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[1] Determining the level of zero net radiative heating (LZH) is critical to understanding
parcel trajectory in the Tropical Tropopause Layer (TTL) and associated stratospheric
hydration processes. Previous studies of the TTL radiative balance have focused on using
radiosonde data, but remote sensing measurements from polar-orbiting satellites may
provide the relevant horizontal and vertical information for assessing TTL solar heating and
infrared cooling rates, especially across the Pacific Ocean. CloudSat provides a
considerable amount of vertical information about the distribution of cloud properties
relevant to heating rate analysis. The ability of CloudSat measurements and ancillary
information to constrain LZH is explored. We employ formal error propagation analysis for
derived heating rate uncertainty given the CloudSat cloud property retrieval algorithms.
Estimation of the LZH to within approximately 0.5 to 1 km is achievable with CloudSat,
but it has a low-altitude bias because the radar is unable to detect thin cirrus. This can be
remedied with the proper utilization of Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) lidar backscatter information. By utilizing an orbital
simulation with the GISS data set, we explore the representativeness of non-cross-track
scanning active sounders in terms of describing the LZH distribution. In order to
supplement CloudSat, we explore the ability of Atmospheric Infrared Sounder (AIRS) and
Advanced Microwave Scanning Radiometer-EOS (AMSR-E) to constrain LZH and find
that these passive sounders are useful where the cloud top height does not exceed 7 km. The
spatiotemporal distributions of LZH derived from CloudSat and CALIPSO measurements
are presented which suggest that thin cirrus have a limited effect on LZH mean values but
affect LZH variability.
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1. Introduction

[2] Stratospheric water vapor has been and continues to
be the subject of scientific study owing to its strong
influence on the Earth’s radiation budget and its impact
on catalytic ozone destruction. The observed values of
stratospheric water vapor in the vicinity of the tropical
tropopause [e.g., Webster et al., 1994; Weinstock et al.,
1994; May, 1998; Paul et al., 2001; Baer et al., 2002; Vömel
et al., 2007] are significantly lower than would be expected
from the Clausius-Clapeyron constraint imposed by the
mean cold-point tropopause temperature [Michelsen et al.,
2000]. Discerning the relative roles of convection and
radiation in the determination of the transport of water
vapor from the troposphere to the stratosphere remains an

area of active scientific discussion, as does explaining
observed trends therein [i.e., Rosenlof et al., 2001]. The
tropical tropopause layer (TTL) is of particular importance
to this discussion because it is thought to contribute sub-
stantially to stratospheric water vapor transport. This layer is
conventionally defined as a transition region between radi-
ative-convective and radiative equilibrium, and because
there is very little latent heating above 12 km in the tropics,
parcel vertical velocity and radiative heating are closely
coupled in the TTL. In this region, net radiative heating is
negative at lower altitudes due primarily to water vapor
cooling, but is positive at higher altitudes owing primarily
to ozone heating. In between, there is a level (or levels) of
zero net heating (denoted here and by others as LZH) which
is the separation level that determines whether uplifted
parcels ascend or descend. Determining the altitude of this
level and characterizing its spatial and temporal variability
are crucial to elucidating the relative strength of the mech-
anisms that control stratospheric H2O transport.
[3] The importance of the TTL has been recognized for

some time as a mechanism for stratospheric control [Holton
et al., 1995] and was described in detail by Highwood and
Hoskins [1998]. The latter paper qualitatively discussed the
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roles of convection and diabatic heating in determining
stratosphere/troposphere transport. Subsequent work has
focused on providing a detailed quantitative description of
these and other possible processes and in the meantime, a
couple of different working definitions of the TTL have
emerged, many of which describe the TTL as bounded on
the bottom by the LZH and on the top by the cold-point
tropopause [see Fueglistaler et al., 2007]. In recent years,
several models have emerged to enhance understanding of
TTL transport processes. Sherwood and Dessler [2000]
presented a hypothesis for the excessive dehydration of
the stratosphere relying on vertical and horizontal mixing in
the tropopause and a multistep process of convection,
advection, and ascent for parcels to cross from the tropo-
sphere to the stratosphere. Holton and Gettelman [2001]
proposed that horizontal transport in the TTL, facilitated by
long particle residence times, is responsible for the observed
excessive dehydration, and that the tropical Western Pacific
Ocean exerts a disproportionate impact on this dehydration.
However, Sherwood and Dessler [2001] presented a model
that favored convection as a description of TTL H2O
transport. Later, Sherwood et al. [2003] found that active
convection is a very significant process for governing parcel
dehydration and the altitude and temperature of the tropical
cold point tropopause.
[4] Given the importance of radiative heating rates

toward ultimately determining whether a parcel ascends
or descends, several authors have analyzed heating rates
from a few different perspectives. The importance of
radiative heating in the TTL and the differential heating
associated with varying cloud configurations were described
by Hartmann et al. [2001]. This work found that the vertical
distribution of clouds may be key to the explanation of the
observed stratospheric dehydration because the radiative
influence of a cirrus cloud layer is dependent upon the
convective cloud top height. The actual determination of
LZH is a nontrivial process that has only recently been
explored from a process perspective. Gettelman et al. [2004]
broached the importance of a detailed evaluation of radia-
tion balance in the TTL and used temperature and water
vapor profiles from radiosondes to do so. This work found
that LZH varied by about 500 m from measurement to
measurement. Additionally, Corti et al. [2005] determined
vertical mass flux in the tropics from radiative heating rate
calculations and found that it is a strong function of cloud
cover. This paper, however, found that the transition from
radiative cooling to heating occurs at lower altitudes where
clouds are present, as compared to clear-sky cases, thereby
contradicting the results of previous studies. Further work
by Gettelman and Birner [2007] began the process of
comparing TTL climatology and variability as determined
through radiosonde observations with circulation model
representation of TTL processes. This work found that the
large-scale mean state and variability of the TTL are well
represented by the models despite heavily parameterized
cloud processes.
[5] Heating rate profiles have also been determined at the

