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Alexander V. Matus1 and Tristan S. L’Ecuyer1

1Department of Atmospheric and Oceanic Sciences, University of Wisconsin-Madison, Madison, Wisconsin, USA

Abstract The radiative impact of clouds strongly depends on their partitioning between liquid and
ice phases. Until recently, however, it has been challenging to unambiguously discriminate cloud phase in
a number of important global regimes. CloudSat and CALIPSO supply vertically resolved measurements
necessary to identify clouds composed of both liquid and ice that are not easily detected using conventional
passive sensors. The capability of these active sensors to discriminate cloud phase has been incorporated
into the fifth generation of CloudSat’s 2B-FLXHR-LIDAR algorithm. Comparisons with Clouds and the Earth’s
Radiant Energy System fluxes at the top of atmosphere reveal that an improved representation of cloud
phase leads to better agreement compared to earlier versions of the algorithm. The RMS differences in
annual mean outgoing longwave (LW) radiation gridded at 2.5∘ resolution are 4.9 W m−2, while RMS
differences in outgoing shortwave (SW) are slightly larger at 8.9 W m−2 due to the larger diurnal range of
solar insolation. This study documents the relative contributions of clouds composed of only liquid, only ice,
and a combination of both phases to global and regional radiation budgets. It is found that mixed-phase
clouds exert a global net cloud radiative effect of −3.4 W m−2, with contributions of −8.1 W m−2 and
4.7 W m−2 from SW and LW radiation, respectively. When compared with the effects of warm liquid clouds
(−11.8 W m−2), ice clouds (3.5 W m−2), and multilayered clouds consisting of distinct liquid and ice layers
(−4.6 W m−2), these results reinforce the notion that accurate representation of mixed-phase clouds is
essential for quantifying cloud feedbacks in future climate scenarios.

1. Introduction

Water in Earth’s atmosphere exists in all three thermodynamic phases—liquid, ice, and vapor—with each
phase playing a unique role in Earth’s radiation budget. While the radiative effects of water vapor are fairly
well understood [Soden and Held, 2006], clouds continue to represent a significant source of uncertainty in
our ability to understand present-day energy flows and predict future climate [Randall et al., 2007; Flato et al.,
2013]. Beyond the need to accurately represent the global distribution of clouds, the radiative effects of
clouds on shortwave (SW) and longwave (LW) radiation strongly depend on the cloud phase [Slingo, 1989;
Fu and Liou, 1993]. Clouds that form at temperatures warmer than 0∘C can be assumed to contain only liquid
droplets, while those found at temperatures colder than−40∘C are generally composed entirely of ice crystals
[Pruppacher et al., 1998]. At temperatures between−40∘C and 0∘C, however, clouds may consist entirely of ice
crystals, supercooled liquid water droplets, or a mixture of both (known as mixed-phase clouds), complicat-
ing estimates of their radiative effects. Simply changing liquid to ice near cloud top can, in turn, dramatically
alter cloud albedo and lead to large differences in a cloud’s impact on its environment [Forbes and Ahlgrimm,
2014; Kay et al., 2016].

Given their expansive coverage and wide range of radiative properties, mixed-phase clouds impact climate on
a global scale. The presence of supercooled liquid in mixed-phase clouds is especially important since liquid
water is more opaque to longwave radiation and increases cloud albedo more than ice crystals [Hogan et al.,
2003]. Supercooled liquid water has been observed globally in the atmosphere [Hogan et al., 2004; Verlinde
et al., 2007; Hu et al., 2010] and, in particular, at higher latitudes where it is a significant driver of radiative fluxes
[Cesana et al., 2012; van Tricht et al., 2016]. Despite their importance in the global energy budget, however,
it has been shown that supercooled liquid water clouds are often underestimated in global climate models
(GCMs) [Komurcu et al., 2014; Cesana et al., 2015; McIlhattan et al., 2017]. Furthermore, mixed-phase clouds
may have an even greater role in a future climate as increasing greenhouse gas concentrations are expected
to change not only the spatial coverage of mixed-phase clouds but also their ice-liquid partitioning [Komurcu
et al., 2014]. An increase in cloud optical depth poleward of 45∘ appears to be a robust response to warming
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in GCMs and has been attributed to a transition from ice-dominated to liquid-dominated mixed-phase clouds
[Tsushima et al., 2006; Zelinka et al., 2013; Komurcu et al., 2014; Mccoy et al., 2015]. Given the sensitivity of
GCMs to cloud water phase, a more realistic representation of phase partitioning is critical for establishing
confidence in such cloud feedback estimates in future climate simulations.

Mixed-phase clouds are often crudely represented in global models that oversimplify the complex micro-
physical processes that influence transitions between liquid and ice [Prenni et al., 2007]. Phase transition
mechanisms including nucleation, secondary ice formation, and the Bergeron-Findeisen process remain
poorly represented as a result [Atkinson et al., 2013; Murray et al., 2013; Cesana et al., 2015]. Constraining
these phase transition mechanisms is particularly challenging since the physics and dynamics of mixed-phase
clouds are nonlinear [Morrison et al., 2011]. Mccoy et al. [2015] showed that 19 models from the Coupled
Model Intercomparison Project phase 5 are effectively partitioning ice and liquid as a monotonic function of
temperature, which is found to contribute a substantial amount of variance in cloud fraction and liquid water
path (LWP) in models. Such oversimplifications in cloud-phase partitioning can lead to significant errors when
calculating cloud radiative effects in a climate model [Gettelman et al., 2007; Storelvmo et al., 2008]. The role
of low cloud feedback over the Southern Ocean, for example, is a significant source of bias and disagree-
ment among GCMs [Bony et al., 2006; Vial et al., 2013]. Despite the climatic importance of clouds over this
region, local observations are sparse and infrequent which limits the information available for evaluating and
improving model parameterizations.

