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ABSTRACT

A new coupled cloud physics–radiation parameterization of the bulk optical properties of ice clouds is pre-

sented. The parameterization is consistent with assumptions in the cloud physics scheme regarding particle size

distributions (PSDs) and mass–dimensional relationships. The parameterization is based on a weighted ice

crystal habit mixture model, and its bulk optical properties are parameterized as simple functions of wavelength

and ice water content (IWC). This approach directly couples IWC to the bulk optical properties, negating the

need for diagnosed variables, such as the ice crystal effective dimension. The parameterization is implemented

into theMetOfficeUnifiedModel Global Atmosphere 5.0 (GA5) configuration. TheGA5 configuration is used

to simulate the annual 20-yr shortwave (SW) and longwave (LW) fluxes at the top of the atmosphere (TOA), as

well as the temperature structure of the atmosphere, under various microphysical assumptions. The coupled

parameterization is directly compared against the current operational radiation parameterization, while

maintaining the same cloudphysics assumptions. In this experiment, the impacts of the two parameterizations on

the SW and LW radiative effects at TOA are also investigated and compared against observations. The 20-yr

simulations are compared against the latest observations of the atmospheric temperature and radiative fluxes at

TOA. The comparisons demonstrate that the choice of PSDand the assumed ice crystal shape distribution are as

important as each other. Moreover, the consistent radiation parameterization removes a long-standing tropical

troposphere cold temperature bias but slightly warms the southern midlatitudes by about 0.5K.

1. Introduction

The Fifth Assessment Report of the Intergovernmental

Panel on Climate Change (IPCC; Stocker et al. 2013)

concluded that the radiative coupling between clouds and

the atmosphere remains one of the largest sources of un-

certainty in understanding intermodel differences in pre-

dicting the equilibrium state of Earth’s climate. Stocker

et al. (2013) concluded that most of the intermodel

differences were due to low clouds. It is well known,

however, that general circulation models (GCM) gen-

erally underpredict ice mass, compared to observations,

by several or more factors (Waliser et al. 2009; Wu et al.

2009; Delanoë et al. 2011; Field et al. 2014). This general

underprediction of high-troposphere icemass by climate

models creates problems when assessing the importance

of different high cloud types to the climate sensitivity of

GCMs. This is because the role of high clouds in de-

termining the shortwave (SW) and longwave (LW) ra-

diative exchanges may well be underestimated by those

models (Baran 2012). Moreover, the parameterization

of high clouds can affect the amount of low clouds pre-

dicted by the model through the vertical profile of
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radiative heating in the model, as shown byMcFarquhar

et al. (2003). To quantify the role of the ice cloud in the

radiative coupling between the atmosphere and cloud, it

is of primary importance to construct accurate parame-

terizations of its bulk optical properties. Unfortunately,

this is currently far from being achieved, as different ice

crystal models and parameterizations can lead to signifi-

cantly differentGCM-simulated tropical LWand SWflux

differences at the top of the atmosphere (TOA) of be-

tween about 10 and 30Wm22 and 210 and 235Wm22,

respectively (Baran 2012). The study by Fu (2007)

showed that changing the aspect ratio of hexagonal ice

columns from 1.0 to 0.1 leads to a shortwave cloud radi-

ative effect (CRE) difference of about 240Wm22 at

TOA. The Fu (2007) result was obtained by assuming

a completely overcast sky and an optical depth of 4.0. In

general, a recent study by Williams and Webb (2009)

showed that the divergence between different climate

models in predicting the CRE of cirrus can be620Wm22

and between 250 and 15Wm22, in the tropics and ex-

tratropics, respectively.

However, the differences highlighted above could be

due to different cloud physics parameterizations, such as

particle size distributions (PSDs) and/or ice optics, being

assumed in different climate models. The study by

Edwards et al. (2007, hereafter E07) showed that it is

possible to obtain insignificant differences in the simu-

lated SW and LW fluxes at TOA between seemingly

different ice crystal optical parameterizations if the PSD

and shape of ice crystals are known and the same as-

sumptions are made between the ice crystal size and

environmental temperature. One further advance on this

work would be to assume the same mass–dimensional

relationship and PSD in the cloud physics and radiation

schemes of the climate model. A second advance on

the previous work would be to insist that the ice crystal

model assumed in the radiation scheme must follow the

currently observed area and mass–dimensional relation-

ships that have been derived from in situ measurements

(Mitchell et al. 2008; Baran 2009, 2012; Cotton et al. 2013).

The studies of (Baran and Labonnote 2007; Mitchell

et al. 2008; Baran et al. 2009, 2011a,b, 2014a) have shown

if the idealized ice crystal model follows observed area

and mass–dimensional relationships, then the need for

assumptions about relationships between an effective

dimension of the ice crystal population (the effective

dimension is defined below) and environmental tem-

perature can be negated when predicting the radiative

properties of ice cloud. The approach of the previous

authors means that microphysical assumptions in both

the cloud physics and radiation schemes in the climate

model are consistent, whereas optical property param-

eterizations that rely on assumed relationships between

an effective dimension and environmental temperature

tend to be physically inconsistent between the cloud

physics and radiation schemes (Baran 2012). This

physical inconsistency arises because different assump-

tions are made between the cloud physics and radiation

schemes with regard to shape of the PSD and the area

and mass–dimensional relationships. In general, current

parameterizations of ice crystal optical properties tend to

be functions of ice crystal effective dimension, ice water

content (IWC), and/or environmental temperature.

The ice crystal effective dimensionDe is defined as the

ratio between the IWC and the volume extinction co-

efficient, where the volume extinction coefficient is the

sum of the scattering and absorption coefficients

(Francis et al. 1994, 1995). However, there are multiple

definitions of De that can be employed, as shown by

McFarquhar and Heymsfield (1998), and these defini-

tions can vary in their values by much more than 20%.

For some definitions ofDe, it is itself an optical property

that can be used to describe the extinction of light in

a cloud. This is because it is inversely related to the mass

extinction coefficient (Mitchell et al. 1996;McFarquhar and

Heymsfield 1998; Wyser and Yang 1998; Kokhanovsky

2004; Mitchell 2002). This inverse relationship is only

valid for solar wavelengths, because at those wave-

lengths, where the wavelength of the incident solar

radiation is much smaller than the largest dimension of

the ice crystal, the extinction coefficient is twice the

ice crystal orientation-averaged projected area (van de

Hulst 1957). Therefore, givenDe and IWC, the radiative

properties of cirrus can be uniquely determined for solar

wavelengths under the assumption of a homogeneous

distribution of IWC within a single layer.

Most of the current parameterizations of cirrus bulk

optical properties used in climate models depend on

empirically derived deterministic relationships between

De and environmental temperature and/or IWC (Fu

et al. 1999; Kristjánsson et al. 2000; E07; Bozzo et al.

2008; Hong et al. 2009; Gu et al. 2011; Yi et al. 2013).

