N

N

A Lagrangian view of convective sources for transport of
air across the Tropical Tropopause Layer: distribution,
times and the radiative influence of clouds
A. Tzella, B. Legras

» To cite this version:

A. Tzella, B. Legras. A Lagrangian view of convective sources for transport of air across the Tropical
Tropopause Layer: distribution, times and the radiative influence of clouds. Atmospheric Chemistry
and Physics, 2011, 11 (23), pp.12517-12534. 10.5194/acp-11-12517-2011 . hal-01117321

HAL Id: hal-01117321
https://hal.science/hal-01117321
Submitted on 16 Feb 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01117321
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 11, 1251172534 2011 iy —* -

www.atmos-chem-phys.net/11/12517/2011/ Atmospherlc
doi:10.5194/acp-11-12517-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

A Lagrangian view of convective sources for transport of air across
the Tropical Tropopause Layer: distribution, times and the radiative
influence of clouds

A. Tzellal” and B. Legras

ILaboratoire de Mteorologie Dynamique, CNRS, UMR8539, Ecole Normale@igure, 24 rue Lhomond,
Paris, 75005, France
“now at: School of Mathematics, University of Edinburgh, Edinburgh EH9 3JZ, UK

Received: 14 June 2011 — Published in Atmos. Chem. Phys. Discuss.: 28 June 2011
Revised: 1 November 2011 — Accepted: 4 December 2011 — Published: 13 December 2011

Abstract. The tropical tropopause layer (TTL) is a key re- +1km (5K) in the altitude of cloud top heights (the main
gion controlling transport between the troposphere and thesensitivity appearing in the times to escape the immediate
stratosphere. The efficiency of transport across the TTL deneighbourhood of the LZH) while some seasonal and re-
pends on the continuous interaction between the large-scalgional transport characteristics are apparent for times up to
advection and the small-scale intermittent convection that60 days. The strong horizontal mixing that characterizes the
reaches the Level of Zero radiative Heating (LZH). The wide TTL ensures that most air of convective origin is well-mixed
range of scales involved presents a significant challenge tavithin the tropical and eventually within the extra-tropical
determine the sources of convection and quantify transportower-stratosphere.
across the TTL. Here, we use a simple Lagrangian model
termedTTL detrainment modgkhat combines a large en-
semble of 200-day back trajectory calculations with high-1  |ntroduction
resolution fields of brightness temperatures (provided by the
CLAUS dataset) in order to determine the ensemble of trajecit is now widely accepted that most of the transport of tro-
tories that are detrained from convective sources. The trajecpospheric air into the stratospheric “overworld” at poten-
tories are calculated using the ECMWF ERA-Interim winds tial temperatures above about 380K takes place in the trop-
and radiative heating rates, and in order to establish the raics (see reviews byolton et al, 1995 Stohl et al, 2003,
diative influence of clouds, the latter rates are derived bothacross what is now known as the Tropical Tropopause Layer
under all-sky and clear-sky conditions. (TTL) (Highwood and Hoskins1998 Folkins et al, 1999

We show that most trajectories are detrained near the meaRueglistaler et al.20094. This layer, whose vertical extent
LZH with the horizontal distributions of convective sources is over several kilometres, spans the gradual transition from
being highly-localized, even within the space defined by deepa region dominated by the convectively overturning motion
convection. As well as modifying the degree of source lo- of the Hadley-Walker circulation to a region of slow ascent,
calization, the radiative heating from clouds facilitates the controlled by the tropical branch of the Brewer-Dobson cir-
rapid upwelling of air across the TTL. However, large-scale culation. The efficiency at which air is transported across
motion near the fluctuating LZH can lead a significant pro-the TTL depends on both the large-scale advection and the
portion of trajectories to alternating clear-sky and cloudy re-local sources of deep convection. A detailed quantification
gions, thus generating a large dispersion in the vertical transef their combined effect is challenging because of the large
port times. The distributions of vertical transport times arerange of scales involved. Such a quantification is particu-
wide and skewed and are largely insensitive to a bias of aboufarly important for halogenated Very Short-Lived Substances
(VSLS) whose impact on ozone depletion relies on their ef-

ficient transport into the stratosphere (see /10, 2007).
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Air from the boundary layer is rapidly (within hours) distances Klolton and Gettelman2001; Fueglistaler et aJ.
transported into the TTL by deep convection. The latter2004 Bonazzola and Hayne2004). Horizontal transport
frequently penetrates the region near the TTL base, comeould play a significant role in the vertical transport of cloud
monly taken to lie above the level of maximum convective air into the stratosphere. Because clouds are spatially lo-
outflow (between 345-355K, 12-14 km; see &gttelman  calized and intermittent, both the heating rates and the A-
and de Forster2002 Fueglistaler et al.20099. However, LZH are highly fluctuating in space and time. In contrast,
most air detrained in this region descends back to the boundn clear-sky, the distributions of heating rates are, in general,
ary layer. With increasing altitude, convection becomes in-smoother. Horizontal motion can thus transport cloud air that
creasingly rare (see elgu and Zipser2005 Fu et al, 2007 is detrained within a certain region into other regions, with
while the decrease of temperature leads to a significant dropery different vertical heating rate profiles. As a result, cloud
in water vapour. As a result, the magnitude of the radiativeair detrained above the A-LZH may subside back into the tro-
cooling outside the clouds decreases with altitude, leadingposphere or remain for a long time near the A-LZH so that its
to a smaller descending mass-flux. This decrease continuasotion is fluctuating in the vertical direction. The combined
up until a certain level, situated at about 360 K (15 km), thateffect of the radiative heating associated with clouds and the
marks the transition from clear-sky radiative cooling to radia- large-scale horizontal flow for transport of air of convective
tive heating Gettelman et al.2004. Once above this level, origin into the stratosphere &priori unknown.
known as the Clear sky Level of Zero radiative Heating (C- To examine this effect, in this paper we use a simple La-
LZH), the majority of air originating from deep convection grangian model, terme@TL detrainment modgthat com-
is transported into the stratosphere. bines a large number of back trajectory calculations with

The mean 5-15 K (1-3 km) gap between the level of max-high-resolution global fields of brightness temperatures. Our
imum convective outflow and the mean C-LZH implies that particular focus is to determine the ensemble of trajecto-
the number of convective sources that can penetrate the Gies that are detrained from deep convection. This ensem-
LZH is potentially too small to explain the large-scale up- ble is then used to deduce the distribution of convective
ward mass-flux in the Brewer-Dobson circulation. This dis- sources and times for transport of cloud air across the TTL.
crepancy is accounted for by considering the radiative in-The trajectories are calculated using the European Centre
fluence of opaque clouds near their top as well as cirrusof Medium-range Weather Forecast (ECMWF) ERA-Interim
clouds {fang et al, 2010. The latter are omnipresent in re-analysis winds and radiative heating rates, derived both
the TTL (e.g.,Wang et al. 1996 Martins et al, 201J), gen- under all-sky and clear-sky conditions so that the radiative
erated either from the outflow of deep convective anvils orinfluence of clouds is established. The brightness tempera-
in situ condensation (e.gMassie et al. 2002, with life-  ture data are obtained from the CLoud Archive User Service
times of a few days, reaching horizontal scales of the ordeCLAUS). In order to evaluate the sensitivity of the results to
of 1000 km (e.g.Winker and Trepte1998. Using a large  biases in the brightness temperature we consider a variable
number of detailed radiative transfer calculations to quantifyoffset of AT = +5K.
upwelling and subsidence in cloudy and cloud-free@nti In the next section we present the model, data and trajec-
et al. (2009 showed that the All-sky Level of Zero radia- tory calculations used in this study. In Sect. 3 we present our
tive Heating (A-LZH) is on average abot355K (14km),  results. We last conclude in Sect. 4.

