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Abstract. The UK Met Office’s Unified Model is used at a
climate resolution (N216,∼0.83◦×∼0.56◦, ∼60 km) to as-
sess the impact of deep tropical convection on the structure of
the tropical tropopause layer (TTL). We focus on the poten-
tial for rapid transport of short-lived ozone depleting species
to the stratosphere by rapid convective uplift. The mod-
elled horizontal structure of organised convection is shown
to match closely with signatures found in the OLR satellite
data. In the model, deep convective elevators rapidly lift air
from 4–5 km up to 12–14 km. The influx of tropospheric air
entering the TTL (11–12 km) is similar for all tropical re-
gions with most convection stopping below∼14 km. The
tropical tropopause is coldest and driest between November
and February, coinciding with the greatest upwelling over the
tropical warm pool. As this deep convection is co-located
with bromine-rich biogenic coastal emissions, this period
and location could potentially be the preferential gateway for
stratospheric bromine.

1 Introduction

The tropics have long been recognized as a primary gateway
for tropospheric air entering the stratosphere (Brewer, 1949).
The exact nature of how air crosses the tropical tropopause
is key to determining the water vapour content and chemical
boundary conditions of the stratosphere (Holton and Gettel-
man, 2001; Sinnhuber and Folkins, 2006). The notion of the
tropical tropopause as a sharp discontinuity simultaneously
present in many quantities, like temperature, water vapour
and ozone, has been dropped in recent years (Folkins et al.,
1999). Instead it has become increasingly evident that the
tropical tropopause is best described as a transition layer,
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in which many quantities undergo a gradual transition from
their tropospheric to their stratospheric characteristics. This
Tropical Tropopause Layer (TTL) can be defined in many
ways (see review byFueglistaler et al., 2009), including ther-
mally as a region between a lapse rate minimum (LRM) and
the tropical tropopause (Highwood and Hoskins, 1998; Get-
telman and Forster, 2002). Within the tropics, between these
upper and lower TTL boundaries also lies the clear-sky level
of zero radiative heating (Qclear= 0). TheQclear= 0 level
separates the broad regions of radiative ascent (above) and
subsidence (below). For the purpose of this paper we define
the “lower TTL” as the region between the lapse-rate mini-
mum (LRM) and theQclear= 0 level, and the “upper TTL” as
the region between theQclear= 0 level and the tropopause.

The permeability of this region for fast transport from the
troposphere to the stratosphere depends crucially on its in-
terplay with convection (Seidel et al., 2001; Gettelman and
Forster, 2002). Fast transport of boundary layer air, poten-
tially rich in very short lived (halogenated) species (VSLS)
of maritime origin, into the stratosphere could help to explain
elevated observations of stratospheric inorganic bromine
(Bry) of between 18 and 25 ppt (Salawitch et al., 2005).
Note that brominated VSLS such as bromoform (CHBr3)
are generally ignored within stratospheric chemistry-climate
models. Their relatively short lifetimes (26 days and less)
and slow radiatively driven ascent rates around the tropical
tropopause seemed to indicate only a minor role in strato-
pheric chemistry. Nevertheless, this simplification might be
one reason why current atmospheric models underestimate
the amount of bromine present in the stratosphere by about
20% (Salawitch et al., 2005) and subsequently the potential
for ozone loss.

The permeability of the TTL is determined by two mech-
anisms; (1) by a direct, convectively driven, air mass injec-
tion into the TTL followed by slower radiative ascent dur-
ing which air moves quasi-horizontally and passes through
the tropopause (Sherwood and Dessler, 2000); or (2) by
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an irreversible direct convective air mass injection into the
stratospheric overworld (Danielsen, 1993). Both mecha-
nisms require a detailed understanding of how convection
interacts with the TTL. Note that (1) does not exclude fast
“sideways” transport into the extra-tropical lowermost strato-
sphere (e.g.,Levine et al., 2007), and that many trajectory
studies are able to reproduce water vapour distributions in
the lowermost stratosphere successfully based on this mech-
anism. Observational evidence for (2) seems inconclusive.
Gettelman et al.(2002), Liu and Zipser(2005), andRossow
and Pearl(2007) using satellite data found that only 0.5–1
percent of storms penetrate the stratosphere. However,Ri-
caud et al.(2007) observed clear and persistent trace gas
anomalies, including N2O, CH4 and CO, at heights around
16–17 km, just above the tropopause. This also agrees with
the presence of ice particles at 420 K observed during the
EU FP7 project SCOUT-O3 (Corti et al., 2008). Therefore,
although direct convective injections into the lower strato-
sphere have been observed, their frequency and relative im-
pact on stratospheric composition is still debated.

Vertically the release of latent heat below 14 km is an im-
portant factor in establishing the environmental lapse rate of
the tropospheric temperature profile. Consequently the di-
rect impact of tropospheric convection on the thermal struc-
ture of the upper TTL is small compared to the free tropo-
sphere. Horizontally the longitudinally varying TTL struc-
ture is difficult to assess from observations and in models,
because convection varies significantly from region to re-
gion and has many different temporal characteristics, includ-
ing diurnal and seasonal cycles. This enforces the notion
that mechanism (2) is not easily detectable, but may have
regional importance. It is conceivable that in some areas par-
ticularly strong convection events might be able to penetrate
through the upper TTL into the stratosphere (Sassen et al.,
2008; Nazaryan et al., 2008).

To disentangle the two mechanisms and to provide insights
into how a state-of-the-art atmospheric model represents the
TTL and its interaction with convection, we use a weather
forecasting model. The model used is the Met Office’s Uni-
fied Model (UM) with an approximate resolution of 60 km
(N216,∼0.83◦×∼0.56◦). The overarching aims of this pa-
per are to determine:

1. How well does the model represent the mean location
of deep tropical convection?

2. Is fast tropical convective transport in the model sig-
nificant and does this mechanism potentially affect the
composition and structure of the TTL?

