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Abstract. The evolution of aerosols in the tropical upper 1 Introduction

troposphere/lower stratosphere between June 2006 and Oc-

tober 2009 is examined using the observations of the spacgost natural and human-made short- and long-lived trace
borne CALIOP lidar aboard the CALIPSO satellite. Super- gases controlling stratospheric chemistry and radiative bal-
imposed on several volcanic plumes and soot from an exance are emitted at the surface and rapidly lifted up in the
treme biomass-burning event in 2009, the measurements r§rgpjcs by convective systems. They reach the maximum out-
veal the existence of fast-cleansing episodes in the lowefiow of convective systems near 14 km within a few hours
stratosphere to altitudes as high as 20km. The cleansinggettelman and Forster, 2002), from where they are trans-
of the layer, which extends from 14 to 20km, takes placeporied upward across the Tropical Tropopause Layer (TTL)
within 1 to 4 months during the southern tropics convectiveinig the stratosphere and distributed globally by the Brewer-
season that transports aerosol-poor tropospheric air into thgopson circulation (Holton et al., 1995). Two mechanisms
lower stratosphere. In contrast, the convective season of thgontripute to the transport across the TTL: a slow ascent on
Northern Hemisphere summer shows an increase in the partly time scale of 6 to 9 months up to 20 km by radiative heat-
cle load at the tropopause consistent with a lofting of air richijng of air masses (Holton, 1995; Corti et al., 2005; Yang
with aerosols. These aerosols can consist of surface-derivegh 5. 2008; Fueglistaler et al., 2008) and fast convective
material such as mineral dust and soot as well as liquid sulyyershooting updrafts above land thunderstorms as proposed
fate and organic particles. The flux of tropospheric air dur-py panjelsen (1982, 1993). Convection associated with the
ing the Southern Hemisphere convective season derived fromsian monsoon during the Northern Hemisphere summer
CALIOP observations is shown to be 5 times at 16 km andmay also contribute to the latter mechanism bypassing trop-

20 times at 19km larger, respectively, than that associategrg| greas (Dunkerton, 1995; Gettelman et al., 2004; Randel
with flux caused by slow ascent through radiative heating.et g1, 2010; Fu et al., 2006).

_These rgsults suggest that convective overshooting is a mMa- 5 o to the time required to ascend through the TTL by
jor contributor to troposphere-to-stratosphere transport with L . . . .

. T : slow radiative heating, very short-lived chemically active
concomitant implications for the Tropical Tropopause Layer

top height, the humidity, the photochemistry and the thermalspemes should be deactlvated and the air is expected to be
dehydrated at the cold point tropopause. Although recog-
structure of the layer.