Generally, there is no evidence for exact deterministic

relationships between De and environmental variables

and/or IWC. In the studies reported by Lynch et al.

(2002) there appear to be very weak correlations be-

tween De and environmental variables, such as in-cloud

temperature. A further limitation of some of the earlier

parameterizations cited above and the lack of correla-

tion between De and in-cloud temperature and/or IWC,

is that the historical in situ–measured PSDs on which

they depend are now known to be biased toward pop-

ulations of small ice crystals. This is due to the shattering

of ice crystals on the housing and/or at the inlets of the

microphysical probes that have been used to measure

the size spectra (Field et al. 2003, 2006; Korolev et al.
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2011, 2013). Bymitigating the effects of shattering, more

recent studies by Mitchell et al. (2011b) have demon-

strated stronger correlations between De, in-cloud

temperature, and IWC.

How the issue of shattering affects previous cirrus

radiative parameterizations depends on the definition of

De used in those parameterizations. For instance, it can

be seen in Korolev et al. (2013) that shattering on micro-

physical probes affects, for particles of size less than about

500mm and in the temperature range from 08 to 2358C,
both the extinction and IWC in an approximately similar

way (this is because extinction and IWC may have

a similar dependence on the diameter of the ice crystals).

The effect of shattering on the extinction and IWC is to

increase them by, on average, 20% and 30%, re-

spectively (Korolev et al. 2013). Therefore, the effect of

shattering on their ratio will be small but may not

completely cancel the effect on estimates of De. How-

ever, if De is defined as the ratio of the third moment

(i.e., volume) to the second moment (i.e., area) of the

PSD, then shattering will bias the calculated value ofDe

to smaller values. The latter definition of De is the one

that is assumed in the current Met Office operational

Global Atmosphere model, and the PSDs used in the

current Met Office parameterization were applied

without removing any shattered ice crystal artifacts. In

the study by Mitchell et al. (2010), it is shown that

shattering could cause the in situ–estimated De to be

underpredicted by several factors, and in that paper for

ice crystal size less than 240mm, the mass of ice tends to

that of a sphere. The impact of shattering on IWC and

extinction is still uncertain, as it does depend on the

extent of the PSD and on what size of ice crystal con-

tributes most to the IWC. Clearly, further research in

this area is required to determine the small ice mode

(Korolev et al. 2013). A possible consequence of this

underprediction of De is to bias the averaged mass ex-

tinction of clouds to higher values, which means that the

reflected SW radiation at TOA is biased to larger values

(since mass extinction is inversely related to De).

Moreover, in the SW, the underprediction of IWC in

most GCMs leads to darker clouds, while the bias to-

ward small De leads to brighter clouds. Hence, the two

errors effectively cancel, which may lead to about the

right emergent SW fluxes being predicted in the GCM.

This cancellation of SW error excludes the possibility of

exposing systematic climate model errors by comparing

model SW flux predictions directly against SW flux

measurements. However, there are large uncertainties

in a global climate model, so this SW effect may not be

apparent. It is more difficult to state the impact of the

parameterization error on the outgoing LW flux, as that

fundamentally depends on where the model locates the

cloud in the atmosphere. For instance, if the model

predicts the cirrus to be too optically thin and not high

enough in the atmosphere, then this would increase the

outgoing LW flux, and the overestimate of mass ex-

tinction may not necessarily be sufficient to cancel the

error. To assess the performance ofmodels in the SWand

LW, it may prove more useful to move away from flux

comparisons to high-resolution radiance comparisons, as

suggested by Goody et al. (1998). However, to test model

physical consistency across the electromagnetic spectrum,

SW and LW high-resolution radiance measurements

need to be combined (Baran and Francis 2004).

Yet a further difficulty with previous parameteriza-

tions is that, generally, the assumed PSDs used in the

cloud physics and radiation schemes are not consistent.

This means that De-based radiative parameterizations

result in different De value being predicted in the radi-

ation scheme, while in the cloud physics scheme, for the

same mass of ice, a different De could be predicted. If

so, this is physically inconsistent and, as such, should

be removed from climate models. Note that the in-

consistent types of parameterizations discussed above

are prevalent in climate models that are used in the

IPCC series of reports.

For De to be generally useful, it must be applicable

across the spectrum. That is, the radiative properties of

ice cloud must be uniquely determined from De and

IWC alone. Unfortunately, this is not generally found to

be the case. At infrared and radar wavelengths, the

concept of De is no longer valid, as demonstrated and

discussed by several authors (Mitchell 2002; Baran 2005,

2007; De Leon and Haigh 2007; Mitchell et al. 2011a;

Baran et al. 2011b). The reason for the breakdown in the

validity of the De concept at infrared wavelengths is

simply because, at those wavelengths, the ice crystal size

becomes small relative to the incident wavelength,

which means that the mass extinction coefficient is no

longer inversely related to De (Baran 2005). More fun-

damentally, as the ice crystals become small relative to

the incident wavelength at infrared wavelengths, the

physical process of absorption through electromagnetic

wave resonance effects becomes more important, so

absorption by ice is no longer uniquely determined by

the ice crystal volume or projected area (Mitchell 2002;

Mitchell et al. 2011a). At radar wavelengths, the radar

reflectivity becomes more sensitive to aggregated ice

crystals. As new ice crystals grow in size by vapor dif-

fusion and also become aggregated, with the larger ice

crystals more likely to aggregate, the ice crystal mass–

dimensional relationship asymptotes to D2, where D is

the ice crystal maximum dimension (Westbrook et al.

2004; Heymsfield et al. 2010; Cotton et al. 2013). As

a result of this asymptotic behavior in ice mass, the
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dependence of the numerator in theDe formula tends to

D2, while the denominator is also proportional to D2;

hence De in regions of ice crystal aggregation, tends to

constant values. This behavior inDe can be seen in some

of the profiled aircraft observations of Francis (1995),

which show little vertical variation in effective radius

(i.e., effective radius 5 De/2), and it is noted by Francis

(1995) that the lack of variation in effective radius was

due to the similar dependence that mass and area have

on ice crystal size. This same behavior was also noted by

McFarquhar and Heymsfield (1998). Clearly, in this

situation,De tends to a constant value with respect to the

ratio of IWC to extinction. Moreover, because of the

nonuniqueness of cirrus PSDs, there is the possibility

that there is no unique radiative solution for a particular

value of De (Mitchell 2002).

In this paper, an alternative to the De approach is

presented for the parameterization of the bulk optical

properties of ice cloud. That is, the bulk optical prop-

erties are directly linked to the climate model prediction

of IWC. This alternative approach enables the radiative

properties of ice clouds to be directly related to a GCM

prognostic variable rather than some generally di-

agnosed quantity, such as De. A similar approach was

used byMcFarquhar et al. (2003), where the bulk optical

properties were equivalently parameterized as a func-

tion of IWC.