Recent studies provide further evidence that this very
model setup is suitable for transporting VSLS as shown by
comparing the distribution of modelled high cloud to obser-
vations (Russo et al., 2010) and vertical convective trans-
port of idealised short-lived tracers (Hoyle et al., 2010).

This analysis allows for the comparison between compet-
ing hypotheses for troposphere-stratosphere transport (TST),
namely ofNewell and Gould-Stewart(1981) who proposed
a “Stratospheric Fountain” where the Maritime Continent
and West Pacific are the main region for TST, andLiu and
Zipser (2005) who argue for many “Stratospheric Foun-
tains” (driven by convection over Africa, Maritime Conti-
nent and South America). We also investigate the frequency
of deep convection reaching the upper TTL in our model to
assess whether stratospheric air mass injection is common
(Danielsen, 1993) or uncommon (Highwood and Hoskins,
1998).

Capturing the location of convection is also important for
transporting VSLSs (e.g., from coastal regions) as it is likely
that convection is the only mechanism by which these species
may reach the TTL in significant quantities. Once in the up-
per TTL, with the increase in residence time (Fueglistaler
et al., 2004), radiative ascent and quasi-horizontal transport
can drive these VSLSs, and their degradation products, into
the lower stratosphere.

In confronting the model’s performance against observa-
tional evidence we develop confidence in the reliability of
our model results. Monthly mean OLR and precipitation
rate are used to compare the regional distribution of tropi-
cal convective activity between the models and satellite. Fig-
ure 1 shows regions of low OLR for November 2005 using
a 240 Wm−2 contour from satellite (Panel a and the spatial
relationship between low OLR and convective activity in the
model where convection is measured by two methods: Panel
b illustrates the frequency of convective cloud top reaching
the upper TTL (&14.5 km) while Panel c shows the monthly
mean convective mass flux integrated over the lower TTL.
From this figure, there are two key questions which we will
address: How does the location of OLR match convection in
the model? and, How does OLR compare between the model
and observations?

The detailed experimental methodology and model setup
will be outlined in Sect. 2. In Sect. 3, model simulations
will be validated with monthly mean OLR and precipitation
satellite observations. Here we assess the ability of a UM
forecast model to reproduce the location of convection over
the three main tropical convective regions – Africa, the Mar-
itime Continent and South America and describe how their
characteristic convective signatures change from one season
to the next. The ability of models to represent the TTL struc-
ture and convection will be presented within Sect. 4. Finally,
Sect. 5 will summarise these findings.

2 Methodology

In this study we use the Met Office Unified Model (UM) ver-
sion 6.1 (Davies et al., 2005). This model is extensively
used both as a weather forecast tool at various National
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Fig. 1. Monthly mean satellite data (Panel (a)) is compared to the UM forecast model in-
tegration for November 2005 (Panels (b) and (c)). The red lines show the OLR 240 Wm−2

contour. Shaded contours represent the frequency of convective cloud top reaching the upper
TTL (Panel (b)); and the monthly mean convective mass flux integrated over the lower TTL
(Panel (c)).
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Fig. 1. Monthly mean satellite data (Panela) is compared to the UM forecast model integration for November 2005 (Panelsb andc). The
red lines show the OLR 240 Wm−2 contour. Shaded contours represent the frequency of convective cloud top reaching the upper TTL (Panel
b); and the monthly mean convective mass flux integrated over the lower TTL (Panel c).

Meteorological Centres around the world, and as a climate
model in recent Climate Assessment Reports.

The model surface is represented using the MOSES (Met
Office Surface Exchange Scheme) surface hydrology and soil
model scheme (Essery et al., 2003). The Boundary Layer
parametrisation is non-local in unstable regimes (Lock et al.,
2000). The convective parametrisation scheme is based on
Gregory and Rowntree(1990) and is called by the model
twice per timestep where the timestep adopted is 20 min –
the default for the UM forecast setup. Both shallow and
deep convection are included in the scheme. Cloud base
closure for shallow convection is based onGrant (2001),
and parametrised entrainment and detrainment rates for shal-
low convection are obtained fromGrant and Brown(1999).
For deep convection, the thermodynamic closure is based on

the reduction of the convectively available potential energy,
CAPE, to zero (CAPE closure approach) based onFritsch
and Chappell(1980a,b). The CAPE timescale, which deter-
mines the e-folding time for the dissipation of CAPE, is set
to the tried and tested default value of 30 min (i.e., the cloud
based mass flux is relaxed to an equilibrium state over 1.5
timesteps where the convection scheme is called 3 times).
A detailed representation of cloud microphysics is achieved
using physically based parametrisation for transfers between
the different categories of hydrometeors (Wilson and Ballard,
1999). Radiative transfer is calculated using the Edwards-
Slingo radiation scheme (Edwards and Slingo, 1996).

We run a weather forecast configuration based on a re-
cent operational weather forecast setup used at the UK
Met Office until December 2005 and was used in a recent
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GCSS (GEWEX, Global Energy and Water Cycle Experi-
ment, Cloud System Study) comparison study of deep con-
vection over the Tropical West Pacific (Petch et al., 2007).
The vertical resolution is composed from a hybrid sigma-
height coordinate system with 38 vertical levels and a model
top at∼40 km, and a horizontal resolution of∼0.83◦×0.56◦

(N216). The vertical model resolution around the height
of the TTL is ∼1 km (i.e., between 10 and 17 km). In
Sect.4.2 we compare this setup to the widely used climate
setup HadGEM1a (Martin et al., 2006). The climate model,
which is run at a much lower horizontal resolution (N96,
∼1.87◦×1.25◦) is setup in the same manner as the forecast
setup.