nized to occur episodically (Danielsen, 1982, 1993), fast
convective overshooting of adiabatically cooled air is gen-
erally believed to occur too infrequently to be significant
in the overall mass flux (Fueglistaler et al., 2008 and ref-
erences therein). However, recent observations adjacent to
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HIBISCUS (Pommereau et al., 2011) and TROCCINOKX (i.e. “washout”). Since at least 1% of tropical convective
(Chaboureau et al., 2007) in Brazil, SCOUT-O3 in north- systems reach the TTL (Liu and Zipser, 2005), the process
ern Australia (Brunner et al., 2009) and SCOUT-AMMA in might be an important sink of aerosols below the tropopause
West Africa (Cairo et al., 2010), have shown that convectivein this region (Hamill et al., 1997).
overshoots are more common than previously thought. They The objective of this paper is to further examine the
can reach altitudes as high as 19 km and thus strongly impadCALIOP clean air events from the beginning of the mis-
the thermal structure of the TTL (Pommereau et al., 2011;sion in June 2006 until October 2009, and their possible re-
Cairo et al., 2010). Moreover, during these field campaignsjation with convection in the tropics. Section 2 provides a
the air was not found to be dehydrated as often assumediescription of CALIOP aerosols observations in the UT/LS,
but instead associated with water vapor enhancements aftéollowed in Sect. 3 by a comprehensive analysis of the verti-
evaporation of the injected ice crystals (Nielsen et al., 2007 cal and latitudinal clean air propagation during the Northern
Chaboureau et al., 2007; Corti et al., 2008; Khaykin et al.,Hemisphere (NH) fall-winter-spring in 2007—-2008. This pe-
2009), a process relatively well captured by cloud resolvingriod is the optimum period as it is least affected by volcanic
models (CRM) (Jensen et al., 2007; Chaboureau et al., 2007 fire events of any period in the CALIOP record. The ori-
Grosvenor et al., 2007). gin of the clean air is investigated in Sect. 4. Section 5 pro-
Although the frequent occurrence of such events over tropvides an estimate of tropospheric air mass fluxes at the globall
ical continents is becoming more widely accepted, their conscale derived from the observed cleansing compared to the
tribution to troposphere-to-stratosphere transport at globatontribution of slow ascent by radiative heating, and Sect. 6
scale is still debated. There are indications howeverdiscusses alternative microphysical and dynamical processes
that it might be more significant than previously thought. which could also contribute to the observations. The conclu-
For instance, the Tropical Rainfall Measurements Mission-sions are summarized in Sect. 7.
Precipitation Radar (TRMM-PR) indicates that at least 1%
of storm turrets reach the TTL (Liu and Zipser, 2005), partic-
ularly over Africa (Zipser et al., 2006; Liu and Zipser 2009). 2 Cleansing of the UT/LS as seen by CALIOP
Since TRMM-PR are only sensitive to large hydrometeors
produced in the core of deep convective systems, this perThe CALIPSO mission, a collaboration between the National
centage could be significantly underestimated. Aeronautics and Space Administration (NASA) and the Cen-
Trace gases measurements in the UT/LS such ascOht tre National d’Etudes Spatiales (CNES), is dedicated to the
centration from HALOE, MO from ODIN-SMR, NO and  study of clouds and aerosols from the troposphere to the
CO from AURA-MLS, show maxima in the lower strato- stratosphere (Winker et al., 2010). As a part of the A-Train
sphere over tropical continents (Ricaud et al., 2007; Schoeeonstellation, the satellite is in polar orbit at 705 km, provid-
berl et al., 2006), indicative of fast vertical transport over ing measurements at 01:30 and 13:30 LT with a repeat cycle
these areas. Finally, the high-resolution aerosols profiles 0bf 16 days. Since June 2006, the CALIOP lidar measures
the CALIOP lidar observations show an apparent aerosobackscatter profiles at 532 nm and 1064 nm, and depolariza-
cleansing of the TTL and lower stratosphere during thetion at 532 nm with a vertical resolution of around 200 m in
Northern Hemisphere winter that may be linked to convec-the stratosphere (Hostetler et al., 2006). Because of the low
tive overshooting (Vernier et al., 2009). signal-to-noise ratio on individual profiles, the detection of
Except for infrequent strong volcanic eruptions (Mc- aerosols in the stratosphere requires averaging. A method
Cormick et al., 1995), the sources of aerosols in the trop<for deriving the Scattering Ratio (SR) (Eq. 1) has been de-
ical Upper Troposphere and Lower Stratosphere are poorlyweloped by Vernier et al. (2009). The procedure is based on
understood. In situ particle measurements have shown thaveraging 532 nm nighttime-only measurements in one de-
the production of Aitken nucleir(< 50nm) is very high  gree latitude bands{300 profiles) and further arranged into
in the tropics compared to the mid-latitudes due to gas-to-a regular grid of 1 latitude x 2° longitude and 200 m in
particles conversion of SOand other gas precursors (e.g. altitude for the CALIPSO 16-day repeat cycle. To rectify a
DMS) (Brock et al., 1995). High altitude aircraft particle known CALIOP calibration deficiency that is particularly im-
composition and volatility measurements have indicated theportant in the UT/LS, all data are corrected using the recali-
presence of aerosols, largely made of a sulfate-organic mixbration technique described in Vernier et al. (2009). Artifacts
ture, and, to a smaller extent, black carbon and other carin the CALIOP SR time series created by sudden changes
bonaceous materials (Froyd et al., 2009; Spackman et alin the GEOS-5 temperature at 36—-39km, the aerosol free
2011; Bormann et al., 2010). But CALIPSO and SAGE Il altitude layer used for adjusting the calibration, have been
have also demonstrated that even small volcanic eruptionsemoved by replacing the GEOS-5 temperatures with those
contribute significantly to the sulfate load of the tropical of the ECMWF ERA-INTERIM reanalysis found to better
lower stratosphere (Vernier et al., 2011b). The lifetime of match the temperatures observed by MLS/Aura (Schwartz
aerosols in the upper troposphere is controlled by convectioret al., 2008). In addition, a mask for the South Atlantic
by which they can be removed and precipitated to the groundAnomaly (SAA) has been applied with which all 532 nm
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profiles showing dark noise greater than 100 photons in this
area have been discarded (Hunt et al., 2009). Finally, clouds
below 20 km have been filtered on the same grid by remov-
ing all pixels for which the mean volume depolarization ratio
(8) is greater than 5 % using Eq. (2).

SR Prartt Amol ) E
Bmol <
s PrtBL B
BL

wherefmol and Bpart represent the molecular and particulate
backscatter (note that the sum of both corresponds to the to-
tal backscatter as reported by the CALIOP lidas). is the
perpendicular backscatter at 532 nm measured by CALIOP
which is sensitive to aspherical particles such as ice crystals. _ )
B, is the parallel backscatter at 532 nm. Fig. 1. Mean CALIOP Scattering Ratio (SR) (contour steps 0.02)
Shown in Fig. 1 is the resulting evolution of the CALIOp Pétween 14-30km and 26-20' N from June 2006 to October
zonal mean SR between 14—30 km within the B620° S 2009 after remoovmg cloudy plxels of depolarlz_atlo_n I’&:)IIO at532 nm
tropical band (after removing the SAA) from the beginning greater.than 5%. The precision of the.SR profilesis 2 %, the vertlgal
of the mission in June 2006 until October 2009. This is com-[iisec;h:;znt;?]o gaizfethig:ﬁaﬁzsgzog :15281 a}éb Srggv gnbg ;ggtli
plemented by Fig. 2, which represents the time/latitude crosgach identifie?j plume iz indexed and listed in Table 1.
sections of the same quantity at four potential temperature
levels: 380K (17 km), 420K (18.5km), 460K (20 km) and
500K (21.5 km). The blank section in February—March 2009 Table 1. List of volcanic eruptions with their corresponding Vol-

on both figures is due to an interruption of the CALIOP mea- ¢anic Explosivity Index (VEI) or fires that have produced a plume
detected by CALIPSO during the 2006—2009 period.

Juloé Jan07 Julo7 Jan08 Julog Jan09 Julog

SR@532nm

1.00 1.04 1.08 1.12 1.16 1.20

surements.

