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Abstract A new ice cloud optical property database in the thermal infrared has been parameterized for the
RTTOV radiative transfer model. The Self-Consistent ScatteringModel (SCSM) database is based on an ensemble
model of ice crystals and a parameterization of the particle size distribution. This convolution can predict
the radiative properties of cirrus without the need of a priori information on the ice particle shape and an
estimate of the ice crystal effective dimension. The ice cloud optical properties are estimated through linear
parameterizations of ambient temperature and ice water content. We evaluate the new parameterization
against existing parameterizations used in RTTOV. We compare infrared observations from Imaging Infrared
Radiometer, on board CALIPSO, against RTTOV simulations of the observations. The simulations are performed
using two different products of ice cloud profiles, retrieved from the synergy between space-based radar
and lidar observations. These are the 2C-ICE and DARDAR products. We optimized the parameterization
by testing different SCSM databases, derived from different shapes of the particle size distribution, and
weighting the volume extinction coefficient of the ensemble model. By selecting a large global data set of
ice cloud profiles of visible optical depths between 0.03 and 4, we found that the simulations, based on
the optimized SCSM database parameterization, reproduces the observations with a mean bias of only
0.43 K and a standard deviation of 6.85 K. The optimized SCSM database parameterization can also be applied
to any other radiative transfer model.

1. Introduction

The assimilation of infrared cloudy radiances from satellite observations is a major goal in improving numerical
weather prediction (NWP) models [Errico et al., 2007]. In the microwave spectral domain (10–100GHz), the
operational assimilation of satellite observations is already performed in all-weather conditions [Bauer et al.,
2011]. In the infrared spectral domain (3–20μm), the assimilation of satellite observations is only performed
in clear-sky and in overcast cloudy conditions [Pavelin et al., 2008; McNally, 2009; Guidard et al., 2011]. The
limitation to overcast cloudy conditions is mainly due to the large nonlinear sensitivity of infrared radiances
to cloud parameters of the simplified single-layer cloud model (cloud fraction and cloud top height) used
in the operational assimilation of infrared radiances. Furthermore, the advantage of assimilating overcast
cloudy radiances is to exclude the modeling of multiple scattering. However, fast radiative transfer models
(RTMs) developed for the assimilation of satellite observations in NWP models are also able to simulate
infrared radiances in more complex cloudy conditions. For that, they use NWP model cloud variables
(ice and liquid water content profiles and cloud fraction profiles) as input information together with
parameterization of cloud particle optical properties. This capability has shown encouraging results in
improving assimilation of infrared cloudy radiances [Stengel et al., 2010, 2013; Martinet et al., 2013a; Okamoto
et al., 2013] using the radiative transfer model for TOVS (RTTOV) [Saunders et al., 1999; Matricardi et al., 2004].
This improvement has been achieved by more accurate modeling of cloud scattering and multilayer clouds.

A key step in better simulating infrared cloudy radiances for RTTOV is to improve the parameterization of
cirrus optical properties from NWP model cloud variables. For ice cloud, the version 9 of RTTOV [Saunders
et al., 2009] provides eight different parameterizations. These parameterizations come from four different
empirical relationships, which were derived from different cloud studies and were based on aircraft
measurements located in different geographical areas [Ou and Liou, 1995; Wyser, 1998; Boudala et al.,
2002; McFarquhar et al., 2003]. These parameterizations are named hereafter OL95, W98, B02, and MF03,
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respectively. These empirical relationships relate the ice crystal effective diameter (Deff) to the ice water content
(IWC) and/or the ambient temperature (T ). The ice cloud optical properties were then parameterized as
functions of Deff and IWC for two shapes of ice crystals, i.e., the randomly oriented hexagonal ice column and
ice aggregate. A full description of the parameterizations can be found in Matricardi [2005] and in Saunders
et al. [2009]. However, these previous parameterizations developed for RTTOV are based on particle
size distributions (PSDs) which are highly likely to be biased toward smaller ice crystals due to ice crystal
shattering on or at the inlets of microphysical probes [Korolev et al., 2011]. Additionally to these eight
parameterizations, two more parameterizations were provided in an updated RTTOV version 10.2, which
allows the user to input directly vertical profiles of Deff to RTTOV for each assumed ice crystal shape
[Saunders et al., 2012]. Hereafter, this parameterization is named DE.

