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ABSTRACT

The impact of two different coupled cirrus microphysicsÐradiation parameterizations on the zonally averaged
temperature and humidity biases in the tropical tropopause layer (TTL) of a Met OfÞce climate model conÞguration
is assessed. One parameterization is based on a linear coupling between a model prognostic variable, the ice mass
mixing ratio qi, and the integral optical properties. The second is based on the integral optical properties being
parameterized as functions ofqi and temperature,Tc, where the mass coefÞcients (i.e., scattering and extinction) are
parameterized as nonlinear functions of the ratio betweenqi and Tc. The cirrus microphysics parameterization is
based on a moment estimation parameterization of the particle size distribution (PSD), which relates the mass
moment (i.e., second moment if mass is proportional tosize raised to the power of 2) of the PSD to all other PSD
moments through the magnitude of the second moment andTc. This same microphysics PSD parameterization is
applied to calculate the integral optical properties used in both radiation parameterizations and, thus, ensures PSD
and mass consistency between the cirrus microphysics and radiation schemes. In this paper, the temperature-non-
dependent and temperature-dependent parameterizations are shown to increase and decrease the zonally averaged
temperature biases in the TTL by about 1 K, respectively. The temperature-dependent radiation parameterization is
further demonstrated to have a positive impact on the speciÞc humidity biases in the TTL, as well as decreasing the
shortwave and longwave biases in the cloudy radiative effect. The temperature-dependent radiation parameteri-
zation is shown to be more consistent with TTL and global radiation observations.

1. Introduction

It is well known that cirrus makes an important
contribution to the radiative balance of the tropical
tropopause layer (TTL) through its temperature,

spatial distributions, opacity, and composition. More-
over, it inßuences the water vapor concentration in the
stratosphere (HeymsÞeld 1986; Sassen et al. 1989;
McFarquhar et al. 2000; Corti et al. 2006; Wang and
Dessler 2006; Stubenrauch et al. 2007; Jensen et al.
2008; Mace et al. 2009; Yang et al. 2010; Schwartz and
Mace 2010; Taylor et al. 2011; Zhou et al. 2014; Hong
and Liu 2015; Hardiman et al. 2015, and references
therein).
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Typical TTL cirrus will efÞciently trap outgoing
longwave radiation from the surface and atmosphere,
generally leading to a warming of the surface, and ab-
sorb incoming shortwave radiation at near-infrared
wavelengths, generally leading to a local heating of
the upper troposphere (Liou 1986; Liou 2005;
Edwards et al. 2007; Baran 2009; Taylor et al. 2011;
Baran 2012; Yi et al. 2013; Zhou et al. 2014; Hong
and Liu 2015; Yang et al. 2015; Hardiman et al.
2015). The balance between cirrus warming or cooling
the upper troposphere depends on its visible optical
depth, as shown byHong and Liu (2015), who dem-
onstrated that cirrus with visible optical depths less
than unity leads to a net heating of the upper tropo-
sphere, while optically thicker cirrus results in a net cool-
ing of the upper troposphere. Moreover, subvisual cirrus
occurs in the TTL, as found by Lawson et al. (2008); also,
Lee et al. (2009)showed that these clouds may exert a net
radiative effect on the order of about 1.1 Wm2 2.

In general, the role of cirrus in either heating or
cooling the TTL depends not only on the visible optical
depth but also on the microphysics and the scattering and
absorption properties of atmospheric ice (Baran et al.
2014a, hereinafter B014a; Yang et al. 2015, and refer-
ences therein). There have been aircraft campaigns that
have examined the ice microphysics composition of the
TTL. In the study by HeymsÞeld (1986), the common
occurrence of trigonal particles was reported but more
recent studies byLawson et al. (2008) have found few
occurrences of trigonal ice particles. In the study by
McFarquhar et al. (2000), they found habit mixtures
comprising 50% of hexagonal columns and trigonal ice
crystals in the subvisual TTL cirrus they studied. Mean-
while, Lawson et al. (2008)found the occurrence of quasi-
spherical ice particles to be the most common particle
type for all crystal sizes. However, it is uncertain as to
whether these particles are actually quasi-spherical due to
the limiting resolving power of the microphysics instru-
mentation used at the time; therefore, the appearance of
quasi-sphericity could be due to diffractive and optical
effects, as noted byCotton et al. (2010) and references
therein. On the other hand, these particles could be quasi-
spherical, but instruments are required that can ade-
quately resolve these ice crystals of an uncertain shape,
such as the small ice detector described inUlanowski et al.
(2006). For crystal sizes greater than 65mm, Lawson et al.
(2008)found habit mixtures comprising mostly hexagonal
plates and irregular ice crystals. In the study byJensen
et al. (2008)they noted the occurrence of hexagonal plate
aspect ratios of 6:1 of nearly 100mm in size near the TTL,
which were reported to be unassociated with deep tropical
convection. The more recent Airborne Tropical Tropo-
pause Experiment (ATTREX) reported by Jensen et al.