Several volcanic events with a Volcanic Explosivity Index
(VEI) of 4, listed in Table 1, can be seen in the tropics in Fig.1 Volcano/Fire Date Latitude  VEI
as well as at mid-latitudes (Fig. 2) with SR values greater Soufriere Hills (1)  20-May-06 18N 47
than 1.2. The largest feature is associated with the eruption Tavurvur (2) 7-Oct-06 as 47
of the Soufriere Hills volcano (index 1 in Figs. 1 and 2) on Jebel Al-Tair (3)  30-Sep-07 23 4?
Montserrat Island in the Caribbean on 20 May 2006. The Okmok (4) 12-Jul-08 55N 4
plume remained in the tropics at 18—20 km (460 K) for 4-5 Kasatochi (5) 7-Aug-08 33N 4
months before starting to ascend into the tropical stratosphere Fire/Victoria (6) ~ 7-Feb-09  37S
eventually reaching 25 km more than a year later. A second Sarychev (7) 12-Jun-09 481 47

volcanic feature, less intense, is seen in October—December

2006 after the eruption of the Tavurvur (2) cone of the Rabaul

volcano in Papua-New Guinea on 7 October. The lifetime of

this plume is much shorter than the first one as it is rapidly In addition to these events, aerosol layers (index M in
transported to mid-latitudes at isentropic levels from 360 toFig. 2) are also present at 360-400 K from June to Septem-
440K (Fig. 2) and replaced by air of low aerosol concentra-ber, more intense in the Northern Hemisphere subtropics and
tion in the tropics. Other volcanic plumes can be seen durat mid-latitudes, when no volcanic events could be identified
ing the summers 2008 and 2009 in the Northern Hemispheré 2006 and 2008. These aerosol layers appear every year
(NH) after the eruption of Kasatochi (5) in Alaska (US) on during the Asian monsoon period, extending from Western
7 August 2008 (Bourassa et al., 2010) and Sarychev (7) irAsia to Eastern Mediterranean (Vernier et al., 2011a). The
Kamchatka (Russia) on 12 June 2009. Both plumes are furmonthly mean latitude-height cross-sections between June
ther transported to the northern tropics, but more rapidly atand September in 2007 over Asia (not shown), indicates that
lower (380 K) than at higher levels (460 K) (Fig. 2), creating they do not come from an old volcanic plume transported
an apparent ascent in the tropics (Fig. 1). The remaining feasouthward across the weak barrier afforded by the NH sum-
ture seen at 480-520K (21 km) in March—April 2009 after mer jet stream (Chen, 1995; Dunkerton, 1995), but rather
the data gap (Figs. 1 and 2), with a SR between 1.10-1.20, i§om the deep convective outflow of the Asian monsoon.

not the signature of a volcano but of soot particles (6) from Besides those features, the “clean air” events are partic-
an extreme biomass-burning episode near Melbourne in Vicularly noteworthy. These events have a scattering ratio less
toria (southern Australia) on 7 February 2009 (Trepte et al..than 1.04 that form near the base of the TR14 km) and
2009). propagate rapidly upward. Since the CALIOP lidar at 532 nm

www.atmos-chem-phys.net/11/9683/2011/ Atmos. Chem. Phys., 11, 96832011



9686 J.-P. Vernier et al.: Overshooting of clean tropospheric air in the tropical lower stratosphere

Latitude
o

Juloé Jan07 Julo7 Jan08 Julog Jan09 Julog

Latitude

SR@532nm

Latitude

Juloe Jan07 Julo7 Jan08 lJ\DB Jan09 Julog
360—-400 K
0 ;» = s = .» = == S —— 45 = i

Latitude
o

2 > - —
—20 =+ =

- - =
pE - 3 e G~ e

Juloe Jan07 Julo7 Jon08 JulD8 Jan09 Julog

Fig. 2. Latitude-time cross-sections of CALIOP SR within 40K (1.5 km) thick layers centred at 380K (17 km), 420K (18.5km), 460K

(20 km) and 500K (21.5 km) from June 2006 until October 2009. The black dotted curve shows the timing of the uplift of clean air if it was
due to slow ascent by radiative heating as calculated by Yang et al. (2008). Letter M corresponds to the aerosol feature associated with the
Asian monsoon.

is primarily sensitive to particlc_es with radii !arger than 30 nm, Moy 2008 September 2008
a “clean air” event refers to air masses with low densities of — R ‘ ‘ ‘
such particles. The first event in early 2007 can be seen from orc 28]

14 to 18 km (360—-440 K), more pronounced in the tropics and
that rapidly replaced the Tavurvur plume. A similar episode 25t
occurred during the same season in 2008, a year undisturbec
by volcanoes and fires, the lower stratosphere being cleansec
up to 19-20 km and remained relatively aerosol-free until the = »
following year between 18 and 21 km (440-520 K). The ver-

tical propagation of the clean air during the NH winter 2007—
2008 is compared in Fig. 2 to the theoretical ascent of the

Altitude (km)

20

lowest bulb of clean air from 380K to 500K using Yang et o e T e 1o e e e e

al. (2008) estimations. The observed propagation is much SR@5320m SR@5320Mm

more rapid than the one deduced from the radiative ascent ) L
model. Fig. 3. Left: SR (red) derived from the aerosol size distribution of

a balloon-borne Optical Particle Counter &%in Brazil in May

Though of higher resolution and free of clouds interfer- 2008; right: mean scattering ratio reported by BKS sondes@ah12
ence in the CALIOP data, the cleansing of the lower strato-in Niger in September 2008; both compared to CALIOP SR within
sphere during the NH winter-spring, resulting in an aerosola box of+7° latitude-70° longitude centred at the location of the
annual cycle, was observed by SAGE Il at 18 km betweenballoon flight.
1998-2005 (Thomason et al., 2008). It is also confirmed by
independent balloon measurements in the tropics within the
SCOUT-03 project shown in Fig. 3 displaying: (i) the SR +7° latitude £70° longitude centered at the respective bal-
derived from the particle size distribution of an optical parti- loon locations. Both balloon data show a drop of SR between
cle counter (OPC, Deshler et al., 2003) during a flight in May 17 and 20 km consistent with that reported by CALIOP. The
2008 from Teresina in Brazil at°%, (i) the mean SR pro- peaks below 17 km in the BKS profile are due to the pres-
file measured by backscattersondes (BKS, Rosen and Kjomence of high altitude clouds that are discarded in the CALIOP
1991) flown in September 2008 at°l® in Niamey, Niger.  analysis. The aerosol enhancement observed by CALIOP at
Both are compared to the mean CALIOP SR within a box ofand below 17 km in September 2008 is due to the debris of
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Fig. 4. Latitude-height cross-sections of mean CALIOP SR from September 2007 to August 2008 every two months. Shown by white lines
are temperature potential levels at 380, 420, 460 and 500 K and by red lines the mean cloud top height (zonal mean depolarization ratio
5%).

the Alaskan volcano in the northern part of th&° latitude 3 Location and vertical propagation of the cleansing
box (at 360—400 K in Fig. 2).