The current problem with the RTTOV ice parameterizations is that users are provided with a wide choice of
parameterizations which leads to difficulties in deciding which might be best for their particular application.
For instance, simulations of one typical top-of-atmosphere (TOA) infrared brightness temperature (BT)
spectra show few tens of kelvin’s difference in window channels for the same ice cloud profile using the
different parameterizations [Faijan et al., 2012; Vidot et al., 2013]. However, Faijan et al. [2012] show also
that no parameterization globally provides a unique choice of parameterization when simulating many
Infrared Atmospheric Sounding Interferometer (IASI) spectra in the presence of semitransparent clouds.
Inversely, Martinet et al. [2013b] preferred the B02 parameterization, with randomly oriented hexagonal
ice column crystals, for channel selection of the Infrared Atmospheric Sounding Interferometer (IASI)
instrument in cloudy retrievals. In other studies, the W98 parameterization, which assumes aggregate ice
crystals, was chosen [Stengel et al., 2013; Okamoto et al., 2013]. However, it is worth mentioning here
that care must be taken with the aggregate shape of ice crystals from RTTOV, since it has been shown
by simulated infrared spectra that the parameterization leads to unphysical spectral behavior between
10 and 12 μm [Faijan et al., 2012; Vidot et al., 2013].

In this study, we attempt to evaluate these ice cloud parameterizations together with a new parameterization
provided in RTTOV version 11 [Saunders et al., 2013]. The new parameterization is based on a new database
of bulk ice optical properties derived from the Self-Consistent Scattering Model (SCSM) for cirrus, called the
ensemble model of ice crystals, and this model is fully described in the work of Baran and Labonnote [2007].
In this paper, we test a new SCSM bulk ice optical property database. This database combines the ensemble
model of atmospheric ice particles with a particle size distribution (PSD) scheme that is consistent with
microphysical observations, and this new SCSM optical property database is described in Baran et al. [2014a]
and Baran et al. [2014b]. Alternative bulk ice optical property databases have been provided for the infrared
spectral range [Hess and Wiegner, 1994; Hess et al., 1998; Yang et al., 2005; Baum et al., 2007; Yang et al., 2013;
Baum et al., 2014, and references cited herein]. These databases were never incorporated into RTTOV, which
is why they are not considered in this paper. We concentrate on RTTOV ice cloud parameterizations that are
used in operational NWP centers. The novelty of this new parameterization is that the radiative properties
of ice cloud can be predicted without the need for a priori information on the ice particle shape and an ice
crystal effective diameter.

To compare and evaluate the RTTOV parameterizations, we used a large selection of products comprising of
ice cloud profiles, retrieved from a combination of CloudSat [Stephens et al., 2002] and CALIPSO [Winker et al.,
2009] observations. These ice cloud profiles are used to simulate infrared TOA BT. We then compare the
simulations to the BT measured by the Imaging Infrared Radiometer (IIR) instrument, on board CALIPSO
[Garnier et al., 2012], at 8.65, 10.6, and 12.05μm. This comparison was motivated by two reasons: first, the
better accuracy of ice cloud profiles retrieved by active sensors as compared to NWP outputs. Second,
the fine spatial resolution of IIR (~1 km) allows the neglect of the effect of the vertical cloud fraction within
a single pixel. Furthermore, this selection of ice cloud profiles and IIR BT observations was used to
optimize the new ice cloud parameterization by modifying the calculation of the ice cloud optical property
database by minimizing the difference between RTTOV simulations and IIR observations.

Section 2 of this article presents the new RTTOV-11 ice cloud parameterization and the modification of the
SCSM database to optimize the new ice cloud parameterization. Section 3 is devoted to the selection of
the ice cloud profiles, and the results are outlined in section 4. Conclusions and perspectives are given in
section 5.
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2. The RTTOV Ice Cloud Parameterization and the SCSM Databases

The infrared TOA BT of satellite-based observations in the presence of cloud is simulated by RTTOV
using the Chou-scaling approximation [Chou et al., 1999]. The Chou-scaling approximation simplifies the
cloud-scattering effect by estimating an effective extinction βeff, at a wavelength λ of each cloud layer,
given by

βeff λ; T ; IWCð Þ ¼ βabs λ; T ; IWCð Þ þ b λ; T ; IWCð Þβsca λ; T ; IWCð Þ; (1)

where βabs and βsca are the volumetric absorption and scattering coefficients, respectively. The coefficient
b is the backscattering fraction calculated from the phase function (see equation (32) of Matricardi [2005]).

In RTTOV-9, the ice cloud optical properties (βabs, βsca, and b) within each cloud layer are estimated from
parameterization of IWC and Deff profiles (see equations (35)–(37) of Saunders et al. [2009]) and where Deff

is parameterized as functions of T only (OL95) or IWC only (MF03) or T and IWC (W98 and B02).

