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[1] We analyze the distribution of thin (optical depth < 0.40) cirrus in the tropics at
potential temperatures of 360, 370, 377.5, and 400 K, which are levels that bracket the
tropical tropopause. The observations were obtained between 29 September and
17 November 2003 by the Geoscience Laser Altimeter System (GLAS), carried on board
the Ice, Cloud, and land Elevation Satellite (ICESat). The GLAS data show that these thin,
near-tropopause cirrus (TNTC) occur over broad regions of the latitude range 20�S to
30�N, with distinct maxima collocated with regions of intense convection, and that TNTC
occurrence frequency decreases strongly with increasing altitude. At 377.5 K,
approximately the level of the tropical tropopause, TNTC frequency over convection is
two to six times larger than in the so-called ‘‘cold pool,’’ the climatological temperature
minimum located over the equatorial western Pacific where it has been suggested that
dehydration of air entering the stratosphere is occurring. Comparisons between assimilated
temperatures, outgoing longwave radiation (a proxy for deep convection), and TNTC
frequency show that TNTC can be found where assimilated temperatures are low and deep
convection is occurring. We find that assimilated temperatures, by themselves, are
incomplete predictors of TNTC locations.
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1. Introduction

[2] In recent years, it has become clear that the tropo-
sphere and stratosphere are separated by a transition layer
several kilometers thick [e.g., Atticks and Robinson, 1983;
Highwood and Hoskins, 1998; Folkins et al., 1999]. While
various definitions exist for this layer, often referred to as
the tropical tropopause layer (TTL), one oft-cited definition
puts the bottom boundary at the level of zero net radiative
heating [Sherwood and Dessler, 2000, 2001], which occurs
between 14.5- to 16-km altitude or 355- to 365-K potential
temperature [Folkins et al., 1999; Gettelman et al., 2004].
Air below the zero net radiative heating line is radiatively
cooling, sinking back to the surface as part of the tropical
overturning Hadley or Walker circulations. Air above this
level experiences radiative heating and rises toward the
stratosphere. The upper limit of the TTL is the level where
overshooting convection tails off, around 18 km [e.g.,
Alcala and Dessler, 2002]. The tropopause lies within the
TTL; various definitions of the tropopause exist, but they all
put its location somewhere around 375- to 380-K potential
temperature, about 1–2 km or 15- to 25-K potential
temperature above the base of the TTL.

[3] Thin (optical depth �1) cirrus within a kilometer or
so of the tropopause have recently garnered much attention
by the scientific community. They are potentially radiatively
important [e.g., McFarquhar et al., 2000; Hartmann et al.,
2001; Jensen et al., 1996] and potentially play a role in
dehydration of air entering the stratosphere [e.g., Holton
and Gettelman, 2001; Gettelman et al., 2002; Jensen and
Pfister, 2004; Luo et al., 2003]. While there are several
analyses of observations of these clouds [Wang et al., 1996;
Winker and Trepte, 1998; McFarquhar et al., 2000;
Mergenthaler et al., 1999; Nee et al., 1998; Sassen and
Cho, 1992; Dessler and Yang, 2003; Peter et al., 2003],
much about their distribution and formation mechanisms
remain uncertain, owing primarily to the difficulty of
observing them. In this paper, we present an analysis of
these clouds using a new, highly accurate satellite-borne
lidar data set, and discuss the implications of the analysis for
our understanding of these clouds’ formation mechanisms
as well as our understanding of the dehydration of air
entering the stratosphere.

2. ICESat/GLAS Measurements

[4] The Geoscience Laser Altimeter System (GLAS),
carried onboard the Ice, Cloud, and land Elevation Satellite
(ICESat), is a diode-pumped Q-switched Nd:YAG laser
operating in the near infrared (1064 nm) and visible
(532 nm). Measurements of attenuated backscatter from
the instrument are processed by the science team to produce
high-quality measurements of cloud properties over most of
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the globe [Spinhirne et al., 2005; Zwally et al., 2002].
During the period analyzed in this paper, 29 September to
17 November 2003 (the so-called ‘‘Laser 2a’’ period), the
measurements in the tropics were obtained around 8 am and
8 pm local solar time. Morning observations occurred
during daylight, with solar zenith angles ranging from 53�
to 85�. Evening observations occurred after sunset, with
solar zenith angles ranging from 95� to 128�.
[5] While the GLAS has two wavelengths, the data

analyzed in this paper are based exclusively on the
532-nm data. The 532-nm channel of GLAS employs
four Single Photon Counting Modules (SPCMs), which
have high sensitivity and low noise characteristics that are
optimal for thin cloud detection. GLAS can measure
optical depth down to about 0.002 at night and 0.02
during the day, with an uncertainty of 20% to 50%
[Hlavka et al., 2005; Palm et al., 2002].
[6] The SPCMs are sampled at 1.953 MHz, which trans-

