
which did not reach the UTLS, and the Jabal EI-Tair erup- gy p|ore those fluctuations in future studies, focusing for in-

tion (7) led to limited increases in UTLS $(xonfined to @  giance on any possible residual aerosol presence in the 30—
single latitude band. 2008 saw several important eruptionsgy ym ajtitude range that could bias molecular calibration
including the Chaiten, but most occurred at high latitudes, g affect the SR time series shown in Fig. 12.
and failed to reach the Tropical band (see e.g. Theys et al., The pottom row of Fig. 12 shows how the SVC cloud
2009 and Karagulian et al., 2010 documenting the trajectoryaction evolves with time in the same latitude bands. Over-
of the plume from the August 2008 Kasatochi eruption in 4 ‘there is no clear correlation with either UTLS levels of
Alaska). So far we have no explanation for the strong in-g, o aerosol concentrations, except for a noticeable in-
crease in UTLS S@shown in Fig. 12 after November 2008, rea5e in SVC cloud fraction coincident with the Nyamura-
the Dalafilla eruption (8) in November being arguably too gira eruption (5) in December 2006. During that period, SVC
weak to even reach the TTL. cloud fraction reaches 3%, almost double its value in the
same period in 2007 and 2008. It is however unclear at this
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point if this increase in cloud fraction is not due to sections5.3 Convective activity

of the Nyamuragira volcanic plume being misclassified as

SVC in CALIOP observations. Plumes can arguable contairDetrainment from cloud systems generated by deep convec-
solid, non-spherical particles that are harder to single out irtion is important for SVC formation (see e.g. Jensen et al.,
CALIOP detections than liquid-based sulfate aerosols (as in996). For instance, tropical cumulonimbus can generate ex-
Sect. 5.1). Smaller spikes in SVC south Tropics cloud frac-tensive cirrus outflow anvils from which larger crystals pre-
tion (up to 2.5%) appear in May and October 2007 and arecipitate, leaving behind optically thin layers of small ice
quite close to the Piton de la Fournaise and Jabal El-Taircrystals. Isolated ice clouds can also form in-situ from hu-
eruptions. However, the latter erupted in a different latitudemid air brought to high altitudes by convection and lofted
band (Vernier et al., 2011b) for which no SVC increase canabove 15km towards and across the cold point of the trop-
be seen, soitis hard to draw any firm conclusion. Correlationical tropopause by the mean clear air ascent (Fueglistaler et

coefficients are fittingly low (0.12 and 0.14). al., 2009).
_ _ Here we investigate whether C1 SVC can be linked to con-
5.2.2 Asian Monsoon aerosol increase vective systems, identified as cold areas in maps of brightness

) ) . , . temperature (BT) indicative of optically thick high altitude
Unrelated to volcanic eruptions and biomass burning, Vernier,5.,ds (Amaud et al., 1992), against the warm background

et al. (2011c) used CALIOP observations to identify a sea-o¢ grface emissions. In order to get global coverage, we

sonal enhancement of the background sulfate aerosol conseq the MERG dataset from the Climate Prediction Center
centration in the upper troposphere (13-18 km altitude range) janowiak et al., 2001). This dataset merges measurements
every year between June and Augusot in the area under the ifzo, five geostationary satellites (GOES-8/10, METEOSAT-
fluence of the Asian Monsoon (15-48, 5-105E). This  7/5 3nd GMS) and maps BT globally with-a4 km resolu-

area is part of the tropical band we are interestedHa0(). tion between 60S and 60 N hourly since February 2000.
Figure 13 shows the SVC cloud fraction in this area (green \ve extracted BT 20km around each point along each
line) fluctuates considerably (probably due to the Sma”erback-trajectory of each C1 SVC from the MERG map clos-

sample size), but is on average equal to the one over the; i time to the point (less than 30 min apart). We com-
whole tropical band-+ 1.6 % for both). It is indeed higher pared the coldest BT in this area with the temperature re-

than average from June to August 2006, a pattern that NOWgjeveq at the back-trajectory point altitude, estimated by

ever does not repeat in 2007 or 2008. Such a seasonal i”ﬂ“I'RACZILLA from the ECMWF input field. When both tem-
ence would however be difficult to separate from the effectSyeratyres are cold, the air mass tracked by the back-trajectory
of the convective activity cycle itself. travelled near the top of a high-altitude convective system.
As an example, Fig. 15 shows brightness temperatures com-
posited from multiple MERG maps covering 15-days trajec-
,2001) ariories originating from a SVC observed over the Atlantic on