In fact, our understanding of the global impacts of mixed-phase clouds in general is limited due to sparse
observations. Research aircraft and ship-based instrumentation can measure supercooled droplets on
regional scales but fail to adequately characterize their microphysical properties on global scales. Satellite-
based remote sensing methods provide the necessary coverage for continuous monitoring of mixed-phase
clouds on larger scales [Miller et al., 2014]. Since supercooled liquid tends to reside near cloud top, there is a dis-
tinct advantage to viewing mixed-phase clouds from above using satellite [Rauber and Tokay, 1991]. However,
while conventional passive sensors provide information about the presence of liquid water near cloud top,
they lack information about cloud composition below this liquid layer in optically thick or multilayered clouds.
Recent studies investigating the global radiative effects of mixed-phase clouds have noted that this failure
to observe the vertical distribution of cloud optical properties remains one of the largest uncertainties in
quantifying cloud radiative effects on global scales [Randall et al., 2007; Hogan et al., 2004; Hu et al., 2010].

This study seeks to address these limitations by leveraging actively sensed cloud profile data from CloudSat
and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) in combination with
the Moderate Resolution Imaging Spectroradiometer (MODIS). Section 2 describes updates in the new
release of the CloudSat level 2 radiative fluxes and heating rates algorithm (2B-FLXHR-LIDAR) that include an
improved representation of supercooled liquid water clouds, thin ice clouds, and surface albedo. In section 3,
2B-FLXHR-LIDAR performance is evaluated using collocated SW and LW flux observations from the Clouds
and the Earth’s Radiant Energy System (CERES) [Kato et al., 2010]. Flux estimates from 2B-FLXHR-LIDAR are
then used to investigate the radiative impacts of clouds over the pre-anomaly phase of the CloudSat mission
(2007–2010). This time period has been selected since, after the April 2011 battery anomaly, only daytime
observations are available, and the alignment of CloudSat and CALIPSO footprints is slightly degraded.
Section 4 quantifies global cloud radiative effects and the relative contributions from liquid, ice, or mixed-
phase clouds. Mixed-phase cloud radiative effects, in particular, are highlighted in section 5 which documents
the seasonal and regional patterns of mixed-phase clouds and assesses their implications for global heat
transport. A discussion of key points from this paper is provided in section 6.

2. The Fifth Release CloudSat Fluxes and Heating Rates Data Set

The 2B-FLXHR-LIDAR algorithm estimates vertically resolved fluxes and heating rates consistent with retrieved
cloud properties from CloudSat, CALIPSO, and MODIS [L’Ecuyer et al., 2008; Henderson et al., 2013]. Algorithm
inputs include CloudSat retrievals of liquid and ice water contents and effective radii, temperature and
humidity profiles from European Centre for Medium-Range Weather Forecasts analyses, and seasonally vary-
ing surface albedo and emissivities using land surface classification data provided by the International
Geosphere-Biosphere Programme. Snow and ice cover are identified using collocated passive microwave
observations from Advanced Microwave Scanning Radiometer–EOS provided by the National Snow and
Ice Data Center. These inputs initialize broadband radiative flux calculations in a two-stream, plane-parallel,
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adding-doubling radiative transfer model [Ritter and Geleyn, 1992] to compute fluxes in 6 shortwave and 12
longwave bands. Resulting fluxes are output for each CloudSat footprint at a vertical resolution of 240 m.

The fifth release (R05) 2B-FLXHR-LIDAR data set makes several significant advances over the previous ver-
sion (R04) described in Henderson et al. [2013, hereafter H13]. The new algorithm features improved land,
snow, and sea ice albedos using spectral measurements from Zatko and Warren [2015], a more realistic rep-
resentation of the zenith angle dependence of ocean albedo, an explicit representation of lidar-detected
supercooled liquid water clouds, and a more rigorous treatment of thin ice clouds that includes explicit
retrievals of ice water content (IWC) and effective radii from the CloudSat 2C-ICE data product [Deng et al.,
2013]. These improvements incorporate better physical assumptions and yield better agreement relative to
validation data sets. As with any remote sensing-based data set, however, a number of limitations remain
including retrieval errors and sampling biases that result from the spatial and temporal sampling character-
istics of CloudSat and CALIPSO. While CloudSat is more sensitive to optically thick clouds and CALIPSO is
better suited at detecting optically thin clouds, it is likely that some cloud features may go undetected by
both sensors. CALIPSO may fail to detect very thin liquid layers (LWP <5 g m−2) and may miss layers in clouds
below optically thick ice layers above [Christensen et al., 2013]. Since CALIPSO lidar may be attenuated by
optically thick supercooled liquid layers which prevents the detection of underlying ice layers, CALIPSO may
miss mixed-phase clouds over polar regions where supercooled-topped mixed-phase clouds are common
[Morrison et al., 2011; Cesana et al., 2012]. The influence of these uncertainties on the results will be evaluated
through a combination of sensitivity studies and comparisons against independent top-of-atmosphere (TOA)
flux data sets in section 3.

The R05 data set comprises 285 million radiative flux profiles with near-global coverage (82.5∘S to 82.5∘N) from
July 2006 to April 2011. For quality control, profiles with incomplete or missing input data are screened using
the quality control flags supplied with the product. Data are screened based on the following criteria: miss-
ing Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) observations, missing MODIS observations, or
out-of-bounds flux estimates. The specific criteria are described in greater detail in Table 14 of the CloudSat
2B-FLXHR-LIDAR Data Product Documentation [Henderson and L’Ecuyer, 2011]. Altogether, these criteria result
in less than 0.3% of the data being excluded from the analysis.

