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Abstract

The Tropical Tropopause Layer (TTL) is a key region controlling transport between the
troposphere and the stratosphere. The efficiency of transport across the TTL depends
on the continuous interaction between the large-scale advection and the small-scale in-
termittent convection that reaches the Level of Zero radiative Heating (LZH). The wide
range of scales involved presents a significant challenge to determine the sources of
convection and quantify transport across the TTL. Here, we use a simple Lagrangian
model, termed TTL detrainment model, that combines a large ensemble of 200-day
back trajectory calculations with high-resolution fields of brightness temperatures (pro-
vided by the CLAUS dataset) in order to determine the ensemble of trajectories that are
detrained from convective sources. The trajectories are calculated using the ECMWF
ERA-Interim winds and radiative heating rates, derived both under all-sky and clear-sky
conditions, so that the radiative influence of clouds is established.

We show that most trajectories are detrained near the mean LZH with the horizontal
distributions of convective sources being highly-localized, even within the space de-
fined by deep convection. As well as modifying the degree of source localization, the
radiative heating from clouds facilitates the rapid upwelling of air across the TTL. How-
ever, large-scale motion near the fluctuating LZH can lead a significant proportion of
trajectories to alternating clear-sky and cloudy regions, thus generating a large disper-
sion in the vertical transport times. The distributions of vertical transport times are wide
and skewed and are largely insensitive to a bias of about +£1 km (¥5K) in the altitude
of cloud top heights (the main sensitivity appearing in the times to escape the imme-
diate neighbourhood of the LZH) while seasonal and regional transport characteristics
are only apparent at small time-scales. The strong horizontal mixing that characterizes
the TTL ensures that most air of convective origin is well-mixed within the tropical and
eventually within the extra-tropical lower-stratosphere.
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1 Introduction

It is now widely accepted that most of the transport of tropospheric air into the strato-
spheric “overworld” at potential temperatures above about 380K takes place in the
tropics (see reviews by Holton et al., 1995; Stohl et al., 2003), across what is now
known as the Tropical Tropopause Layer (TTL) (see Highwood and Hoskins, 1998;
Folkins et al., 1999; Fueglistaler et al., 2009a). This layer, whose vertical extent is
over several kilometres, spans the gradual transition from a region dominated by the
convectively overturning motion of the Hadley-Walker circulation to a region of slow as-
cent, controlled by the tropical branch of the Brewer-Dobson circulation. The efficiency
at which air is transported across the TTL depends on both the large-scale advection
and the local sources of deep convection. A detailed quantification of their combined
effect is challenging because of the large range of scales involved. Such a quantifi-
cation is particularly important for halogenated Very Short-Lived Substances (VSLS)
whose impact on ozone depletion relies on their efficient transport into the stratosphere
(see e.g., WMO, 2007).

Air from the boundary layer is rapidly (within hours) transported into the TTL by deep
convection. The latter frequently penetrates the region near the TTL base, commonly
taken to lie above the level of maximum convective outflow (between 345-355K, 12—
14 km; see e.g., Gettelman and de Forster, 2002; Fueglistaler et al., 2009a). However,
most air detrained in this region descends back to the boundary layer. With increasing
altitude, convection becomes increasingly rare (see e.g., Liu and Zipser, 2005; Fu et al.,
2007). As a result, the magnitude of the radiative cooling outside the clouds decreases
leading to a smaller descending mass-flux. This decrease continues up until a certain
level, situated at about 360 K (15 km), that marks the transition from clear-sky radiative
cooling to radiative heating (Gettelman et al., 2004). Once above this level, known as
the Clear sky Level of Zero radiative Heating (C-LZH), the majority of air originating
from deep convection is transported into the stratosphere.

18163

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 18161-18209, 2011

A Lagrangian view of
transport across the
TTL

A. Tzella and B. Legras

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

The mean 5-15K (1-3km) gap between the level of maximum convective outflow
and the mean C-LZH implies that the number of convective sources that can penetrate
the C-LZH is potentially too small to explain the large-scale upward mass-flux in the
Brewer-Dobson circulation. This discrepancy is accounted for by considering the ra-
diative influence of thin, high cirrus clouds. The latter are omnipresent in the TTL (e.qg.,
Wang et al., 1996; Martins et al., 2011), generated either from the outflow of deep con-
vective anvils or in situ (e.g., Massie et al., 2002), with lifetimes of a few days, reaching
horizontal scales of the order of 1000 km (e.g., Winker and Trepte, 1998). Using a large
number of detailed radiative transfer calculations to quantify upwelling and subsidence
in cloudy and cloud-free air, Corti et al. (2005) showed that the All-sky Level of Zero
radiative Heating (A-LZH) is on average about ~ 355K (14 km), i.e., ~5K (1 km) lower
than the C-LZH. The gap between the A-LZH and the mean level of maximum con-
vective outflow is thus reduced, facilitating a larger proportion of air to be transported
into the stratosphere. The net radiative heating associated with cirrus clouds (which
within cirrus clouds is ~ 1 Kday'1) allows for the rapid transport of air upwards, up to
the C-LZH, above which their radiative influence becomes increasingly small. Accord-
ing to Corti et al. (2006), it can take as little as two weeks (a time sufficiently short for
most VSLS) for air of convective origin to reach the 370 K surface, if this remains inside
cirrus clouds for most of the time.

The above descriptions and estimates are based on mean vertical profiles and thus
do not take into account the detailed pathways of cloud air (i.e., air originating from
deep convection). These pathways are largely controlled by large-scale horizontal ad-
vection that, in this region of the atmosphere, can transport cloud air along great lon-
gitudinal distances (see Holton and Gettelman, 2001; Fueglistaler et al., 2004; Bonaz-
zola and Haynes, 2004). Horizontal transport could play a significant role in the vertical
transport of cloud air into the stratosphere. Because clouds are spatially localized and
intermittent, both the heating rates and the A-LZH are highly fluctuating in space and
time. In contrast, in clear-sky, the distributions of heating rates are smoother. Horizon-
tal motion can thus transport cloud air that is detrained within a certain region into other
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regions, with very different vertical heating rate profiles. As a result, cloud air detrained
above the A-LZH may subside back into the troposphere or remain for a long time near
the A-LZH so that its motion is fluctuating in the vertical direction. The combined effect
of the radiative heating associated with clouds and the large-scale horizontal flow for
transport of air of convective origin into the stratosphere is a priori unknown.

To examine this effect, in this paper we use a simple Lagrangian model, termed
TTL detrainment model, that combines a large number of back trajectory calculations,
initially located within the upper TTL, with high-resolution global fields of brightness
temperatures. Our particular focus is to determine the ensemble of trajectories that
are detrained from deep convection. This ensemble is then used to deduce the distri-
bution of convective sources and times for transport of cloud air across the TTL. The
trajectories are calculated using the European Centre of Medium range Weather Fore-
cast (ECMWF) ERA-Interim (EI) re-analysis winds and radiative heating rates, derived
both under all-sky and clear-sky conditions so that the radiative influence of clouds is
established. The brightness temperature data are obtained from the CLoud Archive
User Service (CLAUS). In order to evaluate the sensitivity of the results to biases in the
brightness temperatures, BT, we consider a variable offset of AT = +5K.

In the next section we present the model, data and trajectory calculations used in
this study. In Sect. 3 we present our results. We last conclude in Sect. 4.