Biomass burning events (see e.g. Spichtinger et al. . )
frequent over Africa and Madagascar, and produce hygrod3 June 2006+ 25°W, 0-5 N), back-propagating East to

scopic organic aerosols that can act as ice nuclei (Petters & 110" E and circling back. Most of the BT are warmer than
al., 2009). To investigate the importance of such aerosols or?80 K (red) and denote clear-sky conditions. During the same
SVC formation, we used carbon monoxyde measured fronP€riod, the air masses tracked by th_e back-trajectopes stay
the Microwave Limb Sounder (MLS) in the UTLS (140— colder than 220_K (Fig. 16, red). This means the air mass
215hPa) as a proxy for biomass burning intensity (Filipiak often travelled high above low-level clouds or the surface.
et al., 2005). Figure 13 presents daily CO concentrations av©0ld BT (180-200K) appear 80-100h and340h before
eraged using a 15-days window over the entire period undep VC detection (Fig. 16, black), in thé %-10° E area (blue
study in the same latitude bands as in Fig. 12. These time sd? Fi9. 15 near the SVC location), and indicate intersections
ries show a seasonal evolution of CO, with both hemisphere&/ith high-level convective systems. The difference between
in opposition: maxima occur between June and Septembep | and back-trajectory temperature is less than 20K in these
in the north Tropics, and between October to January inPeriods and areas, symptomatic of an intersection with a

the south Tropics. They are related to the spring increase iffigh-altitude cloud system. , _
biomass followed by summer high temperatures, which in- e analyzed in the same manne7 000 back-trajectories
crease the risk of fires (Folkins et al., 2006). This cyclical fOr the 744 C1 SVC that were identified in Sect. 4. These

evolution is not apparent in the SVC cloud fraction shown Pack-trajectories always stayed colder than 220K, meaning

in Fig. 12 (bottom), whose fluctuations cannot be reconciled?!! the tracked air masses travelled high in the upper tro-
with the carbon monoxyde UTLS evolution. Accordingly, POSPhere over the fifteen days preceding SVC formation.

the correlation coefficient between both time series is 0.09BY comparison, surrounding BT are very warm most of the

which effectively rules out any connection between both phe_time (close to ground temperature), indicating that air masses
mostly travel above areas in clear-sky conditions. For each

nomena. _ X S g
trajectory, we identified where its temperature got closest

5.2.3 Aerosol increase from biomass burning
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Fig. 13. Average cloud fraction of SVC (defined as in Fig. 12) in the Tropical band in the Monsoon-affected area (see text), averaged using
a 31-days moving window to account for the increase in noise due to the smaller sample size compared to Fig. 12.
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Fig. 14. Daily CO volume mixing ratios observed by MLS (Level 2 CO product v.3) between 140 and 215 hPa, averaged using a 15-days
moving window over the same latitude bands as in Fig. 12.

to its surrounding BT. The minimum temperature differencethe ice-based translucent top of convective systems lets warm
across all trajectories is distributed between 40K and 0 Kemissions shine through from lower parts of the cloud (Sher-
(Fig. 17), with a 20K difference being most frequent. Ta- wood et al., 2004). Actual cloud top temperatures are thus
ble 5 documents how frequent are SVC for which at leastprobably colder than the reported BT and the numbers re-
one back-trajectory crosses a convective system, meaning thgorted here are probably underestimates. The points of min-
minimum temperature difference was less than 20 K. Overimum temperature difference are rare in the first 48 h pre-
the entire Tropics, this percentage increases from 24.2 %eeding the SVC detection, and are distributed rather homo-
(JJA) and 17.9% (DJF) over five days 1060 % over fif- geneously over time after that (not shown). The proportion
teen days, meaning that almost two-thirds of the air massesf SVC with NAT-like optical properties (Sect. 5.1) stays the
leading to SVC formation had a close encounter with the topsame (5—-10 %) regardless if the air mass generating the cloud
of an optically thick high-altitude cloud system during the have interacted with convective activity or not.

previous fifteen days. In that period, those trajectories gen- Although these results cannot provide direct evidence to
erally spend less than 24 cumulated hours over convectivelocument how ice crystals nucleation led to SVC formation,
systems and mostly travel over clear-sky areas. Highest pethey show that convective events appear in the recent history
centages are reached during DJF over Afried@ % of SVC  of 24 to 61 % of C1 SVC during JJA and 18 to 60% of C1
related to convection) and during JJA over Central AmericaSVC during DJF over the 2006—2008 period. Our results sug-
(~83%). Over the Asia and Pacific regions, SVC are moregest the influence of convective activity is slightly stronger
related to convection in JJA (62 %) than in DJF (37 to 45 %).in JJA compared to DJF, and is especially noticeable over
Air masses spending more than 24 h above convective sysAfrica and Central America.

tems over the 5 days exist but are rare (less than 10% of
trajectories). On the other hand, 34 % of back-trajectories al-
ways stay more than 40K away than their surrounding BTg
and travelled only over low-level clouds or the surface. Note
that cloud top temperatures re_trieved through thermal im- +his study, we first documented on a global scale proper-
agery analysis have a warm bias of at least several K, ageg of optically thin layers identified in a previous paper as

Summary
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Brightness temperature along 15 days back-trajectories. 2006/06/13/03
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Fig. 15. Brightness temperatures (K) along 10 back-trajectories initialized on 13 June 2006 near 03:15UTC. SVC detectiorisEnear 27
are marked by crosses. This composite map was produced by selecting for each back-trajectory point the MERG map closest in time, anc
extracting brightness temperatures 20 km around the point.