3. Algorithm Performance

To evaluate the performance of the FLXHR-LIDAR flux product, estimates of SW and LW fluxes at the TOA are
compared with CERES single scanner footprint (SSF) fluxes reported in the CALIPSO, CloudSat, CERES, and
MODIS (C3M) product [Kato et al., 2010]. The CERES instrument aboard Aqua provides a long-term, continuous
data set of high-quality SW and LW fluxes. Since the Aqua satellite orbits closely with CloudSat and therefore
views nearly identical atmospheric conditions, the CERES SSF product is a particularly valuable tool for val-
idating FLXHR-LIDAR fluxes. Figure 1 compares TOA albedo in clear-sky and all-sky scenes from CERES with
FLXHR-LIDAR estimates from both the R04 and R05 versions of the algorithm. It is found that the R04 version
of FLXHR-LIDAR exhibits significant clear-sky biases over most land surfaces and most notably over deserts,
forests, and tundra. In the new R05 version, corrections to land and ocean surface reflectances have reduced
the global mean bias by over 40% in clear-sky scenes, resulting in a TOA albedo offset of just−0.7%. Regionally,
these biases in clear-sky albedo have improved by as much as 20% over Greenland and Antarctic ice sheets,
10% over tropical forests, and 5% over deserts.

All-sky biases have also been reduced in R05 through the improved representation of mixed-phase clouds
and thin cirrus. In particular, the positive bias over subtropical ocean has been improved from 4 W m−2 in R04
to 1 W m−2 in R05, while the negative bias over the Southern Ocean has been improved from −6 W m−2 to
−2 W m−2, primarily due to the explicit detection of supercooled liquid in the new R05 FLXHR-LIDAR algorithm.
The spatial structure of albedo in R05 has improved significantly over the entire globe and especially over
polar regions where much attention has been given toward better understanding the surface energy budget
[Verlinde et al., 2007; Christensen et al., 2016]. Overall, clear-sky and all-sky albedo estimates compare favorably
between CERES and R05, with global annual mean differences less than 1%.

Similar comparisons of outgoing longwave radiation (OLR) are shown in Figure 2. There are two significant
changes in R05 affecting OLR: (1) updating greenhouse gas concentrations to 2010 levels and (2) includ-
ing explicit retrievals of IWC and effective radius from 2C-ICE. Increasing carbon dioxide concentrations from
330 ppm in R04 to 390 ppm in R05 results in a global reduction in clear-sky OLR of −1.3 W m−2. This reduction
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Figure 1. Comparisons of annual mean top-of-atmosphere (TOA) albedo from R05 FLXHR-LIDAR, R04 FLXHR-LIDAR, and CERES SSF over 2007–2010. Values
displayed in the top right of all maps are area-weighted global averages.

in OLR helps to improve the positive bias observed at higher latitudes. The addition of 2C-ICE retrievals in
R05 increases all-sky OLR over the tropics, offsetting a negative bias resulting from increased greenhouse gas
concentrations in that region. While all-sky OLR biases have increased slightly to 9 W m−2 at higher latitudes,
biases are similar to R04 elsewhere and even exhibit a slight improvement over the equatorial Pacific.

Root-mean-square (RMS) differences between annual mean fluxes at 2.5∘ × 2.5∘ spatial resolution from
FLXHR-LIDAR and CERES are shown in Figure 3. The RMS differences in clear-sky outgoing shortwave radiation
(OSR) are 7.5 W m−2, while those for OLR are 2.8 W m−2. Higher RMS differences in SW fluxes can be attributed
to the larger diurnal range in solar insolation (0 to 450 W m−2) compared to that of thermal emission (200 to
450 W m−2). The RMS differences for all-sky OSR and OLR are 8.9 W m−2 and 4.9 W m−2, respectively, which
improve upon R04 values of 16.5 W m−2 and 5.7 W m−2 reported in H13. The larger spread in flux values

Figure 2. Same as Figure 1 but for outgoing longwave radiation (OLR).
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Figure 3. Scatterplots of outgoing shortwave (OSR) and longwave radiation (OLR), in W m−2, comparing R05
FLXHR-LIDAR to CERES. Each point represents a 2.5∘ × 2.5∘ latitude-longitude grid box of fluxes averaged over
2007–2010.

from all-sky scenes compared to clear-sky scenes is attributed to uncertainties in cloud microphysical prop-
erty retrievals and cloud detection differences between the larger CERES and smaller CloudSat fields of view.
Overall, biases in OSR and OLR are less than 4 W m−2 in both clear-sky and all-sky scenes. While R05 generally
underestimates TOA fluxes compared to CERES, these differences are consistent with anticipated uncertainties
in CERES fluxes themselves [Loeb et al., 2012].

It should be noted that uncertainties in any observational quantity derived from an algorithm like
FLXHR-LIDAR may vary with the time and space scales of interest. Furthermore, due to structural errors from
the myriad of assumptions required in the calculations, uncertainties on every scale are a sum of random and
systematic components [L’Ecuyer et al., 2015]. L’Ecuyer et al. [2008] showed that uncertainties in fluxes derived
from the original 2B-FLXHR algorithm decreased on longer time scales and this also holds true for the cur-
rent 2B-FLXHR-LIDAR product. Table 1 compares fluxes from R05 relative to CERES computed over a range
of time and spatial scales. While spatial averaging has a negligible impact for the range of scales considered
(2.5 to 10∘), the RMS differences in SW and LW fluxes decrease systematically with increasing temporal averag-
ing as a result of reduced random errors. The RMS differences in OSR at 2.5∘ resolution, for example, decrease
from 13.8 W m−2 for monthly averaging to 8.9 W m−2 for annual averaging. For LW fluxes, though, the change
in RMSE from monthly to annual averaging is considerably less than that for SW fluxes. This highlights the
importance of considering time-space scale averaging when interpreting FLXHR-LIDAR analyses of SW and
LW fluxes.