2 Data and method: the TTL detrainment model
2.1 Trajectory calculations

We employ large-scale wind and temperature fields to calculate an ensemble of back
trajectories whose initial positions are uniformly distributed on two iso-pressure sur-
faces that lie in the upper TTL: 100 hPa and 70 hPa. The trajectories are initialised be-
tween 50° N and 50° S, at all longitudes, on a high-resolution 1° x 1° longitude/latitude
grid (36 360 trajectories) and followed backward-in-time for 200 days. This range of
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latitudes encompasses the latitude range of the TTL in all seasons. The trajectories
are initialised at 12:00 UTC every 4 days covering the period between the 1 January
2005 to the 30 June 2006, resulting a total of 5017680 (138 x 36 360) trajectories.
We use these back trajectories to investigate the characteristics of convective sources
for transport of cloud air across the TTL. A main motivation lies in understanding how
these sources influence the distributions of VSLS in the upper TTL. Their lifetimes are
by definition less than 6 months (see e.g., WMO, 2007). Therefore, 200-day simula-
tions are both sufficient and necessary for our purposes.

The back trajectories are computed in an isentropic coordinate system with
TRACZILLA, a modified version of FLEXPART (Stohl et al., 2005; Pisso and Legras,
2008), using analysis (at 00:00, 06:00, 12:00 and 18:00UTC) and 3-h forecasts (at
03:00, 09:00, 15:00, and 21:00UTC) from the European Centre of Medium range
Weather Forecast (ECMWF) ERA-Interim (El) re-analysis dataset (T255 spectral reso-
lution, 60-level hybrid vertical coordinates and 12-h 4D-Var assimilation; see Dee et al.,
2011). Diabatic trajectories have been found to be less dispersive than trajectories ob-
tained by kinematic models in which transport is derived from three-dimensional wind
fields (e.g., Schoeberl et al., 2003; Stohl et al., 2004; Wohltmann and Rex, 2008),
though this difference is less prominent in the El dataset (Liu et al., 2010).

The horizontal (isentropic) part of the motion is obtained from the meteorological
wind fields. First extracted on a 1° x 1° longitude/latitude grid, the wind fields are linearly
interpolated in the latitude, longitude and log-pressure along the trajectories. Trajecto-
ries are then integrated in time with a 15 min time-step. The vertical (cross-isentropic)
part of the motion is derived from radiative heating rates, Q,,q4, provided as 3-h aver-
ages from forecasts of temperature tendencies. The vertical displacement is then given
by
ao o
dt  c,l
where 6 denotes potential temperature, T temperature and ¢, the specific heat capac-
ity per unit mass at constant pressure. In general, this part of the motion is derived
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from diabatic heating rates whose values can also depend on additional processes to
radiative heating. However, as long as a trajectory remains in cloud-free air, the com-
ponent of heating that is associated with the release of latent heat can be discarded
while the contribution of heat transfer by turbulent motion and diffusion was previously
found to be small (Fueglistaler et al., 2009b).

The radiative heating rates can be calculated in both clear-sky and all-sky conditions
in which case the radiative effect of different kind of clouds is included. Calculating
the contribution of clouds on the radiative heating rates can become quite involved,
particularly in regions where both optically thick anvil clouds and thin cirrus clouds
co-exist. The uncertainties in the radiative heating rates are thus larger in the lower
TTL (see Fig. 7 in Fueglistaler et al., 2009b). Note that the contribution of clouds
to the radiative heating rates is, within the ECMWF model, obtained using statistical
assumptions about the cloud distribution within the mesh. This calculation can thus
not distinguish between the heating occurring inside the clouds from that occurring
outside the clouds. We assume that as long as the trajectories are situated above
deep convective clouds, the cloud component of the radiative heating is related to the
external effect of clouds.

As noted in the introduction, cirrus clouds can enhance the net tropical radiative
heating rates. This enhancement is reflected in the annual mean vertical tropical pro-
files of the radiative heating rates, shown in Fig. 1a, obtained for clear-sky and all-sky
conditions from the El dataset for 2005. The differences between the two profiles result
in different estimates for the transit time between an initial level in potential tempera-
ture, 6,, and the 380K level (see Fig. 1b). These differences are especially important
below 365 K where the estimated transit time is strongly dependent on the value of 8,
diverging as 6, approaches the mean LZH (in either clear- or all-sky conditions) that
acts as a barrier for transport between the lower and upper troposphere.

The above estimates do not take into account the horizontal part of the motion.
They nevertheless point to the key role that cloud radiation has on transport across
the TTL. In order to obtain a comprehensive quantification of the radiative influence of
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cirrus clouds on transport across the TTL, we here consider both all-sky and clear-sky
radiative heating rates for the vertical part of the motion. Such a quantification has
to some extent been examined in Ploeger et al. (2010) where it is found that vertical
transport is indeed faster when the radiative influence of clouds is taken into account.
This study, however, focuses on back trajectories arriving on fixed levels of g, that are
not related to the potential temperature at which air of convective origin detrains.

Note that it is possible that some air parcels remain for a long time in the immediate
neighbourhood of the launch surface. As a result, their contribution could be overes-
timated with respect to the remaining parcels. These spurious contributions can be
important if the proportion of these parcels is large. The latter depends on the fre-
quency at which the trajectories are launched. The higher is this frequency, the larger
is the proportion of air parcels remaining in the immediate neighbourhood of the launch
surface within the next launch. This dependence on the launch frequency is the main
reason why trajectory calculations cannot be used to determine fluxes across a sur-
face. In order to estimate the importance of these spurious contributions, we calculate
the percentage of air parcels that move upwards and downwards for a number of days
(1,2,...,8) after their launch at 100 hPa. We find that after two days, the proportion of
air parcels that move upwards has stabilised (the proportions vary by less than 2 %).
The same happens for the proportion of air parcels that move downwards. We can
therefore conclude that by the time the new set of trajectories is launched (4 days af-
ter), the proportion of air parcels that have remained in the immediate neighbourhood
of the initial launch level is negligible. We therefore expect that the above mentioned
spurious contributions are insignificant for the launch frequency that we here employ.

2.2 Detrainment

Our main aim is to determine and characterise the sub-ensemble of trajectories that
have encountered convective sources, thereafter called the CS-TTL ensemble. To
that end, we employ high-resolution fields of cloud top heights, estimated using satel-
lite brightness temperature (BT) measurements based on the infra-red window (mean
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11 um channel), obtained from the CLoud Archive User Service (CLAUS) at 1/3°x1/3°
spatial resolution and 3-h temporal resolution (Hodges et al., 2000) that are mapped
along the trajectories using piecewise constant interpolation. The use of brightness
temperatures to measure cloud top heights is based on the standard assumption that
the temperature at the top of the cloud is equal to that of the environment at this loca-
tion.

Note that CLAUS maps all types of clouds. However, here, we are only interested
by the anvils produced by deep convection. This distinction cannot be made in the
absence of available cloud classification at a global scale or information from other
channels. The presence of high-altitude, semi-transparent cirrus situated above the
anvil may therefore introduce a possible bias in the cloud top heights. Other biases are
related to the non-equilibrium evolution of the cloud that lead to temperature differences
and cloud heterogeneity within the pixel (Sherwood et al., 2004). In order to take
into account these sort of biases, we consider a variable offset, AT, to the brightness
temperatures that ranges within the +£5 K interval (see Sect. 2.3 for more details on the
CS-TTL ensembles that we obtain).

A trajectory is identified as a member of the CS-TTL ensemble if the time history of
its temperature over the duration of the back-trajectory has at some point been larger
than the temperature on the top of the cloud. In this case, the last encounter with a
cloud is given by the first time (in backward time) at which the parcel’s temperature
becomes larger than the cloud top temperature.