The climatemodel used as a basis for the simulations in

this paper is the Met Office Unified Model Global At-

mosphere 5.0 (GA5) configuration. The new parameter-

ization is tested by comparing the results of the climate

model simulations against the Clouds and the Earth’s

Radiant Energy System (CERES) reanalyzed product of

the annual 20-yr globally averaged reflected and outgoing

longwave (OLR) fluxes at TOA. The CERES product

used here is described in Loeb et al. (2009). The param-

eterization proposed by E07, a De-based scheme, is also

compared against the same CERES products under the

same microphysical assumptions as used in the experi-

ments using the new parameterization. The impacts of all

radiation parameterizations on the temperature structure

of the troposphere are also discussed and are compared

against the Interim European Centre for Medium-Range

Weather Forecasts (ECMWF)Re-Analysis (ERA-Interim)

of atmospheric temperature observations, covering the

period 1989–2008 (Dee et al. 2011).

The paper is split into the following sections. Section

2 briefly describes the GA5 configuration, and the at-

mospheric parameterizations within it that are most

pertinent to this paper. Section 3 briefly describes the

self-consistent scatteringmodel for cirrus and describes

the bulk optical properties that the model predicts.

Section 4 presents the parameterization along with an

error analysis of the parameterization, and section 5 de-

scribes the results of the various experiments. Section 6

presents the conclusions and discusses the most impor-

tant points of this paper.

2. The GA5 configuration and atmospheric
parameterizations

The approach of the Met Office in simulating the

weather and climate is to keep the atmospheric physics

parameterizations used for both the same, as far as

possible, for use on all time scales (Brown et al. 2012).

This has led to an annual definition of a Global Atmo-

sphere (GA) configuration of the Met Office Unified

Model, and this definition of a singleGAmodel has been

described by Walters et al. (2011). In this paper, use is

made of the GA5 configuration, which is based on the

GA4 configuration (Walters et al. 2013) but includes

a new dynamical core. The new dynamical core is fully

described by Wood et al. (2014). The details of the at-

mospheric parameterizations used in the GA5 configu-

ration can be generally found in Walters et al. (2013).

The GA5 configuration used in this study consists of 85

levels, the highest level being at an altitude of 85 km, and

all the simulations used in this study are run at a hori-

zontal resolution of about 135 km in the midlatitudes.

However, the GA parameterizations that are partic-

ularly pertinent to this paper are briefly discussed here.

The radiative transfer model used in the GA series of

models is the Edwards and Slingo (1996) scheme. Gas-

eous absorption is treated within the radiative transfer

model by using the correlated-k method with six bands

in the shortwave and nine bands in the longwave. In the

longwave and shortwave, multiple scattering is fully in-

cluded in the Edwards and Slingo (1996) scheme. A

further difference between GA4 and GA5 is that, in

GA4, a full radiative transfer calculation is done every

three hours, and a fast calculation is done every hour

using a few k terms to account for cloud changes, as

described in Manners et al. (2009), whereas, in the GA5

configuration, a full radiative transfer calculation is done

every hour. For a more detailed description of the ra-

diation scheme, see section 2.2 of Walters et al. (2013),

and the cloud scheme is fully described in sections 2.3–

2.4 and in 3.3–3.4 of that paper. The GA convection

scheme is described in section 3.6 of Walters et al.

(2013).

The current GA operational ice optics parameteriza-

tion is described by E07. The bulk ice optical parame-

terization developed in that paper is based on the

8-monomer hexagonal ice crystal model developed by

Yang and Liou (1998). The hexagonal ice aggregate

model is invariant with respect to size, so the asymmetry
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parameter will also remain invariant with respect to size.

Observations generally show that aggregates of ice

crystals grow longitudinally rather than radially, so their

area ratios (i.e., the ratio of the projected area of

a nonspherical particle to the area of the circumscribing

circle of the same maximum dimension as the non-

spherical particle) decrease as a function of increasing

ice crystal size (Heymsfield and Miloshevich 2003; Field

et al. 2008; McFarquhar et al. 2013). The asymmetry

parameter is naturally related to the ice crystal size;

so it is also related to their area ratio or aspect ratio (Fu

2007); therefore, this parameter should change with ice

crystal size. Furthermore, observations used by Baum

et al. (2005) and Baran et al. (2011b) show that the

hexagonal ice aggregate model overpredicts in situ–

derived IWC by several factors. The hexagonal ice

aggregate shortwave and longwave bulk optical prop-

erties used in the E07 parameterization were compiled

by Baran and Francis (2004). To address the physical

inconsistencies inherent in the hexagonal ice aggregate

model discussed above, an ensemble model of ice crys-

tals developed by Baran and Labonnote (2007) has been

proposed, and this model is briefly described in section 3

of this paper.

The assumed ice PSD that is currently used in GA5

is a parameterization developed by Houze et al.

(1979); it is based on 37 in situ PSDs, and 90% of

these were measured at temperatures warmer than

2308C. Currently, the Houze et al. (1979) estimated

PSD is kept constant at temperatures colder than

2358C. This assumption means that at much colder

temperatures, 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, which must be artificially increased to ac-

commodate space-based radiometric SW and OLR

measurements.

A more recent parameterization of the ice PSD has

been proposed by Field et al. (2007, hereafter F07). The

parameterization of F07 is a moment estimation scheme,

and it is based on 10000 in situ PSDs that were measured

between the temperatures of about 08 and 2608C in the

midlatitudes and tropics. Figure 1 shows the measure-

ment space in IWCand cloud temperature overwhich the

F07 and Houze et al. (1979) parameterizations are based.

The figure shows that the F07 PSD parameterization is

based on measurements over a far greater range of IWC

and cloud temperature than the Houze et al. (1979) pa-

rameterization. As previously stated, the historical PSDs

have been affected by ice crystal shattering. The tech-

nique of filtering employed by F07 to reduce the effect of

shattering is described in Field et al. (2006) and sowill not

be repeated here. The F07 parameterization also ignores

all in situ measurements of ice crystals with maximum

dimensions less than 100mm. For ice crystals less than

100mm in size, the F07 parameterization assumes an

exponential distribution (Field and Heymsfield 2003),

which is added to amodified gamma distribution at an ice

crystal size of about 100mm. As previously discussed,

shattered ice crystal artifacts may still be present for ice

crystals less than 500mm in size (Korolev et al. 2011,

2013). However, the extent to which the F07 parame-

terization has been affected by shattering is unclear. In

Korolev et al. (2013) it is shown that if filtering alone is

applied to remove shattered artifacts (Field et al. 2003,

2006), then significant divergence from the best estimate

of the PSD does not occur until ice crystal size is less than

about 200–175mm. It cannot be categorically stated that

the F07 parameterization has not been affected by shat-

tering, and if so, by howmuch, since the parameterization

is based on in situ data that covers a far greater temper-

ature and altitude range than was considered in Korolev

et al. (2013). However, the F07 parameterization is still

a more representative parameterization of the PSD than

Houze et al. (1979), and the latter parameterization did

not employ any techniques to try to remove shattered

ice crystal artifacts from their parameterization. More-

over, Furtado et al. (2014) show that the F07 parame-

terization is a better fit to in situ–derived higher

moments of the PSD than the Houze et al. (1979) pa-

rameterization. The in situ data used by Furtado et al.