While many approaches of varying complexity have been introduced for classifying clouds, we adopt an
approach that simply partitions clouds according to phase. This approach not only avoids the use of subjec-
tive thresholds but also relates more directly to prognostic fields in numerical models, potentially offering
a more direct means of evaluating their representation in models. The new R05 FLXHR-LIDAR algorithm
features a robust cloud phase classification, improving upon previous versions that assumed a linear par-
titioning of liquid and ice water in cloud layers with temperatures between −20∘C and 0∘C [L’Ecuyer et al.,
2008]. The R05 FLXHR-LIDAR algorithm explicitly identifies cloud phase (liquid, ice, or mixed) in each layer of
a scene using the 2B-CLDCLASS-LIDAR cloud phase classification described in Sassen and Wang [2012]. The
2B-CLDCLASS-LIDAR product combines CloudSat radar and CALIPSO lidar measurements to distinguish cloud
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Table 1. The Bias and RMSE (in Parentheses) of Fluxes, in W m−2, From
R05 FLXHR-LIDAR Relative To CERES Averaged Over a Range of Time and
Spatial Scalesa

Flux Resolution Month Season Year

2.5∘ −2.4 (13.8) −2.1 (11.7) −2.0 (8.9)

OSR 5∘ −2.4 (13.6) −2.1 (11.5) −2.1 (8.7)

10∘ −2.4 (13.7) −2.1 (11.7) −2.1 (8.9)

2.5∘ −3.7 (5.9) −3.7 (5.4) −3.7 (4.9)

OLR 5∘ −3.6 (5.9) −3.7 (5.4) −3.6 (4.8)

10∘ −3.6 (5.9) −3.7 (5.3) −3.6 (4.8)
aNote that only observations between ±80∘ are included in these

calculations to maintain consistency among all resolutions.

phase using signal intensity differences between liquid and ice particles. While CloudSat’s Cloud Profiling
Radar is particularly sensitive to cloud liquid droplets, CALIPSO’s CALIOP has a greater sensitivity to smaller ice
particles. Together, both radar and lidar measurements improve overall cloud detection and provide informa-
tion necessary for cloud phase classification in the 2B-CLDCLASS-LIDAR product. In this study, a mixed-phase
cloud refers to any contiguous cloud layer in which both liquid and ice phases are identified according to the
2B-CLDCLASS-LIDAR cloud phase classification. If more than one cloud phase is identified in multiple distinct
cloud layers, then that scene is classified as a multilayered (ML) cloud system.

Table 2 summarizes comparisons of FLXHR-LIDAR and CERES fluxes categorized by scene type. Biases and
RMS differences are reported as percent differences relative to CERES. Overall, clear-sky fluxes exhibit good
agreement between FLXHR-LIDAR and CERES with a net bias and RMSE of less than −0.9% and 2.8%, respec-
tively. Fluxes in cloudy scenes have slightly higher biases and spreads that can be attributed to cloud retrieval
and detection differences in CERES and CloudSat/CALIPSO. In particular, the 20 km CERES scanner footprint is
considerably larger than CloudSat’s cross-track resolution of 1.4 km. Owing to sampling issues discussed pre-
viously, cloudy-sky fluxes exhibit better agreement in the LW than in the SW. Scenes with liquid phase clouds
have a relatively low RMS of 2.2% for OLR fluxes but a higher RMS of 16.9% for OSR. This may be partially
explained by differences in the fields of view of CloudSat and CERES, particularly over spatially heterogeneous
clouds such as broken stratocumulus. By comparison, scenes with mixed-phase clouds have RMS differences
of 8.4% and 12.7% in OLR and OSR, respectively. Given that the level of agreement in SW and LW fluxes varies
by the type of cloud present in a given scene, it is important to consider the scene type when assessing the
accuracy of fluxes from FLXHR-LIDAR.

Table 2. Bias and Root-Mean-Square Differences (RMSD) of Fluxes, in
Percent, From FLXHR-LIDAR Relative To CERES for Scenes Containing a
Given Cloud Phase (Liquid, Ice, Mixed, and Multilayered)a

OSR OLR Net (OSR + OLR)

Scene Type Bias RMSD Bias RMSD Bias RMSD

Liquid phase 5.1 16.9 −1.6 2.2 0.5 4.6

Ice phase −7.1 14.3 −2.4 4.2 −3.9 5.4

Mixed phase 7.0 12.7 −7.3 8.4 −1.2 4.3

Multilayered 0.5 9.7 −1.7 2.6 −0.9 3.2

Clear sky −2.2 12.1 −0.6 1.1 −0.9 2.8

All sky −2.0 8.9 −1.6 2.1 −1.8 3.2
aCloud phase is determined based on the 2B-CLDCLASS-LIDAR cloud

phase classification and includes liquid phase, ice phase, and mixed-phase
clouds. Mixed-phase clouds are defined as single-layer clouds containing
multiple phases, whereas multilayered (ML) clouds are assigned if CALIPSO
detects cloud layers of more than one phase within a given profile.
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Figure 4. (left column) CloudSat/CALIPSO cloud occurrence according to water phase and (right column) the daytime minus nighttime difference in cloud
occurrence. Cloud phase is determined based on the 2B-CLDCLASS-LIDAR cloud phase classification. Mixed-phase clouds are defined as single-layer clouds
containing multiple phases, whereas multilayered (ML) clouds are assigned if CALIPSO detects cloud layers of more than one phase within a given profile. All
data are 2.5∘ × 2.5∘ gridded annual averages from 2007 to 2010.
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Figure 5. Annual average SW, LW, and net cloud radiative effects at the top of atmosphere (TOA). Radiative effects are separated by water phase (liquid, ice,
mixed, and multilayered) using R05 FLXHR-LIDAR, 2007–2010.