Atmospheric Radiation Measurement (ARM) program’s
Tropical Western Pacific sites [Stokes and Schwartz,
1994] using a combination of radiosonde and millimeter-
wavelength cloud radar data [McFarlane et al., 2007;
Mather et al., 2007]. The results were compared with those

produced by the Community Atmosphere Model (CAM)
model and it was found that CAM models capture some, but
not all, of the heating rate variability. Also, Fueglistaler and
Fu [2006] used European Centre forMedium-RangeWeather
Forecasting 40-year reanalysis (ECMWF ERA-40) trajectory
analysis to understand the processes that control stratospheric
water vapor variability and found reasonable agreement with
assessments from satellite-based measurements. Norton
[2001] analyzed longwave heating in the tropical lower
stratosphere using ECMWF analyses. This work found that
ozone IR heating displayed a high degree of variability and
was anticorrelated with tropospheric cooling rates, suggest-
ing the importance of upper tropospheric clouds in governing
heating rates near the TTL.
[6] Most of the previous heating rate analyses have

focused on utilizing radiosonde data or other data of a
limited spatial to determine TTL properties, but satellite-
based remote sensing measurements, if properly utilized,
can introduce a much more detailed spatial analysis of those
quantities which are ultimately necessary for characteriza-
tion of the LZH level. The availability of a new and
unprecedented set of measurements from the NASA Earth
Observing System A-Train Constellation [Asrar and Dozier,
1994], including AIRS [Aumann et al., 2003] and CloudSat
[Stephens et al., 2002] may be able to reduce uncertainties
in the determination of this level and provide a more
spatially detailed analysis of TTL radiation balance. How-
ever, this approach will only be successful if the remote
sensing measurements are evaluated within a retrieval
framework that captures the true horizontal, vertical, and
temporal variability in the TTL radiative balance.
[7] In order to address the feasibility of applying remote

sensing measurements to analyze the TTL radiation balance,
we first present a description of several CloudSat products
and discuss the estimation of their uncertainties. Next,
determination of the LZH from CloudSat and CALIPSO
products is discussed, and the spatiotemporal distribution of
LZH values derived from data covering July 2006 to July
2007 is presented. Subsequently, the ability of passive
sounding data to constrain the LZH is explored. After that,
orbital simulation experiments are performed to test the
representativeness of simulated along-track LZH sampling
from CloudSat. Finally, seasonally averaged maps of LZH
mean and variability derived from CloudSat and CALIPSO
products are presented.

2. CloudSat Heating Rates

[8] As part of the NASA Earth Observing System A-Train,
the CloudSat satellite is a polar-orbiting, sun-synchronous
platform on which the CloudSat Profiling Radar measures
along-track radar reflectivity at 94 GHz with a minimum
sensitivity of �31 dBz (see Meneghini and Kozu [1990] for
an introductory discussion of space-borne cloud radar).
Partial attenuation by hydrometeors at this frequency allows
for the characterization of cloud vertical distribution over a
broad range of observed cloud systems. Several mission
products are derived from the radar reflectivity at 240 m
vertical resolution and are directly relevant to a TTL radia-
tive heating/cooling analysis. The 2B-CWC-RO product, for
example, contains cloud water content profiles, and the
2B-FLXHR product provides radiative fluxes and heating
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rates consistent with these water contents. However, owing
to potential uncertainties in these products, their nature
must be explored in the context of their ability to constrain
radiative heating rates in the TTL.
[9] The algorithms for generating 2B-CWC ice and liquid

cloud profile products from radar reflectivity measurements
are described by R. T. Austin (Level 2B Radar-only Cloud
Water Content (2B-CWC-RO) process description docu-
ment, http://www.cloudsat.cira.colostate.edu/ICD/2B-
CWC/2B-CWC-RO_PD_5.1.pdf) and are based on the
works of Benedetti et al. [2003] and Austin and Stephens
[2001], respectively. Here, we make use of Release 04 of
the radar-only retrievals which only utilize radar reflec-
tivity measurements and a priori data (refer to http://www.
cloudsat.cira.colostate.edu for details). The retrieval algo-
rithm assumes that cloud droplet distributions can be
reasonably parameterized with a lognormal size distribu-
tion so that droplet number count, effective radius, and
geometric standard deviation are the three retrieval targets.
The retrieval also assumes that cloud droplets are suffi-
ciently small so that they can be effectively treated as
Rayleigh scatterers, though this assumption is valid only
for nonprecipitating scenes. The cloud phase is determined
by using ECMWF analysis information [Rabier et al.,
1998] for the observed scene, including temperature, water
vapor, and ozone profiles. For those vertical bins when the
temperature is less than �20�C, ice cloud properties are
retrieved, whereas for temperatures exceeding 0�C, liquid
cloud properties are retrieved. In between, both liquid and
ice cloud properties are retrieved separately with scaling
factors for the two phases which are a linear function of the
temperature such that vertical bins at the upper altitudes of
the transition zone are mostly ice and those at the lower
altitudes are mostly liquid.
[10] Optimal estimation theory [Rodgers, 2000] is