For the above rule to be well-posed, the cloud top height needs to be unambiguously
defined in terms of temperature. This is indeed the case within the tropics where the
temperature decreases monotonically with height until a distinct minimum is reached
at approximately 380 K. We therefore impose two further rules. The first rule is that
the parcel’s potential temperature at the encounter point is less than 380K i.e., the
position of the air parcel at this point lies below the tropical tropopause. The second
rule is that the parcel’s latitudinal position at the encounter point is constrained within
(30° S, 30° N) except for the boreal summer season during which it is constrained within
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(30° S, 35°N). In practice, the precise value of these boundaries is not important (less
than 5 % of the trajectories are detected to encounter a cloud at higher latitudes). At the
same time, the northward extension of the northern boundary during boreal summer
reflects the presence of the East Asian Monsoon that drives continental convection
towards higher latitudes.

The primary consequence of our algorithm is to eliminate the spurious encounters
of trajectories with clouds in the stratosphere. For it is now recognised that convective
events that penetrate the tropopause are rare, representing less than 0.5 % of the total
number of convective events (Liu and Zipser, 2005; Fu et al., 2007) and are there-
fore unlikely to affect the total transport of mass across the tropopause. A quantity
that could be more sensitive to overshooting events is the distribution of water vapour.
However, it is now established that in the lower stratosphere, its distribution can be
successfully reconstructed using large-scale wind and temperature fields, both glob-
ally (see e.g., Fueglistaler et al., 2005; James et al., 2008; Liu et al., 2010) and locally
(Schiller et al., 2009). This suggests that most of its variability is controlled by slow
dehydration induced by the large-scale motion.

The here described model, that we refer to as the TTL detrainment model, was previ-
ously introduced, within a different context, by Nawrath (2002) and James et al. (2008)
to reconstruct distributions of water vapour in both the troposphere and the strato-
sphere. In this paper, we use this model as a way to identify the global distribution of
convective sources and times for transport of cloud air across the TTL. This distribution
is closely related to the distribution of sources in the boundary layer. At the same time,
the distribution of times for transport of air into the upper TTL is expected to be similar
for air originating from the boundary layer and air originating from the sources of con-
vection. This is because the parcels’ motion between the boundary layer and the point
of detrainment is characterised by a rapid, vertical upward transfer that lasts several
minutes (or at most several hours in the case of a thick anvil). Making the general
assumption that the parcels that reach heights near the cloud top are those parcels
that are least diluted by entrainment of environmental air, we deduce that, at the point
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of detrainment, the CS-TTL parcels’ composition in non-soluble tracers is similar to the
composition of the boundary layer at the same horizontal location.

We note that a modified version of the TTL detrainment model was recently employed
by Wright et al. (2011) to examine the relative contribution to stratospheric water vapour
of different regions within South-East Asia during boreal summer. The main modifica-
tion appears in the vertical motion of the trajectories: instead of radiative heating rates,
Wright et al. (2011) employed total diabatic heating rates. The effect of this modification
is now discussed.

The rapid upward convective motion between the boundary layer and detrainment
occurs over sub-grid horizontal scales of a few kilometres. This motion is parameter-
ized within the ECMWF model and averaged within the mesh. The resolved vertical
velocity or, equivalently, the total diabatic heating rate (including the release of latent
heat), is, within the regions of convection, positive between the boundary layer and the
tropopause. Thus, the descending air parcel motions associated with clear-sky regions
between deep convective clouds are not represented. This lack of representation may
lead to erroneous transport in the convective regions of the tropical troposphere. This
is particularly true for air parcels wandering around the fluctuating A-LZH. Conversely,
this lack of representation is likely to be less important for reconstructions of strato-
spheric water vapour. This is because the latter depend on dehydration events that are
now known to occur at altitudes that are, on average, higher (by about 15K) than the
points of detrainment (see James et al., 2008). At these altitudes, latent heat releases
are negligible and thus the total diabatic and radiative heating rates are approximately
equal (see also Fueglistaler et al., 2009b).

2.3 CS-TTL trajectory ensembles and their characteristics

For each initial level, we run two sets of simulations. The first one is run using all-
sky (ALLSKY) radiative heating rates and the second one using clear-sky (CLRSKY)
radiative heating rates. For the all-sky simulations, we consider a variable offset to the
brightness temperature of AT = £5K that takes into account the presence of biases
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in the brightness temperatures (see also Sect. 2.2). It also tests the sensitivity of the
results to such biases. No offset is considered for the clear-sky calculation. We thus
obtain a set of four CS-TTL ensembles that we label as ALLSKY-AT0, ALLSKY-AT5,
ALLSKY-AT-5 and CLRSKY-ATO.

Figure 2 shows that, when the trajectories are initialised at 100 hPa, the CS-TTL
trajectories represent 79-80 % of the entire set of trajectories for all-sky conditions
and 72 % for clear-sky conditions. Half of the CS-TTL parcels have encountered a
convective source within the last 40 (for AT = -5K) and 51 days (for AT = 5K) for all-sky
conditions. For clear-sky conditions, the corresponding time is 75 days. The proportion
of CS-TTL trajectories that have encountered a convective source within the last 90 and
200 days is non-negligible for all-sky conditions (17-30 %) and even more so for clear-
sky conditions (40 % for simulation CLRSKY-AT0). When the parcels are initialised
at 70 hPa, the CS-TTL trajectories represent a smaller proportion of the entire set of
trajectories. This is due to the larger distance between the convective sources and the
initial level as well as the larger proportion of back trajectories that end up in the extra-
tropical stratosphere. Notice that in this case it takes about 40 days for a non-negligible
proportion of back trajectories to have encountered a convective source.

2.4 Remaining “free” trajectories

The remaining trajectories have never encountered a cloud at the end of their 200-day
back-trajectory. The majority of these “free” trajectories originate from extra-tropical
latitudes at the launch surface (see Table 1). In both all-sky and clear-sky conditions,
most “free” trajectories end up at higher parts of the stratosphere (8 > 400 K), mostly
within the extra-tropics, entrained within the (reverse) Brewer-Dobson circulation. Un-
der all-sky conditions, a small percentage of “free” trajectories end up with 8 < 400 K.
Conversely, for clear-sky conditions, the proportion of trajectories that are “free” with
0 < 400K, in particular 8 < 380K, is significant. Under these conditions, about half of
the “free” trajectories that end up with 8 < 380 K are concentrated below the 360 K sur-
face. This is also true in all-sky conditions but the corresponding percentage of “free”
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trajectories with 8 < 380 K is, in this case, a lot smaller. Thus, the region near the mean
tropical C-LZH is a sort of “stagnation” region: As we shall see in Sect. 3.2, air parcels
that are detrained within this region can take a long time to exit from it. Equivalently, it
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.

3 Results

We use the CS-TTL trajectory ensembles to identify the source regions for transport
of cloud air into the upper TTL. In order to characterise vertical transport across the
TTL, we calculate the distribution of times for cloud air to reach its final destination
or a particular level for the first time. We determine the distribution of cloud air at
its final destination as a function of different range of values for the transport times.
Throughout the rest of this paper, we concentrate on those CS-TTL trajectories that are
detrained during 2005 (65-66 % of the CS-TTL ensemble for both all-sky and clear-sky
conditions).

3.1 Convective sources for transport of cloud air into the stratosphere
3.1.1 Horizontal distributions

For each launch level p, we determine the distribution of convective sources, p(r,t),
for transport of cloud air into the stratosphere. We do this by calculating the ratio of
the number of CS-TTL trajectories that encounter a cloud within the grid-box located
at r = (1,¢), where 1 is the longitude and ¢ is the latitude, and time interval [¢,f + Af]
to a normalisation factor, N(¢,Af). The value of N(¢, At) depends on the latitude ¢
and is given by the product of the grid-box area relative to the area of the tropics, the
time-length, At, relative to the period concerned (here, 2005) and the total number
of CS-TTL trajectories during this period. N(¢,At) denotes the expected number of
trajectories that would encounter a cloud within a given grid-box, if all regions were
18173

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 18161-18209, 2011

A Lagrangian view of
transport across the
TTL

A. Tzella and B. Legras

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

equally likely to contribute to this process (see also Berthet et al., 2007, where a similar
normalisation is employed). We choose this normalisation in order to measure the
relative importance of different regions for transporting cloud air across the TTL.