4. Global Cloud Radiative Effects

The radiative impact of clouds depends not only on their geographic location but also on their composi-
tion. Figure 4 displays the annual mean frequencies of occurrence of liquid, ice, and mixed-phase clouds from
CloudSat/CALIPSO observations over 2007–2010. Cloud occurrence is computed as the fractional coverage
of each 2B-CLDCLASS-LIDAR cloud phase gridded at 2.5∘ × 2.5∘ spatial resolution. A crude estimate of the
diurnal variability in cloud occurrence provided in Figure 4 (right column) displays the day-night differences
in cloud fraction obtained by differencing the A-Train 1:30 P.M. and 1:30 A.M. overpasses. It should be noted
that CALIPSO may detect fewer weakly scattering clouds during daytime than at night due to higher solar
background noise [Chepfer et al., 2013], although this is not expected to affect the detection of optically thick
liquid-containing clouds. While the twice-daily sampling of the A-Train does not provide complete sampling
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Figure 6. Same as Figure 5 but for CRE at the surface.

of diurnal variations in cloud cover, this comparison of daytime and nighttime overpasses suggests that
mixed-phase clouds exhibit much weaker diurnal variations than other cloud types.

Mixed-phase clouds are considerably less common than those consisting entirely of ice or liquid water. Clouds
identified as mixed-phase are observed globally in 7.7% of CloudSat/CALIPSO profiles and account for about
one tenth of the total global cloud fraction of 73%. While frequently observed at higher latitudes in both
hemispheres, these clouds are most prevalent over the Southern Ocean. Unlike pure liquid or ice clouds that
exhibit distinct patterns of diurnal variation, mixed-phase clouds generally occur with equal frequency during
daytime and nighttime overpasses. The only exception is over the Greenland and Antarctic ice sheets where
mixed-phase clouds are observed twice as frequently during the day than at night. This result, however, is
due to the extreme temperature differences between day and night in the Arctic, where the Sun is present for
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Figure 7. Same as Figure 5 but for cloud radiative effects in the atmosphere (ATM), defined as the difference between TOA CRE and surface CRE.

6 months in summer and absent for 6 months during polar night. At high latitudes, mixed-phase clouds are
less common during winter months as colder temperatures limit the presence of supercooled liquid water.

The impact of clouds on radiative fluxes is commonly quantified in a metric known as cloud radiative
effect (CRE)

CRE =
(

F↓ − F↑
)

all sky
−
(

F↓ − F↑
)

clear sky
(1)

where F↓ and F↑ are downwelling and upwelling fluxes, respectively, and subscripts denote all-sky and
clear-sky conditions. Figure 5 displays global maps of SW, LW, and net CRE at the TOA based on four years
(2007–2010) of R05 FLXHR-LIDAR estimates. While it is well known that cloud phase significantly influences
the radiative effects of clouds, the spatial patterns of CRE do not necessarily follow those of cloud phase. On
the annual mean, clouds cool the planet by 17.1 W m−2 by reflecting 44.2 W m−2 of SW radiation and retaining
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Table 3. Summary of Phase-Separated Global Mean Cloud Radiative Effects (Top) and Differences Between the Northern and Southern Hemispheres (Bottom),
in W m−2 a

aBoth SW and LW effects from liquid, ice, mixed-phase, and multilayered clouds are computed at the top of atmosphere (TOA), surface (SFC), and within the
atmospheric column (ATM). All data presented are from 2B-FLXHR-LIDAR, 2007–2010.

27.1 W m−2 in the LW. These results are comparable to the CERES estimate of −18.2 W m−2 reported in Allan
[2011] but somewhat less negative than the −24.2 W m−2 estimate from the International Satellite Cloud
Climatology Project data sets [Zhang et al., 2004]. While these differences in CRE estimates may be due to
differences in detecting clouds and assigning optical properties, it should also be noted that CRE is com-
puted as the difference between two sets of large numbers which can introduce significant uncertainty in the
resulting estimates.

The strongest SW effects occur over the Intertropical Convergence Zone (ITCZ) where the greatest contribu-
tions are from multilayered cloud systems, as previously identified by Lü et al. [2015]. Shortwave CRE is also
strong over the eastern subtropical ocean where liquid clouds reflect in excess of −80 W m−2 on the annual
mean. Longwave effects are equally strong over the ITCZ with large contributions from both multilayered and
ice clouds, resulting in a near cancellation of LW and SW CRE over the tropical west Pacific, as noted previously
by Kiehl et al. [1994]. Radiative effects in the LW are particularly strong for ice clouds over the tropics. Glob-
ally, ice clouds exert a positive net radiative effect of 3.5 W m−2, whereas liquid (−11.8 W m−2), mixed-phase
(−3.4 W m−2), and multilayered clouds (−5.4 W m−2) all induce net negative radiative effects. As a result, clouds
exert a net cooling effect over much of the planet, except over polar ice sheets and equatorial Africa where
LW heating dominates SW cooling. On the global annual mean, liquid phase clouds contribute nearly 70% of
the net radiative effect and represent the single largest source of cooling in Earth’s energy budget.

Cloud effects at the surface can be stronger than those at the TOA due to the additional contribution of
absorption. Figure 6 shows the global distributions of CRE at the surface (SFC) for each cloud phase. Overall,
clouds reduce surface fluxes by 24.9 W m−2 on the global annual mean by reducing SW fluxes by 51.1 W m−2

and increasing LW fluxes by 26.2 W m−2. Cloud interactions with solar radiation are therefore 16% stronger at
the surface than the TOA. Since clouds generally absorb less radiation in the SW than LW, the spatial patterns
of SW CRE are similar at the TOA and surface. LW CRE, however, exhibits a substantially different spatial pattern
at the surface. Larger radiative effects tend to be observed at higher latitudes for all cloud phases. The largest
contribution to LW CRE is from liquid clouds that have a radiative impact of 8.6 W m−2 at the surface. For all
cloud types, though, the negative SW effects dominate over the positive LW effects resulting in a negative net
CRE at the surface.

