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[1] Among the largest uncertainties in quantifying the radiative impacts of clouds are
those that arise from the inherent difficulty in precisely specifying the vertical distribution
of cloud optical properties using passive satellite measurements. Motivated by the need
to address this problem, CloudSat was launched in April 2006 carrying into orbit the first
millimeter wavelength cloud radar to be flown in space. Retrieved profiles of liquid and
ice cloud microphysical properties from this Cloud Profiling Radar form the basis of the
CloudSat’s fluxes and heating rates algorithm, 2B-FLXHR, a standard product that
provides high vertical resolution profiles of radiative fluxes and atmospheric heating rates
on the global scale. This paper describes the physical basis of the 2B-FLXHR algorithm
and documents the first year of 2B-FLXHR data in the context of assessing the radiative
impact of clouds on global and regional scales. The analysis confirms that cloud
contributions to atmospheric radiative heating are small on the global scale because of a
cancelation of the much larger regional heating from high clouds in the tropics and cooling
from low clouds at higher latitudes. Preliminary efforts to assess the accuracy of the
2B-FLXHR product using coincident CERES data demonstrate that outgoing longwave
fluxes are better represented than those in the shortwave but both exhibit good agreement
with CERES on scales longer than 5 days and larger than 5�. Colocated CALIPSO
observations of clouds that are undetected by CloudSat further indicate that while thin
cirrus can introduce modest uncertainty in the products, low clouds that are obscured by
ground clutter represent a far more important source of error in the current 2B-FLXHR
product that must be addressed in subsequent versions of the algorithm.
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1. Introduction

[2] Clouds can significantly impact the development and
maintenance of global circulations through their interaction
with solar and terrestrial radiation [Hartmann and Short,
1980; Liebmann and Hartmann, 1982]. Regional differ-
ences in the character of clouds and precipitation play a
significant role in defining the Earth’s climate influencing
everything from tropical upper tropospheric circulation
patterns [Slingo and Slingo, 1988, 1991], to the propagation
speed of tropical intraseasonal oscillations [Lee et al.,
2001], and the evolution of extratropical cyclones [Weaver,
1999]. Dating back to the early work of Vonder Haar and
Suomi [1971], quantifying the impact of clouds on the
Earth’s radiation budget (ERB) has been the subject of
vigorous research and has been among the primary objec-
tives of numerous satellite platforms from Nimbus 7

through the Earth’s Radiation Budget Satellite (ERBS)
[Barkstrom, 1984] and Scanner for Radiation Budget
(ScaRaB) missions [Kandel et al., 1998] to the present
day Geostationary Earth Radiation Budget (GERB) aboard
the Meteosat Second Generation (MSG) satellite [Harries et
al., 2005] and Clouds and the Earth’s Radiant Energy
System (CERES) aboard Aqua and Terra [Wielicki et al.,
1996].
[3] Many studies have sought to make use of data

acquired from these platforms to relate variability in the
ERB to corresponding changes in cloud character and
amount [e.g., Sohn and Smith, 1992a, 1992b, 1992c;
Stephens and Greenwald, 1991a, 1991b; Hartmann et al.,
1992; Gupta et al., 1993; Ringer and Shine, 1997; Moore
and Vonder Haar, 2001]. Satellite observations of top of the
atmosphere fluxes have also been used to derive shortwave
radiation budgets at the surface [e.g., Li et al., 1993; Breon
et al., 1994; Ba et al., 2001a, 2001b; Hatzianastassiou and
Vardavas, 2001]. Most recently the CERES [Wielicki et al.,
1996, 2001] Surface and Atmospheric Radiation Budget
(SARB) working group have developed an approach to
estimate TOA and surface fluxes by constraining atmo-
spheric properties used in broadband flux calculations to
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agree with observed TOA fluxes (the most up-to-date
information regarding SARB can be found at http://www-
surf.larc.nasa.gov/surf/). Rossow and Lacis [1990], Zhang
et al. [1995], Rossow and Zhang [1995], Bishop et al.
[1997], and Chen et al. [2000] detail the evolution of an
alternate technique that focuses first on the characterization
of high and low cloud distributions from the International
Satellite Cloud Climatology Project (ISCCP) and models
their impact on the ERB using broadband flux calculations.
While following somewhat different paths, these projects
represent two of the most state-of-the-art methods for
diagnosing a complete ERB, to date.
[4] As noted by Stephens et al. [2002], CloudSat adds a

‘‘new dimension’’ to cloud and precipitation retrievals from
space-based platforms providing for the first time a means
to assess vertical distributions of the properties of most
types of clouds around the planet using reflectivity measure-
ments from the 94 GHz Cloud Profiling Radar (CPR). This
new information offers the potential to make new advances
in the estimation of the ERB and, especially, vertical
profiles of atmospheric radiative heating in the presence
of clouds through improved specification of cloud geomet-
ric thickness, identification of multilayer cloud systems, and
unique quantitative information concerning vertical varia-
tions in cloud microphysical properties. While these bene-
fits come at the cost of reduced spatial coverage relative to
most passive instruments such as CERES, the value of
accurate cloud vertical structure information is clear when
products are analyzed on longer time scales where sufficient
statistics can be drawn from the CloudSat data sets. This
tradeoff between spatial coverage and vertical resolution is
even more pronounced in similar products being developed
from Millimeter wavelength Cloud Radar (MMCR) and
Micropulse Lidar (MPL) measurements at Atmospheric
Radiation Measurement (ARM) Program sites [McFarlane
et al., 2007]. While these products offer even greater
vertical resolution than CloudSat and provide temporal
resolution that is orders of magnitude beyond the capabil-
ities of any conceived constellation of polar orbiting satel-
lites, let alone any single satellite, they yield no spatial
coverage beyond the immediate confines of the ARM sites
themselves. Thus CloudSat can be thought of as a compro-
mise between satellite-based wide-swath passive cloud
sensors and high-resolution ground measurements provid-
ing both vertically resolved cloud information as well as the
global coverage desired for assessing the impact of clouds
on climate.
[5] This paper describes the official level 2 radiative