Features such as volcanic or soot plumes are observe8ince the low signal-to-noise ratio of CALIOP does not allow
in the tropical and extra tropical UT/LS during the first 40 constructing SR maps between 15 and 20 km with a tempo-
months of the CALIPSO mission providing unprecedentedral resolution of less than 2 months, and the Quasi Biennal
insight into their vertical and meridional transport. The Oscillation (QBO) was in its easterly phase during the winter
Soufriere Hills plume is slowly transported in the middle 2008 with zonal wind speed of arourdl5 ms™! at 50 hPa
stratosphere at an average velocity of 300 m mortthy the  (www.cpc.noaa.gov/data/indices/qbo.u50.index air mass
Brewer-Dobson circulation and displays features similar toin the tropical lower stratosphere was circumnavigating twice
that of the well known water vapor tape recorder (Rosenlofduring this two-month period, making it difficult to deter-
et al., 1995; Mote et al., 1996). The meridional transportmine a possible longitudinal dependence of the cleansing.
of the plume in or out of the tropics is shown to depend on We then choose to look at two-month cross-sections
the altitude, faster at lower levels and becoming gradually in-shown in Fig. 2 for October 2007 through September
hibited at increasing altitude until reaching the tropical pipe 2008 annotated with the mean zonal cloud top in red in
(Plumb, 1996). This is consistent with the drop of ozoneFig. 4. The zonal cloud top is determined using the mean
variability at this level reported using circumnavigating long- zonal depolarization ratioSf, derived from the statistics of
duration balloon measurements by Borchi et al. (2007). Oncloudy/aerosols pixels separation as described in Sect. 2.
the other hand, the volcanic plumes in the TTL and tropicalFrom this figure, it can be seen that the cleansing of the
lower stratosphere are shown to disappear more quickly thaJTLS starts in October/November 2007 and continues in
expected based solely on meridional transport but are als®ecember/January with SR values falling below 1.04 be-
influenced by clean air episodes especially pronounced between 14km to 17 km. The low aerosol region propagates
tween 20 S—-10 N during the Northern Hemisphere Winter between 20S-5 N in phase with the latitude of cloud tops.
at 14-20km (Figs. 1 and 2). The only period undisturbed byThe cleanest period occurs in February—March where low SR
additional aerosol input is the 2008 NH winter during which values reach altitudes as high as 20 km, 2-3 km higher than
the clean air is observed to propagate rapidly in the TTL andcloud tops, making the whole TTL and the lower stratosphere
lower stratosphere up to 19-20 km. virtually free of aerosol. Later in April-May, an isolated
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AEROSOL AND CONVECTION CYCLE 14-17 km
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Fig. 5. Evolution of the mean SR between 14-17 km from CALIPSO. Superimposed are, in red, the mean ITCZ latitudinal location as
revealed by the 10th and 90th percentile frequency of MCS and in white, that of cirrus clouds, given respectively by the TRMM PR and
CALIPSO. The cloudy pixel from CALIPSO are determined using the depolarization ratio channel. The white arrows represent the mean
meridionnal component of ECMWF wind field every 16 days.

bulb of clean air is seen at 18-20 km betweef N620° S due to the persistent thick cirrus cloud layer up té li0n the
above cloud tops, which remains at this level until Septem-West Pacific where the tropopause is the highest and coldest
ber 2008. Also seen in April-May is the presence of an(Sassen et al., 2009). In contrast, the ITCZ area extends to
aerosol layer at 16—17 km, between 10=RQreinforced and  higher latitudes than the clouds at 14-17 km in the summer
extended to higher latitude in June—-July, before the arrival ofof both hemispheres and particularly in the North. This is
the Kasatochi plume. likely due to the less frequent clouds during CALIPSO over-
passes at 01:40a.m. and p.m. over land convective regions
(monsoon in the north) whereas cloud cover exhibits a large
diurnal cycle with a strong maximum around 16:00-17:00 h
local (Liu and Zipser, 2005).

Aside from volcanic plumes during the NH winter 2006
(Tavurvur, 0-20S) and the NH summers of 2008 and 2009
(Kasatochi, Sarychev, 20-50), the aerosols in the TTL
show an annual cycle. The maximum cleansing of the 14—
17 km layer is located in the middle of the ITCZ area in the
Southern Hemisphere {5-25 S) during the northern win-

To shed light on the relationship between cleansing
episodes and deep convection, Fig. 5 shows the latitudi-
nal evolution of the SR between 14-17 km together with
the location of the Inter Tropical Convergence Zone (ITCZ)
at 14km as inferred from the TRMM Mesoscale Convec-
tive Systems (MCS) position (red) and the CALIPSO cloud
cover (white). White arrows show the mean meridional
wind every 16 days derived from ECMWEF at 100 hPa. The
TRMM MCSs are selected by considering contiguous pre-

tcrl]pnagg%grzeas grhe_ater ttf;an folaolj(m r?f'haf 5'9_”‘?" Iarge; 5 ter but extends further north and south than the limits of the
an reaching at leas m, With @ MINIMUM OF 2 \ 107 503 As shown by the meridional wind arrows, this
flashes as observed by the Lightning Imaging Sensor (LIS) altitude level corresponds to the upper branch of the trade

also on TRMM. The flash discrimination is chosen to se- wind Hadley cell which is associated with the advection of

lect only MCSs with strong updrafts inducing hai format|or_1 airmasses from the ITCZ to the subtropics where there is no