The difference between CRE at the TOA and surface provides an estimate of the cloud impact on atmospheric
(ATM) heating, representing the amount of radiative energy gained within the atmospheric column. The
global distributions of ATM CRE for liquid, ice, mixed-phase, and multilayered clouds are displayed in Figure 7.
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Figure 8. (top row) Zonal mean cloud fraction, (middle row) top of atmosphere cloud radiative effect, and (bottom row) surface cloud radiative effect using
CloudSat/CALIPSO observations from 2007 to 2010. The left column distinguishes clouds by water phase (liquid, ice, mixed phase, and multilayered), while the
right column separates mixed-phase clouds by season: December–February (DJF) and June–August (JJA). Mixed-phase clouds are defined as single-layer clouds
containing multiple phases, whereas multilayered clouds are assigned to scenes with multiple discrete cloud layers of different phases. Gray shading indicates
the estimated range of uncertainty in mixed-phase cloud radiative effects, computed in FLXHR-LIDAR as the flux perturbation under a scenario in which all
supercooled liquid is converted to ice.

Results show that most clouds slightly enhance SW heating. Liquid and ice clouds exhibit comparable SW
absorption on the global average, even though ice clouds absorb nearly exclusively over land surfaces. In the
LW, liquid phase clouds exert a negative ATM CRE meaning they cool the atmospheric column. By comparison,
clouds containing ice crystals tend to warm the atmosphere in equatorial regions and cool the atmosphere at
higher latitudes. Overall, clouds are found to heat the atmosphere by 7.8 W m−2 on the global annual mean.
The largest contribution to this heating is from ice clouds which contribute over 70% of the total heating.

Table 3 summarizes the FLXHR-LIDAR estimates of TOA, SFC, and ATM CRE. The upper panel documents the
global mean CRE for each cloud phase, while the lower panel displays the CRE differences between Northern
Hemisphere (NH) and Southern Hemisphere (SH). The most striking result is that liquid clouds exert a radiative
effect at the TOA that is 7 W m−2 stronger in the SH owing to their higher frequency in that hemisphere. Other
cloud phases exhibit negligible hemispheric differences. This implies that the observed similarity between
the NH and SH radiation budgets [Wild et al., 2014; Stephens and L’Ecuyer, 2015] is primarily a result of a near
cancelation of the effects of increased land mass in NH and increased low cloud fraction in the SH.

5. Effects of Mixed-Phase Clouds
5.1. Global Distribution
Figure 4 shows that cloud occurrence and cloud radiative effects vary greatly by latitude. This is particularly
true for mixed-phase clouds. The distribution of mixed-phase clouds and their radiative effects vary not only
by region but also by season. Figure 8 presents zonal annual mean cloud fraction (top), TOA CRE (middle), and
surface CRE (bottom). The left column distinguishes the relative contributions from each cloud phase (liquid,
ice, mixed phase, and multilayered), while the right column displays the seasonal averages from mixed-phase
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Figure 9. Seasonal and annual mean radiative effect of mixed-phase clouds at the TOA. Seasons are defined as December–February (DJF) and June–August
(JJA). All data are from R05 FLXHR-LIDAR, 2007–2010.

clouds only. CloudSat/CALIPSO observations indicate that clouds are most frequently observed over the
Southern Ocean around 60∘S. Mixed-phase clouds are also most common in this region with an observed
annual mean frequency of 23%. This region features unique cloud processes due to its relative remoteness
from anthropogenic and natural continental aerosol sources [McCoy et al., 2015]. During the southern hemi-
sphere summer (December–February (DJF)) the occurrence of mixed-phase clouds exceeds 28% over the
Southern Ocean and the TOA and surface CRE over this region reach peak values of−34 W m−2 and−28 W m−2,
respectively. By contrast, mixed-phase clouds over the Southern Ocean are observed less frequently during
the southern hemisphere winter (June–August (JJA)) when the radiative effects at the TOA and surface are
positive due to the presence of sea ice over this region. Seasonal variability is also observed in the Northern
Hemisphere but to a lesser degree compared to the Southern Hemisphere.

The seasonal variability of mixed-phase cloud radiative effects is further illustrated in Figure 9, which shows
the seasonal and annual mean TOA CRE of mixed-phase clouds from R05 FLXHR-LIDAR over 2007–2010. Com-
parable maps of CRE at the surface are displayed in Figure 10. The annual mean net TOA CRE from mixed-phase
clouds is −3.4 W m−2 (−8.1 W m−2 from SW and 4.7 W m−2 from LW). The largest SW effects are observed in
the summer hemisphere which strongly influences the global distribution of net CRE. In DJF, the net CRE from
mixed-phase clouds exceeds −20 W m−2 over the Southern Ocean. However, in JJA there is a stronger signal
from the Northern Hemisphere ITCZ in the LW CRE which partially offsets some of the SW CRE in the Northern
Hemisphere. The net CRE from mixed-phase clouds in JJA is −2.3 W m−2, as a result, which is over 40% weaker
than in DJF. Over bright surfaces the greenhouse effect of mixed-phase clouds predominates over the albedo
effect to yield a positive net mixed-phase CRE over the Southern Ocean.

5.2. Implications for Heat Transport
The significance of zonal and seasonal variations in mixed-phase cloud occurrence becomes evident in
Table 4 that summarizes how their impacts on energy are partitioned between the atmosphere and ocean.
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Figure 10. Same as Figure 9 but for mixed-phase CRE at the surface.

The contributions of mixed-phase clouds to net heat fluxes at the top of atmosphere, surface, and in atmo-
sphere in each latitude zone are computed by weighting the mean CRE by appropriate areas of each band. The
results are expressed in units of terawatts (TW or 1012 W) and represent the net contribution of mixed-phase
clouds to energy imbalances at each latitude. These heat fluxes modify equator-to-pole temperature gradi-
ents that drive atmospheric circulations so the TOA, ATM, and SFC panels of Table 4 represent the impact of
mixed-phase clouds on net, atmospheric, and oceanic heat transports, respectively. A positive (negative) heat
flux denotes a net gain (loss) of energy in the relevant region.