We perform four model runs with the forecast model con-
figuration, each for a separate month in 2005, specifically
February, May, August and November. The year 2005 has
been chosen since it does not show either a strongEl Niño

or La Niña signal. Each of the four model runs is initialised
using a UK Met Office data-assimilated start dump for the
corresponding month, thus providing an accurate represen-
tation of the initial state of the atmosphere. The model is
then allowed to run continuously for one month, constrained
by GISST 2.0 climatological SST and sea ice (Parker et al.,
1995), AMIP climatological soil temperature and soil mois-
ture, and climatological ozone (Li and Shine, 1995). Al-
though the predictability for a forecast model drops signif-
icantly after 10 days, we are able to assess the ability of the
model to capture the statistical characteristics of convection,
such as location, strength and seasonal variations.

All monthly mean diagnostics are calculated over all
timesteps except where explicitly mentioned in the text be-
low. Monthly mean results from the forecast setup are de-
graded to 2.5◦×2.5◦ and compared to monthly mean satellite
maps of Outgoing Longwave Radiation (OLR) from NOAA
(Liebmann and Smith, 1996) and Precipitation Rate from
CMAP (Xie and Arkin, 1997). We perform a quantitative sta-
tistical analysis of model and satellite fields by calculating a
“point-by-point” correlation coefficient and the coefficient of
variation of the root mean square error1 (CVRMSE). Precip-
itation and OLR, used in combination, are a good proxy for
the location and intensity of tropical convection, particularly
when averaged over a month so that only persistent features
are kept in the mean.

The TTL properties to be investigated in the different
model calculations include the temperatureLapse Rate Min-
imum (LRM) around 10–12 km, the clear-sky level of zero
radiative heating (Qclear = 0) around 14–15 km, and the
tropopause around 16–17 km.

There are various definitions of the tropopause in the liter-
ature (e.g.,Sherwood and Dessler, 2001; Thuburn and Craig,
2002; Gettelman and Forster, 2002). Here, the tropopause
will primarily be defined using theCold Point Tropopause

1RMSE is calculated for the domain in Wm−2 and is then con-
verted to a percentage of the domain OLR mean (CVRMSE).

Fig. 2. The longitudinal-vertical distribution of tropical convective cloud tops between latitudes
20◦N-20◦S for the modelled November integration. The coloured lines represent surfaces of
the tropical tropopause layer as shown by the legend and discussed in Section 4.
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Fig. 2. The longitudinal-vertical distribution of tropical convective
cloud tops between latitudes 20◦ N–20◦ S for the modelled Novem-
ber integration. The coloured lines represent surfaces of the tropical
tropopause layer as shown by the legend and discussed in Sect.4.

(CPT) although we will also analyse other commonly used
definitions, namely the WMOLapse Rate Tropopause(LRT)
and the 380 K isentropic level. These are discussed further in
Highwood and Hoskins(1998).

In the model, the LRM, CPT and LRT surfaces are verti-
cally interpolated from monthly mean temperature diagnos-
tics. The level of zero radiative heating is calculated from
monthly mean heating rates, either assuming acloud freeat-
mosphere (labelled asQclear= 0 or “clear-sky”) or allowing
condensed water to interact with radiation (labelledQ = 0
or “all-sky”). In our model integrations the height of the
Qclear= 0 surface is generally similar to or higher than the
height of theQ = 0 surface, therefore the choice ofQclear= 0
as the lower boundary for the “upper TTL” region ensures
that anything reaching the “upper TTL” will be above both
“all-sky” and “clear-sky” surfaces.

In Sect.4.3 we use a novel diagnostic to assess the ver-
tical structure of deep convection by defining a probability
density function (PDF) for cloud top heights. The convec-
tive cloud cloud top heights are a model diagnostic, derived
every 3 h as a longitude-latitude map, indicating the highest
altitude to which a cloud penetrated. From this diagnostic we
derive at each longitude the number of occurrences of cloud
tops in a certain height interval (every 2 km from the surface
to 18 km) and within the equatorial belt (20◦ S–20◦ N) over a
month. Colour shadings in Fig. 2 show the normalised PDF
for November 2005 as a function of longitude and height bin.
The normalisation is relative to the number of grid points
in the latitudinal belt at a particular longitude multiplied by
the number of timesteps in a month and is expressed in per-
cent. A value of for example 10% could indicate that at any
time 10% of all latitudinal points indicated a cloud top at this
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Table 1. Monthly mean satellite and model OLR spatial correlation coefficients calculated independently for the tropics and the 8 domains
between latitudes±20◦. The modelled data is degraded to the satellite resolution for comparison. Higher values represent a better match
between the two sets of data.

Month Tropics Africa India Maritime C. W. Pacific C. Pacific E. Pacific S. America Atlantic

February 0.66 0.81 0.47 0.68 0.66 0.71 0.89 0.88 0.75
May 0.77 0.82 0.72 0.87 0.76 0.57 0.78 0.72 0.50
August 0.83 0.90 0.83 0.90 0.79 0.86 0.94 0.65 0.86
November 0.80 0.87 0.74 0.84 0.79 0.86 0.70 0.74 0.72

Table 2. Monthly mean satellite and model OLR coefficient of variation of the RMSE (CVRMSE) as a percentage calculated independently
for the tropics and the 8 domains between latitudes±20◦. The modelled data is degraded to the satellite resolution for comparison. Lower
values represent a better match between the two sets of data.

