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[1] The climatologies of deep convection, thin clouds, and water vapor measurements
from four independent satellites are compared in this study. Deep convection reaching the
tropical tropopause layer (TTL) is indicated by the area of the Tropical Rainfall Measuring
Mission (TRMM) precipitation radar (PR) 20 dBZ reflectivity reaching 14 km and the
area of the TRMM visible and infrared scanner (VIRS) brightness temperature at 10.8 mm
(TB11) < 210 K. TTL clouds are identified by 17 years of Stratospheric Aerosol and Gas
Experiment (SAGE) II measurements and by 1 year of Earth Observing System (EOS)
Microwave Limb Sounder (MLS) ice water content in 2005. TTL water vapor is estimated
from 2005 EOS MLS retrievals. Results suggest that TTL clouds are geographically and
seasonally correlated with deep convection as inferred from the area of TB11 < 210 K.
Patterns of regional differences of seasonal variations of deep convection are also related
to the regional differences of seasonal variations of TTL clouds. By grouping the Ice
Cloud and Land Elevation Satellite/Geoscience Laser Altimeter System (ICESat/GLAS)
layer cloud products, we find that there is a general spatial correlation between the largest,
thickest TTL layer clouds with the highest optical depth and the regions with the most
intense deep convection. MLS CO and water vapor at 146 hPa have similar geographical
and seasonal variations as deep convection and TTL clouds. EOS MLS 100 hPa water
vapor is low over the west Pacific Ocean at the same location and time as more TTL
clouds are observed.
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1. Introduction

[2] In recent years, there have been a number of studies of
the water vapor budget in the tropical upper troposphere and
lower stratosphere, often referred to as the tropical tropopause
layer (TTL) [Sherwood and Dessler, 2000, 2001]. One main
reason is that the detailed mechanism of water vapor dehy-
dration through tropical troposphere-stratosphere exchange is
still not clear. While the ‘‘freeze and dry’’ concept [Brewer,
1949] has been generally accepted, the actual freezing
mechanism is still controversial. It has been explained as
large-scale rising and cooling [e.g., Jensen et al., 2001;
Jensen and Pfister, 2004], lifting and cooling by buoyancy
disturbances caused by deep convection [e.g., Potter and
Holton, 1995; Garrett et al., 2004, 2006], or the adiabatic
cooling of air inside deep convection overshooting the level
of neutral buoyancy [e.g., Danielsen, 1982; Sherwood and
Dessler, 2000]. There are three main keys to distinguish
which is the most important process: TTL water vapor, TTL
clouds, and deep convection in the vicinity of the TTL.

[3] Measuring TTL water vapor has been challenging.
Traditional radiosondes do not provide reliable water vapor
measurements at cold temperatures [Elliot and Gaffen,
1991]. Instruments onboard aircraft provide accurate
measurements but only during field campaigns. The diffi-
culty in retrieving TTL water vapor from satellite measure-
ments is that water vapor in the TTL exerts little discernible
influence on outgoing radiances compared to water vapor at
lower heights. Even though there are TTL water vapor
retrievals from satellite retrievals on a global scale, low
vertical resolution and cloud contamination limit their
applicability in the TTL.
[4] The ice clouds in the TTL are radiatively important

[e.g., Sassen et al., 1989; Jensen et al., 1996; McFarquhar
et al., 2000; Hartmann et al., 2001]. Thus there have been
many efforts to measure them using different techniques: by
using limb view satellite instruments [e.g., Wang et al.,
1996; Massie et al., 2002; Wu et al., 2005], aircraft
[McFarquhar et al., 2000], and spaceborne lidar [Dessler
et al., 2006].
[5] Before the launch of Tropical Rainfall Measuring

Mission (TRMM) [Kummerow et al., 1998], most of the
studies describing tropical deep convection in the TTL
mainly used IR data [e.g., Gettelman et al., 2002; Massie
et al., 2002]. However, it is known that IR measurements
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tend to underestimate cloud height [Sherwood et al., 2004].
Using reflectivity data from the precipitation radar (PR)
onboard TRMM, it is possible to infer the intensity of deep
convection and its penetration into the TTL quantitatively
[Alcala and Dessler, 2002; Liu and Zipser, 2005]. Recently,
Liu et al. [2006] suggested that there are big differences
between the distribution of tropical deep convection viewed
by radar and by infrared radiometer.
[6] The motivations for this study include the following:
[7] 1. With precise description of tropical deep convec-

tion from TRMM measurements, can we depict the relation
of deep convection activity in the TTL and the TTL thin
clouds more quantitatively?
[8] 2. With more and longer-period observations from

limb scanning satellite instruments, it may now be timely to
verify the TTL thin cloud climatology using well developed
algorithms.
[9] 3. Recent spaceborne lidar provides accurate TTL thin

clouds measurements in two dimensions, providing a
unique opportunity to analyze the entire cloud feature. What
is the relation between the TTL thin cloud and deep
convection from a cloud system point of view?
[10] 4. There has been no paper comparing the seasonal

variations of tropical deep convection, TTL thin clouds and
water vapor. Liu and Zipser [2005] pointed out that there is
a semiannual cycle of deep convection penetrating the TTL
viewed from the TRMM PR. Can we relate that to the
seasonal variation of TTL clouds, and of water vapor?
[11] In this work, we address these questions by combining

the climatology of deep convection, thin clouds, and water
vapor in the vicinity of TTL from four independent types of
satellite measurements. Section 2 describes the data and
analysis methods. Section 3 shows the results. Discussion
and comparison with previous work are presented in section 4.