Berthet et al. (2007) have previously considered the seasonal variations of the distri-
bution of source regions for transport of air from the boundary layer to the tropopause
region. Here, we focus on the density distribution of source regions for transport of
cloud air across the TTL and consider both the seasonal (At =3 months) and daily
variations (At = 1day, whereby each day starts at 00:00 UTC). The daily variations
are useful to capture individual convective sources which can thereafter be classified
according to their intensity. By employing a daily resolution we thus neglect any vari-
ations associated with the diurnal cycle. Each active grid-box must contain enough
independent realizations in order to obtain meaningful statistics. We therefore resolve
the source distribution on a 5° x 5° longitude/latitude grid.

Figure 3 shows the seasonal variations of the density distribution, 04qq ,pa, Of the
locations where trajectories have detrained from clouds and subsequently arrived at
100hPa. The results are calculated from the ALLSKY-AT0 and CLRSKY-ATO trajec-
tory ensembles for boreal winter (DJF), spring (MAM), summer (JJA) and fall seasons
(SON). Trajectories are detrained all along 2005. For ALLSKY-AT0, a maximum is ob-
tained during the winter and spring seasons (27 % for both seasons). A smaller amount
of trajectories are detrained during the summer and autumn seasons (22 % and 23 %
respectively — see also Table 2). The corresponding percentages for CLRSKY-AT0
are higher by 1% during boreal winter and by 2 % during boreal spring and autumn
seasons. Very similar distributions to the ones shown in Fig. 3 were also found for
transport from clouds to the 70 hPa surface (not shown).

The distribution of sources is characterized by strong geographical localization and
is consistent with the well-known locations of deep tropical convection (see also e.qg.,
Gettelman et al., 2004; Fueglistaler et al., 2004; Levine et al., 2007). During boreal
winter (DJF), the local maxima are over Equatorial Africa, the Southern Asian-Pacific
and Southern America. The same three regions are also prominent during the spring
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(MAM) and fall seasons (SON), though other regions, such as the Northern Asian-
Pacific and Equatorial America, also become important during this period. During bo-
real summer, most activity takes place over the Northern Asian-Pacific and Equatorial
America.

For both ALLSKY-AT0 and CLRSKY-ATO0, we find that the largest contribution of
CS-TTL trajectories comes from the Southern Asian-Pacific region (defined by 70°-
200° x —10°-20°; 50% and 44 % for all-sky and clear-sky conditions, respectively)
while a significant proportion of them has also sources in the Northern Asian-Pacific
(bounded by 70°-200° x 10°-35°; 22 % and 27 % for all-sky and clear-sky conditions,
respectively). A notable contribution comes from Africa (defined by 320°-20° x —15°—
20°; 10% and 13% for all-sky and clear-sky conditions, respectively), followed by
Central and Southern America (respectively defined by 250°-300° x 0°~20°; and 285°—
315° x 0°-35°; 3—6 % for both regions and ensembles) — see also Table 3 for ALLSKY-
ATO0 proportions. For both ensembles, the contribution from the Tibetan plateau (de-
fined by 80°-95° x 30°-35°) remains small (<2.5% and < 3.6 % respectively, of the
total and Northern Asian-Pacific boreal summer convective sources). This result is in
agreement with recent work by Park et al. (2007); James et al. (2008); Devasthale and
Fueglistaler (2010) but does not support previous work by Fu et al. (2006) and Wright
et al. (2011) in which the contribution from the Tibetan plateau is found to be important
(note that the definition of the Tibetan plateau in Wright et al. (2011) is different to the
one employed here and in Fu et al. (2006)). The radiative influence of clouds leads
to a noticeable difference (5—6 %) in the proportion of trajectories that are detrained
by clouds within the Asian-Pacific region. However, this difference is smaller (within
+3 %) in other regions. Note that the difference in the regional proportions obtained
from the ALLSKY-ATO0, ALLSKY-AT5 and ALLSKY-AT-5 ensembles is found to be at
most 4 % (not shown). The same is true for the regional proportions obtained from the
ALLSKY-AT 0 ensemble launched at 100 hPa and 70 hPa.

The distribution of convective sources is highly localized not only in space but also in
time. This is evidenced in Fig. 4 in which is plotted the proportion of CS-TTL trajectories
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as a function of the day of detrainment. For both ALLSKY-AT0 and CLRSKY-ATO
ensembles, this proportion is characterized by highly variable daily fluctuations, with
this variability being larger under clear-sky conditions.

3.1.2 Localization of the horizontal distributions

The spatio-temporal localisation of the daily-varying p(r,t) can be analysed by con-
sidering the fraction of horizontal locations and times that have a density distribution
whose value exceeds a given threshold, g. More precisely, we define:

Alo) = é /T dt / drdy(r.t), (2a)

where JQ is the indicator function:

_J 1, it p(r.t)y>o0,
79(r’t)_{0, otherwise, (20)

and Q denotes the total space-time volume. Its value is given by Q = /sz‘[adrjo(r,z‘),
where o denotes the region in which the sources of convection are resolved (here, the
tropics) and T the time period concerned (here, the year 2005). It follows that A(0) = 1.

Thus, by considering increasingly large values of g, we obtain the fraction of space-
time volume associated with increasingly intense sources. The fraction of trajectories
associated with A(p) is given by

P(o) = /Jg(r, Ho(r,t)drdt. (2¢)

By definition A(g) is a monotonically decreasing function of ¢ and thus there exists a

unique inverse, o(A). Employing this inverse, we compose F,(A) = (Po)(A). A func-

tion of the space-time volume, F,(A) measures how localized the source distribution is.

It can be shown that £, (A) is a monotonically increasing function of A with lim ,_,, 7, =0

and lim4_,1P, =1. The value of A for which F,(A) = 0.5 or 0.99 indicate the degree of
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localization of the distribution. The smaller their values are, the more localized is the
source distribution.

We employ F,(A) to measure how localised 01qg npa IS, as this varies daily. For com-
parison, F,(A) is calculated for all four CS-TTL ensembles. Figure 5a shows that a
very small (0.5-2 %) proportion of Q accounts for half of the trajectories (associated
with the most intense sources) and 3-8 % of Q accounts for nearly all (99 %) of the
CS-TTL trajectories. Note that the corresponding proportions are considerably larger
for the distribution 0449 hpa Obtained by randomly distributing the same number of tra-
jectories uniformly in both space and time.

The source distribution that is most localised is the one obtained under clear-sky
conditions. The least localised distribution corresponds to the one obtained under all-
sky conditions, having taken into account a thermal bias of AT = —5. This is consistent
with the fact that the C-LZH is, on average, higher than the A-LZH, leading to a smaller
proportion of cloud air at higher parts of the TTL. Conversely, under all-sky conditions,
when the thermal bias becomes progressively smaller (from AT =5 to AT =0 and then
AT = -5), the top of clouds become progressively raised, leading to a larger proportion
of cloud air in the upper TTL.