Month Tropics Africa India Maritime C. W. Pacific C. Pacific E. Pacific S. America Atlantic

February 10.43 9.99 10.07 10.87 11.48 18.07 5.23 8.75 5.59
May 8.22 7.37 8.58 7.17 8.03 9.56 8.28 8.73 7.74
August 8.08 7.35 10.85 7.26 9.24 6.82 6.71 8.59 7.14
November 8.48 6.28 7.79 8.41 10.01 8.39 7.22 10.10 9.43

height, or that 20% of all latitudinal points indicated a cloud
top at this height for 50% (half) of the month. This caveat
has to be kept in mind when interpreting the PDF figures.
In Fig. 2 the cloud top height PDF indicates a probability
of around 10–25% in a height region between 12–14 km be-
tween the lapse rate minimum and theQ = 0 lines. Later,
we will discuss the position of such PDF maxima relative to
areas of enhanced convective mass flux.

3 Satellite and model comparisons using OLR and
precipitation rate

The convective activity diagnostics (Panels b and c in Fig.1)
share the same broad spatial distribution over the Indian
Ocean, Maritime Continent and West Pacific where deep
convection is frequent. Panel b shows that, for values above
5%2, only the Maritime Continent shows a good agreement
with the 240 Wm−2 OLR contours whereas the mass flux di-
agnostic (Panel c) show that all convective regions display
a good fit. The convective mass flux diagnostic highlights
that there is also deep convection over Africa, South Amer-
ica and the Intertropical Convergence Zone (ITCZ), lifting
material up to the upper TTL. The inconsistency between the
spatial patterns of convective activity between the two diag-
nostics is probably due to the fact that the level of mean con-
vective outflow is somewhere between 12–15 km (Folkins
et al., 2000). Therefore, the diagnostic that measures convec-
tion over-reachingQclear= 0 will miss out on any convective

2Values smaller than 5%, 1.5 days in the month, are taken to be
insignificant and therefore are not represented by the contour colour
scale

cloud tops that are just below this level. Air that detrains
from a convective tower in the lower TTL could still be sig-
nificant for loading trace gases into the upper TTL by another
mechanism, e.g., another (later) deep convective event.

Generally, the spatial distribution of low OLR compares
well over the tropical convective regions of Africa and the
Maritime Continent between the observations and model.
The South Pacific Convergence Zone (SPCZ) is less well
defined in this model integration. The modelled mass flux
contours match the models low OLR signals well for all four
months (not shown) illustrating that monthly mean OLR is
a proxy for deep and frequent tropical convective activity in
the model. A more detailed OLR model-observation com-
parison for all the monthly integrations used in this paper is
presented in Fig.3.

Even at this relatively high model resolution, the observed
deep convective towers (which may only be 1–10 km2 in size
and last for∼10 min) can obviously not be represented by
the model. As a result, convectively driven injections directly
into the stratosphere are very uncommon in the model. How-
ever, the Maritime Continent and West Pacific are far more
significant in terms of deep convection compared to Africa
and South America which is in agreement with theNewell
and Gould-Stewart(1981) “Stratospheric Fountain” hypoth-
esis, and inconsistent with studies made byLiu and Zipser
(2005) where analysis of remotely sensed particles with high
reflectivity show that the deepest and most frequent convec-
tive region is over the Congo basin.

We now analyse the OLR data, as well as precipitation
rate, to compare the spatial patterns and intensities between
the model and satellite data. In addition, spatial correlation
coefficients and CVRMSE are calculated for the monthly
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Fig. 3. Monthly mean NOAA OLR satellite data (left column) and UM forecast model experiment
(right column) comparisons for February (a,b), May (c,d), August (e,f) and November (g,h)
2005.
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Fig. 3. Monthly mean NOAA OLR satellite data (left column) and UM forecast model experiment (right column) comparisons for February
(a, b), May (c, d), August(e, f) and November(g, h) 2005.

mean satellite and model OLR data (Tables1 and2, respec-
tively). Here, the tropical belt (20◦ N–20◦ S) is divided into
8 equal regions of 45◦ in longitude; starting from Africa (0–
45◦ E) and finishing with the Atlantic (315–360◦ E). Assum-
ing all points are independent, the correlation coefficients are
all significant according to Pearson’s one-tailed test at a level
of 99.5%.

Figure3 shows that the large-scale behaviour in the model
matches observations, although there are detailed differences
in terms of spatial structure and the magnitude of the OLR.
For the February integration, the tropical domain correlation
coefficient (0.66) and CVRMSE (10.43%) are significantly
poorer compared to the May, August and November integra-
tions. This time of year has intense convective activity over

the Maritime Continent and West Pacific (Newell and Gould-
Stewart, 1981) as shown, for example, by the very low OLR
(<160 Wm−2) seen in the satellite OLR at 180◦ E. How-
ever, these intensities are not present in the model suggesting
that the convection is underestimated in February. The in-
consistency in OLR intensity is also highlighted by the high
CVRMSE in the West Pacific box in Table2.