i.e., ~5K (1km) lower than the C-LZH. The gap between

the A-LZH and the mean level of maximum convective out-

flow is thus reduced, facilitating a larger proportion of airto 2 Data and method: the TTL detrainment model

be transported into the stratosphere. The net radiative heat-

ing associated with solar absorption by cloud tops and in2.1 Trajectory calculations

frared heating by cirrus clouds (which within cirrus clouds

is ~1 K day1) allows for the rapid transport of air upwards, We employ large-scale wind and temperature fields to calcu-
up to the C-LZH, above which their radiative influence be- late an ensemble of back trajectories whose initial positions
comes increasingly small. According @orti et al.(2006), are uniformly distributed on two iso-pressure surfaces that
it can take as little as two weeks (a time sufficiently short for lie in the upper TTL and lower stratosphere: 100 hPa and
most VSLS) for air of convective origin to reach the 370K 70hPa. The trajectories are initialised on a high-resolution
surface, if the air remains inside cirrus clouds for most of the1° x 1°longitude/latitude grid between 506l and 50 S, at all
time. longitudes (36,360 trajectories). This range of latitudes en-

The above descriptions and estimates are based on mea@ompasses the latitude range of the TTL in all seasons. On
vertical profiles and thus do not take into account the de-these surfaces, the potential temperatures vary between low
tailed pathways of cloud air (i.e., air originating from deep values at the equator that depend on the season — the mean
convection). These pathways are largely controlled by largeJanuary (July) potential temperature is 380 K (385 K) for the
scale horizontal advection that, in this region of the at- 100 hPa surface and 430K (415K) for the 70 hPa surface —
mosphere, can transport cloud air along great longitudinaknd large values at the poleward boundaries that are weakly
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Fig. 1. (@) Annual mean tropical radiative heating ratesy(88-30° N) represented as change in potential temperatures, calculated for all-sky
(in red) and clear-sky (in black) conditions, using the ERA-Interim dataset for ZBp%ime for transport from a source levép, to 380K,
calculated using the profiles shown(m).

affected by the season — the mean potential temperature 2003; Stohl et al., 2004; Wohltmann and Rex, 2008). Al-
420K on the 100 hPa surface and 465K on the 70 hPa surthough this difference is less prominent in the ERA-Interim
face. dataset fonge-Sanz et gl2007 Liu et al, 2010, it may

We use these back trajectories to investigate the ChafaCte?Egsgpsﬁgnel?ZT%SQGQZZZ?:ZTr;? Zogfge profiles inthe TTL

istics of convective sources for transport of cloud air across The horizontal (isentropic) part of the motion is obtained

the TTL, eventually reaching a destination in the tropics Orfrom the meteorological wind fields. First extracted on a

.the extratropps at 100 or 70hPa. A'mam motlvatlop Ilgs 1° x 1°longitude/latitude grid, the wind fields are linearly in-
in understanding how these sources influence the distribu:

tions of VSLS in the upper TTL and the lower stratosphere.terpo'@tecj n the Iat'ltude,. longitude apd log pressure aning
- - the trajectories. Trajectories are then integrated in time with
The lifetimes of VSLS are by definition less than 6 months L . . .
. ; a 15 min time-step. The vertical (cross-isentropic) part of the
(see e.gWMO, 2007). Therefore, 200-day simulations are L . . :
. otion is derived fronradiative heating ratesQyag, pro-
both sufficient and necessary for our purposes. Note that 200,
. - ; vided as 3-h averages from forecasts of temperature tenden-
days is sufficiently long to sample the rapid exchanges be-. . ; . .
. . cies. The vertical displacement is then given by
tween the tropical and extra-tropical lower stratosphere, oc-
curring at timescales faster than those associated with thg® ¢

deep branch of the Brewer-Dobson circulation. Our focus dr cpT

is on determining the convective sources for 2005. In O hered denotes potential temperatutétemperature an,

der that all sources in 2005 are equally sampled, we set th't:‘ne specific heat capacity per unit mass at constant pressure
launch period to cover a period between the 1st of Januari P pacity p P '

Orad: (1)

2005 and the 30 June 2006. The trajectories are initialise negt?:eizlt'etsh\lljhzzg\glltjgi (r:ja?\tglrs]clsdgegr\:g%:lrg?di(tjiglrt\);tlcro-
at 12:00UTC every 4 days resulting in a total of 5017 680 9 P P

(138x 36 360) trajectories. cesses tq radiative heat.ing. However, as long as gtrajectgry
remains in cloud-free air, the component of heating that is
The back trajectories are computed in an isentropic co-associated with the release of latent heat can be discarded
ordinate system (diabatic trajectories) with TRACZILLA, a while the contribution of heat transfer by turbulent motion
modified version of FLEXPART $tohl et al, 2005 Pisso  and diffusion was previously found to be smatugglistaler
and Legras2008, using analysis (at 00:00, 06:00, 12:00 et al, 20091.
and 18:00 UTC), 3-h forecasts (at 03:00, 09:00, 15:00, and The radiative heating rates can be calculated in both clear-
21:00UTC) and 9-h forecasts (at 09:00 and 21:00 UTC)sky and all-sky conditions in which case the radiative effect
from the European Centre of Medium-range Weather Fore-of different kinds of clouds is included. Calculating the con-
cast (ECMWF) ERA-Interim re-analysis dataset (T255 spec-tribution of clouds on the radiative heating rates can become
tral resolution, 60-level hybrid vertical coordinates and 12-h quite involved, particularly in regions where both optically
4D-Var assimilation; se®ee et al. 2011). Diabatic trajec-  thick anvil clouds and thin cirrus clouds co-exist. The un-
tories have been found to be less dispersive than trajectocertainties in the radiative heating rates are thus larger in the
ries obtained by kinematic models in which transport is de-lower TTL (see Fig. 7 ifFueglistaler et a]2009h. The con-
rived from three-dimensional wind fields (Schoeberl et al., tribution of clouds to the radiative heating rates is, within the

www.atmos-chem-phys.net/11/12517/2011/ Atmos. Chem. Phys., 11, 1P34-2011
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Fig. 2. Monthly mean radiative heating rates, represented as change in potential temperatures, calculated for January and July and botf
all-sky (in red) and clear-sky (in black) conditions, using the ERA-Interim dataset for 2005. The vertical profiles are obtained over the
15° S-15 N latitude band as well as 8 other geographical regions. Africa (Af)° 820 N)x (40° W=2C° E); C. America (CAm): (60—

20° N)x (110° W=6C W); S. America (SAm): (35S-0)x(75° W-45"W); S. Asian-Pacific (SAP): (205-10 N)x (70° E-12C0 W); N.
Asian-Pacific (NAP): (10N-35" N)x(70° E-120 W); N. Asian-Pacific Land (NAPL): (20N-35> N)x (70° E-120 E); N. Asian-Pacific

Ocean (NAPO): NAP-NAPL; Tibetan plateau (Tib): (38—35> N)x(80° E-95 E). The “+” and “—" signs on the horizontal axis respec-

tively stand for +1 and-1 K day_l. The shift between two successive profiles is 4 K‘d]ay

ECMWF model, obtained using statistical assumptions aboutransport between a source level in potential temperafyse,
the cloud distribution within the mesh. This calculation can and the 380 K level (see Figb). These differences are espe-
thus not distinguish between the heating occurring inside thecially important below 365 K where the estimated transport
clouds from that occurring outside the clouds. We assumeime is strongly dependent on the valuegf diverging a®o

that as long as the trajectories are situated at the top or abowepproaches the mean LZH (in either clear- or all-sky condi-
deep convective clouds, the cloud component of the radiativdions) that acts as a barrier for transport between the mid and
heating is related to the effect of clouds on their environment.upper troposphere.