We now employ F,(A) to measure how the structure of p4og hp, Varies with the sea-
son. In this case, Q denotes the total space-time volume during a particular season.
Interestingly, the degree of source localization varies very little with the season (see
Fig. 5b calculated from the ALLSKY-AT0 ensemble). This is consistent with the ob-
served lack of seasonal differences in the proportion of CS-TTL parcels (see Table 2).

3.1.3 Cloud top brightness temperatures

The cumulative distributions of the cloud top brightness temperatures (BT) of those
clouds encountered by the CS-TTL parcels are shown in Fig. 6a for the four trajecto-
ries ensembles, launched at 100 hPa (the same results are obtained for simulations
launched at 70 hPa). Nearly all (90 %) of the CS-TTL parcels have detrained from very
deep clouds (with BT <220K and BT <203 K for transport under all-sky and clear-sky
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conditions, respectively). As expected, the air parcels sample the deepest convective
sources more efficiently in clear-sky than in all-sky conditions. This is because in all-
sky conditions, the CS-TTL trajectories can be detrained from convective sources that
have a broader range of brightness temperatures than in clear-sky conditions (recall
that the mean A-LZH is lower than the mean C-LZH).

No seasonal variations are observed in the BT cumulative distributions (see Fig. 6b).
However, some regional variations are present (see Fig. 6a) with the deepest convec-
tive sources located within the region of Africa, followed by the region of Southern and
Central America (see also Table 3). These regional characteristics are consistent with
previous observations that find that the deepest convective events occur predominantly
over land, particularly above the region of Africa (see e.g., Liu and Zipser, 2005).

3.1.4 Localization of the horizontal distributions among increasingly deep
clouds

It is interesting to construct a measure of how p(r,t) is partitioned among the space
occupied by clouds. For it is not clear that all sufficiently deep clouds will participate
in the same way in troposphere-to-stratosphere transport. In particular, large-scale
horizontal advection can transport cloud air that is detrained within a certain region into
other regions where the LZH has a higher potential temperature, and subsequently may
subside back into the troposphere (see also discussion in Devasthale and Fueglistaler,
2010). It can also be that the fast upward motion associated with cirrus clouds only
occurs around a selected number of deep convective clouds. This is because cirrus
clouds may either not be present or cloud air may subside due to the radiative cooling
associated with that part of the cirrus that is situated directly above deep convective
clouds (see Hartmann et al., 2001). Both these mechanisms could be significant in
controlling how influential a convective source will be in transporting cloud air into the
stratosphere.

To measure how localized p(r,t) is within the space occupied by clouds, we employ
Por-(A), a variant of F,(A), introduced in Sect. 3.1.2, that describes how localised the
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source distribution is in Qr., where Qy. is defined as the total space-time volume with
brightness temperature, BT < 7. We can thus define A as in Eq. (2) but this time in
terms of Qr. and J,r. where

_J1,if p(r.t)=0 and BT(r,t)<T",
Tair-(r:1) = { 0, otherwise. 3)
PQ|T.(A) thus measures how transport into the stratosphere is partitioned among con-

vective sources that reach similar depths in the troposphere.

In order to calculate PQ|T, (A), we resolve the sources on the same grid as the BT
measurements (see Sect. 2.2). This resolution is of course too high for Por+(A) to
converge to an invariant form that is insensitive to the frequency at which the trajec-
tories are launched (note that this is not the case for F,(A), shown in Fig. 5, which
unlike Fyr.(A), is based on a significantly lower resolution in both space and time
for the source distribution). It is nevertheless possible to obtain an understanding of
how transport across the TTL is partitioned among the different convective sources. It
suffices to consider the departure of Por (A) from a reference Peir- (A), obtained by uni-
formly randomly distributing the same number of detrained parcels among horizontal
locations with BT <T".

We consider three different BT threshold values, T* =215, 200 and 185K, and cal-
culate PQ|T.(A) from the ALLSKY-AT 0 ensemble launched at 100 hPa. The results are
shown in Fig. 7. As expected, the deeper the convective sources (the smaller the
value of T7), the more efficiently they are sampled. At the same time, Pr-(A) signif-
icantly differs from the mean PW*(A) obtained from 1000 realisations. In particular,
the entirety of the CS-TTL parcels sample a proportion of the horizontal locations that
would be sampled if the parcels were randomly distributed among them (54, 70 and
76 %, respectively for T* =215, 200 and 185 K). This proportion becomes considerably
smaller when half of the CS-TTL parcels (associated with the most intense sources)
are considered (17, 50 and 63 %, respectively for T* =215, 200 and 185K). The large
differences between Por (A) and P5|T.(A) suggest that the transport of cloud air into
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the stratosphere is not equally partitioned among clouds of similar cloud top BT. At the
same time, these differences decrease with increasingly deep sources (i.e., when T~
decreases from 215 to 185 K).

Note that in clear-sky conditions, the difference between PQ|T*(A) and P@|T~(A) is
larger (not shown). This is because in these conditions, the number of CS-TTL parcels
that are detrained from very deep convection is larger than in all-sky conditions (see
Fig. 6). Therefore, the corresponding statistics are closer to their invariant form attained
for sufficiently large number of parcels.

3.1.5 Vertical distributions

The distributions of the potential temperatures at which the CS-TTL trajectories en-
counter a cloud are shown in Fig. 8a for the four trajectory ensembles, launched at
100 hPa (nearly identical results are obtained for trajectories launched at 70 hPa). Un-
der all-sky conditions, the distributions of these potential temperatures are mainly con-
fined between 350 and 360 K. For all AT, no encounters of clouds take place below
340K (i.e., all encounters take place above or near the mean level of maximum con-
vective outflow). For AT =0, 10% of the encounters occur above 360K (the corre-
sponding percentage for AT =5K and -5K is 5 and 20 %, respectively) while only 4 %
occur above 365K (the corresponding percentage for AT =5Kand -5Kis 1 and 10 %,
respectively). Under clear-sky conditions, the corresponding potential temperature dis-
tribution is narrower, with no cloud encounters taking place below 352 K while only 5 %
occurring above 366 K.

In the absence of thermal biases (i.e., AT =0), the mean potential temperature is
equal to the mean LZH in both all-sky and clear-sky cases (see also Table 4). When we
consider a thermal bias of AT = -5K (equivalent to raising cloud heights), the average
is displaced by 2K to a larger value of potential temperature. Conversely, a displace-
ment of 1 K to a lower value is obtained when we consider a thermal bias of AT =5K
(equivalent to lowering cloud heights). Near the tropopause, A8 ~ —2AT. Thus, there
is no direct relation between the mean displacement in potential temperature and the
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mean displacement in the cloud top height.

Figure 8(b) shows the seasonal variations of the potential temperature distributions
obtained from the ALLSKY-AT0 ensemble, launched at 100 hPa. The potential tem-
peratures are nearly identically distributed for CS-TTL parcels detrained during the
boreal winter and spring season; during the autumn season, the distribution is similar
but shifted to slightly lower values (see also Table 2). The main difference occurs for
CS-TTL parcels detrained during the summer. In this case, the parcels’ potential tem-
peratures appear to have a distribution that has two peaks, the first peak being located
at about 352 K and the second one at 358 K.

A similar behaviour, albeit weaker, is observed for parcels detrained in the Northern
Asian-Pacific region which is mainly active during the summer season (see Fig. 8c).
We find that the first peak is mainly due to detrainment over the ocean while the sec-
ond peak is due to detrainment over the land part of the Northern Asian-Pacific that can
take place at latitudes higher than 20° N. An interpretation of this fact is that poleward of
20°N and 20° S, both the C-LZH and the A-LZH are sloping upward in potential temper-
ature, with this effect being most pronounced for the A-LZH (see Fig. 2 in Fueglistaler
et al., 2009b). Hence, at these higher latitudes, convection must reach higher to con-
tribute to upward moving air in the TTL.