Figures3 and4, for both observations and the model, sug-
gest that the Indian Ocean, Maritime Continent and West
Pacific dominate in terms of deep convection. The general
variation in OLR is well represented along with the sea-
sonal cycle clearly illustrated in Northern Hemisphere sum-
mer (August) where OLR values are higher in both the ob-
servations and model. Equatorial Africa, Maritime Continent
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Fig. 4. Monthly mean CMAP precipitation rate satellite data (left column) and the UM forecast
model experiment (right column) comparisons for February (a,b), May (c,d), August (e,f) and
November (g,h) 2005.
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Fig. 4. Monthly mean CMAP precipitation rate satellite data (left column) and the UM forecast model experiment (right column) comparisons
for February(a, b), May (c,d), August(e, f) and November(g, h) 2005.

and South America regions generally match the convective
signatures and have high OLR correlations, as seen in Ta-
ble 1. There are a few regions where, in comparison, the
representation of the convective signatures is relatively poor.
Over India in August, there is an over-estimation of precipi-
tation rate and an under-estimation in OLR (i.e., high cloud)
giving a greater CVRMSE of 10.85%. This suggests that
the model is producing too much convection although the
location is well represented with a spatial correlation coeffi-
cient of 0.83. As observed byRossow and Pearl(2007) and
Romps and Kuang(2009), large organised convective sys-
tems overshoot the level of neutral buoyancy more frequently
than smaller ones. The amount of overshooting could be sig-
nificantly larger in the model in August compared to obser-
vations which may have significance for dehydration and the

formation of cirrus cloud in the upper TTL and TST. Over
the Maritime Continent and South America, where OLR is
low due to deep convection, precipitation is generally over-
estimated. However, this is not the case over Africa as the
convective signature seen in OLR is not found in the corre-
sponding precipitation rate. This illustrates that precipitation
rate is not as useful an indicator as OLR for measuring the
monthly mean distribution of deep tropical convection in the
model.
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Fig. 5. Zonal and monthly mean TTL structures for November in the UM forecast (N216) and
climate (N96) model setups. The lower TTL boundary is defined by the Lapse Rate Minimum
(LRM, green line), and the tropical tropopause by the Cold Point Tropopause (CPT, blue line),
the Lapse Rate Tropopause (LRT, pink line) and the 380K isentropic level (upper black line).
The ‘clear-sky’ (Qclear = 0) and ‘all-sky’ (Q= 0) levels of zero radiative heating are represented
respectively by the solid and dotted red lines. The 340K isentropic level (lower black line)
is illustrated for reference regarding possible quasi-horizontal transport from the TTL into the
extra-tropical lowermost stratosphere.
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Fig. 5. Zonal and monthly mean TTL structures for November in
the UM forecast (N216) and climate (N96) model setups. The lower
TTL boundary is defined by the Lapse Rate Minimum (LRM, green
line), and the tropical tropopause by the Cold Point Tropopause
(CPT, blue line), the Lapse Rate Tropopause (LRT, pink line)
and the 380K isentropic level (upper black line). The “clear-sky”
(Qclear= 0) and “all-sky” (Q = 0) levels of zero radiative heating
are represented respectively by the solid and dotted red lines. The
340 K isentropic level (lower black line) is illustrated for reference
regarding possible quasi-horizontal transport from the TTL into the
extra-tropical lowermost stratosphere.

4 Tropical convection and the TTL

4.1 TTL structure

The TTL is the primary gateway from the troposphere into
the stratosphere. Therefore, it is crucial that the TTL is well
represented in global climate models if they are to capture
the flux of water vapour and chemically active species (e.g.,
brominated compounds) through the tropical tropopause.

We have explored the longitudinal and seasonal variations
of the modelled TTL. Preliminary timeseries studies for a
single grid-point were investigated to understand how the
TTL structure varies temporally (not shown). The LRM
height is highly variable between 8–14 km in the tropics with
a short response time to convection. We find that in con-
vective regions the LRM is generally higher as described by
Gettelman and Forster(2002). The levels of zero radiative
heating (Qclear= 0 andQ = 0) are not influenced much by
convection but have a steady diurnal cycle with a range of
∼1 km (here centred around∼14–14.5 km) as shortwave ra-
diation changes.

In Fig. 5 we show the zonal and monthly mean TTL
structure in our forecast (N216) model setup for November.
We assess the height of the three commonly used tropical
tropopause definitions; (1) the cold point tropopause (blue
line), (2) the WMO lapse rate tropopause (pink line) and (3)
a specified isentropic level, in this instanceθ=380 K (upper
black line).

The TTL base, the LRM, resides between 10–12 km be-
tween latitudes∼20◦ N–20◦ S (green line). TheQclear= 0
level (solid red line) and theQ = 0 level (dotted red line)
separate the TTL vertically into an upper region of mean as-
cent and a lower region of mean subsidence.

As chemistry-climate models (CCMs) are used to assess
the transport of tropospheric substances through the TTL we
will also compare how horizontal resolution affects the struc-
ture of the TTL levels (see N96 in Fig.5).

Generally, the zonal mean TTL structures in the two mod-
els mirror one another and are well defined. The LRM,
Qclear= 0 andQ = 0 levels all have well defined structures
in the tropics between latitudes±20◦. The Qclear= 0 and
Q = 0 levels surfaces are very close to each other at around
14 km. Above the LRM the air is clearly above the 340 K
isentropic surface (lower black line) which connects the TTL
and the extra-tropical lowermost stratosphere. Air lifted to
this region can certainly be transported adiabatically (quasi-
horizontal) into the stratosphere (e.g.,Holton et al., 1995).
Within the tropics the three tropical tropopause surfaces are
all close to each other and confined to below 17 km. Within
mid-latitudes (∼±30–50◦), the CPT diverges under the in-
fluence of the subtropical jets and becomes more isothermal.
This is the region of the tropopause break and so becomes
unrepresentative of the tropopause (for this reason the CPT
surface is not shown for latitudes greater than 30◦).

The UM is seen here to capture the same TTL structure
at two different resolutions. There is thus a similar level
of mean detrainment from the large-scale Hadley circula-
tion and deep convection (LRM), a similar forcing by strato-
spheric ozone and pumping by the Brewer-Dobson circula-
tion (CPT and LRT) and a similar radiative balance by ab-
sorption and emission of H2O, O3 and CO2 (Q = 0 and
Qclear= 0).