We emphasize the use of radiative (instead of total dia- The above estimates do not take into account the horizon-
batic) heating rates for the vertical part of the cloud-freetal part of the motion. They nevertheless point to the key
motion. This is because the rapid, upward convective mo-ole that cloud radiation has on transport across the TTL. In
tion between the boundary layer and detrainment occurs oveorder to obtain a comprehensive quantification of the radia-
sub-grid horizontal scales of a few kilometres. This motion tive influence of clouds on transport across the TTL, we here
is parameterized within the ECMWF model and averagedconsider both all-sky and clear-sky radiative heating rates for
within the mesh. The resolved vertical velocity or, equiva- the vertical part of the motion. Such a quantification has to
lently, the total diabatic heating rate (including the releasesome extent been examined Rtoeger et al(2010 where
of latent heat), is, within the regions of convection, positive it is found that vertical transport is indeed faster when the
between the boundary layer and the tropopause. Thus, theadiative influence of clouds is taken into accouRtoeger
descending air parcel motions associated with cloud-free reet al. (2010, however, focus on back trajectories arriving on
gions between deep convective clouds are not representefixed levels ofjg that are not related to the potential temper-
This lack of representation may lead to erroneous transporature at which air of convective origin detrains.

in the convective regions of the tropical troposphere. Figure2 shows the monthly mean vertical profiles of the
As noted in the introduction, clouds can enhance the netadiative heating rates calculated from the El dataset, for Jan-
tropical radiative heating rates (see €Yang et al, 2010. uary and July 2005, over different regions and both clear-sky

This enhancement is reflected in the annual mean vertiand all-sky conditions. It is clear that over the"-15 N

cal tropical profiles of the radiative heating rates, shown inlatitude band, the monthly profile differences are weak.

Fig. 1a, obtained for clear-sky and all-sky conditions from There are, however, significant differences over a number
the ERA-Interim dataset for 2005. The differences betweerof regions. These differences are associated with the cy-
the two profiles result in different estimates for the time for cle of convection. In particular, during active periods of

Atmos. Chem. Phys., 11, 1251772534 2011 www.atmos-chem-phys.net/11/12517/2011/
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convection, both the C-LZH and the A-LZH are lower, with A trajectory is identified as a member of the CS-TTL en-
the latter exhibiting a larger shift downwards. This is not so semble if the time history of its temperature over the duration
much the case for the southern Asian-Pacific region (SAPXf the back-trajectory has at some point been larger than the
because convection is active during both boreal winter andemperature on the top of the cloud. In this case, the last en-
summer. It is clearly the case for central America (CAm) in counter with a cloud is given by the first time (in backward
which convection is not prevalent during boreal winter but time) at which the parcel's temperature becomes larger than
is present during boreal summer and the regions of southerthe cloud top temperature. The remaining part of the back
America (SAm) and Africa (Af) in which convection rarely trajectory is thereafter ignored.

takes place during boreal summer but is active during bo- For the above rule to be well-posed, the cloud top height
real winter. In the northern Asian-Pacific region (NAP), con- needs to be unambiguously defined in terms of temperature.
vection is only active during the period of monsoon. In this This is indeed the case within the tropics where the tem-
case, both the A-LZH and the C-LZH are higher by about perature decreases monotonically with height until a distinct
5K with respect to their SAP counterparts. The NAP val- minimum is reached at approximately 380 K or 100 hPa. We
ues are the combined contribution from the oceanic part otherefore impose two further rules. The first rule is that the
the NAP (which exhibits a lower C-LZH and A-LZH) and parcel’'s potential temperature at the encounter point is less
the continental part of the NAP (which exhibits an A-LZH of than 380K i.e., the position of the air parcel at this point
362 K which is well above its standard value). Extreme val- lies below the tropical tropopause. The second rule is that
ues of 370K are reached above the Tibetan plateau (Tib) fothe parcel’s latitudinal position at the encounter point is con-
both the A-LZH and the C-LZH. This pattern is associated strained within (30 S—30 N) except for the boreal summer
with the sloping up of the LZH in the subtropics (see Fig. 2 season during which it is constrained within {3-35 N).

of Fueglistaler et al.20093. This suggests that, during bo- In practice, the precise value of this boundary is not impor-
real summer, part of the convective sources for transport otant: because of subsidence in the subtropics, less than 5%
cloud air across the TTL should be located at potential tem-of the trajectories actually encounter a cloud at higher lat-
peratures that are higher than those obtained during boredudes. The northward extension of the northern boundary

winter. during boreal summer is a mere consequence of the Asian
Monsoon that drives continental convection towards higher
2.2 Detrainment latitudes.

o . . The primary consequence of our algorithm is to eliminate
Our main aim is to determine and characterise the Subyg encounters of trajectories with clouds in the stratosphere.
ensemble of trajectories that have encountered CONVeCeq; it js now recognised that convective events that pene-
tive Sources (CS), thereafter called the CS-TTL ensemyaq the tropopause are rare, representing less than 0.5 % of
ble. To that end, we employ high-resolution fields of cloud ha total number of convective eventsy and Zipser 2005
top heights, estimated using satellite brightness temperag; ot al, 2007 and are therefore unlikely to affect the to-

ture (BT) measurements based on the infra-red windowg {ransport of mass across the tropopause. A quantity that
(mean 10.g:m channel), obtained from CLAUS at T8 .4|d be more sensitive to overshooting events is the distri-

1/3spatial resolution and 3-h temporal resolutiéfodges 1 ,tion of water vapour. However, it is now established that

et al, 2000 that are mapped along the trajectories usingjn he |ower stratosphere, its distribution can be successfully
piecewise constant interpolation. The use of BT to measurge qnstructed using large-scale wind and temperature fields,
cloud top heights is based on the standard assumption thgjyp, globally (see e.grueglistaler et a]2005 James et al.

the temperature at the top of the cloud is equal to that of th62008 Liu etal, 2010 and locally Gchiller et al, 2009. This

environment at this location. suggests that most of its variability is controlled by slow de-
Note that CLAUS maps all types of clouds. However, hydration induced by the large-scale motion.

here, we are only interested by the anvils produced by deep” e here described model, that we refer to asTthe de-
convection. This distinction cannot be made in the absence of 5inment modelwas previously introduced, within a dif-
available cloud classification at a global scale or informationsaant context byNawrath (2002 and James’ et al(2008

from other channels. The presence of high-altitude, seMiyq yeconstruct distributions of water vapour in both the tro-
transparent cirrus situated above the anvil may therefore INhosphere and the stratosphere. In this paper, we use this

troduce a possible bias in the cloud top heights. Other bi4,,4el as a way to identify the global distribution of con-
ases are related to the non-equilibrium evolution of the cloud,ective sources and times for transport of cloud air across
that leads to temperature differences and cloud heterogengre 11 This distribution is closely related to the distribu-
ity within the pixel Sherwood et al.2004. In order to take o of sources in the boundary layer. At the same time, the
into account these sort of biases, we consider a variable offyjstiytion of times for transport of air into the upper TTL is
set, AT, to the brightness temperatures that ranges within thg,, sected to be similar for air originating from the boundary
+5K interval (see Secg.3for more details on the CS-TTL |5yer and air originating from the sources of convection. This
ensembles that we obtain). is because the parcels’ motion between the boundary layer

www.atmos-chem-phys.net/11/12517/2011/ Atmos. Chem. Phys., 11, 1PH34-2011
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and the point of detrainment is characterised by a rapid, ver- 100—————————— ——
tical upward transfer that lasts a few tens of minutes (or at — ALLSKY-DTO
most several hours in the case of a thick anvil). Making the 90j ALLSKY-DT5 |
general assumption that the parcels that reach heights near 801—ALLSKY-DT-5 S
the cloud top are those parcels that are less diluted by entrain-*\g 20ll—CLRSKY-DTO b
ment of environmental air, we deduce that, at the point of de- 2° ~
trainment, the CS-TTL parcels’ composition in non-soluble > 601 >
tracers is similar to the composition of the boundary layer at = 50k i
the same horizontal location. g