(2016) found bullet rosettes to be commonly occurring
with little evidence of aggregated ice crystals in the cirrus
cases they sampled. The two particle size distributions
shown in Jensen et al. (2016)extend to maximum di-
mensions of about 50mm and almost 200mm, at temper-
atures of , 195 K and between about 195 and less than
210 K, respectively. Meanwhile,Lawson et al. (2008)re-
port particle distributions extending to 165 mm in the
subvisual TTL cirrus they sampled, which contrasts with
the study of McFarquhar et al. (2000), who found that
particle maximum dimensions did not extend to beyond
50mm. Determining the habit mixtures and particle dis-
tributions in TTL cirrus is important, as the choice of
assumed particle distributions in climate models will
inßuence their predicted radiative effect of cirrus. For
instance, in the study ofMitchell et al. (2008) they show
that by assuming two different parameterizations of the
small ice mode, the shortwave radiative effect differ-
ences in the annual zonally averaged ßuxes at the top
of the atmosphere in the tropics can be up to
about 2 25 W m2 2. They also show that the longwave
differences in the tropics can be up to 20 W m2 2. Clearly,
from the studies cited above, there is uncertainty as to
the most general ice microphysics composition in the
TTL to assume in models; in turn, this will affect climate
model simulations of the TTL, as differing climate
models assume dissimilar microphysics properties,
which may lead to an excess in TTL warming or cooling
(Hardiman et al. 2015). Further campaigns in the TTL are
necessary if such uncertainties reported byHardiman
et al. (2015) are to be reduced in climate models. How-
ever, recent TTL process studies byHardiman et al.
(2015) have shown that physically improved climate
model parameterizations do not necessarily improve
simulations of the TTL. For example, recent parame-
terizations of cirrus microphysics and bulk optical
properties by Furtado et al. (2015) and B014a, re-
spectively, were shown to increase the temperature
and speciÞc humidity biases in the TTL in recent global
conÞgurations of the Met OfÞce UniÞed Model (MetUM).
In this paper, the physical reasons are explored as
to why the parameterizations of Baran et al. (2014b,
hereinafter B014b) increased the TTL temperature bias
in the climate model. This paper also presents a new
bulk optical property parameterization of cirrus that is
demonstrated to provide a more accurate simulation of
the TTL in the MetUM as well as an improved repre-
sentation of MetUM simulations of the cloudy short-
wave and longwave radiative effects. The paper is
organized as follows:Section 2 describes the bulk op-
tical property parameterization and its accuracy, and
includes comparisons between the new and theB014b
parameterizations. Section 3 brießy describes a baseline
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MetUM conÞguration and compares the impact of the
new and B014b parameterizations on this conÞguration
against both observations and analyses.Section 4 dis-
cusses the results.