fluxes and heating rates algorithm (2B-FLXHR) and docu-
ments properties of the data set over the first year of the
CloudSat mission. The theoretical basis of the 2B-FLXHR
product and a rough estimate of its accuracy on a variety of
space and time scales are provided in sections 2 and 3. An
estimate of the global annual radiation budget derived from
CloudSat measurements is provided in section 4 while the
first full year of 2B-FLXHR data are used to characterize
cloud impacts on radiative fluxes at the top of the atmo-
sphere and surface and determine the implied cloud radia-
tive heating in the atmosphere in section 5.
[6] Comparisons of CloudSat observations with visible

and infrared radiance measurements from the Moderate
Resolution Imaging Spectroradiometer (MODIS) and lidar

observations from the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) indicate that
thin cirrus, mixed phase clouds, and very shallow or broken
stratus clouds may go undetected by CloudSat. Section 6
takes a preliminary look at the anticipated impact of these
‘‘difficult clouds’’ on the 2B-FLXHR product and high-
lights some potential solutions to this problem that are being
explored for future versions of the algorithm.

2. Fluxes and Heating Rates Algorithm

[7] The underlying goal of the 2B-FLXHR algorithm is to
produce a vertically resolved radiative flux and heating rate
data set that is consistent with observed reflectivities from
CloudSat’s CPR. Vertical distributions of liquid and ice
cloud effective radii and water contents from the level 2
cloud water content product (2B-CWC) (R. T. Austin and
G. L. Stephens, Improved retrieval of stratus cloud micro-
physical parameters using millimeter-wave radar and visible
optical depth: 1. Algorithm and synthetic analysis, submit-
ted to Journal of Geophysical Research, 2008; R. T. Austin
et al., Improved retrieval of stratus cloud microphysical
parameters using millimeter-wave radar and visible optical
depth: 2. Application and evaluation, submitted to Journal
of Geophysical Research, 2008; R. T. Austin et al., Retriev-
als of ice cloud microphysical parameters using the Cloud-
Sat millimeter-wave radar and temperature, submitted to
Journal of Geophysical Research, 2008) are merged with
ancillary temperature and humidity profiles from the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) analyses and surface albedo and emissivity data
from the International Geosphere-Biosphere Programme
(IGBP) global land surface classification to initialize broad-
band radiative flux calculations via a two-stream, plane-
parallel, doubling-adding radiative transfer model similar to
that introduced by Ritter and Geleyn [1992]. The specific
model used in 2B-FLXHR employs a delta-Eddington
formulation in six shortwave (SW) bands and a constant
hemisphere formulation in twelve longwave (LW) bands. In
general, Rayleigh scattering, gaseous absorption, and both
absorption and scattering by condensed water (liquid and
ice) are included. An explicit aerosol model compatible with
the algorithm is also available and will be implemented
once an ancillary aerosol data set for use with CloudSat has
been generated.
[8] The model evaluates fluxes in each spectral band

sequentially. Gaseous absorption in each atmospheric layer
is first computed using a correlated k formulation [e.g.,
Lacis and Oinas, 1991; Fu and Liou, 1992]. Cloud optical
properties are then assigned to each 240 m vertical range bin
that are consistent with the retrieved effective radii and
water contents found in CloudSat’s 2B-CWC product using
Mie theory for liquid particles and the anomalous diffraction
theory-based parameterizations of Stephens et al. [1990]
and Mitchell et al. [1996] for ice. In general, the optical
properties, t, w0, and g, vary spectrally but over some of the
narrow spectral bands employed in the 2B-FLXHR algo-
rithm these variations are small enough to be neglected.
Consequently, while some optical properties must be treated
as spectrally variant, others, where possible, are approxi-
mated to be grey (invariant within the spectral band) in the
interest of computational efficiency.
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[9] When combined with the atmospheric optical proper-
ties, these cloud properties describe the reflectance (R),
transmission (T), and radiative source (S) characteristics
of each atmospheric layer that are then combined using the
interaction principle, to allow the calculation of the radiative
fluxes at the interfaces between them. Computational costs
for this adding-doubling form of solution scale linearly with
the number of layers [Stephens et al., 2001] making the
�100 layer calculations required in 2B-FLXHR tractable.
Spectral fluxes from each of the six SW and twelve LW
bands are appropriately weighted and combined into the two
broadband flux estimates, one over the shortwave from 0 to
4 mm and the other over the longwave above 4 mm. The rate
of radiative heating in each layer follows simply by deter-
mining the net convergence or divergence of radiative
energy into or out of it. The resulting set of SW and LW
fluxes and heating rates are output for each CloudSat foot-
print at the maximum vertical resolution of the CPR and the

2B-CWC product, i.e., 240 m, forming the 2B-FLXHR
product.
[10] Several key elements of the 2B-FLXHR algorithm,

its inputs, and its primary outputs are summarized for a
�500 km orbit segment from 5 November 2006 in Figure 1.
Calibrated reflectivity observations from the CPR are shown
in Figure 1a followed by the 2B-GEOPROF cloud mask
product and corresponding ice water content (IWC) and
liquid water content (LWC) retrievals from 2B-CWC.
Corresponding heating rates are presented in Figures 1e–1h.
[11] The vertical structure of cloud heating is particularly

sensitive to accurate representation of the three regions of
multilayer cloudiness in the scene. In addition, the lower ice
cloud layer on the right hand side exhibits a wide range in
geometric thickness from �1 km south of 46.5�S to more
than 6 km around 47.5�S that must be represented to
accurately model the downwelling radiation incident at the
Earth’s surface. Finally, variability in the vertical distribu-