In RTTOV-11 [Saunders et al., 2013], we have added a new parameterization of βabs, βsca, and b from T and IWC
without the need of Deff. The new parameterization is based on the Self-Consistent Scattering Model (SCSM)
database of ice cloud optical properties. The SCSM database is based on the ensemble model of cirrus
ice crystals shown in Figure 1 of Baran and Labonnote [2007]. The ensemble model consists of six habit
members. The first habit is the hexagonal ice column of aspect ratio unity, where the aspect ratio is the
quotient between the length and the diameter of the three-dimensional hexagon. The second habit is
assumed to be the six-branched bullet rosette, followed by three-, five-, eight-, and ten-element hexagonal
ice aggregates. For each of the hexagonal ice aggregates, the hexagonal monomers are arbitrarily attached
to each other, forming compact and spatial ice aggregates. The orientation-averaged aspect ratio of each of
these aggregate habits is given in Table 6 of Baran and Labonnote [2007]. To obtain the bulk-scattering
optical properties, the ensemble model single-scattering properties were integrated over a moment
estimation parameterization of the PSD due to Field et al. [2007], named hereafter F07. To generate the
PSDs, a total number of 20,662 in situ estimates of IWC and in-cloud temperature measurements are
applied to the F07 parameterization, given a mass-dimensional relationship. The PSD parameterization
is further described below. The in situ estimates and measurements were obtained from a number of
aircraft-based field campaigns located in the tropics and midlatitudes. The construction of the database
used in this paper is fully described in Baran et al. [2011a] and Baran et al. [2014a] and so will not be
repeated here. Each member of the ensemble can be assigned to a particular size bin. However, since
the distribution of ensemble shapes throughout the PSD is unknown, the ensemble members are
distributed into six equal intervals of the PSD, with the hexagonal columns being distributed into the
first interval, and the last interval is occupied by the ten-element ice aggregate. The computation of the
single-scattering SCSM optical property database is described in Baran et al. [2014a].

The F07 PSD parameterization is based on 10,000 in situ PSDs, which were filtered, by using particle interarrival
times as described by Field et al. [2003] and Field et al. [2007], to reduce shattered ice artifacts distorting the
shape of the small ice mode. Due to the shattering problem, the F07 parameterization ignored in situ
measurements of ice crystal size less than 100μm. To complete the PSD, the F07 parameterization assumes
an exponential PSD to represent ice crystal size less than 100μm, and this is added to a gamma function,
for sizes greater than that. The F07 parameterization is shown to fit well to several cases of in situ measured-
averaged PSDs obtained in the tropics [Baran et al., 2011a]. In the F07 parameterization, the second
moment (i.e., the IWC) is linked to any other moment via polynomial fits to the in-cloud temperature.
Thus, for any given IWC and in-cloud temperature, the original PSD can be estimated. It has been previously
demonstrated by Baran et al. [2014a] that for several cases of ice cloud the SCSM bulk optical properties
successfully simulated active and passive measurements from the UV to the microwave regions of the
spectrum, while maintaining microphysical consistency across the spectrum.

The SCSM database consists of 20,662 PSDs (the compilation of the PSD database is described in Baran et al.
[2014a]), that were generated from the F07 parameterization, using different in situ measured T and estimated
IWC observations, and their distribution is shown in Figure 1. Figure 1 shows that the SCSM database covers a
large range of both IWC and T values. The SCSM database provides for each PSD the simulated volumetric
extinction and scattering coefficients and the asymmetry parameter at 145 wavelengths between 0.2 and
120μm. In this paper, we utilize the database between 3 and 18μm. The phase function is given by a linear
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piecewise parameterization of the
Henyey-Greenstein phase function,
which depends only on the asymme-
try parameter [Baran et al., 2001],
and is used to calculate the back-
scattering fraction coefficient b. The
physical justification of using a phase
function parameterization based on
the Henyey-Greenstein phase func-
tion lies in the fact that in infrared
range, the ice crystal phase function
tends to be smooth in the backscat-
tering region, with a strong diffraction
peak in the forward scattering direc-
tion [Yang et al., 2001]. The Baran
et al.’s [2001] parameterization of
the Henyey-Greenstein phase func-
tion has been shown to replicate
short-wave multiangle satellite and
aircraft observations of cirrus [Baran
et al., 2001; Baran and Francis, 2004]

as well as high-resolution infrared observations of cirrus between 3.0 and 18.0μm [Baran and Francis, 2004].
Therefore, for the purposes of this paper the Baran et al.’s [2001] parameterization of the Henyey-Greenstein
phase function is sufficiently accurate.

It was found that the following equations gave the best fit to the distribution of bulk optical properties
shown in Figure 1. The new parameterization has been implemented into RTTOV-11 and is given by the
following equations:

log10 βabs λ; T ; IWCð Þ½ � ¼ Aa þ BaT þ Calog10 IWCð Þ þ DaT2;

þ Ea log10 IWCð Þð Þ2 þ FaT log10 IWCð Þ (2)

log10 βsca λ; T ; IWCð Þ½ � ¼ As þ BsT þ Cslog10 IWCð Þ þ DsT2

þ Es log10 IWCð Þð Þ2 þ FsT log10 IWCð Þ; (3)

b λ; T ; IWCð Þ ¼ Ab þ BbT þ Cblog10 IWCð Þ: (4)

The set of parameterization coefficients for βabs (Aa to Fa), βsca (As to Fs), and b (Ab to Cb) were calculated
by using a nonlinear least squares fitting procedure over the SCSM database and are also functions of
wavelength (omitted in equations for clarity). More details of this procedure can be found in Saunders
et al. [2013].