Table 5. Percentage of C1 SVC for which at least one back-trajectory cross a convective system 5, 10 or 15 days before SVC detection in
JJA and DJF. Numbers above the AMA are unreliable given the very small number of SVC observed there.

Africa  Central Am. Asia AMA  Pacific Total

5 days 34.2% 46.5% 8.2% 83% 23.7% 242%
JJA 10days 60.7% 76.1% 44.3% 25% 542% 52.1%
15days 69.2% 83.1% 62.3% 292% 62.7% 61.3%
5 days 35.7% 4.2% 4.4% 40% 54% 17.9%
DJF 10days 55.3% 155% 235% 100% 16.2% 42.1%
15days 78.6% 36.6% 456% 100% 37.8% 59.7%
Back-trajectories temperature / Brightness temperature / 2006/06/13/03 Minimum Delta T JJA and DJF / global coverage
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Fig. 16.Evolution of local temperature (red) and coldest brightnessFig. 17. Distribution of the smallest difference between the tem-
temperature from ISCCP (black) along the ten back-trajectoriesperature at back-trajectory altitude and its surrounding brightness
mapped in Fig. 15, as a function of time before SVC detection. ~ temperature along individual back-trajectories.

subvisible cirrus in more than 2 yr of CALIOP observations. back-trajectories from the TRACZILLA model initialized at
Most of these layers are 500 m thick, colder than 195K, the location and time of SVC detection. Those air masses
extremely thin optically (optical depth below 0.015) and a travelled equally over Asia, Central America and Africa. The
few hundred kilometers wide. We documented the historymean latitude of their trajectories is near the equator in DJF
of air masses that led to the formation of these SVC, usingwhile it is near 30N in JJA (close to the AMA region). To
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restrict our analysis to SVC produced by air masses withter vapor measurements, Wang and Dessler (2012) found at
a clearly identifiable history, back-trajectories were classi-least 30 % of cirrus in the TTL being of convective origin.
fied based on their temperature history coherence over 5, 1They also found this fraction increases as clouds get closer
and 15 days. Most air masses leading to SVC with coherento the cold point tropopause. Our own results are consis-
temperature history observed in DJF Africa originate from tent with those above, as we find 20 to 60 % of SVC re-
Africa or nearby. In the JJA Pacific, more back-trajectorieslated to convection, a number that increases with the con-
come from Central America and move west across the Pasidered time scales. Over five days, we find globally over
cific. the Tropics more SVC associated with convective systems
We studied the importance of three atmospheric phenomeduring JJA (24.2 %) than in DJF (17.9 %), consistent with
ena in temperature-coherent back-trajectories over specifisvang and Dessler (2012). However, over fifteen days this
regions. Back-trajectories staying for more than 2 weeks indifference disappears<(60 % in both seasons) and these re-
extreme TTL cold & 205K), coupled with the analysis of sults are not homogeneous across the different regions con-
SVC optical properties through depolarization and color ra-sidered. Such results help to assess the significance of differ-
tio, suggest heterogeneous nucleation involving uptake oent formation hypotheses, e.g. Schwartz and Mace (2010).
non-ice species such as HN@ a possible formation mech- On the opposite site, by correlating similar CALIOP ob-
anism for a tiny minority of C1 SVC (3.4 %). The concerned servations to atmospheric dynamics derived from reanaly-
SVC population is so small that this process can hardly besis data, Virts et al. (2010) concluded that most TTL cirrus
considered statistically significant for optically thin clouds are formed in-situ through temperature drops associated with
in the TTL. Using spaceborne observations of,SMd CO  Kelvin waves in regions of planetary-scale ascent, and that
as proxies for the intensity of eruption and biomass burn-convection is only important for tropical cirrus at lower al-
ing events, we could only detect a single instance (Decemtitudes (9—-12 km). These results are not necessarily at odds
ber 2006) of local increases in the concentration of liquidwith ours, as both phenomena could simultaneously affect
and solid aerosols having an impact on the SVC cloud covercloud formation. They also remind us of the difficulty to trace
Finally, we studied if air masses that led to SVC forma- cloud formation back to a specific phenomenon, while it re-
tion previously intersected convective clouds identified by quires a combination of several factors (water vapor, temper-
cold brightness temperatures in a global merged dataset. Wature, and the availability of ice nuclei), which is not neces-
found ~ 20 % of SVC are linked to air masses having inter- sarily unique to a specific atmospheric process.
acted with convective activity five days before, and0 % Our results imply that the local increase of water vapor