lates to a vertical resolution of 76.8 m. In this paper, we use
the cloud tops and bottoms identified in the release 19
GLA09 data product [Hart et al., 2005; Palm et al., 2002].
This algorithm averages 4 s (160 laser shots) of calibrated,
532-nm attenuated backscatter to obtain one vertical profile
that is then examined for the locations of layers that exceed
a threshold based on the magnitude of molecular backscatter
and background noise. A cloud layer top is defined as that
height where the first of two consecutive GLAS data bins of
76.8 m (from above the cloud moving downward) exceed
the threshold; the bottom is that height where the first of two
consecutive bins are less than the threshold (from within the
cloud moving downward). During the 4-s period, the
satellite moves about 28 km, so this distance defines
the scale of features we are investigating. For a thorough
discussion of the instrument and its atmospheric measure-
ments, see Spinhirne et al. [2005] and the ICESat/GLAS
special section (Geophysical Research Letters, 32(21–22),
2005).
[7] Although the GLA09 algorithm requires two back-

scatter measurements to exceed a threshold before a cloud
edge is detected, the top bin will virtually always contain
the top of the cloud. Thus the inherent uncertainty of the
cloud height is equal to the SPCM resolution of 76.8 m. In
addition, GLAS measurements of cloud altitude are made
with respect to the geoid, an equipotential surface of the
Earth’s gravity field that most closely approximates mean
sea level (MSL). Differences between the geoid and MSL
can be as much as a few tens of meters. Combining all of
the sources of uncertainty produces a total uncertainty in
cloud height above MSL of less than 100 m.
[8] To facilitate our analysis of TTL thin cirrus, we will

convert GLAS measurements of geometric altitude to po-
tential temperature using assimilated meteorological fields
from the United Kingdom Meteorological Office (UKMO)
[Swinbank and O’Neill, 1994], which are produced on a
regular grid once per day. To calculate the potential tem-
perature of each cloud boundary, we assume that geometric
height above the geoid, which is measured by GLAS, and
geopotential height, which is reported in the meteorological
data sets, are equivalent. We then generate a geopotential
height-potential temperature relation for the location of the
GLAS measurement by interpolation of the UKMO mete-
orological fields to determine the potential temperature of

the cloud edges. This conversion introduces additional
uncertainties. The assumption that geometric height equals
geopotential height introduces an error of several tens of
meters in the upper troposphere, corresponding to an error
of a few tenths of a degree K of q. More significant are
errors in the meteorological fields. The UKMO temperature
fields tend to be warm-biased around the tropopause by as
much as 3 K [Randel et al., 2000], which translates into an
the uncertainty in cloud q in the neighborhood of 5–6 K.

3. Tropopause-Level Thin Cirrus

[9] We classify a thin, near-tropopause cirrus (TNTC) at a
given level as any cloud whose top and bottom bracket that
level (e.g., 360-K TNTC are those with tops above 360 K
and bottoms below 360 K) and whose simultaneously
measured optical depth (t), as reported in the release 19
GLA11 product, is below 0.40. The GLA11 algorithm uses
a signal-loss method to estimate the optical depth for the
thin clouds analyzed here. See Palm et al. [2002] for the
details of the algorithm.
[10] This optical depth screen is designed to include thin

cirrus but eliminate convective and thick anvil clouds from
the analysis. About 62% of clouds with tops above 355 K
have t below 0.40, 30% have t between 0.40 and �3, and
8% have t greater than �3. We will discuss the sensitivity
to this optical depth screen later. Finally, we include all
clouds fitting the criteria for TNTC in the analysis, irre-
spective of whether there are clouds above or below them.
[11] In this paper, we will analyze TNTC occurrence at

four potential temperatures: 360, 370, 377.5, and 400 K,
corresponding to geometric altitudes of 13.7–15.8, 14.6–
16.8, 15.1–17.4, and 16.2–18.5 km (altitude ranges are one
standard deviation about the mean, calculated from meteo-
rological data obtained from the Global Positional Satellite
(GPS) system [e.g., Rocken et al., 1997; Randel et al., 2003;
Hajj et al., 2004]). The 360-K potential temperature surface
is around the base of the TTL; the 370-K surface is about
halfway between the base of the TTL and the tropopause;
the 377.5-K surface is the average height of the cold-point
tropical tropopause during the laser-2a period; the 400-K
surface is �1 km above the tropopause.
[12] Figures 1–4 show the horizontal distribution of

TNTC frequency (the number of observations that show a
TNTC divided by the total number of observations). Virtu-
ally all of the plots show, to a greater or lesser extent,
maxima in the TNTC distribution in three general locations.
Two of these maxima are found over continental regions:
equatorial Africa and South America. The locations of these
continental maxima are approximately in the same location
at all altitudes in the TTL. The third is a large maximum
over the western Pacific. At 360 K, the western Pacific
maximum is approximately centered over the equator, while
at higher potential temperatures it shifts to the north of the
equator. In total, 4.6, 1.3, 0.5, and 0.04% of the GLAS
morning observations between 20�S and 30�N see a TNTC
at 360, 370, 377.5, and 400 K, respectively. In the evening,
the TNTC frequencies are 9.5, 5.6, 3.2, and 0.5%.
[13] Had we included all clouds that the GLAS laser can

penetrate (t < �3–4) instead of limiting ourselves to those
with t < 0.40, we would have found daytime frequencies of
6.9, 2.2, 0.9, 0.08% and nighttime frequencies of 13.7, 7.0,
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