(2014) is based on microphysical probes, which have the

necessary modifications attached to them to reduce

shattering, and filtering has been applied to further re-

duce the effects of shattering on the moments of the

PSD (Field et al. 2003, 2006; Cotton et al. 2013; Korolev

et al. 2011, 2013).

The moments in the F07 parameterization are pre-

dicted as a function of IWC and cloud temperature,

where the moment carrying ice mass is generally related

to the IWC, and all other moments are generated from

the secondmoment and cloud temperature. To generate

the PSD from the F07 moment estimation parameteri-

zation, the second moment is related to an assumed

mass–dimensional relationship.

In GA5, the Brown and Francis (1995) derived mass–

dimensional relationship is assumed, where the mass of

each ice crystal is given by 0.0185D1.9, whereD is the ice

crystal maximum dimension (both mass and D are in SI

units, which are used throughout this paper). However,

a recent midlatitude cirrus campaign conducted by

Cotton et al. 2013 found that the Brown and Francis

(1995) relationship overestimated in situ bulk mea-

surements of IWC by, at most, a factor of 2. In the same

paper, the authors found that the mass–dimensional

relationship that best fitted the measurement of bulk
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IWC was found to be 0.0257D2. Moreover, the mass–

dimensional relationship derived by Cotton et al. 2013

is also consistent with the mass–dimensional re-

lationship found independently by Heymsfield et al.

(2010) using bulk measurements of IWC obtained in

midlatitude and tropical cirrus. The ice microphys-

ics assumed in the model experiments used in this

paper are based on the F07 PSD parameterization,

the mass–dimensional relationship derived by Cotton

et al. 2013, and a fall speed parameterization that

has been developed by Furtado et al. (2014). In the

next section, the ensemble model of Baran and

Labonnote (2007) is described, along with its bulk

optical properties.

3. The ensemble model and its single-scattering
properties

It has recently been argued by Baran (2009, 2012) that

ice optical properties should be directly linked to global

model prognostic variables, such as IWC. It was also

argued by the same author that the same PSDs should

be assumed in both the radiation and cloud physics

schemes within climate models. To this end, the en-

semble model of cirrus ice crystals was developed to

predict the orientation-averaged cross sections of natu-

rally occurring ice crystals and conserve ice crystal mass

(Baran and Labonnote 2007). The ensemble model of

cirrus ice crystals is shown in Fig. 2, and the figure shows

that the ensemble model consists of six elements, the

first of which is the hexagonal ice column of aspect ratio

unity; the second element is the six-branched bullet ro-

sette. Thereafter; the ensemble model consists of hex-

agonal ice aggregates forming 3-, 5-, 8-, and 10-monomer

ice aggregates. Each of the ice aggregates is constructed

by arbitrarily attaching hexagonal monomers to each

other until an ice aggregate is constructed. The in-

dividual monomers are sufficiently spaced from each

other to minimize multiple reflections between mono-

mers. The first element represents the smaller sizes of ice

crystals in the PSD, while the hexagonal ice aggregates

represent the process of ice crystal aggregation and,

FIG. 1. The IWC and cloud temperature measurement space over which the F07 (light gray

shaded area) and Houze et al. (1979) (dark gray shaded area) PSD parameterizations are based.

The contours are the mass-weighted mean size as a function of IWC and in-cloud temperature

and range from a value of 50mm at the bottom lower left to 2750mm at the top right.
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thus, represent the larger sizes of ice crystals in the PSD.

The members of the ensemble are distributed into six

equal size intervals of the F07 PSD. This distribution

means that, for radiative transfer in the solar and ther-

mal regions of the spectrum, the cloud extinction is

chiefly determined by the first element, with no contri-

butions from the fourth member onward; however, for

microwave and radar calculations, the cloud extinction

would be weighted toward the more aggregated en-

semble members (i.e., fourth member onward). For the

same ice crystal maximum dimension, the more aggre-

gated ensemblemembers would havemuch lower values

of orientation-averaged cross sections than the first

member of the ensemblemodel. The weightings critically

depend on the shape of the PSD, and the weightings

could change, given different shapes of the PSD. The

impact of changing the weighting of the ensemble model

on the reflected shortwave and OLR at TOA and on the

temperature structure of the troposphere, is explored in

one of the experiments contained in this study.

With the distribution of ensemble members described

above, a series of papers by Baran et al. (2009, 2011a,b,

2014a) demonstrated that the model could predict, to

within current experimental uncertainties, the solar

volume extinction coefficient and IWC of midlatitude

and tropical cirrus. More recently Baran et al. (2014b)

demonstrated that the ensemble model prediction of the

area ratio was within the range found by a number of

independent authors, who used in situ estimations of

the area ratio obtained in midlatitude, tropical, and

Arctic cirrus (McFarquhar et al. 2013; Field et al. 2008;

Heymsfield and Miloshevich 2003).

Other habit mixture models have also been proposed,

such as those of Baum et al. (2005, 2011), that incorporate

other observed habits not considered here, such as hex-

agonal ice plates, aggregates of plates, hollow columns,

and hollow bullet rosettes.

Moreover, the ensemble model has been demon-

strated to be physically consistent across the electro-

magnetic spectrum, from the UV to the radar frequency

of 35GHz, using consistent microphysics across the

spectrum (Baran et al. 2011b, 2014a). Using measure-

ments from the UV-to-radar frequencies, it was shown

by Baran et al. (2014a) that for one case of optically thin

midlatitude cirrus (i.e., solar optical depth �1),

the ensemble model could predict aircraft-mounted

backscatter lidar-derived UV volume extinction co-

efficients to generally within 625% for all altitudes

considered. Moreover, it was shown that aircraft-based

high-resolution brightness temperature measurements

at wavelengths between about 8.0 and 12.0mm and be-

tween about 3.3 and 5.0mm could be simulated to within

61 and 62K of the measured brightness temperatures,

respectively. Therefore, the optical properties used in

the parameterization presented in this paper have been

demonstrated to be physically consistent across those

parts of the electromagnetic spectrum of relevance to

climate models. Furthermore, a recent global study by

Vidot et al. (2014, manuscript submitted to J. Geophys.

Res.), demonstrated that the ensemble model ice optical

properties produced a mean departure of only 0.43K

from space-based brightness temperature measure-

ments. The measurements were located in the terrestrial

window region at 8.0, 11.0, and 12.0mm. This study was

comprised of 26 791vertical profiles of cirrus, retrieved

from radar and lidar profiles, with visible optical depths

ranging from 0.03 to 4.0, and these profiles were dis-

tributed between the latitudes of about 708N and 608S,
and at altitudes from about 440 to 50 hPa. Therefore,

given the range of cirrus used in the study by Vidot et al.