employed to balance a priori knowledge of droplet number
and effective radius profiles with the information content
contained in the measurements through a forward model.
Empirical relationships between cloud water content, cloud
effective radius, and geometric standard deviation as a
function of temperature and pressure from aircraft cam-
paigns are used as a priori constraints [e.g., McFarquhar
and Heymsfield, 1997].
[11] The current algorithm for generating fluxes and heat-

ing rates at 240 m vertical resolution from CloudSat meas-
urements and other ancillary products is described by
L’Ecuyer et al. [2008]. Briefly: temperature, water vapor,
ozone, cloud water content, and cloud effective radius
profiles form the inputs to a broadband, two-stream, plane-
parallel, doubling-adding radiative transfer model. Six short-
wave and 12 longwave bands are utilized to produce net
shortwave (0.2 to 4 mm) and longwave (4.55 to 1 mm)
fluxes and heating rates using a d-Eddington and constant
hemispheric approximation, respectively. The subsequent
analysis alsomakes use of an experimental fluxes and heating
rate product derived from the combination of CloudSat and
CALIPSO [Winker et al., 2003] measurements. This new
algorithm, that will likely form the basis of a new CloudSat
2B-FLXHR-LIDAR product in the near future, operates
identically to the 2B-FLXHR approach, but the revised
product also makes use of the CALIPSO vertical feature
mask through CloudSat’s GEOPROF-LIDAR product [Mace

et al., 2007;Marchand et al., 2008] to fill in thin high clouds
and low cloudsmissed by CloudSat. The GEOPROF-LIDAR
product is used to define scenes where CloudSat misses high
clouds. The raw CALIPSO backscatter observations are then
used to determine the integrated optical depth of these clouds
and their extinction using the molecular scattering above and
below the cloud. This should fall off exponentially with
height in the absence of a cloud. The extinction associated
with the high clouds that CloudSat does not detect is
generally independent of height, latitude, and season, and a
representative effective radius (30 mm) and the mean ice
water path (0.004 g/m3) are assumed on the basis of extinc-
tion observations from lidar data collected from the Canadian
Network for the Detection of Atmospheric Change (http://
www.candac.ca). While this approach is clearly approximate
in nature, heating rate calculations derived in this manner
should statistically capture the impact of these thin clouds
quite well to first order (see Kay et al. [2008] for more
details).
[12] Parcels in the TTL experience a range of shortwave

heating throughout the day which is a strong function of the
incident solar zenith angle. Therefore, it is important to
consider whether the shortwave heating rates produced by
the CloudSat 2B-FLXHR and 2B-FLXHR-LIDAR products
derived from 0130 and 1330 local time observations pro-
vide appropriate sampling for the diurnal cycle. We tested
several different cloud-cover scenarios (e.g., low-level liquid
clouds, midlevel liquid clouds, high-level ice clouds, and
low-level liquid clouds below high-level ice clouds) with
different solar zenith angles and found that by averaging
daytime and nighttime orbits, we can produce diurnally
averaged shortwave heating to within 5%.
[13] It should be noted that some of the heating rate

analysis and associated sensitivity tests presented in this
paper do not directly utilize the radiative transfer code used
to calculate the 2B-FLXHR. Rather, we use a slightly more
refined broadband radiative transfer model: RRTM [Mlawer
et al., 1997;Clough et al., 2005]. The differences between the
two codes are noticeable in some vertical regions. The codes
utilize different water vapor continua models, which affect
boundary layer longwave cooling: the 2B-FLXHR algorithm
used CKD 2.1 [Clough et al., 1989] whereas RRTM uses
MT_CKD 1.0 [Clough et al., 2005]. Future versions of the
2B-FLXHR algorithm may include MT_CKD 1.0. Also,
different treatment of intermediate strength bands and over-
lap lead to discrepancies in heating and cooling rates in the
middle stratosphere. In the midtroposphere and upper tropo-
sphere lower stratosphere (UTLS) regions, differences gen-
erally arise from the 2B-FLXHR treatment of cloud optical
properties as gray. This stands in contrast to the treatment in
RRTM which employs a wavelength-dependent parameteri-
zation for liquid clouds described byHu and Stamnes [1993]
and for ice clouds by Fu et al. [1997]. Potential differences in
cloud overlap treatment do not have to be considered here
because the CloudSat field-of-view is small enough that the
overcast approximation is sufficient. Given the wide range of
scenes examined here, however, differences in radiative
transfer implementation are not expected to significantly
alter the general conclusions reported below.
[14] The current algorithm used to create CloudSat 2B-

FLXHR products does not include error estimates on fluxes
and heating rate products, though this can be accomplished
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through formal error propagation analysis [Taylor and
Kuyatt, 1994; Feldman et al., 2008]. Assuming that the
variables relevant to heating rate calculations can be statis-
tically modeled as Gaussian, the uncertainty in the cooling
rate profile is given by the following:

Dq0 zð Þ½ � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn
i¼1

Xn
j¼1

@q0 zð Þ
@xi

@q0 zð Þ
@xj

cov xi; xj
� �

vuut ; ð1Þ

where (x1, . . . xi, . . . xj, . . ., xn) represent all of the
atmospheric state inputs that are relevant to cooling rate
profile calculations at each level, q0(z) refers to the
broadband cooling rate at height z, and cov refers to the
covariance function. The relevant atmospheric state inputs
include the T, H2O, and O3 profiles and the cloud water
content and effective radius profiles. The T, H2O, and O3

profiles from the ECMWF analysis data are used in the 2B-
FLXHR without error estimates, but it can be reasonably
assumed that these data products will have difficulty
estimating temperature to better than 1 K and water vapor
and ozone to better than 10% vmr at each evenly spaced
vertical bin of 240 m. No information is provided to
constrain the error covariance of the T, H2O, and O3 profiles
so that, especially under clear conditions, it may be
necessary to utilize the sample covariance of T, H2O, and
O3 profiles derived from several weeks worth of profiles at
the location of interest. Where clouds are present, heating
rates are significantly affected in those parts of the profile
covered by clouds. Consequently, the uncertainties in cloud
water content and cloud effective radius profiles retrieved
from CloudSat generally dominate the error budget.
[15] Shortwave and longwave heating rate uncertainties

are estimated separately, and the net heating rate uncertainty

is derived by combining the two uncertainty calculations
using the following formula:

Dq0NET zð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dq0SW zð Þ
� �2þ Dq0LW zð Þ

� �2q
; ð2Þ

where Dq0SW(z) is the uncertainty in shortwave heating,
Dq0LW(z) is the uncertainty in longwave cooling, and
Dq0NET(z) is the uncertainty in the net heating. Given that
the 2B-CWC-RO products regularly report uncertainties
of 50% for cloud water content and cloud effective
radius, the error estimate of in-cloud heating rates will be
on the order of 50% of the calculated heating rate. In-
cloud flux measurements in the course of validation
experiments may be useful to govern the development of
future CloudSat processing algorithms of 2B-FLXHR
products. Figure 1a shows sample longwave cooling,
shortwave heating, and net heating rate profiles produced
by CloudSat through the 2B-FLXHR product, along with
estimates of the uncertainty associated with these products
based on temperature uncertainty of 1 K at each level and
water vapor and ozone uncertainty of 10% of the volume
mixing ratio at each level under clear-sky conditions.
Figure 1b shows the same heating and cooling rate profiles
where clouds are present and the estimated uncertainty is
strongly affected by the reported CWC uncertainty at each
level.

3. Determination of Zero Net Heating

[16] In the TTL, there is a transition from net radiative
cooling to net radiative heating with increasing altitude,
and the LZH is located at a height of approximately 15 km.
Because convective clouds rarely ascend into the TTL,
heating rates generally change slowly with altitude at a rate
of 0.1 K/d/km from around �0.5 K/d at the lower level of

Figure 1. (a) Clear-sky longwave, shortwave, and net radiative heating rate profiles from the 2B-
FLXHR product for a sample granule on 17 October 2006 at 0116 UT at 0�N and 173�W. Shaded gray
indicates uncertainty estimate based on approximate ECMWF uncertainty estimates in T, H2O, and O3

profiles. (b) Same as Figure 1a but for profile at 2�N and 174�W with a cirrus layer of cloud water path

15 g/m2 at 14–16 km with cloud water content uncertainty from 2B-CWC-RO data.
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the TTL to around 0.2 K/d at the cold-point tropopause,
which is �2.5 km above the LZH level.
[17] There are several atmospheric state quantities that

contribute to the location of the LZH level. First, although
water vapor dominates radiative cooling in the upper
troposphere, H2O emission efficiency decreases substantially
above 13 km. Water vapor contributes to essentially all of
the IR cooling in the TTL (CO2 and O3 produce IR heating),
though water vapor variability contributes to only about
50% of net IR TTL heating variability. Second, the vertical
temperature structure affects cooling from the CO2 n2 band,
while the O3 profile details are important both for solar
heating and IR cooling. Third, solar heating of CO2, O3, and
H2O is largely a function of zenith angle with lower zenith
angles (maximum daily insolation) leading to lower LZH
levels. Fourth, the presence of underlying clouds can impact
the LZH in many different ways, primarily by modulating
the CO2 and O3 infrared heating, and secondarily by
affecting H2O rotational band emission. The LZH is affected
by changes in shortwave heating arising from reflection
from underlying cloud layers, but this effect is a second-
order correction. Finally, where present, a cirrus layer in the
TTL with underlying convective cloud top height below
12 km will lead to net radiative heating while the same
cirrus layer with a higher convective cloud top height will
have a net radiative cooling.
[18] A typical clear-sky net radiative heating rate profile

has radiative cooling due to water vapor in the lower and
middle troposphere which transitions in the upper tropo-
sphere and stratosphere to radiative heating due to ozone.
The transition region is often marked by a large number of
oscillations in net heating about the zero line due to gravity
waves. Meanwhile, a typical cloudy-sky net radiative heat-
ing rate profile differs from the clear-sky case in that there is
large radiative heating at the base and within clouds and
strong cooling at the cloud top. Moreover, the presence of
an underlying cloud slightly decreases the efficacy of cool-
ing by water vapor in the upper troposphere and signifi-
cantly decreases IR heating by ozone in the tropopause and