Note that the above land-ocean differences are not reflected in the brightness tem-
peratures of the corresponding convective sources. More generally, there is no direct
relation between the mean potential temperature of cloud encounters and the mean
brightness temperature of the corresponding convective sources (e.g. although the
deepest convective sources occur more frequently in the region of Africa, the average
height of cloud encounter within this region is not significantly different to the average
height of cloud encounter in other regions, such as the Southern Asian-Pacific region,
in which, in general, convection does not reach as high (see also Sect. 3.1.3)).
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3.2 Timescales for transport of cloud air across the TTL and into the lower
stratosphere

3.2.1 First-entry times

We now focus on the time it takes for CS-TTL parcels to first enter (in forward time) the
upper TTL and the stratospheric “overworld”. Figure 9a shows the histograms of times
to first reach the 370K and 380K surfaces for the four trajectory ensembles, launched
at 100hPa. Similar histograms are obtained for trajectories launched at 70 hPa (not
shown). In both all-sky and clear-sky cases, the histograms are broad and skewed,
decaying exponentially at large times.

The histograms obtained under all-sky conditions are characterized by a pronounced
peak, located at approximately 15 days, that is largely unaffected by a variable offset,
AT. Note that the location of the peak is consistent with the estimated time that Corti
et al. (2006) obtained for cloud air to first reach the 370K surface, provided it stays
inside a cirrus for most of the time. Conversely, the corresponding histogram obtained
for clear-sky conditions is notably broader, with a slower decay rate at large times.

The average time to first reach the 370K surface is, depending on the value of AT,
between 23 and 31 days for all-sky conditions and 54 days for clear-sky. The corre-
sponding time for the 380K surface is between 33 and 44 days for all-sky conditions
and 64 for clear-sky (see also Table 5). It is thus clear that the radiative heating asso-
ciated with clouds significantly accelerates transport across the TTL.

The radiative influence of clouds on transport across the TTL is mainly confined to
the region below the 360 K surface. This is evidenced in Fig. 9b in which the histograms
of times to cross the 360-370 K and 360—-380 K layers are shown to be similar in all-sky
and clear-sky conditions (note that to obtain these histograms we ignore those CS-TTL
parcels that never go below 360 K).

At the same time, these histograms are considerably narrower than the histograms
shown in Fig. 9a. The large width of the latter are due the large dispersion in the times
to exit the region below 360 K. The mean exit time is 15 days for all-sky conditions and
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AT =0 and 42 days for clear-sky conditions. The first mean is consistent with simple
estimates such as those shown in Fig. 1b obtained for 8, ~ 355K (recall that in all-
sky conditions, the mean potential temperature at which parcels detrain is 354 K). The
second mean cannot be explained using these sort of estimates.

The large width of the first-entry time histograms are a result of the combined effect of
the radiative heating rates and horizontal motion around the LZH (whose mean level in
the tropics coincides with the mean potential temperature at which the CS-TTL parcels
are detrained in both clear and all sky conditions). Horizontal motion can lead air
parcels to alternate regions situated just below and above the LZH (equivalent to alter-
nate regions of negative and positive heating rates), so that the air parcels respectively
descend and rise. The corresponding fluctuations in the vertical velocities impede the
immediate ascent of a number of air parcels to higher altitudes. This is particularly true
for clear-sky conditions: Without the radiative influence of cirrus clouds, the fluctuations
in the vertical velocities are of smaller amplitude than in all-sky conditions. As a result,
parcels that are detrained below the mean C-LZH have less possibilities to escape to
regions, sufficiently above the mean C-LZH, where the mean flow is strong. When this
happens, the mean flow regains control over their vertical transport and the dispersion
in the vertical motion becomes smaller. This indeed explains why the histograms in
Fig. 9b are narrower than the histograms in Fig. 9a. It also explains the large number
of “free” trajectories (i.e., trajectories that have not detrained from a convective source)
that are found in this region, particularly for clear-sky conditions (see Sect. 2.4). Note
that the possibility of long trapping times near the C-LZH has previously been reported
in an idealized study by Sherwood and Dessler (2003) in which the mean flow is rep-
resented by the linearized, clear-sky mean tropical radiative heating rate profile while
the dispersive effect of horizontal advection on the vertical motion is represented by a
diffusive process.
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3.2.2 Transit-times

The distribution of transit-times between detrainment and launch are shown in Fig. 9c
for air parcels initially at 100 hPa (note that the cumulative histograms shown in Fig. 2
correspond to a larger set of CS-TTL trajectories that also detrain during some of 2004
and 2006). The longer time necessary for the air parcels to reach their final destinations
(in forward time) on the launch surface at higher latitudes is responsible for the larger
width of the histograms (compare with the histograms shown in Fig. 9a). Note that once
again, the radiative heating associated with cirrus clouds are behind the pronounced
peaks observed in Fig. 9c. The mean transit-time is between 53 and 64 days for all-sky
conditions and 83 days for clear-sky (see also Table 4).

Figure 10 shows that the above mentioned histograms do not depend strongly on
seasonal or regional characteristics (see Fig. 10). Any differences are present for the
early transport of air parcels (see insets in Fig. 10a and b). During boreal summer,
air parcels are relatively slower in reaching the 100 hPa surface: only 12 % of cloud
air detrained during that season reaches its final destination on the 100 hPa surface
within 20 days which is about half the amount obtained during the other seasons (see
Fig. 10a). Similarly, air parcels detrained within the Northern Asian-Pacific region (that
is mainly active during boreal summer), particularly those detrained over land, are slow
to reach their final destination on the 100 hPa surface: 15 % of cloud air arrives within
20days. This is to be contrasted with 25 % of air parcels detrained in the Southern
Asian-Pacific region in which early transport is the fastest (see Fig. 10b). These differ-
ences are despite the higher potential temperatures at which air parcels detrain during
both boreal summer and the Northern Asian-Pacific region (see Fig. 8). Their slow
ascent into the upper TTL is the combined result of the monsoon anticyclone that dom-
inates the large-scale boreal summer circulation within this region and the smaller, on
average, tropical radiative heating rates above approximately 365K in comparison to
the other seasons (not shown).
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3.3 Distribution of cloud air in the lower stratosphere

The extensive large-scale horizontal motion that takes place within the TTL (Holton and
Gettelman, 2001; Fueglistaler et al., 2004; Bonazzola and Haynes, 2004) ensures that,
at the lower stratosphere (at about 100 hPa), air of convective origin is, in general, well-
mixed in the longitude. The distributions, y(r,7), of the final locations (in forward time)
of the CS-TTL trajectories differ according to the range of values of their transit-times.

We determine y(r,7) by calculating the ratio of the number of CS-TTL trajectories,
detrained during a certain season, located within the grid-box at r and transit-times
within [7,7 + A1] to a normalization factor, N(¢, AT). We choose a similar normaliza-
tion to the one employed for p(r,t) in Sect. 3.1.1: The value of N(¢, A1) depends on
the latitude @ and is given by the product of the grid-box area relative to the area of
launch surface (50° S, 50° N), the transit-time length, A7, relative to the maximum pos-
sible transit-time (here, 200 days) and the total number of CS-TTL trajectories detrained
during the season concerned. N(¢,AT) denotes the expected number of CS-TTL tra-
jectories within a grid-box if all regions in the launch surface were equally likely to
contribute to transport across the TTL with the last encounter with a convective source
being uniformly distributed within the period concerned (here, 200 days).