Figure 1. Inputs and outputs from the CloudSat 2B-FLXHR algorithm. (a) Calibrated reflectivity,
(b) 2B-GEOPROF cloud mask, (c) IWC, (d) and LWC and (e) cloud mask (repeated), (f) net heating,
(g) LW heating, and (h) SW heating (in K d�1). The dark pink shading in Figures 1b and 1e indicates
clouds that are detected with high confidence while the green and blue areas denote areas where the cloud
signal is less easily distinguished from the background noise. Gray shading in Figure 1d corresponds to
regions where clouds are identified but the 2B-CWC quality control flags indicate that the liquid cloud
retrieval did not converge to a solution.
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tion of IWC within the cloud itself gives rise to significant
vertical structure in the distribution of radiative cooling
within the cloud with areas of high IWC typically charac-
terized by narrow regions of strong cooling and areas of
lower IWC giving rise to broader areas of weaker cooling.
[12] There are, however, a number of drawbacks to

exclusively using CloudSat reflectivity observations to
derive radiative flux profiles. The first is the ubiquitous
region of ground clutter indicated by the dark blue area in
the cloud mask cross section. Here the reflectivity signals in
up to four vertical bins above the ground are subject to
contamination due to scattering from the side lobes of the
transmitted radar pulse potentially obscuring clouds residing
in the lowest 1 km of the atmosphere. Another is the fact
that very thin cirrus, either isolated or at the tops of thicker
systems, can escape detection by CloudSat because of the
CPR minimum detectable signal of �30 dBZ. The impacts
of each of these types of missing clouds on the accuracy of
the 2B-FLXHR product will be assessed using CALIPSO
lidar data in section 6. Finally, while CloudSat often
provides explicit cloud base information that is not gener-
ally available from other sensors, the overwhelming reflec-
tivities observed in precipitation preclude an accurate

assessment of cloud base in rainfall. In addition, it is
generally not possible to discriminate between liquid and
ice phase hydrometeors in clouds that cross the 0�C
freezing level. For consistency with the 2B-CWC product,
2B-FLXHR assumes that the cloud base resides at the
lowest level where 2B-CWC reports a nonzero amount of
cloud water and adopts the same linear partitioning of liquid
and ice water where all layers warmer than 0�C are assumed
to contain only liquid and those colder than �20�C are
assumed to be ice with a linear transition between these
two levels. These assumptions may have significant
impacts on the vertical structure of atmospheric heating in
the 2B-FLXHR product but less so on the column-integrated
heating estimates discussed below.

3. Preliminary Product Evaluation

[13] Despite their different spatial resolutions, coincident
estimates of top of the atmosphere (TOA) fluxes from
CloudSat and the Clouds and the Earth’s Radiant Energy
System (CERES) instrument aboard Aqua provide a natural
pair of independent data sets that can be compared to yield a
first-order estimate of their uncertainties over a wide range

Figure 2. Comparison of monthly, 5�mean TOA and BOA flux estimates from the CloudSat 2B-FLXHR
and CERES FLASHFlux products: (a) outgoing LW radiation, (b) outgoing SW radiation, (c) surface LW
radiation, and (d) surface SW radiation.
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of different cloud scenes, surface types, and environmental
conditions. Neither the 2B-FLXHR nor the algorithm used
to produce the CERES FLASHFlux product [Stackhouse et
al., 2006] analyzed here have been tuned to agree with one
another under any conditions, so the differences between
their flux estimates provide a useful metric for measuring
the combined uncertainties in these products. Furthermore,
CloudSat’s vertically resolved cloud profiles are particularly
difficult to evaluate on a global scale given the lack of
similar measurements from another platform. However
since these products ultimately drive the calculation of
fluxes and heating rates in 2B-FLXHR, comparisons against
the CERES FLASHFlux product can be thought of as
providing a first global evaluation of the entire CloudSat
algorithm stream since uncertainties at any stage in the
processing stream propagate into downstream products.
[14] A sample comparison of CloudSat and CERES flux

estimates accumulated into 5�, monthly bins is presented in
Figure 2. Two months of data are considered and each
CloudSat granule has been rigorously matched to the
corresponding CERES swath to isolate the closest CERES
field of view to each individual CloudSat pixel. Each data
point in Figure 2 represents the average of all data from both

instruments that fall into any given 5� box at any time during
the month. Also included on Figure 2 are the RMS difference
between the two products and their bias over the full 2 month
data set. No additional subsetting of the data has been
conducted in this analysis so some amount of scatter is
inevitable because of sampling mismatches between the
CloudSat and the CERES 10 km footprint.
[15] RMS differences between CERES and CloudSat

estimates of outgoing longwave radiation (OLR) are less
than 5 W m�2 while those in the OSR exceed 26 W m�2. It
is encouraging to note that these uncertainties are, to a
large extent, random on the global scale as evidenced by
the fact that they average out to yield a bias of less than 1
and 6 W m�2, respectively.
[16] The ultimate uses of many global products like 2B-

FLXHR are likely to span a wide range of space and time
scales ranging from those characteristic of individual cloud
systems up to the large region/monthly scales required to
study climate processes. It is, therefore, important to assess
the accuracies of such products on a variety of space-time
averaging scales to provide uncertainty estimates that
appropriately account for the relative importance of random
and systematic errors. To these ends, Figure 3 presents RMS

Figure 3. RMS differences between TOA and BOA flux estimates from 2B-FLXHR and the CERES
FLASHFlux product on a variety of time and space scales.
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differences between estimates of TOA and BOA fluxes from
matched CloudSat and CERES products over spatial scales
ranging from 1 to 40� and temporal scales from 1 to 50 days.
[17] At spatial scales less than about 5�, the impacts of

CloudSat’s nadir sampling are evident in the fact that RMS
differences remain large even when averaging over signif-
icant time scales. At 1� resolution, for example, it takes up
to 16 days for a return pass from CloudSat in the same grid
box and even averaging over 50 days reduces errors by less
than a factor of two. Sampling improves dramatically,
however, at spatial scales larger than 10� resulting in a
dramatic reduction in the RMS differences between Cloud-
Sat and CERES, particularly when data is further aggregat-
ed to 5 day temporal resolution or longer.
[18] Also evident from Figure 3 is the asymptotic nature

of the RMS differences implying that uncertainties at longer
space/time scales are ultimately dominated by biases be-
tween the products that cannot be reduced by additional
averaging. The residual bias in OLR after globally averag-
ing 2 months of data is 2 W m�2 although this excellent
agreement should not be taken as proof that either of the
products are really accurate to this level since, for example,
both CERES and CloudSat fly in a similar Sun-synchronous
orbit and neither instrument samples the diurnal cycle. Biases
in OSR, SLR, and SSR are �5.5 W m�2, �13 W m�2,
and �16 W m�2, respectively. Given the tenuous nature of
specifying cloud base using passive observations and the
challenges associated with extracting low cloud informa-
tion from the clutter region in the CloudSat observations
(see below), it is not surprising that the biases in surface

fluxes are much larger than those at the top of the
atmosphere.