(2014, manuscript submitted to J. Geophys. Res.), the ice

optical properties used here can be applied to a climate

model.

The consistent microphysics used in Baran et al. (2014a)

was derived from the ensemble model, and the derivation

is described in Baran et al. (2011b). In that paper, using

FIG. 2. The Baran and Labonnote (2007) ensemble model of cirrus

ice crystals as a function of ice crystal maximum dimension Dmax.

(top) The first 3 members of the ensemble model, which are the

hexagonal ice column, 6-branched bullet rosette, and a 3-monomer

ice aggregate. (bottom) The next three ensemblemembers, which are

the 5-, 8-, and 10-monomer ice aggregates.
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observational data of ice crystal mass obtained in deep

tropical convection by Field et al. (2008), the ensemble

model was shown to fit a mass–dimensional relationship of

the form 0.04D2. This mass–dimensional relationship was

shown by Cotton et al. (2013) to be within the experi-

mental uncertainty of other independently derived re-

lationships, whichwere based on in situ bulkmeasurements

of IWC obtained in a variety of cirrus. In this study, the

ensemble model mass–dimensional relationship is used to

generate the F07 PSDs, and the impacts of these PSDs on

the reflected shortwave andOLRat TOA, aswell as on the

temperature structure of the troposphere, are discussed in

a later section of the paper.

To simulate the SW and LW fluxes in the climate

model the total optical properties are required, which are

the bulk extinction coefficient bext, bulk scattering co-

efficient bsca, single-scattering albedo v0, and the asym-

metry parameter g. These are wavelength dependent, but

this dependency has been dropped here for reasons of

clarity. The methods used to compute the total optical

properties predicted by the ensemblemodel have already

been described by Baran et al. (2014a) and will not be

repeated here for reasons of brevity. The bulk optical

property bext/sca is defined by the following equation:

bext/sca5

ð
Cext/sca(l)n(l) dl , (1)

where Cext/sca(l) are the orientation-averaged scattering

and extinction cross sections of each of the elements of

the ensemble model, the vector l contains each ensemble

model element as a function of its size, and n(l) is given by

the F07 moment estimation parameterization. Therefore,

the bulk extinction and scattering coefficients can be ex-

pressed as functions of IWC and temperature, since these

two parameters are used to generate the F07 PSDs. An

alternative to this, if one wanted to relate the bulk optical

properties to some size dependency would be to obtain

from the F07 PSDs the ratio between the third and second

moments. This would then express the bulk optical prop-

erties as functions of the mean mass-weighted size of the

PSD. However, here the intention is to relate directly the

climate model prognostic second moment [i.e., IWC, be-

cause m(D) 5 constant 3 D2] to the bulk optical prop-

erties without the need to use diagnosed variables. The

methodology adopted here, as previously mentioned, is

equivalent to that of McFarquhar et al. (2003); in that

paper, the effective radius of the PSD was expressed ex-

plicitly as a function of IWC, and then the bulk optical

properties were themselves expressed as a function of the

effective radius. This is equivalent to expressing the bulk

optical properties as a function of IWC, which is the in-

tention here.

Given bext and bsca, then v0 can be found from

v05
bsca

bext

, (2)

and the bulk asymmetry parameter g is defined as

follows:

g5

ð
g(l)Csca(l)n(l) dlð
Csca(l)n(l) dl

, (3)

where all the terms have been previously defined.

Equations (1)–(3) were used to compute the ensemble

model bulk optical properties at 145 wavelengths be-

tween 0.2 and 120mm. To generate the F07 PSDs, the

ensemble model mass–dimensional relationship was

assumed. The PSDs themselves were estimated from

a database consisting of 20 662 estimates of IWC and in-

cloud temperature measurements obtained from

a number of cirrus field campaigns, which were located

in different regions of the world. The construction of the

20 662 PSD database is fully described by Baran et al.

(2014a). The latest estimates by Korolev et al. (2013)

suggest that the impact of shattering on in situ deriva-

tions of IWC using historical PSDs could increase those

estimates by up to about 30% at the heights and tem-

peratures they considered. This does mean that some of

the IWCs used here to generate the F07 PSDs could be

similarly biased. However, the previously discussed re-

mote sensing studies using the ensemble model optical

properties at wavelengths relevant to a climate model

indicate that the forward modeled measurements are

generally within the uncertainties of those active and

passive measurements. The wavelength resolution at

which the ensemble model bulk optical properties were

calculated is shown in Figs. 3a,b. The figures show the real

and imaginary indices of solid ice as compiled byWarren

and Brandt (2008), and the circles superimposed on the

refractive indices are the wavelengths at which the bulk

optical properties were calculated. It can be seen from

Figs. 3a,b that the wavelength resolution used in this

paper is sufficient to capture the rapid changes in the ice

refractive index, especially between 1.5 and 4.0mm, and

at wavelengths in the terrestrial window and far-infrared

regions.

In the Met Office Unified Model, clouds are repre-

sented by vertical profiles of their mixing ratios with

respect to air. Therefore, the volume extinction and

scattering coefficients become the mass extinction and

mass scattering coefficients. The spectral variation of

the mass scattering coefficient Ksca and the asymmetry

parameter g are shown as a function of qi (i.e., the ice
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mass mixing ratio) in Fig. 4a and Fig. 4b, respectively,

where, in Fig. 4a, Ksca is a product of v0 and Kext. The

figure shows the variation of Ksca and g over the range

of IWC used in the parameterization; this range goes

from about 0.004 kg kg21 to about 9.0 3 1029 kg kg21.

These seven values of IWC were chosen from the

possible 20 662 values to qualitatively illustrate the

dependence of Ksca and g on the shape of the PSD as

a function of qi. Figure 4a shows the spectral variation

of Ksca, and it can be seen from the figure that at the

highest values of qi, Ksca is only weakly dependent on

wavelength; this is because, at the highest values of qi,

the PSDs are very broad. Conversely, at the lowest

values of qi, the spectral variation of Ksca is significant,

because the PSDs at those values are narrow. The figure

also shows the wavelengths at which absorption is high-

est, such as between about 2.0 and 3.5mm and at 10.0mm

and then again at around 40mm. Note, interestingly, in

the far-infrared, Ksca increases between 20 and 30mm

because of the imaginary index of solid ice decreasing

FIG. 3. The (a) real and (b) imaginary refractive indices of ice compiled by Warren and

Brandt (2008) where the marked full line represents the experimental values and the circles

represent the 145 wavelengths at which the single-scattering properties were calculated.
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between those wavelengths. Figure 4b shows the spectral

variation of g as a function of wavelength and IWC. At

the lowest wavelength of 0.20mm, the asymmetry pa-

rameter has a value close to 0.70, and at thewavelength of

100mm, g can decrease to values less than about 0.2. This

behavior is expected at the longer wavelengths, as the

ratio between ice crystal size and wavelength is small, and

the IWCs are also very low, meaning very narrow PSDs.

