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[1] We identify the top of the tropical tropopause layer
(TTL) by analyzing the vertical mass flux profile based on
radiative transfer calculations employing observed
atmospheric profiles and cloud information. We find that
the top of the TTL is located at �18.7 km (70 mb). We have
analyzed the CALIPSO lidar cloud observations from
June 2006 to February 2007, which indicates that almost
no clouds occur above 19 km, consistent with the top of
TTL based on vertical mass flux analyses. The total cloud
fractions between 20�S and 20�N are about 0.05% at
18.5 km, 0.5% at 18.0 km and 5% at 17.0 km, where the
clouds with optical depth larger than 0.5 contribute up to
one tenth of these total cloud fractions. The clouds above
17 km mainly originate over the West Pacific, South
America, Central Africa, and South Asia. Citation: Fu, Q.,

Y. Hu, and Q. Yang (2007), Identifying the top of the tropical

tropopause layer from vertical mass flux analysis and CALIPSO

lidar cloud observations, Geophys. Res. Lett., 34, L14813,

doi:10.1029/2007GL030099.

1. Introduction

[2] It is now recognized [e.g., Folkins et al., 1999;
Holton and Gettelman, 2001] that the tropical tropopause
is less a material surface than a transition region between the
troposphere and stratosphere. This transition region around
the tropopause is known as the tropical tropopause layer
(TTL). The TTL connects the convectively dominated over-
turning circulation of the Hadley cell to the region of slow
upwelling (primarily wave-driven) of the lower stratospheric
Brewer-Dobson circulation. The TTL has both tropospheric
and stratospheric characteristics [e.g., Holton and
Gettelman, 2001]. Since the TTL contains the region in
which most of the air enters the stratosphere [e.g.,
Gettelman et al., 2004], it exerts important controls over
the stratospheric composition and global climate [e.g.,
Holton et al., 1995].
[3] The base of the TTL is usually defined as the level of

zero net radiative heating, which occurs near 14.5–15 km
[e.g., Folkins et al., 1999; Sherwood, 2000; Gettelman et
al., 2004; Corti et al., 2005]. An air parcel detraining from
deep convection occurring below this level will sink back to
the surface, and air detraining above this level will rise into
the stratosphere. Thus convection has to transport air at least
to the zero radiative heating rate level for it to rise toward
the stratosphere. The top of the TTL is often defined at the

cold point tropopause (�17 km) [e.g., Gettelman and de
Forster, 2002; Gettelman et al., 2004]. By examining deep
convection from the tropical rainfall measuring mission
precipitation radar, Alcala and Dessler [2002] determined
the top of the TTL at around 18 km where overshooting
convection tails off. Holton and Gettelman [2001] defined
the TTL as a layer between 14 and 19 km.
[4] In this study we identify the top of the TTL as the

height at which the upward mass flux decreases to the
Brewer-Dobson circulation mass flux in the lower strato-
sphere. We analyze 9-months of the Cloud-Aerosol Lidar
and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite lidar cloud observations to verify the top of the TTL
from the vertical mass flux analysis. Section 2 presents the
vertical mass flux profiles above 17 km in the tropics, based
on the radiative transfer calculations with observed inputs.
Section 3 describes the cloud fraction vertical distributions
obtained by analyzing the CALIPSO lidar cloud observa-
tions. Section 4 gives the summary and conclusions.

2. Vertical Mass Flux and the Top of the TTL

[5] The transformed Eulerian-mean (TEM) residual cir-
culation [e.g., Andrews et al., 1987] is often used to estimate
the zonally averaged transport of mass in the lower strato-
sphere. The mean meridional circulation (�v*, �w*) can be
derived by solving the thermodynamic and continuity
equations [e.g., Solomon et al., 1986; Rosenlof, 1995].
The mean vertical velocity profiles above the cold point
tropopause were also derived by evaluating the ‘‘tape
recorder’’ signals of water vapor measured from satellite
[e.g., Mote et al., 1998].
[6] The TEM thermodynamic equation in spherical coor-

