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[1] Climate models often ignore the radiative impact of
precipitating hydrometeors. CloudSat retrievals provide the
first means to distinguish between cloud versus precipitating
ice mass and characterize its vertical structure. With this
information, radiative transfer calculations are performed
to examine the impact of excluding precipitating ice on
atmospheric radiative fluxes and heating rates. The prelimi-
nary results show that such exclusion can result in under-
estimates of the reflective shortwave flux at the top of the
atmosphere (TOA) and overestimates of the downwelling
surface shortwave and emitted TOA longwave flux, with
the differences being about 5–10 Wm−2 in the most convec-
tive and rainfall intensive areas and greatest for the TOA
longwave flux. There are also considerable differences
(∼10–25%) in the vertical profiles of shortwave and long-
wave heating, resulting in an overestimation (∼up to 10%)
of the integrated column cooling. The implications of these
results are that models that exclude these ice components
are achieving TOA radiation balance through compensating
errors as well as possibly introducing biases in atmospheric
circulations. Citation: Waliser, D. E., J.-L. F. Li, T. S. L’Ecuyer,
and W.-T. Chen (2011), The impact of precipitating ice and snow
on the radiation balance in global climate models, Geophys. Res.
Lett., 38, L06802, doi:10.1029/2010GL046478.

1. Introduction

[2] One of the most groundbreaking observations to arrive
with the development of the A‐Train [Stephens et al., 2002]
for the purposes of understanding and better modeling
clouds and convection is the cloud‐radar reflectively mea-
surements from CloudSat that provide for the retrieval of
cloud ice and liquid water profiles [Stephens et al., 2008].
These estimates have been sorely needed for model devel-
opment and evaluation as the variations in the annual mean
integrated ice water path (IWP) and liquid water path (LWP)
between global climate models (GCMs) contributing to the
IPCC AR4 range over two orders of magnitude [Li et al.,
2008; Waliser et al., 2009]. Key to the proper use of sat-
ellite retrievals in the evaluation of modeled cloud ice and
liquid is that many GCM representations ignore or diag-
nostically treat the falling hydrometeor components (e.g.,
rain, snow) and only consider – for the purposes of radiation
calculations – the “suspended” component of water that the
model deems “clouds”.

[3] The rationale for this is that the areas of the precipi-
tating elements are so small and infrequent that their impact
on radiation is small and that the precipitating hydrometeors
in these precipitating areas are large enough that they have very
little impact on cloud radiative properties. For example, most
of the GCMs contributions to AR4 such as the CGCM3.1,
ECHAM5, FGOALS‐g1.0, INGV‐SXG, and INM‐CM3.0
only include cloud ice from stratiform clouds and ignore the
ice in convective cores, convective‐anvils and in the precip-
itation. The GISS contributions to AR4 do include contribu-
tions from convective core in addition to stratiform cloud ice
using a very simple construct related to the pressure thickness
of the clouds, but the model still ignores the precipitating
ice. The CSIRO GCM includes a single prognostic variable
that represents both cloud ice and precipitating ice in the
stratiform cloud scheme for radiation but ignore the con-
tributions from the anvil and convective cores. Other models
such as the NASA GEOS5, ECMWF IFS, and NCEP’s GFS
and CFS, which do have climate time scale applications,
include the effects of cloud ice from stratiform clouds and
convective detrained anvils but ignore the contributions from
convective cores and precipitating snow. While the exclu-
sions discussed above are sound to first order, we now have
global satellite observations that suggest that the amount of
precipitating ice is on the order of 2/3 of the total ice mass
[Waliser et al., 2009] (see also Figure 1), and a reconsidera-
tion or quantification of this exclusion may be warranted.
[4] The purpose of this study is to provide the modeling

community with an initial estimate of the radiative impact of
these assumptions – namely ignoring precipitating ice mass.
We use a cloud particle size distribution (PSD) partitioning
method (W.‐T. Chen et al., Partitioning CloudSat ice water
content for comparison with upper‐tropospheric ice in global
atmospheric models, submitted to Journal of Geophysical
Research, 2010) as a guide for distinguishing ice into two
categories, larger particles considered to be precipitating
hydrometeors and smaller particles considered to be quasi‐
suspended in clouds (Figure 1). This partitioning is broadly
consistent with our earlier estimate [Waliser et al., 2009]
albeit with a more robust foundation. With this information,
we perform calculations using a comprehensive radiative
transfer scheme to obtain an estimate of the misrepresenta-
tion that might be made in a GCM calculation if the model
ignores the precipitating components of the ice field. In the
following sections, we introduce methodology, present the
results, and discuss implications and recommendations for
future research.