We note that a modified version of the TTL detrainment <© 40f .
model has recently been employed Wight et al. (2017) o 30 i
to examine the relative contribution to stratospheric water o
vapour of different regions within South-East Asia during bo- 201 ]
real summer. The main modification appears in the vertical 10F -
motion of the trajectories: instead of radiative heating rates, A
Wright et al. (2011) employed total diabatic heating rates. Oo 20 40 60 80 100120140160180200
For reasons discussed in Sektl, we have chosen radiative time (days)

heating rates in order to better represent the motion outside

clouds. For the sake of completeness, results obtained usingjg. 3. cumulative proportion of CS-TTL trajectories plotted as a
total diabatic heating rates are briefly discussed at the end afinction of time for transport of air between convective sources and

Sects3.1and3.2 the 100 hPa (thick lines) and 70 hPa (thin lines) surfaces. Results
obtained from back trajectories, calculated in both clear-sky and

2.3 CS-TTL trajectory ensembles and their all-sky conditions where different thermal biases were taken into
characteristics account (see text for more details). The trajectories were launched

between the beginning of 2005 and the middle of 2006, with cloud
For each initial level, we perform two sets of simulations. encounters restricted to 2005.
The first one is performed using all-sky (ALLSKY) radiative
heating rates and the second one using clear-sky (CLRSKYE e .
radiative heating rates. For the all-sky simulations, we con- -4 Remaining “free” trajectories
sider a variable offset to the brightness temperatus b= The remaining parcels have never encountered a cloud at the

+5K that takes into account the presence of biases in the . . o
brightness temperatures (see also S2@). It also tests the end of their 200-day back-trajectory. The majority of these

sensitivity of the results to such biases. No offset is con-“free“ parcels were, at the beginning of their back-trajectory,
) Y X ’ . located within the extra-tropics (about 80% and 65 % for
sidered for the clear-sky calculation. We thus obtain a se

1iaunches at 100 hPa and 70 hPa, respectively). Under all-
of four CS-TTL ensembles that we label as ALLSKYFO, - L et
ALLSKY- AT5, ALLSKY-AT-5 and CLRSKYAT0. sky conditions, the majority of “free” parcels are, at the end

. ) . S of their back-trajectory, located at higher parts of the strato-
Figure3 shows that, when the trajectories are initialised at J Y gher p

. . - sphere §>400 K), mostly within the extra-tropics, entrained
100hPa, .the C.S'TTL trajectories r.e.present 80% of the entlrﬁ"/\/ithin the (reverse) Brewer-Dobson circulation (about 70 %
set of trajectories for all-sky conditions and 72 % for clear-

0, - iti -
sky conditions. Half of the CS-TTL parcels have encoun- and 75 /.0)' Conver_sely, under clear-sky conditions, the cor
tered a convective source within the last 40 (i6F — —5 K) responding proportions are smaller (about 40 % and 55 %).
and 51 days (fonT = 5 K) for all-sky conditions. For clear- The difference between all-sky and clear-sky conditions

sky conditions, the corresponding time is 75 days. The's particularly significant when looking at the proportion of

. . . ) “free” parcels that, at the end of their back trajectory, are con-
proportion of CS-TTL trajectories that have previously en- EFt(gzntrated below the 360K surface. For trajectories initially
) - o aunched at 100 hPa, the corresponding proportions are no-
- - . 0,
ﬁgrznsgiglrl%g grfgli agos:g' t?g:g'(té%n; (fg ngg)&%)even tably smaller for all-sky conditions (6—11 %) than for clear-
Y i 0 ) sky conditions (26 %). This large difference between all-

:/c\)lrr;ee: :Zerzzrecrilsaasrrig:g?“srid g:téah;ih?iriijgel_t tc:?Jt?;:sky and clear-sky conditions implies that the region near the
. represen prop ) mean tropical C-LZH is a sort of “stagnation” region. As we
jectories. This is due to the larger distance between the con- : . . L

. o shall see in SecB.2 air parcels that are detrained within this
vective sources and the initial level as well as the larger pro-

. . . ) . region can take a long time to exit from it. Equivalently, it
Etor;ttlggp?:e?ZCk trajectories that end up in the extra-tropical takes a long time for back trajectories to encounter a source

of convection within this region. For these “free” trajectories,
the necessary time exceeds 200 days.
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Table 1. Seasonal mean characteristics of convective sources and times for transport of air between detrainment and launch. Calculations

made using the ALLSKYATO trajectory ensemble, launched at 100 hPa. The values for the mmii@m,and standard deviatiom,, are
given in parenthesis.

DJF MAM JJA SON
CS-TTL parcels, % 27 27 22 23
Cloud Temperature, K2, o) 205 (205, 9) 205(205,9)  205(205,9) 205 (205, 9)
Parcel potential temperature, k{2, o) 354 (353,3.72) 354 (353,3.6) 357(356,6.2) 353(352,5.3)
Transit-time, daysy(1/2, o) 59 (44, 47) 61 (46, 47) 62 (51, 43) 55 (42, 43)

Table 2. Same as Tabl# but this time the focus is on the regional mean characteristics of convective sources and transport times.

Africa N. Asian-Pacific ~S. Asian-Pacific C. America S. America
CS-TTL parcels, % 10 22 50 6 5
Cloud Temperature, K2, o) 201 (200, 8.6) 205 (205, 9.5) 206 (206,8.7) 204 (204,8.3) 203 (203,7.4)
Parcel potential temperature, Ki{/2, o) 354 (354, 5.5) 357 (356, 5.5) 353(352,3.3) 353(352,5.4) 355(353,5.3)
Transit-time, daysy(1/2, o) 61 (47, 46) 61 (50, 43) 58 (43, 46) 58 (45, 44) 61 (47, 46)
3 Results cloud within a given grid-box, if all regions were acting as

sources of equal strength uniformly during 2005 (see also
We use the CS-TTL trajectory ensembles to identify theBerthet et al.(2007) where a similar normalisation is em-
source regions for transport of cloud air into the upper TTL ployed). We choose this normalisation in order to measure
and lower stratosphere. In order to characterise vertical tranghe relative importance of different regions for transporting
port across the TTL, we calculate the distribution of times cloud air across the TTL.
for cloud air to reach its destination (i.e., the initial location  Berthet et al(2007 have previously considered the sea-
of the back trajectory) or a particular level for the first time sonal variations of the distribution of source regions for
(in forward time). Finally, we determine the distribution of transport of air from the boundary layer to the tropopause
cloud air at its destination for different ranges of values for region. Here, we focus on the density distribution of source
the transport times. Throughout the rest of this paper, weregions for transport of cloud air across the TTL and con-
concentrate on those CS-TTL trajectories that are detrainedider both the seasonah{ =3 months) and daily variations
during 2005 (65 % of the CS-TTL ensemble for both all-sky (Ar = 1 day, whereby each day starts at 00:00 UTC). The
and clear-sky conditions). The remaining CS-TTL trajecto- daily variations are useful to capture individual convective
ries that have either detrained during 2004 or 2006 are dissources which can thereafter be classified according to their

carded. intensity. By employing a daily resolution we thus neglect
any variations associated with the diurnal cycle. We resolve
3.1 Convective sources for transport of cloud air into the source distribution on & &5°longitude/latitude grid in
the stratosphere order to obtain meaningful statistics.
Figure 4 shows the seasonal variations of the density
3.1.1 Horizontal distributions distribution, p10onpa Of the locations where trajectories

have detrained from clouds and subsequently arrived at
For each launch level, we determine the distribution of con- 100 hPa. The results are calculated from the ALLSKY-0
vective sourcesp(r,t), for transport of cloud air into the and CLRSKYATO trajectory ensembles for boreal winter,
stratosphere. We do this by calculating the ratio of the num-spring, summer and fall seasons. The distribution of sources
ber of CS-TTL trajectories that encounter a cloud within theis characterized by strong geographical localization and is
grid-box located at = (,¢), wherea is the longitude and consistent with the well-known locations of deep tropical
¢ is the latitude, and time intervéid,r + A¢] to a normalisa-  convection (see also e.Gettelman et a].2002 Hatsushika
tion factor,N (¢, At). The value ofN (¢, At) depends onthe and Yamazaki2003 Gettelman et al.2004 Fueglistaler
latitude ¢ and is given by the product of the grid-box area et al, 2004 Levine et al, 2007). During boreal winter, the
relative to the area of the tropics, the time-length relative  local maxima are over central Africa, the southern Asian-
to the period concerned (here, 2005) and the total numbePacific and southern America. The same three regions are
of CS-TTL trajectories during this period/ (¢, Ar) denotes  also prominent during the boreal spring and fall seasons,
the expected number of trajectories that would encounter @ahough other regions, such as the northern Asian-Pacific and
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Table 3. Same as Tabl# but this time the focus is on all four CS-TTL ensembles, obtained for transport in all-sky and clear-sky conditions.