At around 3.0mm, the asymmetry parameter can increase

to near 1.0; this is due to the very high ice absorption that

occurs at that wavelength. To be computationally effi-

cient in a climate or numerical weather predictionmodel,

the simplest parameterizations of Kext, v0, and g are

sought, but as can be seen from Fig. 4a and Fig. 4b, the

variation of the bulk optical properties may be difficult to

capture by simple parameterizations. The parameteriza-

tion of the bulk optical properties is discussed and its

accuracy tested in the section that follows.

FIG. 4. The spectral dependence of (a) Ksca and (b) g as a function of the decadal logarithm of the IWC

and wavelength. The values of IWC are shown by the color bar on the right-hand side of the figures.
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4. The parameterization of the bulk optical
properties

To first order, the mass extinction and mass scattering

coefficients are the most important terms to be param-

eterized accurately to simulate the radiative transfer of

solar and infrared radiation through cirrus. It can be

seen from Fig. 4a that Ksca is only weakly dependent on

wavelength, at the highest values of qi, and that it only

becomes strongly dependent on wavelength when qi ,
1024 kg kg21. This dependence of the first-order terms

on wavelength suggests that a simple linear parameter-

ization of these terms could suffice. As previously

mentioned, the database consists of 20 662 values of qi,

and for each of these values, there are 145 bulk optical

properties. The total number of points in the database is,

therefore, 2.996 3 106. From this database, a total

number of 28 values of qi were selected to capture the

monotonically decreasing values of qi in near-regular

spacing. The values of the qi 28 points ranged from 0.004

to 1029 kg kg21. With monotonically decreasing values

of qi, simple fits were found for Kext, v0, and g as a

function of wavelength and qi. The parameterized

bulk optical properties are described by the following

equations:

Kext(l,qi)5 a(l)qi , (4)

Ksca(l, qi)5 b(l)qi , (5)

v0(l,qi)5Ksca(l,qi)/Kext(l, qi), and (6)

g(l,qi)5 c(l)q
d(l)
i , (7)

where the form of the above equations was estimated by

trial and error; the prefactors shown in Eqs. (4), (5), and

(7) were found by nonlinear least squares fitting; and l is

the wavelength. The values estimated for each of

the prefactors and exponents are listed in Table 1 and

Table 2, which were generated assuming the mass–

dimensional relationship derived by Baran et al. (2011b)

for the six shortwave and nine longwave bands, respec-

tively. In Table 1 and Table 2, the wavelengths in each of

the bands were not regularly spaced, as can be seen in

Fig. 3a and Fig. 3b, so the parameterizations were im-

plicitly weighted toward the part of each band that had

the most wavelengths. The bulk optical properties de-

scribed by Eqs. (4)–(7) were not band-averaged by the

top-of-atmosphere solar and terrestrial irradiances. This

is because band averaging should not be necessary, as

themodel is well resolved in spectral space, and errors in

the parameterization and GCM will be more significant

than differences in the bulk optical properties between

their nonaveraged and band-averaged values. However,

this latter statement was tested by averaging the bulk

optical properties over the solar and terrestrial irradi-

ances using the methodology of Lindner and Li (2000).

It was found that the averaging had a small effect on the

TABLE 1. The values of the fitted prefactors and exponents estimated for each of the six Edwards and Slingo (1996) shortwave bands. The

parameterization is from experiment 1, and it is equivalent to experiment 4.

l a(l) b(l) c(l) d(l)

2.0 3 1027–3.2 3 1027 51.5352 51.5352 0.783 862 87 0.003 550 69

3.2 3 1027–6.9 3 1027 51.0986 51.0980 0.812 399 42 0.003 580 12

3.2 3 1027–6.9 3 1027 51.0986 51.0980 0.812 399 4 0.003 580 12

6.9 3 1027–1.2 3 1026 51.5319 51.4624 0.821 957 75 0.003 780 12

1.2 3 1026–2.4 3 1026 51.5569 44.6638 0.904 672 57 0.007 925 71

2.4 3 1026–1.0 3 1025 51.5790 29.5045 0.992 610 77 0.007 321 16

TABLE 2. The values of the fitted prefactors and exponents estimated for each of the nine Edwards and Slingo (1996) longwave bands. The

parameterization is from experiment 1 and it is equivalent to experiment 4.

l a(l) b(l) c(l) d(l)

2.50 3 1025–1 3 10202 52.4832 28.0152 1.341 704 44 0.059 153 16

1.82 3 1025–2.5 3 1025 51.7668 30.0178 1.056 482 07 0.020 312 59

1.25 3 1025–1.82 3 1025 51.6096 28.4440 1.015 674 84 0.012 776 07

1.33 3 1025–1.70 3 1025 51.6145 28.4562 1.018 709 91 0.013 174 23

8.33 3 1026–1.25 3 1025 51.5670 27.6883 1.010 484 76 0.007 129 82

8.92 3 1026–1.01 3 1025 51.6293 28.0413 1.019 029 36 0.007 131 16

7.51 3 1026–8.33 3 1026 51.6089 27.9997 1.025 705 36 0.009 016 60

6.66 3 1026–7.52 3 1026 51.6039 27.6898 1.025 275 16 0.008 595 93

3.34 3 1026–6.67 3 1026 51.5816 28.8421 1.026 916 49 0.010 811 90
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prefactors and exponents presented in Tables 1 and 2

(not shown here for reasons of brevity), so its omission

will not change any of the conclusions reached in this

paper. The band limits shown in the tables are currently

assumed in the GA configurations. It should be noted

here that the parameterizations shown by the above

equations are not fixed to the bands listed in the tables

because they are functions of wavelength and can be

applied to any of the GA configurations or any other

climate model.

The ensemble model mass–dimensional relationship

has been used here because it is consistent with the lidar

and radiometric observations of semitransparent cirrus

presented in Baran et al. (2014a). However, it is yet to be

confirmed whether the mass–dimensional relationship

used in Baran et al. (2014a) is applicable over a greater

range of optical depth. The new bulk optical property

parameterization is now compared against the E07 pa-

rameterization for three values of the IWC or qi and two

values of the environmental temperature. The three IWC

and two temperature values assumed are 1.0 3 1023,

1.03 1025, and 1.03 1027 kgkg21, and2608 and2308C,
respectively. As a reminder, the E07 parameterization

assumes a relationship between De and the environ-

mental temperature, and De is itself inversely related to

the mass extinction coefficient. Therefore, at the coldest

temperature, themass extinction coefficient will be about

twice as great as the mass extinction coefficient at the

warmest temperature. These two temperatures will pro-

vide a range ofmass extinction coefficients overwhich the

new parameterization can be directly compared against

that of E07. The range chosen for the ice mass mixing

ratio is typical of what might be found in a climatemodel.