As the LRM,Qclear= 0, Q = 0 and CPT levels are only
well defined within the tropics, the study of convectively
driven transport to the TTL, followed by radiatively driven
ascent or subsidence (next), will only be made between lat-
itudes±20◦. This is, in any case, the region where deep
convection is likely to be most important on average.

4.2 CPT Temperature

Water vapour is important for both the radiative and chemi-
cal budget of the stratosphere. It is therefore important that
models correctly represent the CPT (height and temperature)
and the coupling with convection in order to model deep con-
vectively driven injections of water vapour and tropospheric
material through the TTL and into the stratosphere. In Fig.6,
we show the temperature of the monthly mean CPT for the
four monthly experiments. The tropical tropopause tempera-
ture is higher between May and October and lower between
November and April in agreement with MLS satellite ob-
servations (Schwartz et al., 2008). Consequently, the water
vapour mixing ratios entering the stratosphere also exhibits
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Fig. 6. Monthly mean temperature distribution at the cold point tropopause (CPT, around
∼17km and 100hPa) in the UM global forecast model. February (a), May (b), August (c) and
November (d)
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Fig. 6. Monthly mean temperature distribution at the cold point
tropopause (CPT, around∼17 km and 100 hPa) in the UM global
forecast model. February(a), May (b), August(c) and November
(d).

an annual cycle (moist and dry, respectively), i.e., the strato-
spheric tape recorder (Mote et al., 1996).

In all four monthly integrations, the Maritime Continent
and West-Central Pacific regions show a marked cold region
within 90–135◦ E and 20◦ N–20◦ S (Fig. 6). The Northern
Hemisphere winter months show a more pronounced cold
tropopause (−88◦C to −84◦C) in these regions which is
comparable with the seasonal cycle as proposed byNewell
and Gould-Stewart(1981) andMote et al.(1996). May and
August are relatively warmer (−81◦C to −75◦C) over all
regions in comparison. These seasonal variations agree with
the stratospheric tape recorder (Mote et al., 1996).

4.3 Vertical convective transport

In this section we analyse the vertical extent of tropical con-
vection, with respect to the TTL structure, taking merid-
ional averages between latitudes±20◦ in the model integra-
tions. This analysis highlights where deep convection occurs;
the vertical extent of convection; where material can detrain
from and influence the structure of the TTL. All of these are
important for tropospheric-stratospheric transport.

The vertical extent of tropical convection is shown in
Fig. 7 for the four months. Our diagnostic, convective cloud
top PDF, is shown by the Panels on the left and is calculated
from the convective cloud top height field as described in
Sect. 2. The second diagnostic (right) is simply the monthly
mean convective mass flux averaged between latitudes±20◦.

The convective cloud top PDFs highlight the level of mean
convective outflow showing a clear distinction between shal-
low oceanic convection reaching 2–6 km and deeper conti-
nental convection which frequently reaches the lower TTL.
This is less clear in the convective mass flux diagnostic. As
shown by both convective diagnostics, equatorial Africa, the
Maritime Continent, West Pacific and South America regions
all show that convection could potentially lift surface emitted
species from the lower troposphere and detrain them within
the TTL. As shown by the convective cloud top PDF there is
a clear marked level of convective outflow (∼13 km), above
which the number of convective cloud tops decreases steadily
with height. This is consistent with the findings ofFolkins
et al. (1999), Gettelman et al.(2002) and Gettelman and
Forster(2002). Above the convective clouds, air becomes
increasingly influenced by the relatively slow radiative trans-
port, as opposed to rapid convective mixing. Hence, the res-
idence time of air increases in this region (Fueglistaler et al.,
2004). Consequently, air that reaches the lower TTL has
a greater chance of being transported to the extra-tropical
lowermost stratosphere across isentropic surfaces of poten-
tial temperatures greater than 340 K (see Fig.5).

Generally, in the model, convection is deeper and more
frequent over the Maritime Continent, West Pacific, and also
over the Indian Ocean during the monsoon in August. This
is illustrated by the convective cloud top PDF where, for all
months, up to 25% of the grid-points between latitudes±20◦

show convection reaching the lower TTL between 12–14 km.
The convective mass flux shows similarly that deep convec-
tive “pillars” lift air rapidly from around 4–5 km up to 12–
14 km (see e.g., November at 90◦ E). This suggests that the
time it takes for surface air to reach 4–5 km is important for
setting the mixing ratio of VSLS that will enter the base of
the “convective elevator” and thus define the TTL entry con-
centrations.

During the February and November integrations over the
West Pacific (100–160◦ E), there are modelled mass fluxes
of up to 20 kg/m2/hr that reach well into the upper TTL.
The location (see Fig.6) seems to coincide closely with the
tropopause cold region allowing for the possibility of direct
injection of air and subsequent freeze-drying (e.g.,Sherwood
and Dessler, 2000). However, by analysing a timeseries of a
single convective grid-point (not shown), we found that the
water vapour mixing ratios in the TTL actually showed an in-
crease after deep convective events (>14 km). This is consis-
tent with evidence which suggests that convection on average
actually hydrates the TTL (Corti et al., 2008).
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Fig. 7a. Assessing the longitudinal-vertical distribution of tropical convection between latitudes
20◦N-20◦S using the ‘convective cloud top PDFs’ (left column) and monthly mean convective
mass fluxes (right column) for the 4 modelled integrations; February (top) and May (bottom).
The TTL levels are represented by the coloured lines as shown by the legend in Figure 2.
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Fig. 7b. Assessing the longitudinal-vertical distribution of tropical convection between latitudes
20◦N-20◦S using the ‘convective cloud top PDFs’ (left column) and monthly mean convective
mass fluxes (right column) for the 4 modelled integrations; August (top) and November (bot-
tom). The TTL levels are represented by the coloured lines as shown by the legend in Figure
2.
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Fig. 7. Assessing the longitudinal-vertical distribution of tropical convection between latitudes 20◦ N–20◦ S using the “convective cloud top
PDFs” (left column) and monthly mean convective mass fluxes (right column) for the 4 modelled integrations; February, May, August and
November (rows top to bottom, respectively). The TTL levels are represented by the coloured lines as shown by the legend in Fig.2.
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However, as the model’s convective transport is almost en-
tirely parameterised (with no microphysics) and the resolu-
tion is too coarse to represent the complex microphysics, it
relies on the parametrisation schemes for water vapour cy-
cling.