Figure 11 shows yqgonpa Calculated from the ALLSKY-ATO trajectory ensemble,
launched at 100 hPa, for trajectories detrained during boreal winter (DJF) and sum-
mer (JJA). For both seasons we can identify three spatial regimes for y(r,7). For small
transit times (7 < 15days), the distribution of the CS-TTL parcels at the 100 hPa sur-
face are localized, with the local maxima located at or near the convective source
regions (see also Fig. 3). This regime corresponds to about a tenth of the CS-TTL
parcels (13 and 7 % for parcels detrained during DJF and JJA, respectively). For
intermediate transit-times (7 =~ 15—60days), the distributions of the CS-TTL parcels
are quasi-homogeneous within nearly the whole 100 hPa surface between the trop-
ics (30° S, 30° N). Notice the appearance of a local maximum in the region in which the
monsoon anticyclone dominates during boreal summer. This regime corresponds to

18185

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 18161-18209, 2011

A Lagrangian view of
transport across the
TTL

A. Tzella and B. Legras

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

about half of the CS-TTL parcels (49 and 52 % for parcels detrained during DJF and
JJA, respectively). For large transit-times (7 ~ 60—200 days), the distributions of the
CS-TTL parcels are mostly present in the extra-tropics, within which they are quasi-
homogeneous. This regime corresponds to about four tenths of the CS-TTL parcels
(38 and 41 % respectively, for parcels detrained during DJF and JJA). The transition
between the last two regimes may also be observed in the latitudinal distributions of
the CS-TTL trajectories shown on the right of Fig. 11 for each of the three range of
values for the transit-times.

A similar set of spatial regimes characterises y;qq ,pa Obtained under clear-sky con-
ditions (not shown). However in these conditions, the amount of air associated with
each regime is different to the corresponding amount obtained under all-sky condi-
tions. For example, the amount of cloud air that is detrained within the last 15 days is
about a half or a third (4 % for both DJF and JJA) of the corresponding amount obtained
in all-sky conditions.

4 Conclusions

Previous considerations (Corti et al., 2005, 2006) have suggested that the radiative
heating from cirrus clouds could play an important role in transporting air across the
C-LZH — a barrier for vertical transport which must be overcome for air of convec-
tive origin to eventually reach the upper TTL and lower stratosphere. In this study,
we have employed a novel Lagrangian approach which combines a large number of
backward diabatic trajectory calculations (in both clear-sky and all-sky conditions) with
global fields of brightness temperatures in order to analyse the combined effect of cloud
heating and large-scale horizontal motion on the transport of air across the TTL. The
result is a quantitative picture of the seasonal and regional characteristics of convective
sources and times for transport of air into the upper TTL and lower stratosphere.

We have shown that the lower, on average, level of A-LZH (in which the radiative
heating of clouds is included) and the larger, in general, heating rates, both associated

18186

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 18161-18209, 2011

A Lagrangian view of
transport across the
TTL

A. Tzella and B. Legras

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/18161/2011/acpd-11-18161-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

with cirrus clouds, facilitate the rapid upwelling of air across the TTL. Focusing on the
ensemble of trajectories that have encountered a source of convection during 2005,
we find that the majority of the trajectories that reach the upper TTL have encountered
a source of convection near the mean A-LZH. The fluctuating nature of the latter com-
bined with horizontal motion in this region result in a large dispersion in the vertical
transport times which is reflected in the corresponding time distributions that are both
wide and skewed (albeit less wide than the distributions obtained in clear-sky condi-
tions). The mean time to first reach the 370K surface is ~ 27 days, which is half the
time obtained under clear-sky conditions. The distribution, however, has a pronounced
peak that is located at ~ 15days. The latter time is consistent with the estimate that
Corti et al. (2006) obtained for air of deep convective origin to ascent (with the help of
cirrus) to the 370K surface. We find that the time distributions are largely insensitive
to a bias of about £1km (+5K) in the cloud top heights with the mean times shifted by
about ¥4 days.

The combination of a fluctuating A-LZH and horizontal motion near this barrier could
also explain why some sources of convection are more successful than other equally
deep-reaching sources in transporting air into the upper TTL. We have deduced this
uneven participation using a diagnostic that measures the localisation of the sources
within the space they occupy. Conversely, the strong horizontal motion within the TTL
ensures that the majority of air of convective origin is well-mixed within the tropical
lower stratosphere at about 100 hPa (for air detrained within the last 15-60 days) and
the extra-tropical lower stratosphere (for air detrained more than 60 days ago). The
small fraction (=~ 10 %) of air that has been detrained within the last 15 days is located
above regions that lie in the neighbourhood of the convective sources.

The trajectory-based methodology that we have here employed provides a new way
to quantify the sources of convection for large-scale transport into the upper TTL and
lower stratosphere. It has two main advantages over other Lagrangian models. Firstly,
the use of brightness temperatures to detect convection means that it is not necessary
to resolve the fast convective updrafts that would otherwise need to be parameterised.
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Secondly, the use of radiative heating rates to represent vertical motion out of convec-
tion means that the descending trajectory motions associated with clear-sky regions
between deep convective clouds are represented. It would be interesting to compare
our results with corresponding results obtained in other Lagrangian models such as
the one employed in Pisso et al. (2010) in which a convective parameterisation is taken
into account and found to have a large impact on the ozone depletion potentials for
VSLS.

There are a number of limitations to the results presented in this study that are
already described. The most important limitation concerns the realism of the radiative
heating rates in the ERA-Interim re-analysis dataset. As already noted, uncertainty
in their values arises mostly due the influence of clouds. Despite this uncertainty, we
believe that motion near the A-LZH will continue to depend on its fluctuating structure
as the accuracy in the values of the radiative heating rates increases. Further work will
require the comparison with radiative calculations performed using real distribution of
clouds, as diagnosed, e.g. by CloudSat/CALIPSO (Sassen et al., 2008; Martins et al.,
2011).
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Table 1. Percentages of parcels that are “free” (i.e., have never encountered a convective
source at the end of their 200-day back trajectory), “free” with initial locations in the extra-
tropics (i.e., |@| > 30°) and “free” with a range of values for the final potential temperatures,
6. Values correspond to the 100 hPa launch surface and those in parenthesis to the 70 hPa

surface.

ALLSKY-ATO ALLSKY-AT5 ALLSKY-AT-5 CLRSKY-AT0

“free” parcels, %
“free” & || > 30°, %

“free” & 6 > 400K, %
“free” & 380 < 6 < 400K, %
“free” & 6 < 380K, %

“free” & 6 < 360K, %

17 (41)
15 (28)

11 (30)
2(3)
3(6)

1(2)

18 (42)
15 (28)

11(31)
2(4)
4(7)

15(2.7)

15 (39) 23 (47)
14 (27) 17 (29)
11 (30) 9 (25)
2(4) 3(5)
2 (4) 11 (17)
6(1.3) 6 (8.5)
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Table 2. Seasonal mean characteristics of convective sources and times for transport of air be-
tween detrainment and launch. Calculations made using the ALLSKY-AT 0 trajectory ensemble,
launched at 100 hPa. The values for the median, y, ,,, and standard deviation, o, are given in
parenthesis.

DJF MAM JJA SON
CS-TTL parcels, % 27 27 22 23
Cloud temperature, K (i1 5, 0) 205 (205, 9) 205 (205, 9) 205 (205, 9) 205 (205, 9)
Parcel potential temperature, K (i;/,, ) 354 (353, 3.72) 354 (353,3.6) 357 (356, 6.2) 353 (352, 5.3)
Transit-time, days (i4,, 0) 59 (44, 47) 61 (46, 47) 62 (51, 43) 55 (42, 43)
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Table 3. Same as Table 2 but this time the focus is on the regional mean characteristics of

convective sources and transport times.