The two bulk optical property parameterizations are

compared against each other between the wavelength

intervals of 2.03 1027 to 3.23 1027m and 8.333 1026 to

1.253 1025m, which are shortwave band 1 and longwave

band 5 in the GCM. These two bands are chosen because

shortwave spectral band 1 is largely nonabsorbing and

longwave spectral band 5 covers the terrestrial window

region as shown by Tables 1 and 2. The results of the

comparisons are shown in Figs. 5a–c, where Fig. 5a shows

the results for Kext for shortwave spectral band 1, while

Figs. 5b,c show the results forKabs (which is simplyKext2
Ksca) and the asymmetry parameter for longwave spectral

band 5, respectively. In the figures, the results obtained at

the cold and warm temperatures using the E07 parame-

terization are shown by the open and filled circles, re-

spectively, and the new parameterization is shown by the

diagonal cross symbol. Figure 5a shows that the E07

parameterization-predicted mass extinction coefficient

will, at the coldest and warmest temperatures, be greater

than Eq. (4) by factors of almost 2 and just over 1,

FIG. 5. A comparison between the E07 parameterization and the

new bulk ice optical parameterization at shortwave spectral band

1 (2.0 3 1027–3.2 3 1027m) and longwave spectral band 5 (8.33 3
1026–1.25 3 1025m) as a function of IWC. The comparisons are for

(a) Kext at shortwave spectral band 1, (b) Kabs at longwave spectral

band 5, and (c) the asymmetry parameter g at longwave spectral

band 5. Keys are shown in the upper right-hand sides. The E07

parameterization is represented by the open and filled circles at the

temperature values of 2608 and 2308C, respectively. The new

parameterization is represented by the diagonal cross symbol.
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respectively. At shortwave spectral band 1, the single-

scattering albedo is very close to 1 for both parameteri-

zations, and the g value calculated using the E07

parameterization does not vary and is fixed, as a function of

IWC, at a value of about 0.74. However, Eq. (7) varies be-

tween 0.77 and 0.74, between the highest and lowest values

of IWC, respectively. This is because, at the highest value of

IWC, the PSD is broader and will contain a greater occur-

rence of larger ice crystals than the smallest assumed value

of IWC. This change in the shape of the PSD will naturally

lead to larger and smaller g values, respectively. Because of

the E07 parameterization being based on an invariant ice

crystal model with respect to ice crystal size, at non-

absorbingwavelengths, its predicted g values cannot change

irrespective of assumed temperature and/or IWC values.

Figure 5b shows that for the spectral band in the ter-

restrial window region, the E07 parameterization is about

50% more absorbing than the new parameterization at

the lowest temperature at all values of IWC considered.

However, at the temperature of 2308C, the new param-

eterization is about 10% more absorbing than the E07

parameterization. The change in v0 between the two

temperatures using the E07 parameterization is largely

invariant with IWC, changing from 0.50 to about 0.52,

respectively, while Eq. (6) remains invariant with IWC

and predicts a value of about 0.54 for all values of IWC

considered. Figure 5c shows the expected invariance in

the asymmetry parameter calculated using the E07 pa-

rameterization. However, the asymmetry parameter cal-

culated using Eq. (7) decreases by about 6% between the

highest and lowest values of IWC. This change in the

asymmetry parameter reflects the change in the shape of

the PSD, as previously discussed. The comparisons be-

tween the two parameterizations tend to show, at least at

cirrus forming temperatures, that the E07 parameteriza-

tion, for the same ice mass at the colder temperatures,

should increase and decrease the outgoing SW and OLR

relative to the new parameterization, respectively.

The accuracy of each of the parameterizations shown

in Eqs. (4)–(7) is now examined using the full database

of 2.995 3 106 values, minus the 28 values that have

already been used to obtain the parameterizations. The

error is calculated as the relative percent error, defined

by the following equation:

«(l)5
truel 2 estimatel

truel
3 100%, (8)

where the parameters truel and estimatel are the exact

bulk optical properties obtained at each wavelength from

the 20 662 PSD database, which consists of 2.995 3 106

values and their estimated values using Eqs. (4)–(7),

respectively. The dependence of «(l) on qi has been

dropped from Eq. (8) for reasons of clarity. The results

found for «(l) are presented as a function of l and qi.

The distribution of «(l) in qi and l space is shown in

Figs. 6a–c, respectively. The figures reflect, to some

extent, the change in the imaginary refractive index of

ice. At wavelengths in the near-infrared and window

regions, at around 2.0–3.0mm, and at wavelengths

greater than about 30mm, the «(l) errors in Kext and

v0 are greatest, which is where solid ice is most ab-

sorbing. However, the errors are generally greatest for

qi , 1026 kgkg21. In general, in situ measurements of

IWCdown to such values are not, at themoment, possible,

FIG. 6. The behavior of the relative percent error «(l) (shown by

the key on the right-hand side of the figure) as a function of IWC (qi)

and wavelength derived from each of the following parameterized

bulk optical properties: (a) Kext, (b) v0, and (c) g.
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and current global model predictions of qi are only oc-

casionally less than 1026 kg kg21. Moreover, the first-

order term isKext, which is observationally not known to

within a conservative 650% (Baran et al. 2009).

The relative errors in the parameterization for the

asymmetry parameter at the longer wavelengths in the

far-infrared generally follow Figs. 6a and 6b. However,

in the important shortwave region and terrestrial win-

dow regions, the errors are within a few percent for all

qi values considered. However, for l$ 40mm, the errors

in the g parameterization generally increase, with

the largest errors occurring when qi , 1026 kg kg21. The

relative errors found for g in the shortwave will not

significantly bias the global model results. For all

parameterizations of the bulk optical properties, the

greatest density of the largest errors occurs in the far-

infrared regions, where the infrared emission will have

the lowest values and so will not contribute significantly

to the OLR flux from the cloud, and in any case for qi ,
1026 kg kg21, the cloud optical depth will be very small

at those wavelengths and qi values.

The normalized probability distribution functions

(PDFs) of «(l), calculated for each of the three bulk

optical properties, are presented in Figs. 7a–c. The mean

of the PDF of «(l) inKext shown in Fig. 6a is22.96%, but

the standard deviation is614.7%.However, as previously

stated, the experimental uncertainty in Kext is about

650%, and since Kext is the first-order term for radiative

transfer, then the s value in theKext relative error is well

within the experimental uncertainty. Moreover, the pa-

rameterization is within 67.5% for about 92% of all the

cases considered.

The normalized PDF of «(l) found for v0 is shown in

Fig. 7b, and, as can be seen from the figure, the error is

broader than Fig. 7a (not surprisingly, since the more

difficult ice absorption regions are included in the pa-

rameterization). Themean of thev0 PDF is 14.02%with

a s value of 14.7%, with 74% of the cases being within

612.5%. The bias in the relative error calculated for

v0 is positive, with a value of 0.031. A positive bias, with

respect to the true value of v0, could nudge the cloud to

greater absorption (because of the predicted value of

v0 being lower than the true value) and, therefore,

warming, which could affect the temperature structure

of the troposphere. However, this effect will be smaller

than the impact of the first-order term Kext.