4. Earth’s Radiation Budget Based on the First
Year of CloudSat Data

[19] The radiative fluxes and heating rates algorithm has
been applied to all CloudSat data starting on 15 June 2006
the first official day of regular radar observations. Here we
examine the ‘‘Release 4’’ (R04) 2B-FLXHR data set from
September 2006 through August 2007. Perhaps the most
recognizable representation of this ‘‘first year’’ of data is
through the ERB diagram shown in Figure 4. Area-weight-
ed LW and SW fluxes at the top of the atmosphere (TOA)
over the complete latitude range sampled by CloudSat
(82�N/S) are presented along with estimates of the atmo-
spheric radiative heating and cooling and that due to clouds,
denoted by DFSW/LW,A and DFSW/LW,C, respectively. SW
flux estimates have been normalized, on a pixel-by-pixel
basis, using appropriate diurnally averaged incoming SW
radiation at the latitude, day, and local time of each
observation in an effort to crudely remove the effects of
the diurnal cycle of solar insolation. In principle such a
rescaling requires performing alternate radiative transfer
calculations at different times of day and average the results
to more accurately represent the dependence of albedo on
solar zenith angle but this is not practical given the
enormous volume of the 2B-FLXHR data set.
[20] The TOA flux estimates in Figure 4 provide a

natural, first-order consistency check on the 2B-FLXHR
product allowing us to determine how close these products
come to closing the Earth’s radiation budget. Combining the

Figure 4. Annual mean Earth’s radiation budget from 82�N to 82�S from the full year of CloudSat
observations between September 2006 and August 2007. Contributions to atmospheric radiative heating
from clear skies are represented by DFSW/LW,A, and those due to clouds are represented by DFSW/LW,C.
Quoted uncertainties represent the difference between the 2B-FLXHR product and TOA and SFC flux
estimates from the CERES FLASHFlux product combined with estimates of uncertainties in the
prescribed surface emissivity and albedo. Errors in derived estimates of atmospheric flux convergence
represent combinations of the uncertainties in the fluxes used to derive them.
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relevant fluxes, the TOA energy budget balances to within a
relatively small surplus of �19 W m�2. Given the character-
istics of CloudSat’s sampling, namely, its Sun-synchronous
orbit that samples at only two distinct times throughout the
diurnal cycle, it is unreasonable to expect perfect closure of
the global ERB. Furthermore, the lack of a swath constrains
the CloudSat observations to lie between ±82� introducing a
slight low-latitude bias in the product, that would be
expected to result in a surplus of radiation into the region.
This is evidenced by the fact that the average incoming SW
radiation in this region is 10 W m�2 larger than the global
value of 342 W m�2 and likely leads to an underestimate in
the planetary albedo by undersampling bright ice surfaces in
polar regions relative to darker tropical oceanic regions.
Conversely, similar arguments suggest that outgoing long-
wave radiation (OLR) is likely overestimated for the same
reasons but it is impossible to know the extent to which
these two effects cancel. On the basis of the uncertainty
analysis below, it is anticipated that most of the uncertainty
that cannot be explained by sampling effects is likely
accounted for by errors in outgoing SW radiation (OSR)
due to low clouds that are missed by CloudSat.
[21] In general, the LW fluxes from CloudSat agree

very well with those from prior studies such as those of
Hartmann [1994], Kiehl and Trenberth [1997] and Liou
[2002] that span ranges of 235–240 W m�2 in OLR and
376–390 W m�2 in surface emitted LW radiation. Com-
bining these quantities with the emitted LW radiation from
the atmosphere to the surface, the resulting atmospheric
radiative cooling of 178 W m�2 predicted by 2B-FLXHR
easily agrees with the 167–173 W m�2 to within the stated

measurement uncertainties. Estimates of atmospheric SW
radiative heating in the literature span a much wider range
owing to discrepancies in the total downwelling SW radi-
ation that reaches the surface. Again the CloudSat estimate
of 63 W m�2 falls within the 58–78 W m�2 of the afore
mentioned studies. The reflected SW radiation by the atmo-
sphere, clouds, and surface, however, is underestimated in
the current study with respect to the 103–107 W m�2 range
in these prior studies consistent with an underrepresentation
of low clouds in the 2B-CWC product.
[22] Vertical structure information provided by CloudSat

also makes it possible to quantify cloud contributions to
atmospheric radiative heating that require cloud base infor-
mation not readily available from passive sensors. It is
evident from Figure 4 that the vast majority of atmospheric
heating comes from clear skies while the global mean cloud
contributions, represented the D terms, is on the same order
of magnitude as the uncertainties in most fluxes. This is
explained, in part, by Figure 5 where global cloud radiative
heating is broken down into contributions from low-,
middle-, and high-topped cloud pixels defined as CloudSat
pixels where the upper most cloudy layer lies below 4.75 km,
between 4.75 and 11.5 km, and above 11.5 km, respectively.
This simple and admittedly somewhat arbitrary classifica-
tion illustrates that the small net impact of clouds globally
owes its origins, at least in part, to a cancelation between the
cooling effects of low clouds and the heating from high-
topped clouds.