2. The parameterization

The parameterization presented in this paper is
based on the ensemble model of cirrus ice crystals
fully described in Baran and Labonnote (2007),
whereby the bulk optical properties are derived by
averaging habit-dependent, single-scattering proper-
ties over an assumed particle size distribution (PSD);
a Þgure of the model is shown in Fig. 2 inB014b. A
brief description of the model is given here. The en-
semble model consists of six shapes, and these are a
hexagonal ice column of an assumed aspect ratio (AR)
of unity, the six-branched bullet rosette, and then hex-
agonal monomers are randomly attached to build four
ice aggregate models, which consist of 3-, 5-, 8-, and,
Þnally, 10-branched hexagonal ice aggregates. The latter
aggregate models can cover the largest ice crystal sizes
found in the PSD, while the former members can pop-
ulate the smaller end of the ice crystal PSD. Alterna-
tively, weights can be assigned to each member of the
ensemble model at each PSD bin size to compute the
bulk optical properties. Here, use is also made of
the same bulk ice optical property database that was
used to develop the B014b parameterization. The da-
tabase is composed of the following bulk optical prop-
erties: the extinction and scattering coefÞcients, the
single-scattering albedov 0, and the asymmetry param-
eter g. These bulk optical properties are deÞned by Eqs.
(1)Ð(3) in B014b, and the same deÞnitions are used in
this paper. A full description of that database can be
found in B014aand B014b. However, brief descriptions
of the bulk optical property database and its experi-
mental validation are given here. The database de-
scribed in B014a consists of 20 662 values of ice water
content (IWC) and Tc, which were compiled from a
number of cirrus Þeld campaigns described inBaran
et al. (2011a), and these in situ campaigns were pre-
dominantly located between northern Europe and the
tropics. However, most of the in situ IWC values that
were compiled by Baran et al. (2011a)were not obtained
at temperatures colder than2 608C. Because of this lack of
in situ ice microphysics measurements down to tempera-
tures as low as2 808C, in B014a, IWC values were ran-
domly selected from temperatures warmer than 2 608C
and placed at temperatures between2 608and 2 808C. In
this way, the IWC and Tc space was built up to 20 662
values, which ranged between about 3.03 102 3 and
about 102 9kg m2 3, and between about 2 808 and 08C,

respectively. This range in IWC and Tc is sufÞcient to
cover the range in IWC and Tc values that are likely to be
predicted in the MetUM.

In B014a and B014b, the IWC and Tc values were
related to the PSD through a moment estimation pa-
rameterization of the PSD ascribed to Field et al.
(2007, hereafter F07) and this parameterization is
further described below. The IWCÐTc generated
PSDs were previously applied to the ensemble model
single-scattering properties described in B014a to
obtain the cirrus bulk optical properties used in B014b
at 145 wavelengths between 0.20 and 120mm. The
same bulk ice optical properties utilized in B014b are
used in this paper.

The coupled IWCÐTc bulk ice optical properties
used in this paper have been validated using a variety
of aircraft- and space-based solar and infrared ra-
diometric measurements. For instance, inB014a the
ensemble model bulk ice optical properties were ap-
plied to a fast radiative transfer model to simulate
very high-resolution solar (between about 3.4 and
4.1mm) and infrared (between about 8.0 and 12.0mm)
aircraft-based brightness temperature measurements
obtained from directly above midlatitude cirrus of
visible optical depth varying between about 0.03 and
0.06. It is shown in the paper that the solar and in-
frared brightness temperature measurements were
mostly simulated to within 6 2 and6 1 K, respectively.
Note also that the lower visible optical depth of 0.03 is
generally taken as the upper limit for ÔÔsubvisualÕÕ
cirrus, as deÞned bySassen and Cho (1992). More-
over, B014a also showed that the same ensemble
microphysical model could forward model deep
frontal cirrus effective radar reßectivity at 35 GHz
and microwave brightness temperatures at 190 GHz
to generally within 6 2 dBZ e and 6 2 K, respectively.
Thus, B014ashowed that, in the case of the solar and
infrared measurements, the same microphysical
model can be consistently applied across the spectrum
using a full set of optical properties (i.e., the scatter-
ing phase function and integral optical properties) to
simulate those observations. Meanwhile,Sourdeval
et al. (2015) demonstrated that the same ensemble
model bulk ice optical properties used in B014a
could also replicate CloudÐAerosol Lidar with Or-
thogonal Polarization (CALIOP) and in situ polar
nephelometer measurements of the volume extinc-
tion coefÞcient of midlatitude cirrus to generally
within the standard deviation of both CALIOP and
polar nephelometer measurements. The in situ and
CALIOP volume extinction c oefÞcients varied be-
tween less than about 0.2 and 1.4 km2 1, at the wave-
lengths of 0.532 and 0.80mm, respectively. The ensemble
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modelÕs predicted bulk optical properties have also
been globally validated by Vidot et al. (2015) and Letu
et al. (2015).