dinates is [e.g., Rosenlof, 1995]
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where q is the potential temperature, Q is diabatic heating,
the overbar represents a zonal mean, and all other terms are
as defined by Andrews et al. [1987]. Above the cold point
tropopause the latent heat is negligible and Q is the radiative
heating rate (QR). Rosenlof [1995] showed that in the
tropical stratosphere the time tendency and meridional
advection terms in equation (1) are small [see Rosenlof,
1995, Figure 2]. In addition the eddy flux divergence term is
often neglected [e.g., Rosenlof, 1995]. By neglecting these
small terms and writing QR in terms of the rate of change of
the temperature, we have
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where T is the temperature (K). The above equation is the
same as that used by Corti et al. [2005]. In this section we
first calculate the radiative heating rates using observed
atmospheric profiles and cloud fields. The vertical mass flux
is then r�w*, where r is air density and �w* is derived from
equation (2). The top of the TTL is quantified based on the
vertical mass flux profiles.

2.1. Radiative Transfer Calculations

[7] The NASA Langley Fu-Liou radiation model is used
to calculate the radiative heating rates [Fu and Liou, 1992,
1993; Fu, 1996; Fu et al., 1998; Rose and Charlock, 2002].
This model has been applied to study the radiative energy
balance in the tropical upper troposphere and lower strato-
sphere [e.g., Folkins et al., 1999; Gettelman et al., 2004;
Corti et al., 2005; Fueglistaler and Fu, 2006]. Since the
minimum net radiative heating rate is about 0.1 K/day

(occurring at�19 km), a radiation model with high accuracy
is required. The radiative heating rates from the Fu-Liou
radiation model are different from those from the line-by-
line calculations by about 0.03 K/day in the lower strato-
sphere [Fu and Liou, 1992; Gettelman et al., 2004].
MODTRAN4 radiative absorption model is used to account
for the minor absorption associated with NO2, CO, CH4,
N2O et cetera in the solar spectra.
[8] For the inputs to the radiative transfer calculations, a

total of 2202 simultaneously measured temperature and
ozone profiles (up to �28 km) are taken from 12 Southern
Hemisphere Additional Ozonesondes (SHADOZ) stations
located within about 10�N–20�S for 1998–2005 [Thompson
et al., 2003]. The 137 water vapor profiles up to an altitude
of �28 km are taken from the frost point hygrometer
balloon soundings at different locations in different seasons.
Above the sounding levels, the temperature is blended into
monthly mean profiles from United Kingdom Meteorolog-
ical Office (UKMO) stratospheric analyses and the water
vapor and ozone profiles are blended into the monthly mean
climatology from the HALogen Occultation Experiment
(HALOE) [Gettelman et al., 2004]. The radiative transfer
calculations are performed with a vertical resolution of
100 m using individual temperature and ozone profiles. A
mean water vapor profile is used in all the calculations
[Corti et al., 2005].
[9] The impact of tropospheric clouds on the stratospheric

radiative heating rate cannot be neglected [Fueglistaler and
Fu, 2006]. We use cloud fields from the International
Satellite Cloud Climatology Project (ISCCP) D1 data
[Rossow and Schiffer, 1999] by considering 42 different
cloud types, classified by cloud optical depth and cloud top
pressure (the highest cloud top is set below 16 km). The
mean cloud distribution over 10�N–20�S is used. It should
be noted that the ISCCP cloud products may underestimate
the occurrence of high-level thin cirrus clouds, and espe-
cially sub-visible cirrus clouds. But these clouds have little
impact on the radiative heating rates above these clouds
[Fueglistaler and Fu, 2006].
[10] Figure 1a shows the mean radiative heating rate

profiles from 16 to 24 km. In the upper troposphere, the
radiative heating rate increases with height to a maximum
value near the cold point tropopause at about 17 km and
then decreases to its minimum value around 19 km and
increases again above, showing an ‘‘S’’ shape.