5. Impact of Clouds on Radiative Heating
in the 2B-FLXHR Data Set

[23] Globally averaged cloud impacts on TOA and Bottom
of the Atmosphere (BOA) (or surface) radiative fluxes,
defined as the difference in net flux between clear-sky and
all-sky conditions,C= (Fup�Fdn)clear-sky� (Fup�Fdn)all-sky,
are reported in Table 1. On the annual mean, clouds
result in a net radiative cooling of 18.6 W m�2, reflecting
40.2 W m�2 more SW radiation to space than in clear
skies while trapping an additional 21.6 W m�2 in the LW,
remarkably consistent with estimates from the Earth’s
Radiation Budget Experiment (ERBE) reported nearly two
decades ago by Harrison et al. [1990]. Using the explicitly
resolved cloud base information provided by CloudSat, the
2B-FLXHR data set indicates that all of this cooling
manifests itself at the Earth’s surface while clouds actually
impart a small net warming to the atmosphere.
[24] While the net impact of clouds on the global atmo-

spheric heating is rather small, they exhibit significant
impacts on regional scales that directly influence large-scale
circulation patterns by modulating local energy gradients
[Sohn and Smith, 1992c; Slingo and Slingo, 1988, 1991;

Figure 5. Global and annual mean cloud impacts on
atmospheric radiative heating and its breakdown into high-,
middle-, and low-topped cloud pixels.

Table 1. Globally Averaged Cloud Radiative Impacts on TOA and BOA Radiative Flux Estimates Defined as Fclear � Fallsky
a

Flux All Clouds Ctop < 4.75 km 4.75 < Ctop < 11.5 km Ctop > 11.5 km

Fup,LW
TOA 21.6 2.5 12.3 6.8

Fup,SW
TOA �40.2 �9.4 �21.5 �9.2

Fdn,LW
SFC �16.7 �6.5 �9.0 �1.3

Fdn,SW
SFC 43.3 10.2 23.2 9.9
aUnit is W m�2. The first column represents all clouds while the others indicate the contributions of the low-, middle-, and high-topped cloud pixel

categories defined in section 4.
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L’Ecuyer and Stephens, 2003]. Figure 6 extends the analysis
to examine the contributions of each cloud type to zonally
averaged TOA cloud radiative effects (CRE). Cloud LW
effects peak in the tropics at 35 W m�2, drop to about a
third of this value in the descending branches of the
Hadley circulation at around ±20�, and increase again to
26–32 W m�2 in the higher-latitude storm tracks. For the
2006–2007 period analyzed, there is an asymmetry at
higher latitudes where cloud effects tend to be larger in
the Southern Hemisphere than at equivalent latitudes in the
north. SW cloud radiative impacts are uniformly larger than
those in the LW with the exception of a small region from
60–70�N where net cloud effects are slightly tilted in favor
of LW heating. Zonal variations in SW cloud impacts tend
to mirror those in the LW although the SW peaks in the
higher-latitude storm tracks tend to be larger than those in
the tropics and the asymmetry between the Northern and
Southern Hemispheres is more pronounced. This is likely a
result of the fact that clouds in the Southern Hemisphere are
more likely to reside over the ocean providing a stronger
albedo contrast relative to clear-sky conditions. These
results are also qualitatively consistent with those shown
in previous work [e.g., Harrison et al., 1990; Hartmann et
al., 1992] and the overall magnitudes of the variations are
very similar.
[25] Not surprisingly, high clouds provide the dominant

LW cloud radiative impacts in the tropics and their effects
systematically decrease, vanishing at the poles where the
low- and middle-topped clouds dominate. Clouds in the
intermediate category tend to exhibit significant contribu-
tions at all latitudes since only midtopped cloud pixels are
observed in substantial quantities at all latitudes (Figure 7).
This does not mean that low clouds do not exist in the
tropics but such clouds are generally accompanied by
overlying cirrus and are therefore masked when cloud top

is used to categorize each CloudSat pixel. In the SW the
impacts of clouds in this intermediate category are even
more pronounced, comparable to those from high clouds in
the tropics and those from low clouds in polar regions. It is
also evident that the SW radiative effects of middle- and
low-topped clouds in the storm tracks are larger than those
due to tropical cirrus leading to the stronger cooling peak at
higher latitudes.
[26] While TOA radiative fluxes control net radiative

forcing on the climate system, estimating atmospheric
radiative heating requires knowledge of surface radiation
as well. Zonally averaged BOA CRE are summarized in
Figure 8 providing the key information required to under-
stand the impacts of clouds on atmospheric radiative heat-
ing. For example, the large amount of water vapor present in
tropical regions, leads to a pronounced minimum in long-
wave BOA CRE between ±30� where high-topped clouds
that have significant impacts on TOA LW fluxes dominate.

Figure 6. Zonally averaged cloud impacts on outgoing
TOA radiative fluxes for the same period as in Figure 4. The
black curve represents the total from all clouds while the
dotted, dashed, and dot-dashed curves show its breakdown
into contributions from low-, middle-, and high-topped
cloud pixels, respectively.

Figure 7. Fraction of observations in each latitude band
where the highest cloudy pixel fell into the low (dotted),
middle (dashed), and high (dot-dashed) categories during
the full year period from September 2006 through August
2007.

Figure 8. As in Figure 6 but for downwelling radiative
fluxes at the BOA.
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At higher latitudes where sea surface temperatures are
colder and atmospheric water vapor is reduced, BOA LW
CRE increases to much larger values in the storm tracks
where clouds with lower tops and, therefore, smaller TOA
impacts tend to dominate. Cloud effects on SW fluxes at the
surface, on the other hand, are only slightly smaller than
those at TOA and exhibit almost identical variations with
latitude. Thus, as a result of the strong tendency for high-
topped clouds to exist in regions of high water vapor, the
opposing LW impacts of high- and low-topped clouds
represent the only appreciable source of changes in atmo-
spheric radiative flux convergence.
[27] The zonally averaged contribution of clouds to