"’?”d lightning. All MCSs are extracted with those four condi- more convection. In contrast, it is the opposite in the North-
tions from the TRMM databas@t(tp.//trmm.chpc.utah.ea)J/ ._ern Hemisphere summer, where a maximum aerosols load is
from June 2006 to February 2009 and sorted into 16-day b'n%bserved between 20~ in the northern part of the ITCZ
comparable to CALIPSO. The limits of the ITCZ (red line) rea. Thus, the impact of convection on the TTL aerosols

from these observations are derived using the 10th and 90t :
percentile of latitudinal position of MCSs. The CALIPSO su&:?a?eay depends on the amount of aerosols available at the

cloud area is derived from the depolarization channel as de-
scribed above (Fig. 4). As above, the bounds of clouds are
defined by the 10th and 90th percentile latitudinal location of
cloudy pixels. The term “cloudy pixels” represents all types
of clouds observed by CALIPSO including storms, anvils
and cirrus. During the NH winter, the clouds extend to higher
latitude than the ITCZ defined by the MCSs location likely

Atmos. Chem. Phys., 11, 9683696 2011 www.atmos-chem-phys.net/11/9683/2011/
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Fig. 6. Bimonthly maps from October 2007 to September 2008 of TRMM Mesoscale Convective Systems-(ME&®) tagged with

MODIS Aerosol Optical Depth. The nearest AOD value of each MCS was extracted from MODIS AOD grids with a temporal and spatial
resolution of 2 days and°3don x 3° lat. MCS that could not be tagged where no AOD value was available are in black. The AOD fields
have been constructed using the MODIS Level 3 daily joint aerosol/water vapor/cloud product of the Terra space borne platform that cross
the equator at 10:30 a.m. LT.

4 Modulation of the aerosol loading inthe TTL by deep  during the local summer convective season. The statistics
convection of tagged-AOD MCSs is given in Table 2 for the different
maps of Fig. 6. In October—November, the maximum of

: : tential aerosols lofting occurs over East Amazonia next
As previously shown, the cleansing of the lower stratos herd© . . ) .
P y g P to the arid N-E Brazil, where a maximum CO in the lower

is correlated with the southern tropics convective season,
but if not anticorrelated with the Northern Hemisphere Stratosphere was also reported by Schoeberl et al. (2006). In

season. We evaluate the convective transport of low versuQ ecember—Jan_uary 2008, the convective qctivity Is .greatest
high aerosol loading of tropospheric air masses in the TTLabove the continents of the Southern Hemisphere, in South

by studying the geographical position of MCSs as SeenAmerica, South Africa, Indonesia and northern Australia.

by the TRMM radar relative to the amount of aerosols $/|3(.E)/S ()fcg]urrtgd n relatltv_e <(::|ea{1 elzrll\vfw_onmehnt (Agﬂ)'d')t.
in the troposphere. Since deep convection is known to o of the ime except In Lentraj Alrica where convection

show a pronounced diurnal cycle of peak intensity in |atec0incides with the beginni_ng of biomass bu.rning S€ason as
afternoon (Liu and Zipser, 2005), we have used the AerosoE‘Qggﬂegtmebggx:;rrfaggeasgiﬁg%%t:ﬁwgg: /\ﬁg)w%rﬂgf lon
Optical Depth (AOD) from MODIS on the TERRA satellite o : = y '
platform at 10:30a.m. LT. Figure 6 represents bimonthlydl_MODALZ*MAERDD\&dZ_MODMALM*FIRE)'

maps from October 2007 to September 2008 of IVICSDuring this period, the Harmattan wind from the north-east
locations reaching at least 14km tagged with the nearesidvects Saharan dust towards MCSs in Western Africa.

value of MODIS AOD in space and time. Since more than ater in the winter season (February-March 2008), the
one day of observations is required to obtain a completeITCZ and land convection have moved northward but still

spatial coverage, two days mean AOD maps have beeﬁemain in clean tropospheric conditions with 76 % of MCS
constructed with a spatial resolution of ®Bn x 3° lat from with AOD <0.4. In early spring, in April-May, the aerosol

the MODIS level 3 daily joint aerosol/water vapor and IAogcgngojssgciitg(()j/ with con(\j/etction increase; d(MC$h_of
cloud product. As shown by Liu and Zipser (2005), the >0.4) by 10% compared to previous periods. This

maps indicate that deep convection is dominant over IalnGt:)olluted convection occurs primarily in Western and Central
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Table 2. Percentage (number) of Mesoscale Convective Systems (MCS) that was tagged witk:=AQ@P (column 1), 0.2< AOD <0.4
(column 2) and AOD>=0.4 (column 3). The last column shows the percentage of events that could not be tagged.