In Vidot et al. (2015) it is shown that an equivalent
weighting of 0.30, 0.30, 0.10, 0.20, and 0.10 applied to
each of the ensemble habit extinction and scattering
coefÞcients at each bin size of theF07 PSD parame-
terization best simulated cirrus infrared brightness
temperature measurements from the Imaging In-
frared Radiometer (IIR) i nstrument at wavelengths
of 8.65, 10.60, and 12.05mm. The combined mean
brightness temperature bias using the weighted
model optical properties was found to be only 0.43 K
with a standard deviation of 6.85 K for visible opti-
cal depths between 0.03 and 4.0. The IIR bright-
ness temperature simulations were based on more
than 26000 proÞles of IWC from the Cloudsat and
CALIPSO Ice Cloud Property Product (2C-ICE) and
radarÐlidar (DARDAR) products ( Deng et al. 2010;
Delanoë and Hogan 2010). The IWC product proÞles
and atmospheric proÞles (the latter proÞles came from
the European Centre for Medium-Range Weather
Forecasts and were collocated with CALIOP) were lo-
cated between the latitudes of about6 608and at altitudes
between about 440 and 50hPa, thus covering the region
of the TTL, and most of the proÞles were located in the
tropics. Meanwhile, Letu et al. (2015) used global ob-
servations from the Polarization and Directionality of the
EarthÕs Reßectances-3 (POLDER-3) measurements on
board the Polarization and Anisotropy of Reßectances
for Atmospheric Sciences coupled with Observations
from a Lidar (PARASOL) to show that the ensemble
modelÕs predicted ice cloud solar optical depths at a
wavelength of 0.865mm best minimized differences be-
tween observations, with all ice crystal models consid-
ered. The POLDER-3 analysis of Letu et al. (2015) is
based on 589246 pixels, with each pixel size being ap-
proximately 6 km 3 6 km. In most pixels the scattering
angle range covered is between 608and 1608, and in some
pixels the scattering angle range covered is between 1608
and 1808. The pixels were located between the latitudes of
about 6 908, but the vast majority of pixels were located at
latitudes between about6 608. The data cover the period
between the 20th and 22nd of March, June, September,
and December 2008. Therefore, all meteorological sea-
sons are covered in the time period studied byLetu et al.
(2015)and the study is, thus far, the most comprehensive
and consistent analysis of POLDER-3 global data. Given
the preceding evidence, the ensemble model bulk ice
optical properties have been sufÞciently validated glob-
ally to apply to a parameterization of cirrus optical
properties in a climate model. Such validation exercises
described above are necessary to carry out to show that

the full set of optical properties is consistent with mea-
surements from across the spectrum in order to provide
conÞdence in their applicability to climate models. As a
further example of this validation approach, see, for ex-
ample, the paper byHolz et al. (2016).

The PSDs applied to the ensemble model single-
scattering properties in the preceding literature as-
sumed the F07 moment estimation parameterization
of the PSD. A full derivation of the PSD parameteri-
zation is given in F07, but a brief description is given
here. The F07 parameterization is based on 10 000
in situ measurements of the PSD and IWC, which were
measured between the temperatures of 08and 2 608C
during a number of cirrus Þeld campaigns located in
the midlatitudes and tropics. The parameterization is
based on the moments of the PSD, given by the in-
tegral product of D n and f(D), where D is the maxi-
mum dimension of the ice crystal and f(D) is the
PSD, which gives the particle number concentration at
eachD, andn $ 0. Therefore, the zeroth moment (i.e.,
n 5 0) is the total number concentration of particles
per unit volume of cloudy air. The PSD parameteri-
zation is related to the total IWC through some as-
sumed relationship between mass andD, where in the
case of aggregating ice crystals the mass of ice} D 2