atmospheric LW, SW, and NET radiative heating, defined
as the difference between TOA and BOA cloud radiative
impacts from Figures 6 and 8, D Fcloud = CRETOA �
CREBOA, is shown in Figure 9 expressed in units of K d�1.
Although clouds exert the largest impacts on SW fluxes,
SW cloud heating is generally weak because of the near
cancelation of TOA and BOA cloud radiative effects. As a
result, cloud impacts on LW fluxes dominate zonal varia-
tions in net heating. High-topped cloud pixels in the tropics
trap significantly more OLR than can be emitted back to the
surface in the presence of high ambient water vapor con-
centrations leading to a net cloud heating of �0.2 K d�1. At
higher latitudes, on the other hand, low-topped clouds
significantly increase the LW radiation emitted from the
atmosphere to the surface resulting in a net atmospheric
radiative cooling of more than 0.15 K d�1. While the
intermediate cloud category has significant impacts on
TOA and BOA fluxes, these effects largely cancel and,
despite their significant concentrations at all latitudes, they
play very little role in determining the observed zonal
variations of cloud heating. This is consistent with Table
1 where it is clear that, in a globally mean sense, of all the
TOA/BOA flux impact pairs only the LW radiative effects
of high and low cloud top scenes are significantly different

between TOA and BOA. Finally, the fact that the contribu-
tions from the individual cloud types may be larger than the
global impacts they sum to supports the assertion of Chen et
al. [2000] that even a small shift in the relative frequency of
occurrence of the different cloud types in a region may
significantly impact its radiation budget even if total cloud
cover remains constant.

6. Role of ‘‘Difficult Clouds’’

[28] As noted above there are some clouds for which the
current version of 2B-FLXHR, that relies exclusively on
CloudSat observations, suffers from either an inherent lack
of radar sensitivity or the presence of ground clutter.
Examples of these ‘‘difficult clouds’’ are presented in
Figure 10 where cloud masks from the 2B-GEOPROF
and 2B-GEOPROF-LIDAR, an analogous product based
on cloud returns from both CloudSat and CALIPSO, are
compared. Careful examination of Figure 10f illustrates the
three main types of clouds that pose problems for the 2B-
FLXHR algorithm in the absence of ancillary data. The first
type, indicated by the 1 on Figure 10f, is thin cirrus that falls
below the minimum detectable signal of the CPR. At 2 an
example of low cloud obscured by ground clutter is evident
while 3 indicates a region of precipitation where the
CloudSat LWC algorithm does not converge as indicated
by the masked out region in Figures 10d and 10h. Also
shown is an example of a mixed phase cloud (indicated by
4), that not only poses a challenge to CloudSat but whose
properties are also difficult to constrain using ancillary VIS/
IR and lidar information because of the simultaneous
presence of both liquid and ice in the same vertical bin.
In this case the undetected portion of the cloud on the left is
likely composed primarily of small liquid cloud drops while
portions of the cloud further to the right likely contain more
numerous ice crystals that are larger and easier to detect. In
both cases it is difficult to determine the precise ratio of
liquid to ice water content introducing potential uncertainty
in simulated fluxes.

6.1. Undetected Clouds

[29] To roughly quantify the impacts of thin cirrus and
obscured low clouds (cases 1 and 2 in Figure 10) on the
accuracy of the 2B-FLXHR flux estimates, approximate
estimates of their mean properties were made using a
combination of in situ observations from past field cam-
paigns, direct comparisons between CloudSat and CALIPSO
observations and equivalent comparisons of ground-based
high spectral resolution lidar and mm-wavelength radar. On
the basis of the combination of the minimum detectable
LWC as observed in the CloudSat’s 2B-CWC product and
the liquid cloud climatology ofMiles et al. [2000], low-level
clouds that are detected by CALIPSO but not CloudSat are
assumed to have an effective radius of 9 mm and an average
LWP of 50 mgm�3 yielding a visible optical depth of �7 for
a 1 km thick cloud. Ice cloud properties are determined from
CALIOP observations wherever a cloud is observed by
CALIPSO but not by CloudSat. Aspects of the retrieval
procedure, that is based on the lidar transmission method
[e.g., Comstock and Sassen, 2001; Lo et al., 2006] are
illustrated in Figure 11. The closest total attenuated back-
scatter profile from CALIPSO’s CAL_LID_L1-Prov-V1-10

Figure 9. Cloud impacts on atmospheric radiative heating
(expressed in K d�1) given by the difference between the
cloud impacts at TOA and BOA shown in Figures 6 and 8,
respectively.
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product to each CloudSat footprint is identified and the
nearest 15 points are averaged to create a 5 km mean profile
with reasonable signal to noise characteristics. Pressure and
temperature profiles from ECMWF are interpolated to the
lidar altitude grid in order to create a profile of Rayleigh
backscatter, represented by the red line in Figure 11. As
seen in Figure 11, above the cloud layer the predicted
Rayleigh backscatter approximately matches the measured
backscatter. Below the cloud, however, the measured back-
scatter is less than the calculated Rayleigh backscatter due
to extinction from the cloud layer. Using simple exponential
fits to both the Rayleigh backscatter and measured back-
scatter below cloud in the form of b = Ae�z/H, the ratio of
the coefficients, AMeasured/ARayleigh = e�2tcld, yields an
estimate of the cloud optical depth, tcld. Because of the
increased noise characteristics of daytime CALIOP back-
scatter observations, this analysis is restricted to nighttime
profiles for the purposes of the present study.
[30] Figure 12a shows the mean extinction for all lidar-

only clouds as a function of mean cloud temperature for the
months of June, July, and August 2007. For comparison, an
equivalent relationship derived from colocated Advanced