ALLSKY-ATO ALLSKY-AT5 ALLSKY-AT -5 CLRSKY-ATO

Cloud Temperature, K12, o) 205(205,9) 203 (203, 8.3) 206 (206, 9.5) 196 (195, 5.6)

Parcel potential temperature, K{,», o) 354 (353,4.7) 353 (352, 3.5) 356 (354, 6.3) 359 (358, 3.6)

Transit-time, daysi{1/2, o) 59 (46,45) 64 (51,46) 53 (40,44) 83 (75,49)
all-sky clear-sky
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Fig. 4. Seasonal variations of the distributi@hgonpaOf the horizontal locations where trajectories, initially launched at 100 hPa, have
intersected clouds within the previous 200 days for the boreal winter (DJF), spring (MAM), summer (JJA), and fall (SON) seasons in
2005. The distributions on the left panels are calculated under all-sky conditions from the ALASKVYtrajectory ensemble, while

those on the right panels are calculated under clear-sky conditions, using the CLRB&¥nsemble. The distributions are binned in a

5° x5°longitude/latitude grid. The solid boxes define a set of geographical regions which are (from left to right): Af, NAP, NAPL, Tib, SAP,
CAm and SAm as defined in Fig.

equatorial America, also become important during this pe-ern Asian-Pacific (22% and 27 %). A smaller percentage
riod. During boreal summer, most activity takes place overhas detrained within Africa (10% and 13 %), and an even
the northern Asian-Pacific and central America. Very simi- smaller part comes from central and southern America (3—
lar distributions to the ones shown in Figwere also found 6% for both regions and ensembles; see also Tabld-or

for transport from clouds to the 70 hPa surface as well as folboth CS-TTL ensembles, the contribution from the Tibetan
shorter, 60-day long trajectories (not shown). plateau remains smalfR.5 % and<3.6 % respectively, of

For both ALLSKY-AT0 and CLRSKYATO, we find that the total and northern AS|e.1n—.PaC|f|c boreal summer convec-
. . : ; . tive sources). This result is in agreement with recent work
trajectories are detrained all along 2005 with a slight pref-

erence for the boreal winter and spring seasons (see thy Park et al.(2007; James et al(2009; Devasthale and

AW pring a}:ueglistalel(201(); Wright et al.(2011) but does not support
ble 1 for results obtained from the ALLSK¥70 ensem- revious work byFu et al.(2006 in which the contribution
ble). Most CS-TTL trajectories have detrained within the b '

southern Asian-Pacific region (50 % and 44 % for all-sky andfrom the Tibetan plateau is found to be more important. The

. : . L radiative influence of clouds leads to a noticeable difference
clear-sky conditions, respectively) while a significant propor- (5-6 %) in the proportion of trajectories that are detrained b
tion of CS-TTL trajectories has detrained within the north- prop ) y
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clouds within the Asian-Pacific region. However, this differ- 100
ence is smaller (withia=3 %) in other regions. 90
Note that the difference in the regional proportions
obtained from the ALLSKYATO, ALLSKY-AT5 and
ALLSKY- AT —5 ensembles is found to be at most 4%
(not shown). The same is true for the regional propor-

Probability (%)
a
o

= [=ALLSKY-DTO

tions obtained from the ALLSKMATO0 ensemble launched 30
at 100 hPa and 70 hPa. 20 ALLSKY-DT5
ol 2 —ALLSKY-DT-5
3.1.2 Localization of the horizontal distributions oo"'" . 5 _ISLRSI?(:_DTOZS
Space-time Volume Fraction (%)
The distribution of convective sources is highly localized not @)
only in space but also in time. The spatio-temporal localisa- 1007 :

tion of the daily-varyingo(r,¢) can be analysed by consider-
ing the fraction of horizontal locations and times that have a

density distribution whose value exceeds a given threshold, §
o. More precisely, we define: =
©
1 8
== 5 —DJF
Ao) = Q/Tdt/UdrIQ(r,t), (2a) 5 DF

—1IA
whereZ, is the indicator function: —SON
. OO é lb 1‘5 20 25
1, if p(r,t) >0, Space-Time Volume Fraction (%)
To(r,t) = : (2b)
0, otherwise (b)

and2 denotes the total space-time volume. Its value_ IS giVeNEiy 5. [ ocalization of the density distribution; oonpa as Mea-

by @ = [rdt [,drIo(r.1), whereo denotes the region in  syred by the cumulative fractioR, (4), defined in Eq.3.1.2. (a)

which the sources of convection are resolved (here, the tropensemble characteristics 8 (.A) obtained from four CS-TTL tra-

ics) andT the time period concerned (here, the year 2005).jectory ensembles, all launched at 100h{pd Seasonal characteris-

It follows that A(0) =1. tics of P,(.A) obtained from the ALLSKYATO ensemble by con-
Thus, by considering increasingly large valuesoofwe sidering trajectories detrained during boreal winter (DJF), spring

obtain the fraction of space-time volume associated with in-(MAM), summer (JJA) and fall (SON) seasons in 2005. For both

creasingly intense sources. The fraction of trajectories assd) and(b) are plotted the mean (solid grey) and meatandard
ciated with.A(o) is given by deviation (dotted grey) oP;(A) obtained from 1000 realisations

of p100hpaproduced under uniform random conditions.
P(Q):/IQ(r,t)p(r,t)dl’dt. (2¢)

By definition.4(o) is a monotonically decreasing function 'andomly distributing the same number of cloud encounters
of o and thus there exists a unique inversed). Employing  in €2 in both space and time.
this inverse, we compose, (A) = (P o) (A). A function of The source distribution that is most localised is the one
the space-time volumer,(A) measures how localized the obtained under clear-sky conditions. The least localised dis-
source distribution is. It can be shown that(A) is a mono- tr_ik?ution corresponds to the one obtained unde.r all-sky con-
tonically increasing function of{ with lim 4_.oP, =0 and  ditions, having taken into account a thermal biasAdf =
lim1P, = 1. The value ofA for which P,(4) =05 or  —5K. This is consistent with the fact that the C-LZH is, on
0.99 indicate the degree of localization of the distribution. @verage, higher than the A-LZH, leading to a smaller number
The smaller their values are, the more localized is the sourc®f sources that are able to detrain air at higher levels of the
distribution. TTL. Conversely, under all-sky conditions, when the ther-
We employP, (A) to measure how localiseti gonpaiS, as mal bias becomes progressively smaller (frarff =5K to
this varies daily. For comparisoi, (A) is calculated for all A7 =0and them\T = —5K), the top of clouds become pro-
four CS-TTL ensembles. Figua shows that a very small gressively raised, leading to a larger number of sources that
(0.5—-2 %) proportion of2 accounts for half of the trajecto- are able to detrain air at higher levels of the TTL.
ries (associated with the most intense sources) and 3-8 % of We now employP, (A) to measure how the structure of
Q accounts for nearly all (99 %) of the CS-TTL trajectories. £100nPavaries with the season. In this case denotes the
(Nearly identical distributions are obtained both for trajecto- total space-time volume during a particular season. Interest-
ries launched at 70 hPa and for shorter, 60-day long trajectoldly. the degree of source localisation varies very little with
ries). Note that the corresponding proportions are considerth® season (see Figb calculated from the ALLSKYATO
ably larger for the distributio@yoonpzobtained by uniformly ~ €nsemble).
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Fig. 6. Cumulative histograms of cloud top brightness temperatures for convective sources that transport air parcels to the 100 hPa surface.
(a) Results obtained for all-sky and clear-sky conditions, from ensembles ALLSKY; ALLSKY-AT5, ALLSKY-AT-5 and CLRSKY-

ATO. (b) Results obtained for all-sky conditions only, from the ALLSK\YFO ensemble, for trajectories detrained during boreal winter

(DJF), spring (MAM), summer (JJA) and fall (SON) seasofs) Results obtained for all-sky conditions only, from the ALLSKYFO

ensemble, for trajectories detrained in the region of Africa, north Asian-Pacific, south Asian-Pacific, central America and South America,
designated in Fig2.