(Westbrook et al. 2004; Cotton et al. 2013, and refer-
ences therein). The other moments of the PSD are
related to the second moment (M 2) through a re-
lationship of the form M n 5 s nM 2

b
n, where s n and bn

are functions of Tc. Therefore, given all M n, the full
PSD can be estimated from the IWC andTc values via
an assumed massÐdimensional relationship. It should
be noted here that to reduce the impact of ice crystal
shattering on the PSD parameterization, the in situ
PSDs in F07 were Þltered by using the measured in-
terarrival times of the ice crystals as described inF07
and Field et al. (2006), and ice crystals with D ,
100mm were ignored. However, the PSD parameter-
ization does not ignore the shape of the ice crystal
PSD at D , 100mm, but instead assumes an expo-
nential PSD (Field and HeymsÞeld 2003) that is added
to a modiÞed gamma distribution at an ice crystal size
of about 100mm. The degree to which in situ PSDs are
skewed due to ice crystal shattering has more recently
been studied byKorolev et al. (2013). In that paper, they
found that if Þltering alo ne is applied without any
modiÞcations to the in situ microphysics probes on
board aircraft, such as the use of antishatter tips,
the PSD becomes signiÞcantly skewed from the best
measured PSD atD # 200Ð175mm, where the best-
measured PSDs were determined using both antishatter
tips and Þltering. Korolev et al. (2013) state that the
precise ice crystal size at which signiÞcant divergence
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from the best-estimated PSD occurs cannot as yet be
determined due to insufÞcient statistical sampling of
ice clouds. In other words, there are too few cirrus Þeld
campaigns on which to base Þrm conclusions. Therefore,
it is currently unknown to what degree the F07 parame-
terization has been affected by the shattering of ice.
However, this parameterization is more representative of
cirrus PSDs than the Houze et al. (1979) PSD parame-
terization, which is the current assumption in the MetUM
operational model. The Houze et al. (1979)parameteri-
zation is based on 37 in situ PSDs, 90% of which were
measured at temperatures warmer than2 308C. Cur-
rently, within the operational MetUM, the Houze et al.
(1979) estimated PSD is kept constant at temperatures
colder than 2 358C. This assumption means that at much
colder temperatures, such as those that occur within the
TTL region, there will be orders of magnitude more
frequently occurring large ice crystals than there should
be. This has clear implications for the assumed fall speed
of ice crystals within the MetUM model, which must be
artiÞcially increased to several meters per second to
accommodate space-based radiometric shortwave and
outgoing longwave measurements of ßux at the top of
the atmosphere (TOA).

The F07 parameterization has been experimentally
validated by Baran et al. (2011b) and Furtado et al.
(2015). In Baran et al. (2011b) the moment estimated
PSD was found to Þt well to several cases of averaged
in situ measured tropical PSDs. For several cases of
midlatitude cirrus Furtado et al. (2015) compared the
F07 moments to in situ measured moments, while ig-
noring particles less than 100mm in size because of the
current uncertainties in measuring the size of small ice at
D , 100mm, and found good correlations between the
parameterization and measurements for all cases con-
sidered. However, poor correlations emerged in that
study when the moments predicted by theHouze et al.
(1979) parameterization were compared against the
in situ derived moments. The study of Furtado et al.
(2015) emphasizes that theF07 parameterization is a
better representation of the ice PSD to apply to climate
models in general than theHouze et al. (1979) param-
eterization. This last statement is especially true in the
TTL, given the above description of the Houze et al.
(1979) parameterization.

Given that the F07 PSDs are related to a model
prognostic variable (i.e., the mass carrying momentM2)
and this varies as a function ofTc, given that the en-
semble model single-scattering properties have been
integrated over these PSDs, the bulk ice optical prop-
erties can also be directly related to the climate model
prognostic variable IWC [i.e., m(D) 5 constant 3 D2,
wherem is the mass (in kg)] andTc or just IWC (as is the