It has been shown by Baran et al. [2011a] that the ensemble model predicts a mass-dimensional relationship
of the form m= aD2, where the prefactor a has a value of 0.04 and D is the maximum dimension of the
ice crystal, where m and D are both in SI units [Baran et al., 2011b]. This mass-dimensional relationship
is applied to the F07 parameterization to generate the 20,662 PSDs, from which the bulk optical
properties are obtained. We named, hereafter, this set of parameterization coefficients BV11. The BV11
parameterization was first improved by increasing the integration over the edges of the PSDs, leading to
an improved SCSM database. An improved set of parameterization coefficients was then obtained, and
this improved set is named B004. We tested new sets of parameterization coefficients afterward. This
was achieved by changing the value of the prefactor and keeping the improvement of the integration
over the PSD edges. In this paper, the values of the prefactor are assumed to be 0.015, 0.06, and 0.08.
This range in prefactor value generates different shapes of the PSD. These new sets of parameterization
coefficients are named hereafter B0.015, B0.06, and B0.08, respectively. A further SCSM database
was also tested assuming a prefactor value of 0.0257, which corresponds to the value proposed by

Figure 1. Two-dimensional histogram of ice water content (in gm�3) versus
temperature (in K) of the 20,662 PSD databases.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023462

VIDOT ET AL. ICE CLOUD PARAMETERIZATION FOR IR RTM 6940



Cotton et al. [2013], and this other set
of parameterization coefficients is
named hereafter B0.0257. The use
of this prefactor convolved with the
F07 parameterization is microphy-
sically consistent with the current
cloud scheme used in the opera-
tional Met Office high-resolution
NWP model [Field et al., 2014]. We
finally tested a last SCSM database,
where the scattering and absorption
coefficients of the B0.0257 database
were scaled by a fixed value of
0.49, hereafter named B0.0257RW,
where RW stands for reweighting.
The motivation for reweighting the
ensemble model is to obtain an SCSM
database between those of parame-
terizations B0.04 and B0.06 while
preserving the Cotton et al.’s [2013]

observed values of the prefactor and exponent in the mass-dimensional relationship (i.e., m = 0.0257 D2).
In this case, the weightings of the ensemble model volumetric extinction coefficient βext were achieved
at each size bin of the PSD using the following equation:

βext ¼ ∫
Dmax

Dmin

Xj¼6

j¼1

wjβext;j Dð Þ
" #

n Dð ÞdD; (5)

where Dmin and Dmax are the minimum and maximum values of the ice crystal maximum dimension in the
F07 PSDs and wj is the weight applied to each member of the ensemble model at each size bin. By
definition, Σwj= 1 at each size bin. Finally, n(D) is the ice crystal number concentration at each size bin
predicted by the F07 PSD parameterization. To preserve the shape of the PSD using the constrain mass-
dimensional relationship it was necessary to reweight the ensemble model using equation (5). If we
assume the Cotton et al.’s [2013] observed microphysics (i.e., B0.0257) to be the best estimate of the
mass-dimensional relationship, and applying this to the F07 parameterization, we will fix the underlying
shape of the PSD. Given a fixed underlying shape of the PSD, the particle concentration per bin size can
change, given the different profiles of IWC and T. Given the fixed underlying shape of the PSD, the
ensemble model members were reweighted, such that the scattering and absorption coefficients were
equivalent to the coefficients using a prefactor of between 0.04 and 0.06. This equivalence is achieved
by using equation (5). The percentage contribution of each of the ensemble model members to the
extinction coefficient (i.e., scattering plus absorption) per bin size was found to be 30% hexagonal
columns; 30% six-branched bullet rosettes; and 10%, 20%, and finally 10% of three- to eight-branched
ice aggregates, respectively. This idealized habit-weighted distribution may not represent the microphysical
constitution of actual cirrus, but may simulate radiative equivalent cirrus, given a fixed underlying shape
of the PSD.

The different prefactors were used to either broaden the F07 PSD or narrow the PSD to change the
transmission properties of the cloud. The exponent of the mass-dimensional relationship was kept
constant at a value of 2.0, as this value is consistent with the literature (see Cotton et al. [2013] for details
and references therein). Figure 2 shows the extinction per particle versus the maximum dimension of ice
crystal D for an assumed IWC value of 0.001 gm�3 and an assumed cloud temperature value of �50°C. The
figure shows that on increasing the prefactor, the extinction becomes less, due to the need for fewer
larger-sized particles to conserve IWC. On the other hand, on decreasing the prefactor, to lower values,
increases the extinction, due to the need for larger particles being required to conserve IWC. In this way,
the transmission properties of the cloud can be varied, and from the measurements, the best optimized
convolution of ensemble model weighting and shape of the PSD can be found.