High Spectral Resolution Lidar (AHRSL) and Millimeter-
wave Cloud Radar (MMCR) products from Eureka, Canada
(�82�N, 86�W) for the same period is shown in Figure 12c
(data courtesy of the University of Wisconsin Lidar Group
(http://lidar.ssec.wisc.edu/)). Cloud properties are accumu-
lated for all scenes in which the AHRSL observed a cloud
whose MMCR reflectivity fell below the �30 dBZ mini-
mum detectable signal (MDS) of the CPR. The results
suggest that the average extinction of a cloud that is
detected by the lidar but not the radar is generally less than
0.1 km�1 with the exception of clouds warmer than 245 K
that may contain supercooled liquid water. Corresponding
cloud extinction estimates from Eureka are summarized in
Figures 12c and 12d to provide a crude consistency check
on the satellite results. While agreement between the ground
and satellite-based results is reasonably good at warmer
temperatures the two data sets exhibit opposite temperature
dependencies leading to significant discrepancies at colder
temperatures where the extinction estimates from Eureka
are as much as a factor of 3 larger than those from the
satellites. These discrepancies likely stem from the dramat-
ically different origins of the samples used in each case and,

Figure 10. Example of ‘‘difficult clouds’’ from the perspectives of CloudSat and CALIPSO.
(a–d) CloudSat observations, radar-only cloud mask, and liquid and ice water contents and (e–h)
additional clouds revealed by CALIPSO. In this case, clouds detected with high probability using
CloudSat measurements are shown in orange while clouds that are observed by CALIPSO but not
CloudSat appear in dark pink in Figures 10b and 10f.
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in particular, the fact that the colder clouds missed by
CloudSat in the tropics are likely to be much more heavily
weighted toward high, thin, subvisual cirrus than those
missed by the MMCR at Eureka. This is supported by
similar analyses conducted by Comstock et al. [2002] that
suggest that clouds escaping detection by the MMCR at the
tropical Nauru site typically had optical depths less than 0.1.
[31] For application in the 2B-FLXHR framework, these

cloud extinction estimates were converted to IWC by
assuming an ice crystal effective radius and noting that
the scattering properties of small ice crystals satisfy the
Rayleigh approximation at the wavelength of the CPR. The
open circles, solid circles, and open square symbols
depicted in Figures 12b and 12d indicate equivalent IWC
as a function of temperature for effective radii of 20, 30, and
40 mm, respectively. On the basis of climatological obser-
vations and considerations of the MDS of the CPR, an
effective radius of 30 mm is adopted for all thin cirrus clouds
missed by CloudSat in the current study allowing optical
properties to be estimated for the remaining 17 spectral
bands in the broadband radiative transfer calculations. For
simplicity, the IWC is assumed to be 1.5 mgm�3 indepen-
dent of cloud temperature. This is consistent with the largest

mean IWC of the lidar-only clouds colder than 245 K when
an effective radius of 30 mm is assumed. On the basis of the
comparison with Eureka data it is recognized that a more
sophisticated pixel-by-pixel approach will ultimately be
needed to accurately represent missing clouds in specific
scenes but it is anticipated that the more simplistic approach
outlined here will yield a reasonable estimate of the impacts
of these clouds in a statistical sense.
[32] An experimental version of the 2B-FLXHR algo-

rithm that incorporates these cloud properties according to
the 2B-GEOPROF-LIDAR product in addition to the stan-
dard 2B-CWC clouds was applied to 6 months of CloudSat
and CALIPSO data from December, January, and February
2006–2007 and June–August 2007 to quantify the uncer-
tainties in 2B-FLXHR due to these ‘‘difficult clouds.’’
Because of the statistical nature of the estimated cloud
properties, the resulting fluxes will not necessarily be
representative of any individual cloud system but are
designed to provide a meaningful estimate of their average
effect on large-scale average flux estimates. It it also worth
noting that the IWC is purposely chosen to be larger than
the mean at almost all temperatures so that the resulting
error estimates will provide upper bounds on the true global
impacts of these clouds. At an altitude of 18 km, for
example, the IWC of the thin cirrus cloud depicted in
Figure 10 is likely decidedly less than 1.5 mgm�3 as
indicated by Microwave Limb Sounder (MLS) observations
that suggest that the typical IWC of clouds at this altitude is
closer to 0.05 mgm�3 [Wu et al., 2008].
[33] The mean differences between the modified and

standard 2B-FLXHR algorithm products for the 6 months
analyzed are summarized in Table 2. The impacts of
undetectable high and low clouds are reported separately
using 2B-GEOPROF-LIDAR to discriminate between them.
Undetected thin cirrus exert the largest impact on the
outgoing longwave radiation where they trap 2.5 W m�2

more radiation than the radar-only clouds alone. This error
is within the spread in globally averaged OLR estimates
from prior studies. Low clouds have a considerably larger
influence, particularly on shortwave fluxes. With the
assumptions outlined above, the omission of low clouds
that go undetected by CloudSat can lead to an underestimate
of almost 20 W m�2 in the total reflected SW radiation and
an even larger overestimate of the shortwave flux that
reaches the surface because of absorption, consistent with
prior studies [Miller and Stephens, 2001; Stephens et al.,
2002; G. G. Mace et al., A description of hydrometeor layer
occurrence statistics derived from the first year of merged
CloudSat and CALIPSO data, submitted to Journal of
Geophysical Research, 2008].
[34] Additional insights into the location and impacts of

thin high clouds and undetected low clouds can be gleaned
from Figure 13 where global maps of the monthly mean
difference between the modified and standard radar-only
versions of 2B-FLXHR at 5� resolution are presented. OLR
differences are localized in three tropical regions where high
thin clouds are commonly found associated with moisture
transported into the upper troposphere by frequent intense
deep convection. Outside these regions the impacts of thin
high clouds that are not detected by CloudSat are generally
much smaller, often less than 2 W m�2. Differences in OSR
suggest that low clouds that are obscured by ground clutter

Figure 11. Example of a molecular backscatter profile
from CALIPSO for a cloud that was not observed by
CloudSat. The blue curve traces the observed backscatter
while the other three lines represent the expected Rayleigh
backscatter in the absence of cloud (red curve), an
exponential fit to this line (green curve), and the measured
molecular backscatter below cloud (yellow curve).
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in the CloudSat observations are much more widespread
although larger errors are evident in the marine stratocumu-
lus regions off the west coasts of North and South America
and in the region of persistent low clouds and fog in the
South American rain forest. Surprisingly, the errors in SW
fluxes due to undetected low clouds are larger than the
biases between CloudSat and CERES. This suggests that
there may be other uncertainties in the 2B-FLXHR algo-
rithm that partially compensate for the missing clouds.
Uncertainties in retrieved cloud properties, the prescribed
partitioning of condensed water into liquid and ice phases in
mixed phase regions of clouds, subpixel variability within
the CloudSat footprint, uncertainties in cloud base, and
errors in ECMWF temperature and humidity profiles may
all introduce uncertainty in the 2B-FLXHR product that
require further investigation through more detailed field
experiments that are currently underway.