3.1.3 Cloud top brightness temperatures where the LZH has a higher potential temperature, and sub-
sequently may subside back into the troposphere (see also
The cumulative histograms of BT for the selected clouds en-discussion irDevasthale and Fueglista)&010. It can also
countered by the CS-TTL parcels are shown in Bagforthe  be that the fast upward motion associated with radiative heat-
four trajectories ensembles, launched at 100 hPa (the samag from clouds only occurs around a selected number of
results are obtained for simulations launched at 70 hPa andeep convective clouds. This is because cirrus clouds may
for shorter, 60-day long trajectories). Nearly all (90 %) of either not be present or cloud air may subside due to the
the CS-TTL parcels have detrained from very deep cloudgadiative cooling associated with that part of the cirrus that
(with BT<220K and BT<203K for transport under all-sky is situated directly above deep convective clouds tses-
and clear-sky conditions, respectively). As expected, themann et al.2001). Both these mechanisms could be signif-
air parcels sample the deepest convective sources more eizant in controlling how influential a convective source will
ficiently in clear-sky than in all-sky conditions. This is be- be in transporting cloud air into the stratosphere.
cause in all-sky conditions, the CS-TTL trajectories can be To measure how sparsely distributed, ) is within the
detrained from convective sources that have a broader rangspace occupied by clouds, we empl@yr(A), a vari-
of brightness temperatures than in clear-sky conditions (reant of P,(A), introduced in Sect3.1.2 that describes how
call that the mean A-LZH is lower than the mean C-LZH). sparse the source distribution istdy«, whereQ 7+ is defined
No seasonal variations are observed in the BT cumulativeas the total space-time volume with brightness temperature,
histograms (see Figb). However, some regional variations BT <T*. We can thus defind as in Eq. 8.1.2 but this time
are present (see Figa) with the deepest convective sources in terms ofQr« andZ, = where
located within the region of Afrlca, followed by the region 1.if p(r.0)> 0 andBT (r.1) < T*,
of southern and central America (see also Td)leThese  Z,7+(r,1) = { 0 otherwise
regional characteristics are consistent with previous observa- ’
tions which find that the deepest convective events occur pre®, 7+ (A) thus measures how the sources of transport to the
dominantly over land, particularly above the region of Africa stratosphere are distributed among convective systems that
(see e.gLiu and Zipser2005. reach similar depths in the troposphere.
In order to calculateP, 7+ (A), we resolve the sources on
3.1.4 Sparseness of the horizontal distributions among  the same grid as the BT measurements (see 3&%t. This
increasingly deep clouds resolution is of course too high far, 7+(A) to converge to
an invariant form that is insensitive to the frequency at which
It is interesting to construct a measure of how,r) is dis-  the trajectories are launched (note that this is not the case for
tributed among the space occupied by clouds. For it is notP,(A), shown in Fig.5, which unlike P, 7+ (A), is based on
clear that all sufficiently deep clouds will participate in the a significantly lower resolution in both space and time for
same way in troposphere-to-stratosphere transport. In pathe source distribution). It is nevertheless possible to assess
ticular, large-scale horizontal advection can transport cloudhe sparseness of the sources by considering the departure of
air that is detrained within a certain region into other regions P, 7+ (A) from a referenceP; 7+ (A) with o|T* obtained by

®3)
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100 = 2 - Note that in clear-sky conditions, the difference between
Py 7+ (A) and Py 7+(A) is larger (not shown). In these con-
ditions, the number of CS-TTL parcels detrained from very
deep clouds is larger than in all-sky conditions (see Bjg.
Therefore, the corresponding statistics are closer to their in-
variant form. The latter suggests that the invariant form of

Py 7+ (A) is more sparse than in Fig.

80

D
o

IN
o

3.1.5 \Vertical distributions

probability (%)

20 The histograms of the potential temperatures at which the

CS-TTL trajectories encounter a cloud are shown in Ba.
N N N SN IR S for the four trajectory ensembles, launched at 100 hPa (nearly
0 10 20 30 40 5 60 . . . . .
identical results are obtained for trajectories launched at

0
space-time volume fraction (%)
@) 70 hPa and for shorter, 60-day long trajectories). Under all-

1007 77 ‘ . sky conditions, the histograms of these potential tempera-
tures are mainly confined between 350 and 360K. For all
AT, no encounters of clouds take place below 340K (i.e., all
encounters take place above or near the mean level of maxi-
mum convective outflow). FoAT =0, 10 % of the encoun-
ters occur above 360K while only 4% occur above 365K.
Under clear-sky conditions, the corresponding potential tem-
perature histogram is narrower, with no cloud encounters tak-
ing place below 352 K while only 5% occurring above 366 K.
In the absence of thermal biases (i&£7 = 0), the mean
potential temperature is equal to the mean LZH in both all-
] sky and clear-sky cases (see also TapléVhen we consider
0 20 30 a0 50 8o a thermal bias ofAT = —5K (equivalent to raising cloud
space-time volume fraction (%) heights), the average is displaced by 2K to a larger value of
(b) potential temperature. Conversely, a displacement of 1K to
: _— . N a lower value is obtained when we consider a thermal bias
F.Ig.. 7. Localization of horizontal dlStI‘IbutIOf?S among sources of of AT =5K (equivalent to lowering cloud heights). Near
similar depth as measured b, 7+(A) obtained for(a) 7* = . L
215K (red) andb) 200K (yellow) and 185K (blue). Also plotted the tropopausend ~ _ZA_T' Thus, thgre 1S no_ direct rela-
the mean (solid grey) and meastandard deviation (dashed grey) tion between the_z mean dlspla_lcement in potenthl temperature
of P57+ (A) obtained from 1000 realisations dfoonpa The differ- ~ and the mean displacement in the cloud top height. We may
ences between the latter three curves is small for the range of valuegpeculate that the lack of an obvious such relation is a com-
plotted here. The distributions are calculated for all-sky conditions,bination of the effect of a transport barrier (imposed by the
using the ALLSKYATO0 ensemble launched at 100 hPa (see text.ZH) and the rapid decrease of deep clouds with altitude (as
for more details). observed from BT data). Upon application of a bias on the
BTs, the barrier effect dominates the subsequent shift in the
cloud top heights. This is, perhaps, the reason why the result-
ing shift in the vertical distribution of the sources is smaller
than one would expect by solely looking at the shift in BTs.
Figure 8b shows the seasonal variations of the potential
temperature histograms obtained from the ALLSKY-0
i ensemble, launched at 100 hPa. The potential temperatures
shows thatthe differences betwegjyr- (A) and tge meanof  jre nearly identically distributed for CS-TTL parcels de-
Fg|r+(A), obtained from 1000 realisations fT™, are sig-  yaineqd during the boreal winter and spring season; during
nificant. These differences suggest that the transport of clouﬂ"3 autumn season, the histogram is similar but shifted to
air into the stratosphere is not equally distributed amonggjiahtly lower values (see also Tallp The main difference
clouds of similz_ir cloud top BT. At the same time, the smaller occurs for CS-TTL parcels detrained during the summer. In
the value o™ is, the deeper the clouds fby- are and thus ;s case the parcels’ potential temperatures appear to have

they can be sampled more easily. As a reSL_JIt, with decreasing histogram that has two peaks, the first peak being located
T*, Py i1+ (A) becomes less sparse as the differences betweegt about 352 K and the second one at 358 K.