lower stratosphere. Owing to the latter effect, the LZH level
is raised by a few kilometers by the presence of a cloud. The
determination of the LZH level can be ambiguous given the
number of oscillations in net heating near the zero-heating
level. Nevertheless, the presence of clouds unambiguously
diminishes the infrared heating from O3, thereby leading to
increased cooling at all layers between the cloud top and the
level middle stratosphere.
[19] The determination of the LZH level first requires a

net heating rate profile. With this, we must recognize that
the determination of the LZH level is nontrivial because,
while net heating at 25 km is positive and decreases at lower
altitudes, the net heating rate profile sometimes exhibits a
large number of oscillations about the zero line. The LZH
searching algorithm first finds the inflection points of the
net heating rate profile. Several of the inflection points will
have positive net heating and others will have negative net
heating. The LZH is determined by linearly interpolating
between the lowest altitude set of two inflection points
wherein one has a positive net heating and the other a
negative net heating. Where clouds are present, only net
heating above cloud tops is considered. Uncertainty in the
LZH determination for an individual profile is assessed by
adding one standard deviation to the net heating rate profile
and recalculating the LZH, and then doing the same after
subtracting one standard deviation from the net heating rate
profile. This process tends to overestimate the uncertainty in
the LZH altitude but is practical and computationally
efficient. Figure 2 illustrates the process of determining
the LZH altitude with a net heating rate profile that
oscillates about the zero line in clear-sky and cloudy
conditions.
[20] In order to demonstrate the LZH altitude determina-

tion with remote sensing measurements, Figures 3a–3c
depicts a scene in the Tropical Western Pacific with several
different A-Train measurements. For reference purposes,
Figure 3a shows the Cloud Top Height product from
MODIS [Platnick et al., 2003] with an overlay of the
CloudSat and CALIPSO field-of-view. Figure 3b contains

Figure 2. Cartoons depicting the method for determining the LZH altitude given the net heating rate
profile. The algorithm chooses the zero point by finding those points of the net heating rate profile
where the second derivative is zero and linearly interpolates between the lowest altitude set of points
where the net heating is positive and another where the net heating is negative. (left) Qualitative
depiction of a typical clear-sky net heating rate profile and (right) a net heating rate profile with a
high-altitude cirrus cloud.
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two panels: the top panel shows the CloudSat Radar
Reflectivity for a sample granule from 12 January 2007,
at 0304 UT. Figure 3b (bottom) shows the 2B-FLXHR net
heating rate profiles for the granule. There are a few missing
profiles because the processing algorithm currently does not
produce heating rate profiles where the CWC product
contains null retrieval values. Nevertheless, where there
are data, it can be seen that clouds affect net heating rate
profiles: at the base of a cloud deck, net radiative heating
occurs, while significant net cooling occurs at cloud tops.
Also, Figure 3b (bottom) shows the estimated location of
the LZH, which exhibits small variations from T, H2O, and
O3 along-track variability but is dramatically elevated by the
presence of clouds. Since CloudSat is unable to detect thin
cirrus clouds, it is likely that measurements from this
instrument will underestimate the LZH level. Merged

CloudSat and CALIPSO cloud water content products will
allow for TTL heating rate analysis with less systematic
bias. Figure 3c shows similar curtains as Figure 3b but
utilizes extra information provided by the CALIPSO instru-
ment. Figure 3c (top) shows CALIPSO’s 532-nm total
attenuated backscatter of the scene described in Figure 3b.
Whereas the lidar measurements are sensitive to thin clouds,
the measurements are unable to describe cloud vertical
profiles for thick clouds. Figure 3c (bottom) displays the
2B-FLXHR-LIDAR product for the scene. The ability to
detect thin cirrus clouds clearly leads to increased upper
tropospheric heating and a higher LZH level.
[21] Both Figures 3b and 3c depict the estimated altitude of

the LZH level with a black line in the lower panels. For those
scenes where CloudSat detects clouds, the two estimates of
the LZH level are similar, but they differ substantially where

Figure 3. (a) MODIS Cloud Top Temperature granule for 12 January 2007, at 0304 UT from 0� to
10�N and 145�E to 165�E with a black line denoting ground footprint of the CloudSat and CALIPSO
instruments. (b) (top) CloudSat 2B-GEOPROF radar reflectivity for the curtain corresponding to the
scene shown in Figure 3a. (bottom) Net radiative heating rate profile curtain derived from the CloudSat
2B-FLXHR product. The overlaid black line indicates the estimation of the LZH level. (c) (top)
CALIPSO 532 nm total attenuated backscatter curtain corresponding to the scene shown in Figures 3a
and 3b. (bottom) Net radiative heating rate profile curtain from the CloudSat 2B-FLXHR-LIDAR
product. The overlaid black line indicates the estimation of the LZH level.
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CloudSat determines a clear-sky scene while CALIPSO
detects overlying thin cirrus clouds.
[22] It is necessary to address how well CloudSat obser-