Therefore, a cloud-resolving tropical wide simulations
maybe a good way to further investigate the imapct of tropi-
cal convection on the transport of water vapour and VSLS.

For the most part, the two convective diagnostics show the
same regional and seasonal variations of convective activity
although there are some differences. In November, there is a
significantly deep convective “pillar” at 90◦ E over the Mar-
itime Continent extending from 4–14 km which dwarfs other
convective features seen in other regions (Fig.7 lower right
panel); however, the location and magnitude are not high-
lighted in the convective cloud top PDF. Also, the convec-
tive mass fluxes in May seem to be relatively smaller than
for the other months over all regions with low values above
theQclear= 0 level. However, the convective cloud top PDF
for May does not look very different from the other months.
Clearly, the two convective diagnostics can sometimes give
different pictures of convective activity (at least for these
months) as also shown in Fig.1.

The height of the LRM (green line) is highly correlated
with convective activity. This can be seen for all the in-
tegrations where in convective regions the height increases
up to ∼13 km (as seen in February), and decreases as low
as 9 km in non-convective regions (e.g., East Pacific). The
Qclear= 0 (red line) andQ = 0 (dotted red line) levels over-
lap at most latitudes although over regions of active convec-
tion an anti-correlation is evident in theQ = 0 level due to
increased cloud cover scattering shortwave radiation. The
monthly meanQclear= 0 level is mostly uniform at around
14 km throughout the tropics and has no obvious seasonal
cycle which is consistent withGettelman and Forster(2002).
The height of the meridional meanQclear= 0 level in the UM
is lower than the range (∼15–15.5 km) calculated byFolkins
et al. (1999), Gettelman and Forster(2002) andGettelman
et al.(2004) which highlights the current level of uncertainty
in the TTL’s radiative balance.

The height of the CPT (blue line) and the LRT (pink line)
are very similar at most longitudes although over regions of
high orography (e.g., the Andes) the LRT height decreases
by around 1 km. The CPT and LRT heights are lower in
August dropping to less than 16 km in many areas between
90–180◦ E, although convection is not significantly differ-
ent compared with the other months. The large-scale CPT
and LRT height is not dominated (at least directly) by con-
vective activity in agreement with the analysis ofGettelman
and Forster(2002) and is likely driven by the strength of
the Brewer-Dobson circulation (Yulaeva et al., 1994). This
is evident in February where the large-scale CPT is higher
(in the absence of deep convection) over the West and Cen-
tral Pacific. However, over regions where large convective
mass fluxes are evident up to 16 km (as seen in February and

Fig. 8. Monthly mean convective mass fluxes integrated over all longitudes between latitudes
20◦N-20◦S for the upper (red bars) and lower (blue bar) TTL where the TTL boundaries are
defined by the monthly mean LRM, Qclear = 0 and CPT levels.

Fig. 9. A simplified sketch of modelled vertical structures of tropical convection, as represented
by cloud top height PDFs (blue ovals) and convective mass fluxes (orange ovals) relative to TTL
levels. For C1 type convection, both convective diagnostics generally reach around or below
the Q=0 level. For C2 type convection, while the cloud top height PDF maximum reaches
slightly above the Q=0 zero level, convective mass fluxes penetrate well into the upper TTL.
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Fig. 8. Monthly mean convective mass fluxes integrated over all
longitudes between latitudes 20◦ N–20◦ S for the upper (red bars)
and lower (blue bar) TTL where the TTL boundaries are defined by
the monthly mean LRM,Qclear= 0 and CPT levels.

November in Fig.7), the local CPT height is slightly lower
than average. This may be explained by several factors:
adiabatic cooling above convection, an indirect dynamic re-
sponse to the release of latent heat at lower levels (Highwood
and Hoskins, 1998), radiative cooling associated with thick
convective clouds (Gage et al., 1991; Norton, 2001) or by
upwelling of ozone poor air reducing radiative heating. A
colder tropopause may also increase convective instability
triggering further convection although this is hard to prove by
measurements. Consequently, in the ‘model world’ at least,
deep convection and tropopause temperatures are coupled;
although the details are still uncertain.

Figure7 gives some insight into how tropical convective
mass fluxes vary with season. In Fig.8 we quantify how
the convective transport changes month-by-month at a more
global-scale by assessing the tropical (±20◦) monthly mean
mass flux in the lower TTL (blue bars) and the upper TTL
(red bars). It is clear that all four months are very similar
in the lower TTL (∼13 kg/m2/hr) suggesting that the amount
of tropospheric trace species entering the TTL, and reach-
ing theQclear= 0 level, is broadly the same all year round;
i.e., no seasonal cycle. This will only be true, of course, if
the trace species’ source has a small annual cycle in emis-
sions and spatial variation. However, in February the upper
TTL exhibits around twice the convective mass flux com-
pared to the other months. Again, this coincides with the
very low tropopause temperatures over the Maritime Conti-
nent and West Pacific suggesting that CPT temperature may
be significant for allowing convection to penetrate deep in to
the TTL and up to the tropopause as suggested byGettelman
et al.(2002). This may therefore be a region and time period
for potential preferential TST of VSLS emission, especially
over the Maritime Continent which is a potentially impor-
tant source ofCHBr3 (e.g.,Yokouchi et al., 2005) and other
brominated and iodinated biogenic short-lived compounds.
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Fig. 8. Monthly mean convective mass fluxes integrated over all longitudes between latitudes
20◦N-20◦S for the upper (red bars) and lower (blue bar) TTL where the TTL boundaries are
defined by the monthly mean LRM, Qclear = 0 and CPT levels.