Period/AOD ~ AOD<=0.2 0.2<AOD<0.4 AOD>=04 NA

Oct-Nov-07  34%(377MCS) 39(432) 14(157)  11(128)
Dec—Jan-08 34(362) 42(445) 9(98)  12(134)
Feb—Mar-08 35(365) 38(392) 13(141)  12(131)
Apr-May-08 31(333) 36(383) 21(226) 10 (111)
Jun—Jul-08 29(325) 30(341) 25(289)  14(165)
Aug-Sep-08 31(354) 33(371) 24(276)  10(121)

African regions of biomass burning and Saharan dust, bupeak is not seen on the Al that rather shows a slight maxi-
also in South East Asia when the monsoon onset is reachingium expending from April to November.
the Bay of Bengal and Thailand. The highest level of aerosol The relationship between Al and CALIPSO SR is reason-
associated with convection occurs during the NH summerable, indicating that air masses transported by deep convec-
(June—July 2008 and August—September 2008), where 25 %on from the relatively clean surfaces of the southern trop-
of MCSs are associated with AOP0.4 and 65 % of MCS ics (Congo, Amazonia and Indonesian Islands) may be in-
tagged with extreme AOD values-(.6) are located over deed responsible for the cleansing of the TTL during the NH
Southeast Asia (NE China and NW India). As shown by Deywinter. The contrast between the convective cleansing ob-
et al. (2010), polluted aerosols with dust dominate the pop-served in the South and the reinforcement of aerosols in the
ulation of particles especially in northeast India and alongTTL in the North is consistent with the increased Al during
the Indo-Ganges basin. Deep convection occurring ovethe NH summer by convective lofting of natural and anthro-
those regions could transport aerosols upwards, confirmingpogenic aerosols during the Asian and African monsoon sea-
the possible convective origin of an elevated layer observedons (Fig. 7).
during the Asian monsoon reported by Vernier et al. (2011a). However, the rapid cleansing of the TTL up to 19-20km
To better quantify the impact of convection on the during the SH convective season shows significantly higher
TTL aerosol load, we have created an Aerosol Index (Al, vertical propagation than of the aerosol enhancement in the
Eq. 3) that is the average of the tagged MCS-AOD occurringNH convective season that is limited to 16-17 km. This
within a 16-days period in a particular latitude band. It is might be related to the influence of the aerosols on convec-
given by tion intensity. Rosenfeld et al. (2008) suggested that the vig-
orous convection as inferred from the Convective Available
1 Potential Energy is maximum with AOD close to 0.25. This
Al(t) = v Z MCS(n,t) x AOD(n,t), ®3) value is remarkably close to the lowest Al values reach (that
n=1LN represent also a mean AOD) in the Southern tropics during
the NH winter when the cleansing is more intense, reaching

wherenr is the index of each MCSN the total) occurring iis high as 1920 km.

in the time and space resolution as described below. The A
has been computed from TRMM and CloudSat MCSs ex-
tracted for the later one from the University of Utah databases |mpact of overshooting updrafts at the global scale
(http://trmm.chpc.utah.eduby selecting convective events

reaching 14 km of at least 500 km horizontal extension. Fig-The mass flux of tropospheric air required for explaining the
ure 7 shows a comparison between this index and the meadeansing of the TTL during the SH convective season was
CALIOP SR between 14 and 17 km. To emphasize the eftentatively derived from the drop of aerosol observed dur-
fect of deep convection on the TTL aerosols, we have caling the period November 2007—February 2008 (Fig. 5). Fig-
culated the mean CALIOP SR within the ITCZ from the ure 8 illustrates the conceptual model used to calculate the
10th and 90th percentile CALIPSO cloudy pixels (latitude time constant of dilution and the total mass flux between
band within the white line in Fig. 5). Since volcanic plumes the troposphere and the stratosphere corresponding to the up-
from Tavurvur and Sarychev contaminate the years of 2006irafts. As detailed in Appendix A, a mass conservation flux
and 2009, respectively (Figs. 1, 2 and 5), we focus on thes applied to the rectangle on the top of the anvil to estimate
2007-2008 period. The annual cycle of TTL aerosols fromthe amount of clean tropospheric air required at a level
CALIPSO is well matched by the Al deep convection-AOD cleanse up the lower stratosphere. Assuming a constant size
model without significant phase lag using TRMM as well as distribution and similar composition for the aerosols populat-
CloudSat. However, the strong summer time CALIPSO SRing the UTLS, the CALIOP (SR-1) (SR=t Bparfmol) Can
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Table 3. Average mass flux in Fkgs~1 and time constantz{ in month, required for a (SR-1) decrease by 63 % in the TTL between
20° S—0 S between 15km—20 km. Values are derived from the overshoot dilution model (Appendix A) and compared to radiative heating
calculations by Corti et al. (2005) on yearly average basis and by Yang et al. (2008) during the NH winter only.

Altitude  Mass flux from CALIPSO From Corti  From Yang
(1B kgs1 etal. (2005) et al. (2008)

15km 780+ 390 t =1.5+ 0.5 months) 139

16 km 670+ 340 =154+ 0.5) 102 56

17 km 430+ 160 t =2+ 0.5) 65 74

18km 240+ 60 (r =3+ 0.5) 19 28

19km 200+ 50 (r =3+ 0.5) 9 9

20km 120+ 20 (r=4+0.5) 9 9

be considered to be proportional to an aerosol mixing ra- ‘ ‘ perosol Index TTL

tio. After applying the mass and aerosol mixing ratio flux RO CALPSO

1 X1 10 1 : AERO INDEX TRMM-MODIS
conservation, the aerosol mixing ratio is shown to follow an ‘ ~— o ot Guasemsiooos ||

e-folding law, where, the time constant required for (SR- 110 Y 7\
. . . r VAAVA \ [ —0.3

1) to decrease by 63 %, is directly proportional to the mass - ﬂ\/ /\N[w, \\« M‘/\\ =