vations and ancillary data constrain understanding of the
LZH level. Figure 1a shows that given assumptions about
the uncertainty in ECMWF analysis products, we find that
clear-sky net heating can be known to within 0.1 K/day.
Figure 4a shows the same plot as Figure 1a, focusing on
the TTL and indicates that, for clear-sky conditions, the
estimated uncertainty in the auxiliary ECMWF analysis
fields produces a LZH level uncertainty of approximately
±0.3 km. The presence of a high-altitude cirrus cloud impacts
net heating substantially and significantly raises the LZH
level to approximately 15.5 km as seen in Figure 4b. The
cloud has also expanded the uncertainty in the LZH level to
approximately ±0.5 km.
[23] There is significant uncertainty associated with the

retrieval of CWC profiles and consequently of net heating
rate profiles in the vicinity of clouds. We seek to address the
importance of CWC profile uncertainties in the determina-
tion of the LZH level. We assume that the uncertainty in
CWC is a constant percentage of the total CWC retrieval
value for each layer. Then, we vary the CWC value and
determine the corresponding variability in the LZH level.
[24] CloudSat and CALIPSO measurements provide a

strong constraint on the vertical distribution of cloud fea-
tures. However, there is significant uncertainty in the
retrieved values for cloud water content and particle size
distribution and phase information from the radar reflectiv-
ity and backscatter data respectively. Figure 5 shows the
uncertainty in the LZH level as a function of the uncertainty
in CWC profiles for three different scenarios with an
underlying Tropical Model Atmosphere: a 1-km-thick liquid
cloud spanning 4–5 km, a 2-km-thick ice cloud spanning
10–12 km, and a 1-km-thick liquid cloud spanning 4–5 km
underlying a 2-km-thick ice cloud spanning 10–12 km. For

each point on each curve, we fixed the cloud height but
varied the cloud water content to explore how CWC
influences LZH given that CloudSat describes cloud height
distribution very well. Where low-level liquid clouds are
present, the LZH altitude is well-constrained by CloudSat.
Where ice clouds are present, even with significant uncer-
tainty in the liquid and ice water content values retrieved
from CloudSat measurements, the CWC approximation
only contributes to an uncertainty in the LZH level of
approximately 0.5 km. Therefore, it is reasonable to con-
clude that the specification of the vertical distribution of
clouds from CloudSat, even with large CWC retrieval
uncertainty, is useful for determining the LZH level.

4. Use of Passive Sounders

[25] Given the wealth of instrumentation in the A-Train, it
may be possible to supplement along-track information
pertaining to LZH distribution from active sounders with
cross-track information from passive sounders. For exam-
ple, AIRS is a hyperspectral thermal IR sounder and
AMSR-E [Kawanishi et al., 2003] is a 6-channel passive
microwave sounder. Both instruments reside aboard the
polar-orbiting Aqua platform, which flies in close formation
with the CloudSat platform. These instruments have nearly
collocated ground footprints that have recorded measure-
ments since mid-2002 with a retrieved product spatial
resolution of 45 km. Retrieval products from AIRS include
T, H2O, and O3 profiles in addition to information on cloud
top height (CTH). AMSR-E data processing algorithms
generate a cloud water path (CWP) product over ocean
scenes [i.e., Huang et al., 2006]. These standard L2 and L3
products may be utilized to derive information about the
heating/cooling rate profile in most scenes. Although
CloudSat and CALIPSO provide much greater vertical

Figure 4. (a) Clear-sky longwave, shortwave, and net radiative heating rate profiles from the 2B-FLXHR
product for the sample granule on 17 October 2006, at 0116 UT at 0�N and 173�W. Shaded gray areas
indicate uncertainty estimate based on approximate ECMWF uncertainty estimates in T, H2O, and O3

profiles, and the LZH level is 14.5 ± 0.3 km. (b) Same as Figure 4a but for profile at 2�N and 174�Wwith a
cirrus layer of cloud water path 
15 g/m2 at 14–16 km with cloud water content uncertainty from 2B-
CWC-RO data. The LZH level is 15.5 ± 0.5 km.
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information, they are limited to nadir sounding with very
limited pointing capability.
[26] The issue of whether LZH can be determined ade-

quately despite a posteriori uncertainties in T, H2O, and O3

profiles and, more importantly, the conspicuous lack of
vertical cloud information needs to be addressed. The upper

bound on the contribution of clouds to LZH uncertainty can
be determined by varying cloud water content distribution
according to CTH and CWP constraints, while T, H2O and
O3 errors can be incorporated according to section 2. For
different CTH and CWP values, which can be well con-
strained by AIRS/AMSR-E jointly, we test to see the range

Figure 5. Standard deviation of LZH level as a function of cloud water content uncertainty for scenarios
with an ice cloud from 10 to 12 km with effective radius Re = 41.5 mm and IWC = 4.8 mg/m3, a liquid
cloud 4–5 km with Re = 6.2 mm and LWC = 280 mg/m3, and a scenario with both such liquid and ice
clouds overlapping.

Figure 6. Uncertainty in the LZH level where CWP and CTH are constrained by AIRS/AMSR-E
measurements but vertical details of cloud water content distribution are allowed to vary below the cloud
top.
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in possible LZH associated with different cloud height
distributions through Monte Carlo sampling using a Trop-
ical Model Atmosphere. As seen in Figure 6, where CTH is
less than 7 km, the specification of CWP and CTH is
sufficient to constrain the LZH to within several hundred
meters. Where the LZH is greater than 7 km, further knowl-
edge about the cloud vertical distribution is necessary, except
for cases with cloud water path is less than 0.2 kg/m2.
[27] Since there is significant cloud occurrence frequency

above 7 km and the variations in the LZH are strongly
affected by deep convective clouds, the current suite of
passive sounders in the A-Train are not likely to impart
useful information toward understanding the spatial and
temporal distribution of the LZH. Moreover, the CWP
constraint by AMSR-E measurements is not viable over
land scenes, and this precludes comprehensive LZH spatial
analysis.