2. Methodology

[5] The methodology employed here is to perform a set of
comprehensive atmospheric radiative transfer calculations,
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specifying as much detail from the observations as possible
and including all components of the ice field. These are then
contrasted with a case where an estimate of the ice mass
associated with precipitation is excluded based on the PSD
method (see Section 1). The radiative transfer calculations
are performed using the 2B‐FLXHR algorithm [L’Ecuyer
et al., 2008], which is a standard CloudSat retrieval prod-
uct designed to produce a vertically‐resolved radiative flux
and heating rate dataset consistent with observed reflectiv-
ities from CloudSat’s cloud profiling radar (CPR) and other
satellite‐observed constraints. Only the salient features are
described here. Release 4 (R04) of 2B‐FLXHR is based on
vertical distributions of liquid and ice cloud effective radii
(which typically range from 30 to several hundred microns)
and water contents from the Level‐2 cloud water content
product (2B‐CWC) [Austin et al., 2009]. These cloud prop-
erties are combined with ancillary temperature and humidity
profiles from the European Centre for Medium‐rangeWeather
Forecasts (ECMWF) analyses and surface albedo and emis-
sivity data from the International Geosphere‐Biosphere
Programme (IGBP) global land surface classification to ini-
tialize a broadband radiative flux model known as BUGSrad.
BUGSrad is based on the two‐stream, doubling‐adding
solution to the radiative transfer equation [Ritter and Geleyn,
1992] and assumes a plane‐parallel atmosphere over the 1.4 ×
1.8 km CloudSat field of view. Rayleigh scattering, gaseous
absorption, and absorption and scattering by both liquid and
ice are all modeled in 2B‐FLXHR. Molecular absorption
and scattering properties computed using the correlated‐k

formulation [Fu and Liou, 1992] are combined with cloud
optical properties based on retrieved effective radii and water
contents found in CloudSat’s 2B‐CWC product using
Mie theory for liquid particles and anomalous diffraction
theory‐based parameterizations for ice [Stephens et al., 1990;
Mitchell et al., 1996]. The delta‐Eddington approximation is
then applied over six shortwave (SW) bands and a constant‐
hemisphere formulation is applied to twelve longwave (LW)
bands. These bands are appropriately weighted and com-
bined into the two broadband flux estimates that are ulti-
mately reported, one covering the SW from 0–4 mm and
the other over the LW above 4 mm. The rate of radiative
heating in each layer follows simply by determining 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 footprint at the maximum
vertical resolution of the CPR and the 2B‐CWC product, i.e.,
240 m, forming the 2B‐FLXHR product.
[6] Calculations are performed for the period June to

August 2007. Thos including all ice represent an estimate of
the “observed” radiation budget and are referred to as the
“control” case. Based on comparisons against co‐located
Clouds and the Earth’s Radiant Energy System (CERES)
observations, these seasonal TOA LW and SW flux estimates
at 5° resolution have uncertainties of 5 and 15 Wm2,
respectively [L’Ecuyer et al., 2008]. Furthermore, these cal-
culations do not include thin ice clouds that go undetected
by CloudSat whose impact can be significant, especially
in areas of persistent high thin cirrus coverage. However,

Figure 1. CloudSat estimates of mean (a) total Ice Water Path (IWP) (g m−2) for July 2007. (b) An estimate of the part of
Figure 1a that is associated with particle sizes (i.e., diameters of frozen spheres) greater than 100 mm. (c) Same as Figure 1b
except for particle sizes less than 100 mm. (d–f) Same as Figures 1a–1c, except for zonal averages of vertically‐resolved ice
water content (IWC) (gm m−3).
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it is important to note, that a significant fraction of the
absolute error that might be present in the FLXHR cal-
culations (e.g., missing very thin cirrus) is likely to cancel
in the relative differences that are the focus of this study.
The “test” case consists of redoing the calculations but
with an estimate of the ice mass associated with precip-
itation (at the 1.5 km horizontal scale of CloudSat)
removed.
[7] The estimate of precipitating ice comes by utilizing

the PSD parameters supplied with each CloudSat retrieval
and integrating the contribution of mass above a certain size
threshold ‐ where the threshold is based on the diameter of
what CloudSat assumes as frozen spherical water particles
of constant density (Figure S1 of the auxiliary material).1 In
this study, we have chosen a threshold of 100 um. This is
consistent with Ryan [2000] and nearly identical to the
threshold used in the ECMWF Integrated Forecasting