N. Asian-Pacific ~S. Asian-Pacific

Africa
CS-TTL parcels, % 10
Cloud temperature, K (5, 0) 201 (200, 8.6)
Parcel potential temperature, K (1, 0) 354 (354, 5.5)
Transit-time, days (14 /25 o) 61 (47, 46)

22

205 (205, 9.5)

357 (356, 5.5)
61 (50, 43)
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Table 4. Same as Table 2 but this time the focus on four CS-TTL ensembles, obtained for  ©
transport in all-sky and clear-sky conditions, from trajectories launched on the 100 hPa surface. T _
Different thermal biases, AT, for the brightness temperatures have been taken into account %;
for transport in all-sky conditions (see Sect. 2.3 for more details on the CS-TTL ensembles =
ALLSKY-ATO  ALLSKY-AT5 ALLSKY-AT-5 CLRSKY-ATO g ! !
o
Cloud temperature, K (11 5, 0) 205 (205,9) 203 (203, 8.3) 206 (206, 9.5) 196 (195, 5.6) e ! !
Parcel potential temperature, K (i, 0) 354 (353,4.7) 353 (352,3.5) 356 (354,6.3) 359 (358, 3.6) %3
Transit-time, days (45, 0) 59 (46,45) 64 (51,46) 53 (40,44) 83 (75,49) o
- 1 .
: 1
(7]
Q
(=
(2}
(2}
2
5
3
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©
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Table 5. Mean characteristics of the distributions of times for transport of cloud air out of the
region below 360 K and into the 370 K and 380 K surface for the first time. Values obtained from
the four CS-TTL trajectory ensembles, all launched at 100 hPa.

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

Exit-time from region below 360 K

surface, days (U4 ,, 0) 15 (11, 16) 19 (13, 19) 12 (9, 13) 42 (32, 37)
First entry into 370K surface, days (4., 0) 27 (23, 18) 31 (26, 20) 23 (20, 16) 54 (45, 37)
First entry into 380K surface, days (uy,,, 0) 39 (35, 22) 44 (39, 23) 33 (30, 20) 64 (56, 37)
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Fig. 1. (a) Annual mean tropical radiative heating rates (30°S, 30° N) calculated from all-sky
(in red) and clear-sky (in black) radiative heating rates provided by the ERA-Interim dataset for
2005. (b) Transit-time from an initial level, 8,, to 380K, calculated using the profiles shown

in (a).
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Fig. 2. Cumulative probability of time for transport of air between convective sources and the
100 hPa (think lines) and 70 hPa (thin lines) surfaces. Results obtained from back trajectories,
calculated in both clear-sky and all-sky conditions where different thermal biases were taken
into account (see text for more details). The trajectories were launched between the beginning
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of 2005 and the middle of 2006.
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Fig. 3. Seasonal variations of the distribution, 0440 hpa, Of the horizontal locations where tra-
jectories, 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 are calculated under all-sky conditions from the ALLSKY-ATO trajec-
tory ensemble, while those on the right are calculated under clear-sky conditions, using the
CLRSKY-AT0 ensemble. The distributions are binned in a 5° x 5° longitude/latitude grid. The
solid boxes define a set of geographical regions. Africa: (320°, 20°) x (-15°, 20°); N. Asian-
Pacific: (70°, 200°) x (10°, 35°); S. Asian-Pacific: (70°, 200°) x (-10°, 10°); C. America: (250°,
300°) x (0° S, 20°); S. America: (285°, 315°) x (0°, 35°); Tibetan plateau: (80°, 95°) x (30°, 35°).
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Fig. 5. (a) Ensemble and (b) seasonal differences between p4qq hpa, Measured by F,(A), de-
fined in Eq. (2). The ensemble differences are calculated for all-sky and clear-sky conditions
for trajectories launched at 100 hPa from the ALLSKY-AT 0, ALLSKY-AT5, ALLSKY-AT-5 and
CLRSKY-ATO0, ensembles. AT denotes the different thermal biases for the brightness temper-
atures. Seasonal differences are calculated from the ALLSKY-AT0 simulation by considering
trajectories detrained during boreal winter (DJF), spring (MAM), summer (JJA) and fall (SON)
seasons in 2005. For both (a) and (b) are plotted the average (solid grey) and meanzstandard
deviation (dotted grey) of P5(A). The latter is obtained from 1000 realisations of 0O100 hpa tra-
jectories are uniformly randomly distributed in both space and time. The same number of
trajectories as ALLSKY-ATO are used in (a) and as many as those detrained during boreal
winter are used in (b) — in practice this choice is not important as the ensemble and seasonal
differences in the trajectory numbers are small.
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Fig. 6. Cumulative distributions of cloud top brightness temperatures for convective sources
that transport air parcels to 100 hPa. Results obtained for (a) all-sky and clear-sky conditions,
from trajectory ensembles ALLSKY-AT 0, ALLSKY-AT5, ALLSKY-AT-5 and CLRSKY-ATO0. Re-
sults obtained for all-sky conditions, from the ALLSKY-AT 0 ensemble, for trajectories detrained
(b) during boreal winter (DJF), spring (MAM), summer (JJA) and fall (SON) seasons and (c)
in the region of Africa, North Asian-Pacific, South Asian-Pacific, Central America and South
America, designated in Fig. 3. All trajectories are launched at 100 hPa.
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Fig. 7. Localization of horizontal distributions among sources of similar depth as measured
by F,r-(A) obtained for (a) T =215K (red) and (b) 200K (yellow) and 185K (blue). The dis-
tributions are calculated for all-sky conditions, using the ALLSKY-AT0 ensemble launched at
100 hPa. Also plotted the mean (solid grey) and mean + standard deviation (dashed grey) of
Pgir-(A) obtained from 1000 realisations of O1q9 hpa- The differences between the latter three
curves is small for the range of values plotted here (see text for more details).
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Fig. 8. Same as Fig. 6 but this time the focus is on the histograms of potential temperatures
where air parcels have encountered a convective source.
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Fig. 9. Histograms showing (a) first-entry times of cloud air to the 370K surface (solid) and
380 K surface (dotted) (b) times for cloud air to cross the 360-370 K layer (solid) and 360-380 K
layer (dotted) and (c) transit-times between detrainment and launch. Results obtained for all-
sky and clear-sky conditions from trajectory ensembles ALLSKY-AT 0, ALLSKY-AT5, ALLSKY-
AT -5 and CLRSKY-ATO0, all launched at 100 hPa. The histograms are calculated using a bin
size of 4 days.
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Fig. 10. (a) Seasonal and (b) regional variations of transit-times between detrainment and
launch at the 100 hPa surface. Insets show the corresponding cumulative distributions. Also
shown the corresponding histogram for those trajectories detrained over the land part of the
North Asian-Pacific region (dashed). Results obtained from trajectory ensemble ALLSKY-ATO.
The histograms are calculated using a bin size of 4 days.
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Fig. 11. Distribution, ¥o npa, Of the horizontal locations of trajectories that have intersected
clouds within the previous 15days (top), between 15 and 60days (middle) and between 60
and 200days (bottom) on the 100 hPa launch surface. The distributions are calculated for
trajectories detrained during the 2005 boreal winter (left) and boreal summer (middle) using the
ALLSKY-AT0 trajectory ensemble. The distributions are binned in a 5° x 5° longitude/latitude
grid and the histograms are calculated using a bin size of 5 degrees. The corresponding
histograms showing the latitudinal position of CS-TTL trajectories detrained during boreal winter
(solid) and summer (dotted) on the 100 hPa surface, both the total (in back) and as a function
of different range of values for the transit-times, 7 (in red).
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