case inB014b). The behavior of the 20 662 bulk ice op-
tical properties, v 0 and g, in M2ÐTc space, is shown in
Figs. 1a and 1b, respectively, at a wavelength of
1.575mm. This wavelength is chosen as an example to
show the variation of the bulk ice optical properties in
the full space used for the later parameterizations. In
Fig. 1a, it is shown that v 0 varies between the values of
0.7 and 1.0, at the coldest temperature values, down to
about 2 808C and M2 ; 102 5m2 1, and v 0 is near unity.
At these values of M2 and Tc, the PSD is very narrow
and will be largely composed of small ice crystals with
many fewer occurring large ice crystals; therefore at this
wavelength the smaller ice crystals will efÞciently scatter
incident radiation. At much larger values of M2 and at
much warmer temperatures, at 0.01 m2 1 and 2 158C,
respectively, the value of v 0 decreases to a value of
about 0.8. At such M2 and Tc values, the PSD becomes
much broader than previously, with much more fre-
quently occurring large ice crystals, which at this wave-
length will absorb incident radiation, thereby decreasing
v 0. The converse behavior is shown, at the same values of
M2 andTc, for g in Fig. 1b, whereg has the corresponding
values of about 0.78 and 0.88. The reasons for these values
are the same as those given for the behavior ofv 0.
Figures 1a and 1bshow that the spatial distribution of v 0

and g is physically to expectation and would be a similar
distribution if the optical properties were plotted as a
function of some characteristic size. Here, we demon-
strate this using the characteristic size usually assumed in
radiation schemes in climate models, which is the mean
effective dimension, Deff, deÞned afterFoot (1988) as

Deff 5
masst
r A t

, (1)

where in Eq. (1) masst and At are the total mass and
orientation-averaged projected area of the PSD, re-
spectively, and r is the density of solid ice. Here, we
assume thatr 5 1000 kg m2 3 to keep units in Eq. (1)
consistent, hence the units of masst and At being in SI.
First, we show that the momentM2 can easily be related
to Deff, as shown inFig. 2, where in Fig. 2, as an example,
we assume that the masst and At are computed from the
Þrst member of the ensemble model, which is the hex-
agonal ice column of AR 5 1.0. As can be seen from
Fig. 2, the second moment or, equivalently, IWC (by
assuming some massÐD relationship) could easily be
related to Deff as a function ofTc or just by relating IWC
directly to Deff by using some Þtting procedure. Indeed,
this latter approach was used byMcFarquhar et al.
(2003), who parameterized IWC explicitly as a function
of an effective radius [Deff can be related to the effective
radius,reff, by reff 5 (3/4) 3 Deff]. Therefore, the bulk ice
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optical properties can also be easily parameterized as a
function of M2 or IWC and Tc, as is done inB014b (i.e.,
IWC alone) and in this paper (i.e., IWC and Tc). We
note that, for aggregating ice crystals both mass and
diameter are proportional to D2, so Deff becomes in-
dependent of IWC. A further characteristic size could
also be deÞned, such as the ratio between the third and
second moments of the PSD. If the second moment is the
mass-carrying momentM2, this characteristic size is the
mean mass-weighted size,Dmmw. The relationship be-
tween Deff and Dmmw is characterized byFigs. 3a and 3b,
respectively, which show the variation of v 0 at a wave-
length of 1.575mm as a function of the characteristic sizes
and Tc for all 20662F07 PSDs. In the case ofDeff, in the

Þgures the same deÞnitions are used as above. The Þgure
shows thatDeff is simply some multiple of Dmmw and the
spatial distribution of v 0 in the spaces of characteristic
sizeÑTc is exactly the same. Furthermore, the distribu-
tion of v 0 shown in Figs. 3a and 3bis relatable to Fig. 1a.
That is, at the sameTc values of 2 808and 2 158C, small
and large characteristic sizes can be chosen to give the
same values ofv 0 for the same values of M2 assumed
above. The above Þgures illustrate that there is a choice
to be made as to how the bulk ice optical properties are
parameterized in climate models.

As is done in B014b and in this paper, we avoid re-
lating the bulk ice optical properties to Deff as is tradi-
tionally done. Instead, our choice is to relate the optical