5. Orbital Simulations

[28] CloudSat provides a large amount of information
content about heating rate profiles, though only along its
nadir ground track. The ability of CloudSat products to
describe the true two-dimensional distribution of net heating
rates and the concomitant LZH can be explored through
orbital simulations. Here, synthetic data are produced by
using GISS modelE fields [Schmidt et al., 2006]. The
complete provision of fields necessary to synthesize heating
and cooling rate profiles along with LZH maps allows one
to test the question of whether the limited spatial coverage
attendant to CloudSat observations is sufficient to reproduce
the underlying PDF of heating rates and the LZH that can be
ascertained from the full data set.
[29] In order to accomplish the simulation, one month’s

worth of CloudSat footprints are interpolated to a 2 � 2.5�
latitude/longitude grid. The data from the GISS model fields
corresponding to the nearest satellite footprint are input into

a RRTM calculation from which the LZH is estimated. The
data subset is used to create frequency distributions of net
heating rate profiles. The distribution derived from the orbital
coverage (assuming CloudSat is able to determine heating
rates perfectly) is compared to the underlying distribution of
net heating rates. These results, as seen in Figures 7a and 7b,
demonstrate that, on a monthly timescale, CloudSat measure-
ments are not quite sufficient for representing the underlying
net heating distribution, but for a latitude/longitude grid box
of 6� � 5�, these measurements may be adequate for
capturing the underlying statistics.
[30] The results indicate that for a low-resolution spatial

grid of 6� � 5�, CloudSat is likely able to reproduce well
the underlying net heating rate distribution and the associ-
ated LZH (which in this case is around 14 km) on a monthly
timescale. However, at the same time, the orbital simulation
test shown in Figure 7b indicates that nadir sounding
measurements will have difficulty in capturing the under-
lying distribution net heating for a 2� � 2� grid box because
of the limited number of CloudSat overpasses. Neverthe-
less, Figure 7b also shows that it is likely that CloudSat
would be able to reproduce the mean net heating rate profile
with a small number of samples.

6. CloudSat Zero Net Heating Distribution

[31] Given the long residence times of parcels in the TTL
[e.g., Hartmann et al., 2001], it is important to characterize
the spatial distribution of LZH values, because this distri-
bution may describe which regions are having the most
influence on stratospheric hydration. Although CloudSat
2B-FLXHR data has been released covering only 1.5 years,
preliminary maps of the zonal LZH occurrence frequency
can be produced.
[32] A sample occurrence frequency for a geographic box

surrounding Manus Island is shown in Figure 8 and indicates
that the LZH is most likely to be around 16 km. Strong

Figure 7. (a) (left) Histogram of net heating rate profiles derived from GISS ModelE data from 4x daily
data for a climatological January for the box from 1�S to 1�N and 145�E to 151�E. (right) Histogram of
net heating rate profiles derived from a subset of GISS ModelE data that would be sampled by the
CloudSat orbit over the same time period. (b) Same as Figure 7a but the data span 3�S to 3�N and 147�E
to 149�E. The bimodal distribution of net heating at many altitudes is indicative of the diurnal variation in
shortwave heating.
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convective events can push the level higher, though it is
unlikely to be above 18 km. Figure 8 also shows that the
LZH values for this region essentially have a bimodal
distribution. Figure 9 shows the zonal variation in LZH
occurrence frequency in meridionally averaged equatorial
bands and has several salient features. First, LZH values are

generally higher for this period in the tropical western Pacific
Ocean (TWP), as compared to the tropical eastern Pacific
Ocean (TEP), and this result is consistent with findings of
others regarding this level [Gettelman and Forster, 2002].
Second, the distribution of LZH values is slightly broader in
the TWP than in the TEP suggesting that strong convective

Figure 8. Histogram of LZH level values derived from CloudSat 2B-FLXHR products for July 2006 to
July 2007 using daytime data in the vicinity of Manus Island (the geographic region from 3�S to 3�N and
145�E to 150�E). The mean LZH value is 15.5 km.

Figure 9. Zonal variation in occurrence frequency of LZH level values derived from CloudSat
2B-FLXHR data from July 2006 to July 2007 for the latitude band from 2.5�S to 2.5�N. The overlying
white line indicates the mean cold-point tropopause derived from ECMWF analysis data.
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processes are differentially affecting TWP and TEP TTL
radiation balance.
[33] Mean and standard deviation LZH maps can also be

useful for determining the zonal and meridional variation in
this quantity. Figures 10a and 10b show the spatial distri-
bution of mean LZH values and their standard deviations for
December 2006 to February 2007 (DJF), respectively, and
the associated variation of these values. Figure 10a shows
the equivalent results derived from the 2B-FLXHR product,
while Figure 10b displays the results from the 2B-FLXHR-
LIDAR product. At a resolution of 4� � 5�, the seasonal
mean TTL radiation balance derived from the two different
data sets are generally in good agreement, although some
minor differences are evident, particularly in regions of deep
convection where the 2B-FLXHR product tends to under-
estimate the LZH level. More significantly, differences exist
in the estimated standard deviation in LZH, where the 2B-