L W ’ \\ ’\ \/\//\\ 3

flux. The timer required for such reduction in CALIOP ob-
servations ranges from 1450.5 months at 15 km, to-8 0.5
months at 18 km, and#4 0.5 months at 20 km (Table 3). The I :
fluxes corresponding to the cleansing of each layer at global 1.0l ‘ ‘ ‘ ‘ ‘ ‘ ‘ Joo
Scale Shown |n Table 3, are 73{390X 1@ kg S_l at 15 km Jan0B Juloé Jan07 Julo7 Jan08 Jul08 Jan09 Julg9 Jan10

and 240+ 60x 10Pkgst at 18km. Below 18km, they are . o
5 to 12 times larger than those derived from radiative heat-F'9- 7- CALIPSO mean SR between 14-17km (black line) within
ing calculations by Corti et al. (2005) and Yang et al. (2008)_the ITCZ area” delimited by the 10th and 90th percentile of the

. . CALIPSO cloudy pixel product derived from the depolarization
At the higher levels, at 18-20km, they are even larger (Up(Fig. 5). The Aerosol Indices are derived from TRMM (red solid

20 times), -showing that convgctive overshooting _COUId be E\ine) and CloudSat (dotted red line) MCSs located betweé&riN20
large contributor to the cleansing of the lower tropical strato-,p g

sphere.

There are, however, some limitations in the validity of the
method used in the above calculations. The conversion o6 Discussion
the Scattering Ratio into an aerosol-mixing ratio required a
constant phase function in time and altitude meaning thaAlthough there is clear indication of the surface origin of the
aerosol composition and size distribution remained the sameglean air and its transport in the lower stratosphere by con-
However, even if, as measured by Froyd et al. (2009) ovewective updraft, other processes could potentially contribute
Costa Rica, the aerosols above the tropopause are for 75 Jer explaining them and the difference between the northern
made of sulphate-organic particles, 20% of them were ofand Southern Hemispheres. They are briefly discussed be-
carbonaceous material. Since organics particles are knowlow.
to be more absorbing than scattering, this would imply that
the phase function used in the conversion would not be con8.1 ~ Cleansing mechanisms
servative below the tropopause. In addition the calculation i ) ) )
applies only if aerosols are long lifetime tracers, insensitiveS€Veral mechanisms can be invoked which could potentially
to changes by microphysical processes. But since sulfate€ontribute to the cleansing of the aerosols in the TTL: (i)
organic particles are dominants in the convective SH regiorf decrease of the particles size by microphysical processes
and microphysical processes have little impact on these afaking them less efficient to scattering light; (ii) the capture

discussed below, the above limitations are expected to hav@f the aerosols by cirrus clouds followed by sedimentation;
little impact on the conclusions. and (iii) a fast sedimentation of the particles.

N

SR@532nm
AERO INDEX

\

Ll
o
N}

—o.1

6.1.1 Particle size reduction

A significant fraction of particles in the TTL seems to be
composed of sulfate-organic mixing (Fryod et al., 2009). It
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20km 6.1.3 Aerosol sedimentation

Sulfate or sulfate-organic particles of 0.1-0.2 um radius, as
observed in the tropical lower stratosphere by the optical
particle counter over Northern Brazil (Fig. 3) or Costa-
Rica (Froyd et al., 2010), are falling at a rate of less than
0.1 kmmonttr! at 18 km altitude. About-40 months would

be required for them to drop from 18 to 14 km, which is
far too slow for explaining the cleansing. However, this is
not true for larger mineral dust particles oflL um diameter
above the Asian sector (Anderson et al., 2003), which will be
falling by 1 km monthr® at 18 km, and thus could explain the
limited altitude of the aerosols layer in the Northern Hemi-
sphere during the monsoon season.

In conclusion, apart from the freezing and the sedimenta-
tion of large mineral dust particles which might explain the
Fig. 8. Schematic of the TTL aerosol-cleansing model by over- absence of aerosols enhancements above 17 km during the
shooting towers. Northern Hemisphere summer, there is no indication that the

above processes could contribute significantly to the cleans-
ing of the lower stratosphere in the Southern Hemisphere.
has been shown by Steel and Hamill (1981) that sulfate par-
ticles can growth significantly in the presence of water vapore.2  Vertical transport processes
at low temperature and thus result in SR-1 enhancements.
The amplitude of the effect depends on the initial concentra-Aside from deep convective updraft, other potential con-
tion of the particles and the amount of nitric acid (HNO tributing processes include slow ascent by radiative heat-
available. Assuming an initial concentration of sulfate of ing, vertical turbulent diffusivity and gravity waves. As al-
10 particlescm® and using water vapor, temperature and ready shown, the ascent by radiative heating at a rate of less
HNO; observations from MLS/Aura, the Mie SR-1 increase than 0.4 mms? or 1 km monttr® (Yang et al., 2008) will re-
was shown to not exceed 10 % in the worst case, mainly beguire 6-9 months for an air mass to reach 20 km from the
cause of the very low HN®concentration near the tropical tropopause, that is far too slow for explaining the observa-
tropopause. The change in retrieved aerosols profiles is natons. It cannot contribute for more than 10 % to the zonal

16km

10km

Skm

significant. mean flux. The same conclusion applies to the average ver-
. tical turbulent diffusivity of 0.02 rAs~1 derived by Mote et
6.1.2 Capture by cirrus clouds al. (1998) from the total hydrogen profiles of the Halogen