Fig. 9. A simplified sketch of modelled vertical structures of tropical convection, as represented
by cloud top height PDFs (blue ovals) and convective mass fluxes (orange ovals) relative to TTL
levels. For C1 type convection, both convective diagnostics generally reach around or below
the Q=0 level. For C2 type convection, while the cloud top height PDF maximum reaches
slightly above the Q=0 zero level, convective mass fluxes penetrate well into the upper TTL.
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Fig. 9. A simplified sketch of modelled vertical structures of tropi-
cal convection, as represented by cloud top height PDFs (blue ovals)
and convective mass fluxes (orange ovals) relative to TTL levels.
For C1 type convection, both convective diagnostics generally reach
around or below theQ = 0 level. For C2 type convection, while the
cloud top height PDF maximum reaches slightly above theQ = 0
zero level, convective mass fluxes penetrate well into the upper
TTL.

5 Conclusions

We conducted case studies with the Unified Model based on
a weather forecast setup (N216,∼0.83◦× ∼0.56◦, ∼60 km).
Four monthly integrations from the year 2005 have been per-
formed starting the model from UK Met Office assimilated
data. The structure and behaviour of modelled tropical con-
vection was analysed, with a focus on assessing how convec-
tion penetrates into, and through, the TTL. Our primary in-
terest lies in assessing the suitablility of the model for trans-
porting ozone-depleting VSLS into the stratosphere.

To evaluate the model we used monthly mean OLR as an
indicator of the spatial distribution of deep tropical convec-
tion (Fig.1).

Even though convection is parameterised in the model, re-
cent studies find that this very model setup is suitable for
transporting VSLS as shown by comparing the distribution
of modelled high cloud to observations (Russo et al., 2010)
and vertical transport of idealised short-lived tracers (Hoyle
et al., 2010).

The modelled OLR correlates well with NOAA satellite
observations, suggesting that the location of tropical convec-
tion was well represented in the model. Although some ob-
servations have suggested that convective clouds might reg-
ularly reach up to 18–20 km (Sassen et al., 2008; Nazaryan
et al., 2008), such events are not represented in our model as
the horizontal resolution is not high enough to resolve clouds
or their overshooting turrets. However a recent observational
study byAumann and DeSouza-Machado(2010) suggests
that such events may be wrongly detected. To improve the
representation of deep tropical convection a global, or trop-
ical wide, cloud-resolving model could be adopted although
this would require significantly more computational power
and data storage.

The modelled vertical structures of convection are
sketched in Fig.9 represented by cloud top height PDFs
(blue ovals) and convective mass fluxes (orange ovals). In
our model, we are able to distinguish between two configu-
rations, here labelled C1 and C2. In both cases air is lofted
rapidly from around 4–5 km. Therefore, the time it takes for
surface air to reach this altitude is important for setting the
mixing ratio of VSLS that will enter the base of the “convec-
tive elevator” and thus define the TTL entry concentrations.
For the C1 type, the convective mass fluxes stop around the
Q = 0 level, and the maximum of the cloud top height PDF is
solely in the lower TTL. Convective injections into the lower
TTL may be followed by quasi-horizontal transport into the
extra-tropical lowermost stratosphere (Levine et al., 2007).
For C2 type, convective mass fluxes penetrate the upper TTL,
and the maximum of the cloud top height PDF is higher com-
pared to C1, reaching slightly above theQ = 0 zero level. Air
that reaches this region can undergo slow radiatively-driven
ascent into the tropical lower stratosphere.

Many studies use satellite data to derive cloud properties
which are similar to the modelled cloud top height PDFs
and this information is utilised as a proxy for vertical trans-
port into the tropical lower stratosphere (e.g.,Liu and Zipser,
2005). In the C2 configuration, although mass fluxes pene-
trate into the upper TTL, the convective cloud top PDF indi-
cates only a small convective impact on this region. There-
fore remote sensing studies can not clearly distinguish be-
tween C1 and C2 events and, as a consequence, quantitative
estimates of transport might be biased.

For our model integrations, the monthly mean convective
diagnostics show most commonly the C1 type. This clear
confinement of convection to heights below 14 km is in good
agreement withFolkins et al.(2000). In February, over the
Maritime Continent, our model produces clear evidence for
C2 events (see Fig.7). In the other months analysed (May,
August and November), the monthly mean cloud top PDFs
and convective mass fluxes indicate that C2 type events are
less pronounced. In our model, the preferential location of
C2 events for all months is around the Maritime Continent
region, showing a clear seasonality.

The mean tropopause height is lower over regions where
cloud top PDFs reach above theQ = 0 level. In such cases,
the lower tropopause height, in conjunction with mass fluxes
reaching the upper TTL, is likely to increase the potential for
troposphere-stratosphere transport, as suggested by the anal-
ysis of the February integration (Fig.7). With high emissions
of VSLS in coastal regions of the Maritime Continent, rapid
uplift from the surface to 4–5 km (e.g., sea breeze conver-
gence), and subsequent fast transport by C2 events, the model
indicates a potential for injecting ozone-depleting species
into the tropical lower stratosphere. This mechanism could
contribute to the elevated levels of observed stratospheric
bromine, which is not accounted for by many chemistry-
climate models (WMO, 2006).
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