2. Data and Methods

2.1. Deep Convection Analysis From TRMM

[12] To identify the tropical deep convection in the TTL,
6 years of TRMM PR and visible and infrared scanner
(VIRS) data are matched and grouped into cold cloud
features (CCFs) by pixels with the VIRS 10.8 mm wave-
length brightness temperature (TB11) < 210 K. Then the
CCFs’ characteristics, such as area of TB11 < 210 K and
20 dBZ PR reflectivity at 14 km, are summarized. Liu et al.
[2006] described this method and demonstrated that there
are large regional differences of tropical deep convection
viewed from infrared radiometer and radar. In this study, the
area of TB11 < 210 K in CCFs is used to indicate the area of
deep convection reaching the TTL. The mean height of the
210 K level between 10�S–10�N is 13.6 km ± 1 standard
deviation of 0.14 km according to the 2.5� resolution NCEP
reanalysis [Kistler et al., 2001]. The area of PR 20 dBZ
reaching 14 km inside CCFs is used to indicate strong
penetration into the TTL by tropical deep convection [Liu
and Zipser, 2005].

2.2. Thin Clouds From SAGE II

[13] Limb scanning instruments represented by the Strato-
spheric Aerosol and Gas Experiment (SAGE) II and Halo-
gen Occultation Experiment (HALOE) are sensitive to the
ultra thin subvisual clouds in the TTL [Kent et al., 1993;

Hervig and McHugh, 1999]. Therefore these measurements
have been used to demonstrate the climatology of clouds in
the TTL [e.g., Wang et al., 1996; Massie et al., 2002]. By
using an algorithm similar to the SAGE II cloud detecting
algorithm developed by Kent et al. [1993], which infers the
presence of cloud when the 1.02 mm extinction coefficient is
greater than 0.001 km�1 and the ratio of 0.525 mm extinction
coefficient to the 1.02 mm extinction coefficient is greater
than 0.95, the subvisual clouds at TTL are identified from
version 6.2 SAGE II data during 1985–2004, excluding the
years (1991–1995) with contamination by volcanic aerosols
[McCormick et al., 1995]. Cloud occurrences at two layers
(14–16 km and 16–18 km) inside 10��10� boxes and in
10�N–10�S each month are calculated as the percentage of
events with clouds identified inside each layer.

2.3. IWC, Water Vapor, and CO From MLS

[14] Another limb scanning instrument useful for study-
ing the TTL clouds and their relation to water vapor is the
Microwave Limb Sounder (MLS). The first MLS was
launched on 12 September 1991 onboard the Upper Atmo-
sphere Research Satellite (UARS). Using the UARS MLS,
SAGE II and HALOE, Mote et al. [1996] found that there
was a gradual upward progression of the annual cycle of
water vapor into the stratosphere. Methods to retrieve ice
water content (IWC) in the TTL from UARS MLS measure-
ments are described by Wu and Jiang [2004], Livesey et al.
[2005], and Wu et al. [2006]. Wu et al. [2005] applied the
method to UARS MLS data and discussed the relation of
TTL IWC to deep convection. The Earth Observing System
(EOS) MLS on the AURA mission was launched on 15 July
2004. Besides the water vapor [Livesey et al., 2005, 2006]
and IWC retrievals, the EOS MLS data set includes CO
retrievals [Livesey et al., 2006]. CO has about a 2 month
photochemical life time in the troposphere and could be
used as a tracer for the vertical and horizontal transport into
the TTL [e.g., Kar et al., 2004]. Thus its difference at
different elevations may be used as a good indicator of the
intensity of vertical mixing and transport. Our main con-
cerns in using this data set are its coarse vertical resolution:
�3 km for water vapor and IWC, �4.5 km for CO, and a
wide horizontal field of view (167 km � 7 km). The
observed mean values in such a large sample volume are
not comparable to the in situ measurements. For example,
there are �28% dry biases at 100 hPa when comparing to
aircraft water vapor observations [Livesey et al., 2005].
However, this data set still provides the representative water
vapor and CO global distributions and seasonal variations.
In this work, we compare one full year (2005) of version
1.5 MLS retrieved water vapor, IWC and CO at 68, 100,
and 146 hPa levels to the deep convection and TTL clouds
climatologies from other measurements. The mean height of
68, 100, and 146 hPa between 10�S–10�N are 18.8 km,
16.6 km, and 14.4 km with 1 standard deviation about
0.03 km according to 2.5� resolution NCEP reanalysis data.
In this work, all MLS data are processed with requirements
described by Livesey et al. [2005].

2.4. Thin Layer Clouds From ICESat/GLAS

[15] Quite different in principle from the limb scanning
techniques, nadir viewing spaceborne lidar provides a very
accurate measurement of TTL clouds [Winker and Trepte,
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