. . Occultation Experiment which would require about 5 yr for
Another process could be the capture of aerosol particles i one kilometre rise. Even with the upper bound equivalent

cirrus clouds. Indeed, if aerosols served as condensation mﬂiﬁusivity of 0.5 2 s~ derived by Pisso and Legras (2008)
clei for elrrus fo'rmatlon', they could be removed by the fur- from balloon ozone and water vapor profiles measurements
ther sedimentation of cirrus ice crystals. However, as Showrburing the HIBISCUS campaign in Brazil, thus including tur-

by high altitude aircraft sampling above Costa-Rica during bulent diffusivity and gravity waves, it would take 2.5 months

thbe Pre;]AVE campaign (Froyd e(’; aI.,A2009), _the aeroso!sfor a one-kilometer uplift. The only remaining explanation is
above the tropopause associated to Amazonian CONvectivg, frequent injections of clean tropospheric air by convec-

systems are mainly sulfate-organic particles<gl.1um di- tive overshooting that would progressively dilute the aerosols

ameter re?rl:_ltlng Irl] dvt? Yy dl_l;rnltedtf_reter]z lnNg ('f[LOyd Et al._, 2?110)' and clean the lower stratosphere. Since the overshooting fre-
owever, this could be difierent in the Northern Hemisp ere’quency is known to decrease at increasing altitude (Liu and

since, in contrast, mineral dust and black carbon particles Ca%ipser 2005), the amplitude of dilution will also decrease

act as efficient heterogeneous ice nuclei forming ice CWStaI?Nith altitude, which is what is observed. This scheme is con-
(Froyd et al., 2010 and references therein). In conclusion, if ;

. . > 7 Usistent with the observations of geyser-like injections of ice
such process contributes to the 16—17 km altitude limitation

f1h Is in Northern Hemisph it " lain th articles in the lower tropical stratosphere up to 19 km over
ofthe aerosols In Northern Hemisphere, it cannot explain tg, 4 ¢4 nyective regions (Nielsen et al., 2007; Corti et al.,

cleansing in the Southern Hemisphere during the convectivezoo& Khaykin et al., 2009) implying a hydration process of

season. the lower stratosphere, as well as the injection of adiabati-
cally cooled air modifying its thermal structure (Pommereau
etal., 2011). It would also be consistent with the large®N
CH4 and CO concentrations in the lower stratosphere over
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tropical continents in contrast to oceans, as well as their seaAppendix A

sonal variation reported by Ricaud et al. (2007, 2009) or

Schoeberl et al. (2008). It will imply a top TTL, the re- Overshoot updrafts mass flux

gion sharing tropospheric and stratospheric characteristics,

around 20 km, higher than generally assumed (Fueglistalefs shown by the conceptual overshoot model in Fig. 8, the
et al., 2008). Finally, it will result in the fast transport of mass flux conservation in the TTL can be written:
chemically reactive Very Short-Lived Species (VSLS) in the

lower stratosphere with their possible impact on ozone chem?e ~ Fet Dext— Eex=0 (A1)
istry. However, if such deep overshooting events and the rewhere,

sulting hydration of the lower stratosphere are well captured

by non-hydrostatic meso-scale cloud resolving model simu- — Dc is the convective flow P for Detrainment) (unit
lations (e.g. Chaboureau et al., 2007; Grosvenor et al., 2007; kg mtst)

Jenssen et al., 2007), they are poorly, if at all, represented by
global Chemistry Transport Models (CTM) forced by Nu-
merical Weather Forecast (NWP) Models, enable to repro- — pgis the input from horizontal transport and
duce the impact of such events at global scale.

— E.is that extractedK for Entrainment)

— Eext the horizontal outflow.

7 Conclusions Neglecting the weak transport from mid-latitudes to the
tropics allows simplifying Eq. (A1) in:

The three-year CALIOP aerosols profiles in the tropics reveal .

the existence of a fast cleansing process of the lower stratoPe —£=0 With £ = Ec— Eex) (A2)

sphere up to 20 km. Itis shown to take place in the Southern The change of aerosol mixing ratig, due to the mixing

Hemisphere during the convective season, where overshoolgith clean air can be expressed:

ing systems seen by the TRMM precipitation radar are occur-

ring in clean regions of the troposphere over African, South- 4. Ix —De-ye—E-x (A3)

American rain forests and the Indonesian islands, as shown ot

by the minimum MODIS Aerosols Optlcal Depth over these Wherep is the air densityA the surface of the |ayer, ar)d:

areas. . _ _ ~ the aerosol mixing ratio in the convective cloud. The solution
Such cleansing would be consistent with repeated injecof Eq. (A3) is:

tions of relatively clean air by overshooting updrafts in the .

air masses circumnavigating within Ies_s than two months_inX (1) = (Xo—xc)eﬁ't +xc (A4)

the tropical lower stratosphere, resulting in the progressive

dilution of aerosols present there. The tropospheric air fluxwhere xo is the initial aerosol mixing ratio in the layer and
by those events might be 5-20 times larger than that correx (¢) its change following an e-folding law, with= pA /D¢
sponding to the previously assumed slow ascent by radiativéssuming that the aerosol-mixing ratio in the convective
heating. The fast extension of the cleansing to the norther¢loud is negligible (clean aifc =0).

tropics and the southern sub-topical lower stratosphere dur- Since,r is the time required for reducing the aerosol mix-
ing the same season is consistent with the advection of thénd ratio by 63 %, the inflow Fc within each 1 km thick layer
clean air injected at this level in the ITCZ region by the up- between 15-20 km can be expressed:

per branch the Hadley cell. In contrast to the cleansing dur- ) AZpA

ing the Southern Hemisphere summer, the aerosol increaséc = D¢-AZ =
observed in the Northern Hemisphere during the convective

season, consistent with the large MODIS AOD withirP20  Assuming that the CALIPSO backscatter ratio (SR—%%‘;)

40°N over South Asia, suggesting instead, an injection ofis proportional to the aerosol mixing ratio. The tropospheric
desert mineral dust and soot from biomass burning, but lim-ajr flux required for cleansing the TTL can be derived from
ited to around 16—17 km probably because of their fast sedithe decrease of CALIOP mean SR from November 2007 to
mentation at higher altitude. The CALIPSO aerosols obserfepruary 2008 between 26— S shown in Fig. 5 using
vations suggest that convective overshooting might be a magq. (A4). The resulting fluxes are displayed in Table 1.

jor contributor of troposphere-to-stratosphere transport, with
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