FIG . 1. The bulk optical properties (a) v 0 and (b) g as a function of the mass carrying moment
M(2) and temperature at the wavelength of 1.575mm for all 20 662 values. The calculated
values for v 0 and g are shown as the color bar on the right-hand side of the Þgures.
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properties directly to climate model prognostic variables
such asM2/IWC. This is because in climate modelsDeff

is generally diagnosed in the radiation scheme and the
Deff in the radiation scheme is different from the Deff in
the cloud physics scheme of a climate model because
different PSDs are usually assumed. In the approach
adopted by B014b and in this paper, we ensure that the
PSDs generated through theF07 parameterization in
the cloud physics scheme in the climate model are the
sameas those used in the radiation scheme, thus pro-
viding internal physical consistency within the climate
model. In the traditional approach, this physical internal
consistency is generally currently lost. Internal physical
consistency could be satisÞed using the traditional ap-
proach if Deff were determined from the PSDs within the
cloud physics scheme of the climate model and these
values passed to the radiation scheme. In this way, the
effective size then becomes consistent between the two
schemes. However, this recovery of physical consistency
requires an extra step within the climate model. Here, we
prefer to avoid such an unnecessary step. It should also be
noted that from Eq. (1), the integral over the mass re-
quires some massÐD relationship to be applied. However,
this massÐD relationship will obviously change depend-
ing on the choice of habit models; as a consequence, this
has the potential to change the spatial distribution of v 0

shown inFig. 3a. However, in the approach adopted here,
the mass of ice predicted by the climate model cannot
change and, thus, will always be the same mass of ice
between the cloud physics and radiation schemes.

In this paper, to generate the PSDs, theF07 moments
are generated while assuming the recommendedFurtado
et al. (2015) massÐdimensional prefactor and exponent

values of 0.0257 and 2.0, respectively, which were
derived by Cotton et al. (2013), and by using the
20 662 IWC estimates and in-cloud temperature
measurements compiled by B014a. Note that this
massÐdimensional relationship is the same as that as-
sumed byHardiman et al. (2015), and was used byVidot
et al. (2015) to Þnd the optimal ensemble model optical
property parameterization that best simulated globally
measured infrared radiometric brightness temperatures.
Furthermore, in this paper, the weights assigned to
each of the ensemble members at eachF07 PSD bin
size are the same as those assumed in experiment 4 of
B014b[i.e., Eq. (9) in that paper], which were 0.50, 0.20,
and 0.30, respectively. This assignment of weights to
the ensemble model is different from that found by
Vidot et al. (2015) to achieve radiometric equivalence
between the model and measurements. However, ex-
periment 4 of B014b gave the best comparisons be-
tween the climate model runs and space-based
shortwave and longwave radiation measurements. In
contrast, the Vidot et al. (2015) analysis is based on
measurements obtained at three wavelengths in the
infrared. It is yet to be seen whether the weightings
found in that paper would remain the same if more
solar and infrared wavelengths were to be utilized. This
will be the subject of a future paper; thus, we assume
the same weightings as those used in experiment 4
of B014b.

In the MetUM conÞguration of models, atmospheric
particulates such as aerosol, ice, and water clouds are
represented by vertical proÞles of their mixing ratios
with respect to air. In this paper and in B014b, the IWC
becomes the ice mass mixing ratio,qi, that is, the ratio
between ice mass per unit volume and the mass of
cloudy air per unit volume, and is in units of kg kg2 1.
Likewise, the bulk optical properties, the volume ex-
tinction, and scattering coefÞcients become the mass
extinction, Kext, and mass scattering coefÞcients,Ksca,
and both are in units of m2kg2 1 (i.e., the extinction and
scattering coefÞcients per unit mass of cloudy air).

In this paper, the bulk optical property database is Þrst
divided into the six shortwave and nine longwave
EdwardsÐSlingo (Edwards and Slingo 1996, hereafter
ES96) bands; these bands are deÞned inTable 1. In each
of the ES96bands, a total of about 10 000qi and Tc values
were randomly selected from the bulk optical property
database ofB014a. Selected values ofqi and Tc were be-
tween 1.0 3 102 8 and 0.004 kg kg2 1 and 2 808 and 08C,
respectively. This randomly selected range inqi ÐTc space
is sufÞcient to capture the full range that might be gen-
erated in an atmospheric model. In each of the ES96
bands, the bulk optical properties were parameterized as
nonlinear and linear functions, dependent onqi andTc, by

FIG . 2. The mass carrying moment M(2) as a function of the
mean effective dimension,Deff, and temperature,Tc, for all 20 662
values. The key on the right-hand side of the Þgure isTc in units
of 8C.
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