The top panel of Table 4 demonstrates that on the annual mean mixed-phase clouds enhance net poleward
heat transport in both hemispheres by cooling high latitudes (40–60∘) more effectively than lower latitudes
relative to clear-sky conditions. This effect is strongest in the Southern Hemisphere where mixed-phase clouds
cool the Southern Ocean 4 times more than the equator, resulting in a stronger poleward circulation in local
summer months. In winter the impact of mixed-phase clouds reverses owing to their warming influence at
high latitudes when solar insolation is weaker and implying that mixed-phase clouds moderate poleward
heat transport in local winter. Similar but muted effects are observed in the Northern Hemisphere where the
seasonal amplitude of net CRE is about half that over the Southern Ocean.

This integrated top-of-atmosphere perspective, however, masks important competing impacts of mixed-
phase clouds on atmospheric and oceanic heat transport. Within the atmosphere, mixed-phase clouds exert
a decidedly positive heat flux in the tropics and a negative heat flux poleward of 60∘ in all seasons. This
augments existing energy imbalances and implies that mixed-phase clouds significantly enhance the atmo-
spheric heat transport from tropics to poles. These impacts are particularly strong in the summer hemisphere
as shown in the center panel of Table 4.

The implied enhancement of atmospheric poleward heat transport is partially compensated by an oppo-
site effect in the ocean surface. The stronger reduction of heat fluxes into the tropical oceans relative to
higher latitudes especially during the winter months partially reduces the natural zonal gradient in sea surface
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Table 4. Monthly Mean Heat Flux From Mixed-Phase Clouds, Binned in 20∘ Latitude Bands From 80∘S to 80∘Na

aHeat flux, reported in units of Terawatts (TW or 1012 W), is computed at the top of atmosphere (TOA), surface (SFC), and in atmosphere (ATM). A positive
(negative) heat flux represents a net gain (loss) of energy at a given atmospheric level. All data are from R05 FLXHR-LIDAR, 2007–2010.

temperature relative to clear conditions. When coupled with known ocean circulation patterns, this suggests
that mixed-phase clouds reduce poleward heat transport in the oceans but, in contrast to the atmospheric
heat transport, these effects are maximum in the winter hemisphere. It will be demonstrated below that these
offsetting effects of mixed-phase clouds find their origins in differences in the distribution of precipitating
and nonprecipitating mixed-phase clouds between the tropics and higher latitudes.

6. Mixed-Phase Cloud Regimes

It is important to note that the definition adopted here for mixed-phase clouds is comprehensive and includes
all clouds in which both phases exist. The sensors aboard CloudSat and CALIPSO are sensitive to a wide
range of mixed-phase clouds, from the traditional definition of nonprecipitating mixed-phase clouds consist-
ing of a liquid layer at the top and ice precipitating from below to stratiform and convective precipitation
that consist of snow aloft, rain at low levels, and varying mixtures of liquid and ice cloud water throughout.
The 2B-FLXHR-LIDAR product has the unique capability to quantify the contributions of each of these types
of mixed-phase clouds to global CRE, as shown in Figure 11 (left column). Precipitating or nonprecipitating
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Figure 11. Annual mean net radiative effects from mixed-phase clouds, binned into 10∘ latitude bands. Cloud radiative effects at the TOA and surface are
stratified by (left column) convective/nonconvective clouds and (right column) precipitating/nonprecipitating clouds. All data are from R05 FLXHR-LIDAR,
2007–2010.

scenes are identified for each profile using CloudSat’s 2C-PRECIP-COLUMN, which performs retrievals of
precipitation occurrence and intensity based on near-surface radar reflectivity and estimates of path-
integrated attenuation [Haynes et al., 2009]. Nonprecipitating mixed-phase clouds account for over 65%
of the total radiative impact at the TOA. The impact of nonprecipitating clouds is considerably greater at
higher latitudes and about twice as strong in the Southern Hemisphere than the Northern Hemisphere. At
the surface, however, precipitating clouds have larger radiative effects than nonprecipitating mixed-phase
clouds in the tropics. Poleward of 70∘, however, precipitating clouds have a negligible radiative effect, while
nonprecipitating clouds exert a warming effect in excess of 2 W m−2.

Vertically resolved measurements from CloudSat and CALIPSO also have the capability to distinguish strat-
iform mixed-phase clouds from their more convective counterparts whose origins can be traced to more
turbulent mixing in stronger updrafts. While the majority of mixed-phase clouds at higher latitudes are non-
convective in nature, tropical mixed-phase clouds are predominantly associated with convection. Figure 11
(right column) shows the partitioning of mixed-phase cloud radiative effects by their contributions from con-
vective and nonconvective regimes. Convective clouds are defined in this study as those identified by the
2B-CLDCLASS-LIDAR data set as nimbostratus or deep convection cloud type classifications, while all other
clouds are identified as nonconvective. Based on these criteria, the global annual mean radiative effect of con-
vective mixed-phase clouds at TOA is −0.9 W m−2 or 28% of the total. Similar to precipitating mixed-phase
clouds, however, convective clouds exert a greater radiative effect at the surface than the TOA. Convective
mixed-phase CRE at the surface is −2.7 W m−2 and accounts for 59% of the total. It follows that mixed-phase
clouds observed in the tropics are primarily convective systems that are raining, whereas those nearer the
poles are generally nonconvective and nonprecipitating.