FLXHR-LIDAR data indicate much larger variations
throughout the tropics indicative of the greater variability
introduced by thin cirrus that are not resolved by CloudSat.
Finally, Figure 10c shows the approximate thickness of the
TTL derived from CloudSat and CALIPSO measurements
as determined by the difference cold-point tropopause
height (derived from ECWMF analysis data) and the
altitude of the LZH. Figure 10c shows that the thickness
of the TTL for parcel residence and transport purposes is
strongly affected by the presence of clouds and varies
from just a few hundred meters to several kilometers.
Also, it should be noted that the TTL thickness deter-
mined by CloudSat measurements differs from that de-
rived from the combined product of CloudSat and
CALIPSO. The 2B-FLXHR-LIDAR product has a higher
LZH in the regions of strongest convection which is
expected given the sensitivity of CALIPSO to thin clouds.

Figure 10. (a) (top) Monthly mean and (bottom) standard deviation LZH maps at 4 � 5� resolution
derived from CloudSat 2B-FLXHR product results for December 2006 to February 2007. (b) Same plot
derived from 2B-FLXHR-LIDAR product results. (c) Mean TTL thickness (CPT-LZH) derived from
(top) the 2B-FLXHR data and (bottom) the 2B-FLXHR-LIDAR data.
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Also, this product yields a lower LZH away from the strong
convection partly due to the product’s treatment of thin
clouds at lower altitudes: the assumptions made regarding
the optical properties of clouds missed by CloudSat lead to
large flux divergence at lower altitudes and slightly dimin-
ished cooling by upper tropospheric water vapor.
[34] Only some of the spatial and temporal LZH details

derived from CloudSat data are described by the radio-
sonde data set. Satellite-based remote sensing of TTL
radiation balance has significant descriptive power over
the equatorial Atlantic Ocean, the Indian Ocean, and the
TEP. Still, where collocation occurs, LZH maps derived
from CloudSat data agree with those derived from radio-
sonde observations [i.e., Gettelman and Forster, 2002].
Ultimately, it is important to incorporate the remote
sensing data on heating rates into a model of stratosphere-
troposphere exchange to understand how data-driven
knowledge of the level of zero radiative heating impacts
understanding of the relative importance of different mech-
anisms for controlling stratosphere-troposphere exchange of
water vapor.

7. Conclusions

[35] Active sounding of the vertical distribution of clouds
from CloudSat introduces significant information for under-
standing vertical net heating rate profiles. Given ancillary
information including temperature, water vapor, and ozone
profiles from other instruments or forecast analyses, the
spatial distribution of net heating rates can be described to
within 0.1 K/d for clear-sky scenes. With CloudSat’s
retrieval of cloud properties, cloud heating rates are known
to within several K/d, though the large uncertainties in the
retrieval of cloud water content and effective radius cur-
rently renders instantaneous estimates of in-cloud heating
rates difficult to resolve.
[36] The longwave and shortwave fluxes and heating

rate products have broad application to model-measure-
ment comparisons and can be used directly to analyze the
level of zero net radiative heating in the Tropical Tropo-
pause Layer. This LZH level is a dividing line that
determines parcel ascent or descent and should be well
characterized in the course of discussions of the relative
roles of different processes in hydrating the stratosphere.
Given that passive remote sensing information can gener-
ally constrain the level of zero net heating where the cloud
top height is less than 7 km, the introduction of active
sounding information is very valuable toward LZH level
analysis. We have analyzed 1 year’s worth of CloudSat
2B-FLXHR products and derived information about the
spatial and temporal distribution of the LZH level. The
LZH differences between the 2B-FLXHR product and
the 2B-FLXHR-LIDAR product for December 2006 through
February 2007 are minor, and suggest that the usage of the
CALIPSO lidar data is most important for the determination
of the variability in the LZH level. The results also suggest
that the effect of deep convective clouds on the radiative
balance of the TTL is significant throughout the tropics.
Further analysis will require integration of data-driven heat-
ing rate information into TTL models. The continued refine-
ment of the 2B-FLXHR product (including formal
integration of the CALIPSO measurements), along with the

increasing data volume will allow for a more thorough
characterization of the LZH level.
[37] The CloudSat 2B-FLXHR product contains data-

driven heating rates and fluxes which will be scientifically
meaningful to the extent that they can be validated. Using
surface and top-of-atmosphere broadband flux measure-
ments from CERES [Wielicki et al., 1996] provides a
first-order test of validity [L’Ecuyer et al., 2008]. However,
it would be useful first to analyze the CloudSat validation
experiments (e.g., the CloudSat/CALIPSO Validation Exper-
iment: see http://angler.larc.nasa.gov/ccvex/ for details) in
terms of heating rates and fluxes, and second to consider the
inclusion of in situ flux measurements [e.g., Asano and
Yoshida, 2004; Mlynczak and Johnson, 2006] in such cam-
paigns. Such data would allow for further CloudSat algo-
rithm development, especially to address in-cloud heating
rates, which are presently difficult to characterize with
remote sensing measurements.
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