Figure 2. Extinction per particle in m�2 versus the maximum dimension of
ice crystal D in μm for different values of the prefactor a of the mass-
dimensional relationship throughout the exponent is set to a value of 2.0
(see text for explanation).
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3. Selection of Ice Clouds

To evaluate the different RTTOV ice
cloud parameterizations, we selected
two different retrieval products of
ice cloud profiles. The two products
were retrieved from combined Lidar
CALIOP (on board CALIPSO) and Radar
CPR (on board CloudSat) instruments.
The two products used in this paper
are 2C-ICE [Deng et al., 2010] and
DARDAR [Delanoë and Hogan, 2010].
The two products provide information
on the IWC and Deff profiles, as well as
the visible cloud optical depth (COD).
The main differences between 2C-ICE
and DARDAR are the vertical resolu-
tion of the product (CPR vertical reso-
lution for 2C-ICE and CALIOP vertical
resolution for DARDAR) and different
assumptions for multiple scattering,
lidar backscatter to extinction ratio,
and parameterizations of radar and
lidar signals [Deng et al., 2013].

We selected the ice cloud profiles
from 2weeks (one in February and
one in August 2010) of 2C-ICE and
DARDAR product databases by using
the DARDAR cloud mask product
[Delanoë and Hogan, 2010]. The

DARDAR cloud mask product was found to be better at removing aerosol-contaminated profiles than the
CloudSat mask product. We also selected only profiles over oceans, to reduce potential land surface emissivity
errors in our simulations, and when the pressures of the ice cloud layers were between 440hPa (for the lowest
layer) and 50hPa (for the highest layer). We finally separated the selection into two groups of optical depth,
one for COD between 0.03 and 0.5 (named small COD) and one for COD between 0.5 and 4 (named large COD).

Figures 3a and 3c represent the global location of ice cloud profiles for small and large CODs, respectively.
The total number of profiles is 8817 profiles for small COD and 17,974 profiles for large COD. The zonal
number of the profile distribution is shown in Figures 3b and 3d for each of the COD classifications,
respectively. We separated the latitudes into the following five areas: High-Latitude North (90°N–60°N),
Midlatitude North (60°N–20°N), Tropical Latitudes (20°N–20°S), Midlatitude South (20°S–60°S), and High-
Latitude South (HLS) [60°S–90°S]. Most of the profiles are located in the tropics (with 41.2% and 54.2% of the
total number of profiles for small and large CODs, respectively), and the profile distribution decreases toward
the higher latitudes. For both COD classifications, there are significantly fewer profiles located at high
latitudes (9% and 1.1% for small and large CODs, respectively). Figures 4a–4d show the mean and standard
deviation profiles of IWC and Deff, calculated from 2C-ICE (blue) and DARDAR (red). Figures 4a and 4b show
the IWC and Deff profiles for small COD, respectively, while Figures 4c and 4d show the same but for large
COD. DARDAR generally retrieves more IWC and larger Deff than 2C-ICE, except for Deff in the highest layers.
The difference between the two products mean and standard deviation profiles is more important for small
COD, especially for IWC in the upper layers of ice clouds (see Figure 4a), above about 300hPa.

4. Results

We compared the RTTOV TOA-simulated BT with TOA-observed BT, as measured by the IIR instrument on
board CALIPSO in three channels. The response function of each of the IIR channels is centered on 8.65 μm

Figure 3. Global maps of selected ice cloud profiles for (a) small cloud optical
depth and (c) large cloud optical depth for the two periods (22–28 February
2010 and 25–31 August 2010). (b and d) Zonal profiles number distributions
are provided, respectively.
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(1156 cm�1), 10.6 μm (943 cm�1), and 12.05 μm (830 cm�1). The absolute accuracy of the IIR channels is
considered to be better than 1 K [Corlay et al., 2000]. For all RTTOV simulations, we assume a cloud
fraction of unity in any cloud layer. This assumption is supported by the fine spatial resolution of IIR
(~1 km). To complete the needed inputs for RTTOV, we used collocated European Centre for Medium-
Range Weather Forecasts (ECMWF) meteorological profiles (for pressure, temperature, specific humidity,
and ozone mixing ratio) and collocated ECMWF surface pressure and 2m temperature (ECMWF-AUX
CloudSat product). We finally used collocated skin temperature from the Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA) product [Donlon et al., 2011]. This product was chosen
because it was better to simulate clear-sky IIR observations as compared with the ECMWF skin
temperature product (not shown here for reasons of brevity), and it provides a mask of sea ice for ice
cloud cases in the high latitudes. The accuracy of RTTOV simulations in cloud-free situations was
estimated by selecting 6629 clear-sky profiles for 22 February 2010. The biases and standard deviations
between IIR observations minus RTTOV simulations were found to be �0.35 ± 0.76 K, �0.13 ± 0.82 K, and
�0.23 ± 0.83 K for channels 1, 2, and 3, respectively.