7. Discussion and Conclusion

The partitioning of water between its liquid and ice phases plays an important yet not fully understood role
in the global energy budget. Mixed-phase clouds are of particular interest given their strong and variable
impact on the TOA and surface energy budget at higher latitudes. While previous studies have assessed
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Figure 12. Conceptual illustration of the location of mixed-phase clouds and their influence on global heat transport. Boxed values indicate the contribution of
annual heat flux from mixed-phase clouds within the atmosphere and at the surface. Color shading indicates the observed cloud occurrence of liquid (red), ice
(blue), and mixed-phase (purple) clouds using cloud phase classification data from 2B-CLDCLASS-LIDAR, 2007–2010. For illustrative purposes, black arrows
indicate the general structure of large-scale atmospheric circulations and gray outlines indicate the boundaries of idealized cloud regimes.

the radiative effects from mixed-phase clouds, a lack of adequate observations of cloud vertical structure
may limit the fidelity of these estimates. We present a new assessment of the global radiative effect of
mixed-phase clouds using the fifth release CloudSat fluxes and heating rates (R05 2B-FLXHR-LIDAR) product.
The R05 2B-FLXHR-LIDAR product, which combines collocated CloudSat, CALIPSO, and MODIS observations
to compute vertically resolved profiles of shortwave and longwave radiative fluxes, features an improved
representation of cloud phase over previous versions. Our approach employs a relatively straightforward clas-
sification of cloud profiles into liquid, ice, mixed-phase, and multilayered scenes using CloudSat and CALIPSO
observations. The combination of CloudSat and CALIPSO provides vertically resolved cloud measurements
critical to filling in existing gaps in cloud partitioning and better constraining global estimates of cloud radia-
tive effects. Simply partitioning these observations by cloud phase avoids some of the inherent ambiguity
associated with more complicated cloud classifications, relates more closely to the raw observations, and can
more easily be compared to prognostic fields in models.

While this study documents global estimates of cloud radiative effect for all water phases, mixed-phase clouds
are of particular interest. Mixed-phase clouds are observed most frequently at higher latitudes, where they
are efficient at reflecting solar radiation back to space and exert a negative radiative effect at the TOA. At the
surface, however, the strongest mixed-phase CRE is from precipitating convective clouds in the tropics where
SW cooling dominates LW heating. Over ice-covered surfaces such as Greenland and West Antarctica where
SW effects are small, LW heating from nonprecipitating mixed-phase clouds dominates resulting in a strong
positive net radiative effect at the surface. Mixed-phase clouds are found to exert a global net cloud radia-
tive effect of −3.4 W m−2, with contributions of −8.1 W m−2 and 4.7 W m−2 in the SW and LW, respectively.
Interestingly, mixed-phase clouds contribute over 20% of the total cloud radiative effect despite making up
only 10% of the total cloud occurrence. When compared with the effects of liquid clouds (−11.8 W m−2), ice
clouds (3.5 W m−2), and multilayered clouds with distinct layers of liquid and ice (−5.4 W m−2), these results
confirm that accurate representation of mixed-phase clouds is essential for quantifying cloud feedbacks in
future climate scenarios. This is particularly apparent over the Southern Ocean, where mixed-phase clouds
are found to account for more than 35% of the net reduction of absorbed SW radiation at the surface in the
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local summer. Recent modeling studies have suggested that this can have important implications for atmo-
spheric and oceanic circulations on global scales [Komurcu et al., 2014; Cesana et al., 2015]

This is illustrated conceptually in Figure 12 that presents a schematic showing the locations where
mixed-phase clouds occur and their influence on large-scale circulations. The annual occurrences of
mixed-phase clouds (purple), liquid only clouds (red), and ice only clouds (blue) are computed globally at
480 m vertical resolution based on the 2B-CLDCLASS-LIDAR cloud phase classification data from 2007 to 2010.
For illustrative purposes, gray outlines indicate the boundaries of idealized cloud structures and the canoni-
cal atmospheric flow patterns from the Hadley, Ferrel, and Polar cells are indicated by black arrows for context
[Wallace and Hobbs, 2006]. Areas of rising air loosely coincide with regions of increased cloudiness, especially
convective mixed-phase clouds. As previously shown in Figure 4, mixed-phase cloud systems are indeed most
frequent over the tropics and upper midlatitudes. Multilayered clouds are also quite common over these
regions and, most notably in the tropics, where high cirrus is often observed above liquid or mixed-phase con-
vective cloud systems. In regions of large-scale subsidence, liquid clouds dominate but mixed-phase clouds
are frequently observed at polar latitudes.

Results from this study provide key observational benchmarks which can be used to improve climate model
simulations of cloud radiative effects. It is important to note, however, that several important sources of uncer-
tainty remain in these estimates. Most notably, it remains difficult to accurately partition water between its
liquid and ice phases in layers where they coexist. Diurnal sampling limitations and assumed surface reflection
characteristics may also influence the results. The approximate magnitude of these uncertainties has been
quantified, to the extent possible, through cloud regime-specific comparisons against CERES TOA fluxes in
Table 2. These comparisons suggest that the resulting uncertainties in the annual mean radiative effects of
mixed-phase clouds presented here are 10–15%.

Overall, mixed-phase clouds are found to heat the tropical atmosphere by increasing the greenhouse effect
and cool the polar atmosphere by enhancing LW emission to the surface. This suggests that mixed-phase
clouds increase the equator-to-pole temperature gradient and act to reinforce large-scale poleward atmo-
spheric heat transport. The opposite is true in the oceans where convective mixed-phase clouds cool the
tropical ocean, but nonprecipitating nonconvective mixed-phase clouds slightly warm the surface in the
Arctic and Antarctic. This weakens the equator-to-pole temperature gradient in the ocean and, when com-
bined with ocean circulation patterns, likely reduces oceanic poleward heat transport in the annual mean.
These results support recent modeling studies that have demonstrated the importance of cloud phase
partitioning for accurately representing large-scale atmospheric and oceanic circulations [Kay et al., 2016;
Storelvmo et al., 2008].
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