2.2. Vertical Velocity Profiles and the Top of the TTL

[11] We show the vertical velocity (Figure 1b) and mass
flux (Figure 1c) profiles, which are realistic above the cold
point tropopause. Although equation (2) can also be applied
to the region from �15 km to the cold point tropopause
[Corti et al., 2005], an observed vertical distribution of
cloud fields is needed in the radiative transfer calculations to
account for the thin cirrus local radiative heating.
[12] Figure 1b shows that above the cold point tropo-

pause the vertical velocity decreases with height and reaches
a minimum value and increases again. The vertical mass
flux also decreases from the cold point tropopause to
�19 km (Figure 1c), suggesting an air mass divergence
from the tropical region. Above �19 km, the mass flux
becomes nearly constant, which represents the tropical

Figure 1. (a) The mean radiative heating rate profile over
tropical region for 1998–2005 based on radiative transfer
calculations employing observed atmospheric profiles and
cloud information, (b) the vertical velocity profile, and
(c) the vertical mass flux profile, in the upper troposphere
and lower stratosphere.
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branch of the Brewer-Dobson circulation produced by the
wave-driven extra-tropical pump [Holton et al., 1995].
[13] The top of the TTL can be considered the height at

which the upward mass flux driven by the tropical convec-
tion [e.g., Alcala and Dessler, 2002] and related wave
processes [e.g., Boehm and Lee, 2003], as well as active
large-scale diabatic heating [Corti et al., 2006], becomes
small in comparison to the Brewer-Dobson mass flux. We
thus identify the top of the TTL as the level where the
vertical mass flux decreases to the Brewer-Dobson circula-
tion mass flux. The latter is obtained as the mean mass flux
between 22 and 24 km where part of ‘‘stratospheric pipe’’
[Plumb, 2002] is located, and the error associated with the
Fu-Liou radiative transfer model is only about 10%. We
have derived a height of 18.7 km as the top of the TTL. We
can see that the magnitude of the vertical mass flux
decreases with height substantially above the cold point
tropopause before reaching its top region. Above the top of
the TTL the vertical mass flux becomes nearly constant (this
is true for all seasons except in the summer when the
vertical mass flux decreases with height, becomes zero
between about 18.5 to 20.5 km, and then increases with
height and becomes constant above about 21.5 km).
[14] Since the top of the TTL represents the level

where the direct impact of tropical convection and
related processes become insignificant, it should cap the

cloud top height. Below we use satellite CALIPSO lidar
cloud observations to examine the top of the TTL.

3. Cloud Distributions From CALIPSO Lidar
Observations

[15] The CALIPSO satellite was successfully launched
on April 28, 2006. The CALIPSO payload consists of three
nadir-view instruments including the active Cloud-Aerosol
Lidar [Winker et al., 2004]. The Lidar observations from
space provide the unprecedented opportunity to probe the
cloud top heights and their vertical structures. Dessler et al.
[2006] investigated tropical cloud-top height distributions
using ICESat/GLAS observations for Sept. 29–Nov. 18,
2003. Herein we have analyzed 9 months of the CALIPSO
lidar observations from both day and night during 6/13/
2006–2/28/2007.
[16] We use the CALIPSO level-2 lidar cloud product

(Version 1.10), released since December 2006. In our
analysis, all cloud layers, including their tops and bases,
are identified in the data product. Their optical depths (t)
are approximately estimated by assuming effective lidar
ratios of 17 for ice clouds and a depolarization dependent
ratio for water clouds following Hu [2007] (which are not
official CALIPSO optical depth product). The cloud frac-
tion at a given altitude is defined as the number of cloud
pixels divided by the total number of observations at that

Figure 2. Mean cloud fraction profiles in the tropical region (20�S–20�N) from CALIPSO lidar observations for June
2006–February 2007. (a) The cloud fraction in the linear scale and (b) the cloud fraction on a logarithmic scale. Solid,
dashed, and dotted lines are for all clouds, clouds with t > 0.1, and clouds with t > 0.5, respectively.
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level. The vertical resolution is 100 m. The along-track
spatial mean over 5 km is considered. When a cloud layer
becomes opaque to the lidar, which corresponds to an ice
cloud optical depth of �5, a cloud base at the surface is
assigned. About 30% of lidar profiles exhibit complete
attenuation, mostly within water clouds. Thus our cloud
fraction below �7 km (�20�C) may be overestimated. The
lidar signal may become completely attenuated quickly in
the upper troposphere over convective towers, but such
towers usually have their bases in the lower troposphere. In
addition, the 5 km horizontal averaging may introduce
errors in the boundary layer cloud fractions since small
clouds are very common there.