System (IFS) (cycles 25–31; about 2002–2006) to distinguish
between cloud and precipitating ice (see www.ecmwf.int/
research/ifsdocs/). Moreover, simple calculations suggest
that the 100 um cutoff is representative of snowfall. Noting
that the CloudSat retrieval assumes ice spheres with densi-
ties of 0.917 g cm−3, an ice particle with a diameter of
100 um has a mass of 4.8 × 10−7 g. Following the planer
polycrystal model ofMitchell [1996], this is equivalent to an
aggregate with a maximum dimension of ∼200 um that
will fall at ∼30 cm s−1 [Mitchell and Heymsfield, 2005]
(assuming 220 hPa and 230 K). Thus while the 100 um
threshold was chosen based primarily on model considera-
tions, it is also physically consistent with precipitating ice
particles. However, as there is still considerable leeway in
how to distinguish between cloud and precipitating ice in
models or observations, we have performed calculations
for three different thresholds, 75, 100 and 150 mm. For a
given threshold, a revised effective radius for the radia-
tion calculations is computed from the remaining (small
size) part of the distribution (Figure S2). Keep in mind

Figure 2. Differences between experiment excluding estimate of precipitation (for the case where the size threshold is
100 mm) and the control (experiment‐control) for TOA (a) SW, (b) LW and (c) net radiative flux (Wm−2), surface (d)
SW, (e) LW and (f) net radiative flux (Wm−2), (g) SW, (h) LW and (i) net column heating (K day−1), and (j) SW, (k)
LW and (l) net column heating (% change).

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL046478.
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that while the magnitude of the ice mass removed is
large, it is associated with much larger particles with a
significantly smaller number concentration and thus has less
impact on radiation – which is why such components have
been typically ignored. For both the control and test cases,
the model calculations are gridded to 5° horizontal resolu-
tion to improve sampling.

3. Results

[8] Comparing the results from the control case, that is
an estimate of the observed radiation budget using the total
amount of ice, to the test case that is an estimate of the
radiation budget if ice associated with precipitation is
ignored, indicates the impact from the latter may be
important in light of the level of refinements the cloud‐
radiation community are making at this stage of model
development and with respect to the size of anthropogenic
radiative forcings associated with greenhouse gases and
aerosols. Figure 2 shows the differences (experiment minus
control) in shortwave and longwave fluxes at the surface
and top of the atmosphere in Wm−2 and column‐integrated
radiative heating expressed in terms °K day−1 and % change.
The calculations show that omitting the precipitating ice
increases the net heating at the surface and the cooling to
space, each by up to about 5 Wm−2 in the tropical regions
with the heaviest rainfall. The excess heating at the sur-
face is dominated by changes in shortwave radiation, with
little impact from the longwave as its surface signature is
dominated at the by lower‐atmosphere water vapor and
low clouds, neither of which was altered in this experi-
ment. The excess cooling to space has contributions from
both the reduced reflection of shortwave and enhanced
longwave emission, with the latter dominating. Column

radiative cooling is enhanced by about 10% in the absence
of precipitating ice, amounting to an excess column cooling
of about 0.1 °K day−1.
[9] The vertical structure of shortwave and longwave

atmospheric radiative heating, and their changes, are shown
in Figure 3 for two regions where the impacts of the experi-
ment are most evident. In the shortwave, the removal of
precipitating ice reduces the absorption in the upper tropo-
sphere at the ice cloud level and above. The removal of ice
in the upper troposphere thus diminishes absorption within
ice clouds and reduces the amount of shortwave radiation
that is absorbed by water vapor and ozone above the cloud
layer (i.e., >∼12 km) by reducing reflection back to space.
This occurs similarly for both the Indian Ocean and Eastern
Pacific region illustrated. Below the ice cloud layer, the
removal of precipitating ice leads to slightly enhanced absorp-
tion of shortwave radiation as there is now more passing
through the upper ice cloud layer available for absorption
below. In the longwave, the removal of the precipitating
cloud ice produces a heating‐cooling couplet by lowering the
average effective atmospheric emission level. Reducing ice
mass allows longwave radiation to penetrate deeper into ice
clouds resulting in a broadening of the aggregated cloud top
cooling layer in each region. The middle‐upper troposphere,
therefore, emits more longwave and thus cools more, while
above the ice cloud layer the longwave cooling is reduced
(represented here as a heating). While the changes at any
given altitude are only about 0.1° day−1, the most important
issue here is that the changes result in a modification of the
vertical profile of radiative heating and thus a likely impact
on the radiative component of the circulation. For consid-
erably different thresholds for large versus small particles
(e.g., 75 mm and 150 mm; Figure S3), there are still sizeable
impacts on the surface and TOA net radiation, and on the