Py7+(A) and Py 7+ (A) become smaller.

[*2]

(=)

T T
|

probability (%)

B
o
T
|

uniformly randomly distributing the same number of cloud
encounters among horizontal locations withBT*.

We consider three different BT threshold valuds; =
215, 200 and 185K, and calculatB,r+(A) from the
ALLSKY- ATO ensemble launched at 100 hPa. Figure
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Fig. 8. Same as Fig6 but this time the focus is on the histograms of potential temperatures at which encounters with convective sources
have taken place. Also shown {n) are the histograms corresponding to trajectories detrained over the land (thin brown line) and ocean
(thick brown line) parts of the north Asian-Pacific region (respectively defined as NAPL and NAPO B) Fige histograms are calculated

using a bin size of 2K in potential temperature.

A similar two-peak behaviour, albeit weaker, is observed3.2 Timescales for transport of cloud air across the TTL
for parcels detrained in the northern Asian-Pacific region and into the lower stratosphere
which is mainly active during the summer season (see
Fig. 8c). We find that the first peak is mainly due to de- 3.2.1 First-entry times
trainment over the ocean while the second peak is due to
detrainment over the land part of the northern Asian-PacificWe now focus on the time it takes for CS-TTL parcels to first
that can take place at latitudes higher thafi20As shown  enter (in forward time) the upper TTL and the stratospheric
in Fig. 2, during boreal summer, these two regions have very‘overworld”. Figure9a shows the histograms of times for
different profiles of heating rates: Over the ocean part of thedir of convective origin to first reach the 370K and 380K
northern Asian-Pacific (NAPO), the heating rate profile doessurfaces. The corresponding results obtained from the four
not differ from the mean tropical average (see also E&).  trajectory ensembles, with destination at 100 hPa. Similar
Conversely, the differences are significant over the land parhistograms are obtained for trajectories launched at 70 hPa
(NAPL) with both the C-LZH and the A-LZH being shifted as well as for shorter, 60-day long trajectories (not shown).
upwards with this shift being more pronounced for the A- In both all-sky and clear-sky cases, the histograms are broad
LZH. Hence, at these higher latitudes, convection must reactand skewed, decaying exponentially at large times.
higher to contribute to upward moving air across the TTL. The histograms obtained under all-sky conditions are char-
It is interesting to note that the above land-ocean differ-acterized by a pronounced peak, located at approximately 15
ences are not reflected in the brightness temperatures of thiays, that is largely unaffected by the variable offAdt.
corresponding convective sources. More generally, there ifNote that the location of the peak is consistent with the esti-
no direct relation between the mean potential temperaturenated time thaCorti et al.(2006 obtained for cloud air to
of cloud encounters and the mean brightness temperaturfirst reach the 370K surface, provided it stays inside a cir-
of the corresponding convective sources (e.g. although theus for most of the time. Conversely, the corresponding his-
deepest convective sources occur more frequently in the retogram obtained for clear-sky conditions is notably broader,
gion of Africa, the average height of cloud encounter within with a slower decay rate at large times.
this region is not significantly different to the average height The average time to first reach the 370K surface is, de-
of cloud encounter in other regions, such as the southerpending on the value o T, between 23 and 31 days for all-
Asian-Pacific region, in which, in general, convection doessky conditions and 54 days for clear-sky. The corresponding
not reach as high (see also Se&t..3). time for the 380 K surface is between 33 and 44 days for all-
Finally, we note that, in comparison to the case of all-sky sky conditions and 64 for clear-sky (see also Tad)lelt is
radiative heating rates (with 7 = 0), the use of total dia- thus clear that the radiative heating associated with clouds
batic heating rates results in cloud encounters which are, osignificantly accelerates transport across the TTL.
average, at potential temperatures that are lower by about 4 K The radiative influence of clouds on transport across the
(not shown). TTL is mainly confined to the region below the 360K sur-
face. This is evidenced in Figb in which the histograms
of times to cross the 360—-370K and 360-380K layers are
shown to be similar in all-sky and clear-sky conditions (note
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Fig. 9. Histograms showin¢p) first-entry times of cloud air to the 370 K surface (solid) and 380 K surface (dottedpatiches for cloud air
to cross the 360—-370K layer (solid) and 360-380,K layer (dotted). Results obtained for all-sky and clear-sky conditions from four CS-TTL
trajectory ensembles, all launched at 100hPa. The histograms are calculated using a bin size of 4 days.

Table 4. Mean characteristics of the distributions of times for transport of cloud air out of the region below 360K and into the 370K and
380K surface for the first time. Calculations made using the four CS-TTL trajectory ensembles, all launched at 100 hPa. The values for the
median,uy /2, and standard deviation, are given in parenthesis.

ALLSKY-ATO ALLSKY-AT5 ALLSKY-AT-5 CLRSKY-ATO

Exit-time from region below 360K surface, days(2, o) 15 (11, 16) 19 (13, 19) 12 (9, 13) 42 (32, 37)
First entry into 370K surface, dayg {2, o) 27 (23, 18) 31 (26, 20) 23 (20, 16) 54 (45, 37)
First entry into 380 K surface, dayg {2, o) 39 (35, 22) 44 (39, 23) 33 (30, 20) 64 (56, 37)

that to obtain these histograms we ignore those CS-TTL traalternate regions of negative and positive heating rates), so
jectories that never go below 360 K). At the same time, thesehat the air parcels respectively descend and rise. The corre-
histograms are considerably narrower than the histogramsponding variations in the vertical velocities impede the im-
shown in Fig.9a. It thus follows that the large width of the mediate ascent of a number of air parcels to higher altitudes.
first-entry times are due the large dispersion in the times toThis is particularly true for clear-sky conditions: Without
exit the region below 360K (in forward time). This disper- the radiative influence of cirrus clouds, the magnitudes of
sion is more pronounced in the clear-sky case. For all-skythe vertical velocities are in general smaller than in all-sky
conditions andAT = 0, the mean exit time is 15 days while conditions. As a result, parcels that are detrained below the
for clear-sky conditions it is 42 days. mean C-LZH have less possibilities to escape to regions, suf-

It is interesting to note that the mean all-sky first-exit and ficiently adbove thg. meWhC-LﬁH,hwhere theh mean ﬂﬁw IS
first-entry times found here are consistent with simple esti-s"_Ong andascending. e_nt Is happens, the mean flow re-
mates such as those shown in Fi.obtained fopg~355 K gains control over their vertical transport and the dispersion

(recall that in all-sky conditions, the mean potential tempera—'n the vertical motion becomes smaller. This indeed explains

ture at which parcels detrain is 354 K). Conversely, the corre- Wy the histograms in Figdb are narrower than those in

sponding means obtained under clear-sky conditions canndﬂg' 9%a. Not; 'that th'e p;ossrl]blllty of Ior;g tr?pplgg times neacrj
be explained using these sort of estimates. the LZH and in particular the C-LZH has first been reporte

in an idealized study bgherwood and Dessl¢2003. The
We may thus conclude that the large width of the first- existence of this so-called “stagnation region” has also been
entry time histograms are a result of the combined effectphserved in several trajectory studies (€geglistaler et al.
of the radiative heating rates and horizontal motion around(2004); Ploeger et al(2010). The presence of a “stagnation
the LZH (whose mean level in the tropics coincides with the regjon” also explains the large number of “free” trajectories
mean potential temperature at which the CS-TTL parcels argj e, trajectories that have not detrained from a convective

detrained in both clear- and all-sky conditions; see also Tasource) which are found near the C-LZH (see S2@.
ble 3). Horizontal motion can lead air parcels to alternate

regions situated just below and above the LZH (equivalent to
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Fig. 10. (a)Ensemble(b) seasonal anft) regional histograms of transit-times between detrainment and launch at the 100 hPa surface. Also
shown in(c) the corresponding histogram for those trajectories detrained over the land part of the north Asian-Pacific region (brown line).
Results obtained from the CS-TTL trajectory ensemble ALLSK¥0. The histograms are calculated using a bin size of 4 days.