Figure 4. Mean and standard deviation profiles of (a) IWC and (b) Deff from selected 2C-ICE profiles (in blue) and from
selected DARDAR profiles (in red) for small COD. Mean and standard deviation profiles of (c) IWC and (d) Deff for large
COD, respectively.
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Figure 5. The normalized PDFs of IIR BT observations in all bands minus RTTOV BT simulations for the different ice
cloud parameterizations, for small COD and from 2C-ICE (in red), from DARDAR (in blue), and from both 2C-ICE and
DARDAR (in green) and the zero bias (black dashed line). Values of mean biases and standard deviations are provided in
the legend. (a) OL95-HEX, (b) W98-HEX, (c) B02-HEX, and (d) MF03-HEX stand for the Ou and Liou [1995], Wyser [1998],
Boudala et al. [2002], and McFarquhar et al. [2003] parameterizations, respectively. These parameterizations express
the bulk optical properties as a function of the ice crystal effective diameter and IWC and/or temperature. (e) DE-HEX
stands for the case where ice crystal effective diameter retrieved from satellite measurements was used together with
hexagonal crystal optical parameterization. (f) BV11 stands for the current RTTOV version 11 parameterization of the
SCSM model, and (g) B0.015, (h) B0.0257, (i) B0.04, (j) B0.0257RW, (k) B0.06, and (l) B0.08 stand for the parameterizations
of the SCSM model with a prefactor of 0.015, 0.0257, 0.04, 0.0257 reweigthed, 0.06, and 0.08, respectively.
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4.1. Global Results

Figures 5a–5l are IIR observations minus RTTOV simulations (O-B) represented as normalized probability
density functions (PDFs) for small COD and for each of the parameterizations. The normalization is defined
as the integral of the histogram summed to unity. The PDFs were calculated from the aggregation of the
three O-B data sets corresponding to each of the IIR channels, leading to 3 times the number of selected
profiles for each PDF. We simulated TOA BT by using 2C-ICE ice cloud profiles (in red), DARDAR ice cloud
profiles (in blue), and both 2C-ICE and DARDAR (in green). The mean biases (μ) and standard deviations (σ)
of the PDFs, derived from each of the parameterizations, shown in the panels, are given by

μ ¼ 1
3n

X3n
i¼1

Oi � Bið Þ; (6)

where n is the number of selected profiles and

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3n

X3n
i¼1

Oi � μð Þ2
vuut ; (7)

respectively.

Figures 5a–5f show the results for the current RTTOV-11 ice cloud parameterizations (excluding the aggregate
shape for reasons given in section 1). The zero bias is shown by the vertical dashed lines. The results show that
the PDFs are different when using 2C-ICE or DARDAR, except for the parameterization using the Deff profiles as
input (DE-HEX), see Figure 5e. With 2C-ICE ice cloud profile inputs (in red), RTTOV simulations are overestimated
for OL95-HEX (Figure 5a), W98-HEX (Figure 5b), DE-HEX (Figure 5e), and BV11 (Figure 5f), with negative biases
between �0.49K and �1.29 K. RTTOV simulations are underestimated for B02-HEX (Figure 5c) and MF03-HEX
(Figure 5d), with positive biases of 1.85 K and 0.39K, respectively. With DARDAR ice cloud profiles (in blue),
RTTOV simulations are more underestimated for most of the parameterizations (with positive biases between
3.8 K and 10.47 K), except for DE-HEX (Figure 5e), which has a bias of 0.87 K. Standard deviations (SDs) are
also larger with DARDAR inputs. These results confirm the mean ice cloud profiles shown in Figure 4a,
where the mean and standard deviation IWC profiles for small COD from DARDAR are greater than those
from the 2C-ICE product, leading to lower BT simulations. Similarly, the lower difference between the
DARDAR and 2C-ICE mean Deff profiles (Figure 4b) is also obtained in the O-B PDF (see Figure 5e). These
results also show that the comparison is very sensitive to the products of ice water content profiles used as
inputs for RTTOV. To reduce this dependence on the ice cloud product, we aggregated TOA simulations
from both products into the same data set. In the plot of Figure 5, the green lines represent the PDFs, when
combining both products. The values of the mean biases and standard deviations are given in the legends.
When combining 2C-ICE and DARDAR, and for most of the parameterizations, the O-B overestimation from
2C-ICE (due to lower IWC inputs) is cancelled out with the O-B underestimation from DARDAR IWC inputs.
Figure 5e shows that the DE-HEX parameterization gave the lowest mean bias of �0.21K with a SD of 3.4 K
out of all current RTTOV parameterizations. However, this model was shown by Baran and Francis [2004] not
to be a suitable model to use for the simultaneous simulation of high-resolution solar and infrared radiances
measured from above and below the cirrus. Furthermore, the PSDs on which the DE-HEX parameterization is
based were highly likely to have been affected by ice crystal shattering. This means that the overestimation
of the occurrence of small ice crystals when convolved with the geometry of the hexagonal column could
lead to a cancellation of error. Excluding the DE-HEX parameterization for the reasons given above means
that the best agreement is found with the BV11 parameterization with μ=1.65 K and σ =4.36 K (Figure 5f).