6.2. Precipitation

[35] Drizzling and especially precipitating clouds (case 3
in Figure 10) also pose a challenge to the 2B-FLXHR
algorithm since they often cause the antecedent 2B-CWC
liquid water content retrievals to fail because of the large
reflectivities encountered in the presence of large droplets
(Austin and Stephens, submitted manuscript, 2008). At
present, 2B-CWC identifies all retrievals that are potentially

contaminated by precipitation using a reflectivity threshold
of �15 dBZ. Whenever the liquid water content retrieval
fails under these conditions the 2B-FLXHR algorithm
assumes that precipitation is present and that the associated
cloud is optically opaque. All radar bins that meet the
required reflectivity threshold are assigned a LWC of
0.5 gm�3 consistent with the largest LWCs that are reliably
retrieved with the 2B-CWC algorithm and the algorithm
proceeds as described in section 2. Uncertainties due to this
assumption are evaluated through an additional set of
sensitivity studies in which the assumed threshold LWC is
first doubled and then halved. Global mean differences in
TOA and BOA upwelling and downwelling fluxes between

Figure 12. High cloud properties derived from colocated radar and lidar observations. (a) Global mean
extinction and (b) IWC of clouds observed by CALIPSO but not CloudSat. (c and d) Analogous cloud
properties derived by matching ground-based MMCR and AHSRL measurements at Eureka, Canada. In
Figures 12b and 12d, solid circles correspond to an effective radius of 30 mm while open squares and
open circles correspond to 40 and 20 mm, respectively.

Table 2. Globally Averaged Impacts of ‘‘Difficult Clouds’’ on

TOA and BOA Radiative Flux Estimatesa

Cloud Type DFup,SW
TOA DFdn,SW

SFC DFup,LW
TOA DFdn,LW

SFC

Thin high clouds 1.0 �1.2 �2.5 1.9
Obscured low clouds 19.5 �24.4 �1.7 14.5
Precipitation 6.9 �8.1 �0.07 0.05

aUnit is W m�2. In the case of thin high and low clouds, differences
correspond to the modified 2B-FLXHR algorithm – the original. For the
precipitation case, differences between the double LWC and half LWC
cases are reported.
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these two extreme cases are also summarized in Table 2.
Errors due to the ill-defined LWC in precipitation exclu-
sively impact the albedo of precipitating clouds, in partic-
ular those in which warm rain processes dominate,
amounting to errors of 7–8 W m�2 in shortwave fluxes,
significantly less than those introduced by missing low
clouds. This is, in part, due to the fact that precipitating
scenes account for less than 15% of the CloudSat observa-
tions but more so to the fact that the clouds in these scenes
are generally so optically thick that their albedos and
emissivities are effectively saturated and no longer vary
with LWC.

7. Summary

[36] To date approximately 2 years of high vertical
resolution longwave and shortwave radiative flux profiles

and corresponding heating rates consistent with CloudSat
radar reflectivity observations have been processed and
released to the general science community as CloudSat’s
level 2 fluxes and heating rates product. This paper serves to
document the overall properties of the first year of this data
through analysis of cloud impacts on TOA and surface
radiative fluxes and atmospheric radiative heating. The first
estimate of the annual mean Earth’s radiation budget from
CloudSat is generally consistent with those from other
analyses and balances to within a 19 W m�2 surplus at
the TOA. This is consistent with estimated measurement
uncertainties in the products as well as the fact that
CloudSat sampling does not extend poleward of 82�.
[37] A cursory analysis of cloud contributions to total

atmospheric radiative heating suggest that cloud impacts on
atmospheric heating are generally small on the global scale
because of the competing effects of low cloud cooling that

Figure 13. Global distributions of the impacts of undetected high and low clouds on CloudSat’s TOA
radiative flux estimates. (top) Maps of monthly mean OLR and OSR differences between the CloudSat +
CALIPSO algorithm and the standard 2B-FLXHR algorithm at 5� resolution and (bottom) these data cast
in the form of scatter diagrams.

D00A15 L’ECUYER ET AL.: CLOUD RADIATIVE IMPACTS FROM CLOUDSAT

13 of 15

D00A15



dominates in polar regions and high cloud warming that
pervades the tropics. On regional scales, however, cloud
impacts can be much larger than the global mean and are
often dominated by a particular type of clouds, simply
defined here in terms of their CloudSat-defined tops. This
suggests that small changes in the relative frequency of
occurrence of these cloud types, such as those that may
occur in a warmer climate, could exert a significant impact
on regional energy balance.
[38] Independent uncertainty analyses using CERES and

CALIPSO data suggest that SW fluxes are less certain than
their LW counterparts and underscore the importance of
accurately identifying low clouds that may be missed by
CloudSat. Through the addition of MODIS-based cloud
optical depth and effective radius information from Cloud-
Sat’s soon to be released 2B-TAU product and additional
cloud screening information provided by the combined
radar-lidar cloud mask it is anticipated that these uncertain-
ties will be significantly reduced in future versions of the
algorithm. On the basis of comparisons with CERES TOA
fluxes, however, it appears that the larger uncertainties
characteristic of smaller time and space scales are, to large
extent, random in nature and tend to average out consider-
ably on the large spatial scales and annual time scales
analyzed here. Thus despite the relatively short duration
of the CloudSat mission to date, these early results demon-
strate the potential for exploiting its vertically resolved
radiative heating products to study cloud radiation feed-
backs, assess the fidelity of longer-term observational data
sets, and evaluate the representation of these processes in
numerical models.
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