3.2.2 Transit-times 3.3 Distribution of cloud air in the lower stratosphere

The ensemble histograms of transit-times between detrainThe extensive large-scale horizontal motion that takes place
ment and launch are shown in Fig0a for air parcels within the TTL (Holton and Gettelmar2001; Fueglistaler
launched at 100 hPa. The longer times necessary for the ait al, 2004 Bonazzola and Hayne2004) ensures that, at the
parcels to reach their destinations (in forward time) at highenower stratosphere (at about 100 hPa), air of convective origin
latitudes is responsible for the larger width of the histogramsjs in general, well-mixed in the longitude. The histograms,
(compare with the histograms shown in F8g). The mean (1), of the destination (in forward time) of the CS-TTL
transit-time is between 53 and 64 days for all-sky conditionstrajectories differ according to the range of values of their
and 83 days for clear-sky (see also Table transit-times.

Figure10b—c shows the seasonal and regional dependence e determiney (r, 7) by calculating the ratio of the num-
of transit-times. During boreal summer, air parcels are rel-per of CS-TTL trajectories, detrained during a certain sea-
atively slower in reaching their destination on the 100 hpason, located within the grid-box atand transit-times within
surface: only 12% of cloud air detrained during that season; ; 1 Az to a normalization factory (¢, At). We choose
reaches its destination on the 100 hPa surface within 20 dayg sjmilar normalization to the one employed fofr, ) in
which is about half the amount obtained during the othergect3.1.1 The value ofV (¢, A7) depends on the latitudie
seasons. Similarly, air parcels detrained within the north-5q is given by the product of the grid-box area relative to the
ern Asian-Pacific region (that is mainly active during boreal 3,e3 of launch surface (58, 50 N), the transit-time length,
summer), particularly those detrained over land, are slow tox 7, relative to the maximum possible transit-time (here, 200
reach their destination on the 100 hPa surface: 15 % of clougjays) and the total number of CS-TTL trajectories detrained
air arrives within 20 days. This is to be contrasted with 25 % qyring the season concerned. The valud 6p, A7) denotes
of air parcels detrained in the southern Asian-Pacific regionhe expected number of CS-TTL trajectories that would be
in which early transport is the fastest (see Figb). These  foung within a grid-box if all CS-TTL trajectories had en-
differences are despite the higher potential temperatures glontered a convective source with equal probability during
which air parcels detrain during both boreal summer and thepe |ast 200 days (the length of the trajectories).
northern Asian-Pacific region (see F8). Their slow ascent Figure 11 shows x100npacalculated from the ALLSKY-

i_nto the upper TTL_is the combined result of the monsoon an-, rq trajectory ensemble, launched at 100 hPa, for trajecto-
ticyclone that dominates the large-scale boreal summer CirCUsias detrained during boreal winter (DJF) and summer (JJA).

Iatiqn.within this region and the smallgr, on average, .tropicaIFOr both seasons we can identify three spatial regimes for
rad!at|ve heating rates above approxmgtely 365K in €OM- (7). For small transit timesz(<15 days), the distribu-
parison to the other seasons (see e.g. Zjig. tion of the CS-TTL parcels at the 100 hPa surface are local-
Finally, we note that, in comparison to the case of all- o4 \ith the local maxima located at or near the convective
sky radiative heating rates (With7 = 0), the use of total 5,106 regions (see also F#). This regime corresponds to
diabatic heating rates results in first-entry and transit-times,p 0+ 2 tenth of the CS-TTL parcels (13 and 7 % for parcels
which are, on average, shorter by about 4 days (not shown). jeyrained during DJF and JJA, respectively). For interme-
diate transit-times®~15-60 days), the distributions of the
CS-TTL parcels are quasi-homogeneous within nearly the
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whole 100 hPa surface between the tropics® 8030 N). overcome for air of convective origin to eventually reach
Notice the appearance of a local maximum in the regionthe upper TTL and lower stratosphere. In this study, we
in which the monsoon anticyclone dominates during borealhave employed a novel Lagrangian approach that combines
summer. This is because air parcels are temporarily trapped large number of diabatic back trajectory calculations (in
by the monsoon anticyclone. Conversely, during boreal win-both clear-sky and all-sky conditions) with global fields of
ter, the region over the southern Asian-Pacific (particularlybrightness temperatures in order to analyse the combined ef-
the regions of Indonesia and western Pacific) are characfect of cloud heating and large-scale horizontal motion on
terized by rapid ascent (see e.g. FI§) and consequently the transport of air across the TTL. The result is a quanti-
no such maximum exists. This intermediate regime corre-ative picture of the seasonal and regional characteristics of
sponds to about half of the CS-TTL parcels (49 and 52 %convective sources and times for transport of air into the up-
for parcels detrained during DJF and JJA, respectively). Foper TTL and lower stratosphere.
large transit-times 1(~60-200 days), the CS-TTL parcels e have shown that the lower, on average, level of A-LZH
are mostly present in the extra-tropics, within which they are(in which the radiative heating of clouds is included) and the
quasi-homogeneously distributed. This regime correspondgarger, in general, heating rates, both associated with cirrus
to about four tenths of the CS-TTL parcels (38 and 41 % re-c|oyds, facilitate the rapid upwelling of air across the TTL.
spectively, for parcels detrained during DJF and JJA). Focusing on the ensemble of trajectories that have encoun-
tered a source of convection during 2005, we find that the
majority of the trajectories that reach the upper TTL have
4 Conclusions encountered a source of convection near the mean A-LZH.
The fluctuating nature of the latter combined with horizontal
Previous consideration€6rti et al, 2005 2006 Yang et al, motion in this region result in a large dispersion in the ver-
2010 have suggested that the radiative heating from cirrugtical transport times which is reflected in the corresponding
clouds could play an important role in transporting air acrosstime distributions that are both wide and skewed (albeit less
the C-LZH —a barrier for vertical transport which must be wide than the distributions obtained in clear-sky conditions).

www.atmos-chem-phys.net/11/12517/2011/ Atmos. Chem. Phys., 11, 1P34-2011



12532 A. Tzella and B. Legras: A Lagrangian view of transport across the TTL

The mean time to first reach the 370 K surface:ig7 days, During the course of the revision of this work, we became

which is half the time obtained under clear-sky conditions. aware of independent work Bergman et al(2011) which

The distribution has a pronounced peak thatis locatedl®d =~ addresses similar questions and has obtained a number of re-

days. The latter time is consistent with the estimate Cloati sults which are, to a large extent, comparable to some of the

et al. (2006 obtained for air of deep convective origin to as- results presented here. There are some noticeable discrep-

cent (with the help of cirrus) to the 370K surface. We find ancies regarding results obtained during the boreal summer

that the time distributions are largely insensitive to a bias ofseason that might be due to differences in the heating rates

about+1km (F5K) in the cloud top heights with the mean (see alsd/Nright et al.(2011) where some sensitivity to the

times shifted by about4 days. underlying dataset is found), which is another motivation to
The combination of a fluctuating A-LZH and horizontal further investigate this question in the future.

motion near this barrier could also explain why some sources

of convection are more successful than other equally deep-
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