We experimented with further parameterizations to minimize O-B differences, to see if an optimal
combination of PSD shape and optical properties could be found. This was achieved by modifying the
SCSM database with the change of the mass-dimensional prefactor, as previously described in section 2.
The effect of increasing the prefactor is (1) to change the mean bias from 6.22 K (for a= 0.015; Figure 5g)
to �1.48 K (for a=0.08; Figure 5i) and (2) to reduce the standard deviation from 7.37 K to 3.06 K,
respectively. The best compromise is found for B0.0257RW, which represents the reweighted ensemble
model, made to be consistent with the most current microphysics (Figure 5j). Using this parameterization,
we found that μ=�0.33 K and σ =3.42 K. It is interesting to note here that the unweighted ensemble
model results, assuming a prefactor of 0.0257 (Figure 5h), gives a combined μ= 2.84 K and combined
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σ = 5.15 K, which means that, for small COD, the model was too biased toward the hexagonal ice column. The
reason for this bias toward the hexagonal ice column is because it has been assigned to the first interval of
the six equally divided intervals of the PSD, and it is over the first interval that the ice crystal number
concentration is a maximum, which when convolved with the broader PSD (as can be seen from Figure 2),
biased the simulated cloud BT’s to colder temperatures.

Figures 6a–6l show the same comparison but for large COD. As compared to small COD, the differences
between the distributions when using DARDAR or 2C-ICE is less important; however, standard deviations
are much larger. These results confirm also the mean ice cloud profiles shown in Figures 4c and 4d, where
the differences were found to be less between DARDAR and 2C-ICE IWC. When combining DARDAR and

Figure 6. (a–l) Same as Figure 5 for large COD.
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2C-ICE, the best agreement for the current RTTOV-11 ice cloud parameterizations (Figures 6a–6f) is again
DE-HEX (Figure 6e) with μ=�0.6 K and σ = 7.96 K (with caveats regarding previous comments about
consistency and PSDs). If Deff is not inputted, the second best agreement is found for the W98-HEX
parameterization, with μ=5.49K and σ =10.93K (Figure 6b). The same caveats apply to this parameterization
with regard to geometry and the PSDs being affected by ice crystal shattering. By experimenting with
the prefactor of the mass-dimensional relationship applied to the SCSM database, we can again improve
the correlation with the same effect as for small COD, when increasing the prefactor and reweighting the
ensemble model. For large COD, the best compromise is also found for B0.0257RW (Figure 6j), with μ=0.81 K
and σ =7.98K, which is consistent with the results found for small COD.

Figure 7. (a–l) Same as Figure 5 for all COD.
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Finally, we evaluated the comparison when adding the two COD groups to find out which one of
the current RTTOV-11 parameterizations provides the best agreement. The results are depicted in
Figures 7a–7l. The DE-HEX parameterization with μ=�0.47 K and σ = 6.81 K (Figure 7e) is still the best of
the current RTTOV-11 ice cloud parameterizations, and the W98-HEX parameterization with μ= 4.23 K
and σ = 9.70 K (Figure 7b), when Deff is not inputted. Again, the previously stated caveats apply to these
parameterizations.

The impact of changing the transmission properties of the SCSM, by increasing the prefactor in the mass-
dimensional relationship to change the shape of the PSD, is also shown in Figure 7. The combined results
show that the effect is to move the mean bias from underestimation to overestimation of the RTTOV BT
simulations and to systematically reduce the standard deviation. Consistent with the results found for
small and large CODs, the combined results show that the B0.0257RW parameterization provides the best
agreement with the observations, with μ= 0.43 K and σ =6.85 K (Figure 7j). The remaining rather high
value of the standard deviation may have different sources, as the uncertainties from IWC products or the
error due to the RTTOV scattering approximation. As a comparison, other fast RTMs have shown similar
standard deviations when comparing infrared observations and simulations in ice cloud situations [Chen
et al., 2008]. The results show that the B0.0257RW parameterization is closest to the current RTTOV-11 DE-HEX
parameterization (Figure 7e). However, the B0.0257RW parameterization is the most consistent with current
cirrus microphysics observations, in terms of PSDs, mass-dimensional relationships, and does not include
significant biases in the small ice mode of the PSD due to ice crystal shattering. Moreover, simulations with
this optimized parameterization are statistically very close to the simulations with the parameterization,
when Deff profile is inputted, and are statistically better than simulations with the other current RTTOV-11 ice
cloud parameterizations. This section has shown that given a best-estimated PSD, from the latest observations
of the mass-dimensional relationship [Cotton et al., 2013], the ensemble model can be reweighted to find the