3.1. Cloud Fraction Vertical Profiles

[17] Figure 2 shows the cloud fraction profiles of all
clouds (solid lines) over the tropical region (20�S–20�N).
The cloud fractions due to cloud layers with optical depths
larger than 0.1 (dashed lines) and 0.5 (dotted lines) are also
shown in Figure 2. Linear and logarithmic scales in cloud
fraction are used in Figures 2a and 2b, respectively. Above
7 km, the difference between solid and dashed lines
represents the contributions from subvisual and thin cirrus
clouds while the dotted lines are associated with convective
clouds and thick cirrus clouds. Figure 2a shows that the
cloud fractions have minimum values at 8 km, increase with
height between 8 and �13 km, and decrease with height
above. The maximum cloud fractions in the upper tropo-
sphere are �22% for all clouds, �17% for clouds with t >
0.1, and �12% for clouds with t > 0.5, located at �14, 13,
and 12 km, respectively.
[18] Figure 2b shows that the cloud fraction profiles are

well capped by the 19 km level where the total cloud
fraction is only about 3 � 10�6. The total cloud fractions
are about 0.05% at 18.5 km, 0.5% at 18.0 km and 5% at
17.0 km, where the clouds with optical depth larger than 0.5
contribute to one tenth of these total cloud fractions. The

behavior of the CALIPSO observed cloud profiles above
17 km shown in Figure 2b suggests the top of the TTL at
about 19 km, consistent with that derived from the vertical
mass flux analysis (i.e., 18.7 km). It should be noted that in
our radiative transfer calculation, the clouds above 16 km
are not considered, which underestimates the radiative
heating rates. Since the cloud impact on the radiative
heating rate decreases rapidly to zero from 16 to the top
of the TTL, this underestimation hardly affects the deter-
mination of the top of the TTL.
[19] The CALIPSO lidar captured convectively over-

shooting towers with cloud tops located as high as at
19.8 km (see the vertical bar in the left-upper corner of
Figure 2b), but their fraction is extremely small, about 1.5 �
10�7, corresponding to an area of 5 � 5 km2 in the entire
tropical region (20�S–20�N).

3.2. Longitudinal and Latitudinal Dependences of
Cloud Fractions

[20] Figure 3a shows the latitudinal and height depend-
ences of zonal mean cloud fraction while Figure 3b shows
the longitudinal and height dependences of mean cloud
fractions over 20�S–20�N. The white lines indicate cloud
fraction equal to 10�5. It is interesting to notice that the non-
zero cloud fraction above 17 km exists over all different
longitudes and latitudes of the tropics, as indicated by the
white lines (although the cloud fractions in the TTL are very
different from one place to another). Figure 4 shows the
spatial distributions of cloud fractions at (a) 18 km,
(b) 17 km, (c) 16 km, and (d) 15 km. We see that the
clouds above 17 km mainly originate over the West Pacific,
South America, Central Africa, and South Asia.

4. Summary

[21] The top of the tropical tropopause layer (TTL) is
identified by analyzing the vertical mass flux profiles above

Figure 3. (a) Latitudinal and height dependences of zonal mean cloud fractions, and (b) meridional and height
dependences of mean cloud fractions over the tropical region (20�S–20�N), from CALIPSO lidar all cloud observations for
June 2006–February 2007. The white lines indicate a cloud fraction of 10�5.
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17 km, based on radiative transfer calculations. SHADOZ
atmospheric profiles, including temperature, water vapor,
and ozone, are used as inputs to the radiation calculations
for 1998–2005. ISCCP cloud information is employed to
account for the impact of tropospheric clouds on
the radiative heating rate above 17 km. The magnitude of
the vertical mass flux decreases with height substantially in
the TTL before reaching its top region. The top of the TTL
is the bottom of the near constant mass flux region. It is
found that the top of the TTL is located at about 18.7 km
(�70 mb).
[22] The CALIPSO lidar cloud observations from

June 13, 2006 to February 28, 2007 are analyzed. It is
shown that almost no clouds occur above 19 km, consistent
with the top of the TTL based on vertical mass flux
analyses. The total cloud fractions between 20�S and
20�N are about 0.05% at 18.5 km, 0.5% at 18.0 km and
5% at 17.0 km, where the clouds with optical depth larger
than 0.5 contribute up to one tenth of these total cloud
fractions. Clouds above 17 km are mainly originated over
the West Pacific, South America, Central Africa, and South
Asia.
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