Figure 3. (left) Shortwave and (right) longwave atmospheric radiative heating profiles for the control (blue), test (red) and
their difference (black) give a size threshold of 100 mm for (top) a region in the Indian Ocean (55–105 E; 5S–10N) and
(bottom) a region in the eastern Pacific Ocean (75–135W; 0–15N). Dashed and dotted black lines show sensitivity of
the differences to size thresholds of 150 and 75 mm, respectively.
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vertical distribution of heating that is shown by the dotted
and dashed black curves in Figure 3.

4. Summary

[10] Climate models often do not explicitly account for
the radiative impacts of ice associated precipitating hydro-
meteors. The justification for this typically derives from the
relatively small area accounted for by precipitation at any
given time and because precipitating ice hydrometeors
have larger radii and smaller number concentrations than
non‐precipitating hydrometeors (i.e., clouds) resulting in a
smaller radiative impact. Moreover, to retain the needed
information for radiation calculations would often necessi-
tate additional prognostic quantities/equations (e.g., snow,
graupel) that add to the computation demands of the model.
The recent availability of CloudSat estimates of atmospheric
ice water content, along with the auxiliary material supplied
by the retrieval on the particle size distribution (as well as
supporting information on precipitation presence and cloud
classification [e.g., Waliser et al., 2009]) provides the
means to test the potential radiative impact that precipi-
tating hydrometeors have on the atmospheric and surface
radiation budget.
[11] Using the 2B‐FLXHR [L’Ecuyer et al., 2008]

standard output results as a control case for the radiation
budget, we have performed a set of experiments that
excludes the ice associated with precipitating hydrometeors.
The results show that exclusion of these components of
atmospheric ice can result in net surface and TOA radiative
flux differences of up to 5–10 Wm−2 in the most convective
and rainfall intensive areas, with the largest impact being
on TOA emitted longwave (see Figure 2). Notable is that
net column atmospheric radiative cooling increase by about
10%. More important is that the exclusion of these ice
components results in changes to the structure of the
longwave and shortwave radiative heating profiles, with
deviations on the order of 0.1° day−1 and up to 10–25%
(see Figure 3).
[12] When the above results are considered in the context

of a climate model simulation, the changes would not only
impact the radiative heating of the atmosphere but would
be expected to impact the circulation, and possibly even
the manner the model adjusts to external forcings such
as increasing greenhouse gases. Note that the magnitude
of these potential errors is on the order of the radiative
heating changes associated with a doubling of atmospheric
carbon dioxide. Additionally, while models are tuned to
get the right TOA radiation balance, the implications here
are that without considering the ice in precipitating hydro-
meteors explicitly the models will be getting the right
result (i.e., TOA balance) for the wrong reasons. In doing
so, there are likely to be compensating errors in other
quantities such as cloud cover, cloud particle effective
radius and/or cloud mass. Noteworthy is that recently it
was shown that biases against observations in the annual
average absorbed shortwave and outgoing longwave radi-
ation across the ITCZ regions for the ensemble average of
CMIP3 GCMs were found to be on the order of 25 Wm−2 –
meaning there was too much absorbed solar and outgoing
longwave radiation in the models [Trenberth and Fasullo,
2011]. Given that most of these models do not include
the effects of ice in precipitating hydrometeors in the

radiation schemes, the results of the experiment described
here indicates that a part of these biases may be arising
from this exclusion.
[13] The continuation of this work demands additional

work with alternative methods and models for includ-
ing and excluding ice associated with precipitation to test
the robustness and sensitivities of the preliminary result
reported here. Specifically, this study illustrates some initial
calculations, based on a single season (i.e., JJA 2007) and
modeling methodology, showing the possible effects of
frozen precipitation on the radiation budget and radiative
heating profiles, which can have a possible impact on global
general circulation patterns. Further studies are needed to
fine tune these results and to quantify the uncertainty due to
input data sources, data sampling, and model assumptions,
as well as how the effect of annual cycle of clouds and
precipitation affects the current findings. Studies in the
context of fully interactive GCMs are needed to understand
the feedback from the coupled ocean‐atmosphere‐land
system onto the clouds and precipitation to determine if it
might contribute a negative or positive feedback on the
offline calculations results presented here. In addition, com-
plementary studies for liquid water are needed.
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