Figure 8. IIR BT observations minus RTTOV simulations (a) mean bias and (b) standard deviation versus RTTOV ice cloud
parameterization from all COD profiles in all zonal areas (in red), in High-Latitude North (blue), in Midlatitude North
(green), in Tropical Latitudes (purple), in Midlatitude South (orange), and in High-Latitude South (brown). The number of
profiles for each area is given in Figure 8a legend.
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best optimal fit to the measurements. In principle, this can be applied to any shape of the PSD while
maintaining microphysical consistency.

4.2. Zonal Results

Wenext studiedwhether the parameterizations have any zonal dependence. The results of this analysis are shown
in Figure 8, which show the mean bias (Figure 8a) and standard deviation (Figure 8b) values for each of the
parameterizations. As for Figure 7, the two groups of COD and all IIR channels were combined. The different
colors shown in Figure 8 represent the different zonal areas, and the number of profiles in each zonal area
defined in section 3 is given in the legend. The red line corresponds to values from Figure 7. The results found
at the global scale can be applied for all zonal areas, even for HLS where very few profiles were selected. From
Figure 8, it can be seen that the least zonally biased parameterization is B0.0257RW. Therefore, whatever the
zone, the optimized B0.0257RW parameterization better simulates the IIR TOA BT in the presence of ice clouds.

5. Conclusions

A Self-Consistent Scattering Model (SCSM) database of ice cloud optical properties in the thermal infrared has
been parameterized and implemented into RTTOV-11. This new parameterization allows a direct estimation
of the cloud optical properties from the IWC and the ambient temperature T profiles, avoiding the choice
of an effective diameter relationship and the shape of ice crystals. To evaluate this new parameterization,
with other RTTOV ice cloud parameterizations, we selected a data set of ice cloud profiles from 2C-ICE and
DARDAR products. The comparison of simulated TOA brightness temperatures against collocated IIR
observations showed that the best parameterizations to apply are DE-HEX and B0.0257RW, where, in the case
of DE-HEX, the effective size profile of ice cloud has to be provided as input to RTTOV. We point out here that
the B0.0257RW parameterization is directly related to the NWP or climate model prognostic variable IWC,
whereas Deff has to be diagnosed, usually within the radiation scheme of NWP or climate models, and this
diagnosis depends on empirical fits between Deff and environmental temperature and/or IWC. Moreover, the
single hexagonal column cannot be applied across the electromagnetic spectrum as demonstrated by Baran
and Francis [2004]. Furthermore, the older RTTOV-11 parameterizations are based on PSDs which are highly
likely to have been affected by ice crystal shattering, thereby resulting in underestimated Deff values [Mitchell
et al., 2011]. Nevertheless, for all parameterizations, the mean biases between simulated and observed
brightness temperatures are still up to a few kelvins. A recent paper by Fauchez et al. [2014] has shown that
cirrus heterogeneities can impact simulations of brightness temperatures in the terrestrial window region by
several kelvins when compared against RTM assuming plane-parallel and homogeneous layers. Therefore, the
remaining biases shown in this paper could be due to 3-D cloud effects, which should be taken into account
in future simulations through some form of parameterization.

To obtain the B0.0257RW parameterization, which is fundamentally based on the SCSM database, we used the
selected data set of ice cloud profiles to minimize the bias between simulations and observations. We
demonstrated that by modifying the prefactor of the mass-dimensional law of the PSD, to match the Cotton
et al.’s [2013] observationally derived mass-dimensional relationship, we could reduce the bias from 6.47K to
0.43K and the standard deviation from 8.38K to 6.85K for the complete range of visible COD used in this
study. Indeed, the B0.0257RW parameterization was demonstrated to be the least zonally biased out of all the
current RTTOV-11 parameterizations. As a result of this finding, in the next version of RTTOV, we will replace
the current SCSM parameterization (BV11) with the optimized SCSM database parameterization (B0.0257RW).
This parameterization can also be applied to any other fast radiative transfer model [see for example
Havemann et al., 2009; Thelen et al., 2012]. This parameterization may also be applied to general circulation
models, since the SCSM database has already been parameterized in a simplistic manner and tested in the
Met Office Unified Model Global Atmosphere configuration 5.0 setup [Baran et al., 2014b]. In future studies,
the RTTOV parameterizations will be tested at wavelengths ranging from the visible to the near infrared.
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