over fifteen days. Our main objective in this paper was tomixing ratio due to convection, or the advection of small
establish if processes involving specific ice nuclei or traceice crystals remaining after anvil precipitation, are significant
species could be a significant influence in the formation offormation scenarios for a large part of the SVC population.
the newly detected SVC population. By showing a strongOn the other hand, they also imply that at least 40 % of air
link between SVC formation and convection, and a compar-masses had no interaction with convection fifteen days be-
atively minor influence of the two complementary processesfore they led to SVC formation. These clouds were therefore
studied (HNQ inclusion and local increases in liquid and hy- formed in situ through processes that still need to be iden-
groscopic aerosols), our results support the idea that the SV@fied as the two studied here have insufficient explanatory
population described in Martins et al. (2011) is to be first andpower. The predominant ice nuclei responsible for SVC for-
foremost considered as an extension of the more general icamation are not identified yet (Jensen et al., 2001), even if
cloud population in the tropical UTLS towards thinner op- a large body of literature (e.g. Froyd et al., 2010) suggests
tical depths, and for a large part follow the same formationthe homogeneous nucleation of liquid sulfate-based aerosols
scenarios as optically thicker clouds. play an important part. The present study could not ade-
Convection is the only mechanism that brings significantquately link instantaneous changes in SVC cloud fraction
amounts of water vapor up in the TTL (Corti et al., 2008). to local injections of sulfate aerosols, in the troposphere or
It is thus expected that the entirety of water vapor leadingstratosphere, either from eruptions or convection. If these
to TTL cloud formation originates from a convective sys- aerosols are indeed the primary source of ice nuclei in the
tem, considering infinite time scales. For instance, TzellaandJTLS, either (1) the amount of SOoading created by the
Legras (2011) followed air masses over 200 days and founeruptions during the studied period is too small to have any
that ~ 80 % of them originate in a convective system, with significant impact; (2) the availability of water vapor, and
an average- 27 days to reach the 370K potential tempera- not of ice nuclei, is limiting SVC formation or (3) another
ture level from the surface, although vertical transport timesunidentified process inhibits water uptake on those aerosols.
have wide distributions. On shorter time scales, Sassen €fhe activation of nucleation sites by temperature fluctuations
al. (2009) and Riihimaki and McFarlane (2010) found 35 due to atmospheric waves (Virts et al., 2010) is another pro-
to 50% of ice clouds in the tropical UTLS closely related cess that might be important for SVC and that needs to be
to convection on near-instantaneous time scales. Through aaddressed.
analysis of CALIPSO cloud water content and MLS wa-
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In the near future, we plan to further investigate if the no-  J., Spangenberg, D., Sun-Mack, S., and Wind, G.: Comparison
ticeable increase in Tropical SVC cloud fraction in late 2006 of CALIPSO-Like, LaRC, and MODIS Retrievals of Ice-Cloud
can be traced back to the dissipation of the low-stratosphere Properties over SIRTA in France and Florida during CRYSTAL-
aerosol layer from the Soufriere Hills. We also plan to com-  FACE, J. Appl. Met. Clim., 46, 249-272, 2007.
bine the back-trajectory approach with case studies of Svcclerbaux, C., Coheur, P. F., Clarisse, L., Hadji-Lazaro, J., Hurt-
with specific optical properties, to better evaluate the nature "2nS: D~ Turquety, S, Bowman, K., Worden, H., and Carn, S.
of particles composing them, using for example in-situ mea- A Measurements.of SQ 29roflles in volcanic plumes from the

. NASA Tropospheric Emission Spectrometer (TES), Geophys.
surements from the TC4 expgrlment (Toon et a]., 2010).. An- pos Lett.. 35, L22807oi:10.1029/2008GL03556@008.
other avenue of research we intend to explore involves idencyti 7. Luo, B. P, de Reus, M., Brunner, D., Cairo, F., Ma-
tifying the point of SVC formation along the air mass tra-  honey, M. J., Martucci, G., Matthey, R., Mitev, V., dos Santos,
jectory. This would require access to the evolution of water F. H., Schiller, C., Shur, G., Sitnikov, N. M., Spelten, N., Voss-
vapor mixing ratio and supersaturation levels with time along ing, H. J., Borrmann, S., and Peter, T.: Unprecedented evidence
the trajectory, which could be retrieved for instance from for deep convection hydrating the tropical stratosphere, Geophys.

high-resolution water vapor fields out of mesoscale models Res. Lett., 35, L1081@0i:10.1029/2008GL033642008.
Smith, J. B., and Kok, G. L.: Comparisons of in situ measure-
ments of cirrus cloud ice water content, J. Geophys. Res., 112,
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