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[1] This paper evaluates geo-seasonal relationships in
tropical deep convection using radar and infrared data from
Tropical Rainfall Measuring Mission (TRMM), near
tropopause thin clouds from Stratospheric Air and Gas
Experiment (SAGE) II, water vapor and carbon monoxide
(CO) from the Earth Observing System (EOS) Microwave
Limb Sounder (MLS), and the tropopause temperature from
National Center of Environment Prediction (NCEP)
reanalysis data. Geo-seasonal variations in MLS water
vapor at 146 hPa and 100 hPa are negatively correlated,
which points to dehydration at the tropical tropopause. Water
vapor at 146 hPa is highly correlated with tropical deep
convection and thin clouds, but at 100 hPa it is more highly
correlated with the tropopause temperature. There is a high
correlation between the geo-seasonal variations of 14–16 km
thin cloud and cold clouds from deep convection. However,
at 16–18 km, thin clouds are highly correlated with the
tropopause temperature as well as with deep convection.
There is a semi-annual cycle in CO concentrations at 100 hPa
and 146 hPa. The variability is consistent with the convolved
seasonal variation of deep convection and surface biomass
burning. The annual cycle of water vapor at 100 hPa
correlates with the seasonal variability of ‘‘freezing and
drying’’ between 146 hPa and 100 hPa, which in turn
correlates with changes in tropopause temperature associated
with deep convective lifting or large scale ascent.
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1. Introduction

[2] A detailed mechanism for explaining dehydration of
air ascending from troposphere into the stratosphere remains
under debate. While the ‘‘freeze and dry’’ concept [Brewer,
1949] has been generally accepted, two main explanations
have been offered. One is that tropical deep convection
dehydrates air when it reaches or penetrates the tropical
tropopause [Danielsen, 1982; Newell and Gould-Stewart,
1981; Sherwood and Dessler, 2000; Su et al., 2006]. Another
is that when air ascends through the upper troposphere, water
substance freezes and makes it dry [Hartmann et al., 2001;
Holton and Gettelman, 2001; Jensen and Pfister, 2004].
Since ice cloud is direct evidence of freezing, thin ice clouds
near the tropical tropopause are the subject of many studies

[Jensen et al., 1996; Wang et al., 1996; Sandor et al., 2000;
McFarquhar et al., 2000;Massie et al., 2002]. Many studies
show that there is good spatial correlation between these thin
clouds and deep convection [Massie et al., 2002; Dessler et
al., 2006; Liu, 2007].
[3] Carbon monoxide (CO) has a photochemical life time

of weeks to months in the troposphere and is often used as a
tracer for vertical and horizontal transport near the tropo-
pause [e.g., Kar et al., 2004]. Since CO is insoluble and
immune from the dehydration process, it can be used to
facilitate understanding of the driving mechanisms behind
water vapor concentrations near the tropopause. Following
the discovery of an atmospheric ‘‘tape recorder’’ that tracks
the gradual upward propagation of water vapor in the
stratosphere [Mote et al., 1996], subsequent observations
from the Earth Observing System (EOS) Microwave Limb
Sounder (MLS) have shown a corresponding carbon mon-
oxide (CO) ‘‘tape recorder.’’ In general, CO and water vapor
are negatively correlated in the lower stratosphere [Schoeberl
et al., 2006]. However, there is an important difference
between the seasonal cycles of the near tropopause heads
of the water vapor and CO tape recorders. Whereas the water
vapor tape recorder follows an annual cycle, the CO signal
follows a semi-annual cycle between 146 and 100 hPa
(Figure 1) with low CO in January, July, and August.
Relatively low CO early in the year is especially obvious in
2006.
[4] This study is motivated by the following questions:

(1) What are the relationships between deep convection, thin
clouds, water vapor, and CO near the tropical tropopause?
(2) In particular, what accounts for observed differences
between the seasonal cycles in CO and water vapor within
the 100–146 hPa layer?
[5] To answer the above questions, we combine observa-

tions from the Tropical RainfallMeasuringMission (TRMM)
[Kummerow et al., 1998], the Stratospheric Air and Gas
Experiment (SAGE) II [McCormick et al., 1993], and the
EOS MLS. Geo-seasonal cycles of selected parameters
representing the deep convection, thin clouds, water vapor,
and CO near tropical tropopause are compared with the geo-
seasonal cycles of tropopause temperature from (NCEP)
reanalysis data [Kistler et al., 2001] as well as CO surface
emission rates from the global emissions inventory described
by Duncan et al. [2003]. Section 2 of this paper introduces
the data and the analysis methods. Section 3 presents the geo-
seasonal cycles of these parameters and their correlations.
Section 4 discusses the results.

2. Data and Methods

[6] In prior literature, satellite observations of deep
convection reaching the tropical tropopause have been
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