The distribution of the normalized PDF found for g is

shown in Fig. 7c, and the figure shows that the parame-

terized g is within 62.5% of the true value of g for about

80% of all values. Moreover, there is no significant bias

and the mean of the PDF is 22.133% with a s value of

616.8%. However, this spread in g is primarily due to the

longer wavelengths in the far-infrared, as shown in Fig. 6c,

FIG. 7. The normalized PDFs of «(l) derived from each of the

following parameterized bulk optical properties: (a) Kext (y axis

runs from 0 to 0.6 and the x from 247.5% to 147.5%),

(b) v0 (y axis runs from 0 to 0.25 and the x from 277.5% to

147.5%), and (c) g (y axis runs from 0 to 0.45 and the x from

247.5% to 127.5%).
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which in the PDF occur very infrequently. The impact of

the parameterizations on the global model is discussed in

the next section.

5. The impact of the parameterizations on GA5: A
series of experiments

In this section, the impacts of the parameterizations on

the GA5 configuration of the global model are presented

in the form of a series of experiments under various as-

sumptions. As previously stated in the introduction, each

of the experiments is run over a 20-yr period, starting in

1989 and finishing in 2008. Each of the experiments is

compared against the latest CERES annual 20-yr aver-

aged shortwave and longwave mean fluxes at TOA,

as compiled by Stephens et al. (2012), which uses the

CERES reanalysis performed by Loeb et al. (2009). Each

of the experiments is also compared against the ERA-

Interim analysis of atmospheric temperature observa-

tions covering the same 20-yr period (Dee et al. 2011).

The control run assumes the following ice micro-

physics and ice optical parameterization. The mass–

dimensional relationship is assumed to be the one from

Brown and Francis (1995), and the PSDs are derived

from the Houze et al. (1979) parameterization. The ice

optical parameterization used in the control run is taken

from E07. Each of the experiments is described in the

next few paragraphs:

Experiment 1: Consistent PSD and inconsistent

mass–dimensional relationship. The ice microphysics

assumed in this experiment is taken from Furtado et al.

(2014), and the F07 PSD parameterization is used for

the ice crystal size spectrum. The ice optical parame-

terization is taken from Tables 1 and 2. In the radiation

scheme, the F07 PSDs are generated using the mass–

dimensional relationship predicted by the ensemble

model (i.e., mass 5 0.04D2). The bulk mass extinction

and scattering coefficients are determined by applying

different weights to each member of the ensemble

model for each of the size bins in the PSD. The

FIG. 8. The 20-yr area-averaged differences between theGA5model andCERESmeasurements of the reflected SWandOLRat theTOA.

Flux differences (Wm22) are shownby the color bars. TheSWdifferences (a) assuming theGA5 controlmodel and (b) experiment 1. TheLW

differences (c) assuming the GA5 control model and (d) experiment 1.
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weighted-averaged mass extinction and mass scattering

coefficients hKext/scai are therefore given by the follow-

ing equation:

hKext/scai5
ðD

max

D
min

"
�
6

j51

wjkj(D)

#
n(D) dD , (9)

where Dmin and Dmax are the minimum and maximum

ice crystal dimensions in the PSD, n(D) is the F07 PSDs,

andwj is the weight applied to the jth ensemblemember,

where by definition Swj 5 1 for each of the size bins in

the PSD. In Eq. (9) the subscripts ext/sca have been

removed from kj(D) for reasons of clarity. Obviously,

Kext/sca are the mass extinction and mass scattering cross

sections predicted for each ensemble member of maxi-

mum dimension D. The weights in this experiment are

assumed to be 0.90, 0.07, and 0.03, applied to the first

three ensemble model members, respectively. These

weights are chosen because they are the same as those

used by Baran et al. (2014a) in evaluating the ensemble

model against solar and infrared measurements ob-

tained above optically thin cirrus. However, it is as yet

unclear if these weights are applicable over a broader

range of optical depth than was sampled by Baran et al.

(2014a).

Experiment 2: Consistent PSD and mass–dimensional

relationship. In this experiment, the same ice micro-

physics is assumed as in experiment 1, except that in the

radiation scheme, the F07 PSDs are generated assuming

the Cotton et al. (2013) mass–dimensional relationship

(i.e., mass 5 0.0257D2), and these PSDs are used to

predict the bulk ice optical properties. The weights ap-

plied in this experiment to obtain the weighted-average

mass extinction and scattering coefficients are the same as

those assumed in experiment 1.

Experiment 3: Fully consistent but ensemble model

reweighted toward more ice aggregated members. This

experiment assumes, in the radiation scheme, the same

mass–dimensional relationship as used in experiment 2,

and the ice microphysics is kept the same as in experiment

1, except that in this experiment the ensemble model mass

extinction is weighted toward the more aggregated mem-

bers of the ensemble. The weights assumed here are 0.1,

0.2, 0.1, 0.4, 0.1, and 0.1, respectively.

Experiment 4: Fully consistent but ensemble model

reweighted toward less aggregated members. In this

experiment, the control run has been changed. Here the

control ice microphysics is the same as in experiment 1,

but the radiation scheme, which is the E07 parameteri-

zation, is kept the same as the previous control. In the

experimental run, the F07 PSDs used in the radiation

scheme have been generated assuming the same mass–

dimensional relationship as used in experiment 2, but

the ensemble model is weighted so that the mass ex-

tinction coefficients are equivalent to the mass extinc-

tion coefficients of experiment 1. To obtain this

equivalence, the ensemble model was weighted using

the following set of weights: 0.5, 0.2, 0.3, 0, 0, and 0.

Here, the PSDs and mass–dimensional relationships

assumed in the cloud and radiation schemes of GA5 are

completely consistent. This experiment is hereafter re-

ferred to as the ‘‘consistent radiation treatment,’’ as this

FIG. 9. The differences in zonally averaged temperature (K) between the GA5 model and the ERA-Interim temperature product as

a function of altitude (hPa) and latitude assuming (a) the control model and (b) experiment 1. The temperature differences are shown by

the color bar.
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experiment is consistent with the solar and radiometric

observations of Baran et al. (2014a) but using the Cotton

et al. (2013) derived mass–dimensional relationship to

generate the PSDs. The results obtained from each of

the experiments are now discussed in sequential order.

a. Experiment 1

As a reminder, in this experiment, the new ice mi-

crophysics is utilized, and the ensemble model mass–

dimension relationship is used to generate the F07

PSDs. The shortwave and longwave cirrus radiative

properties are calculated using the new ice optical pa-

rameterization given in Tables 1 and 2, respectively. The

shortwave and longwave flux differences at TOA be-

tween the simulations and the CERES observations are

shown in Figs. 8a–d. As shown in Fig. 8b, experiment 1

leads to a slight improvement in the area-averaged SW

root-mean-square error (rmse) of 0.13Wm22. How-

ever, there are discernible divergences in the spatial

distribution of the differences between the control and

FIG. 10. As in Fig. 8, but for experiment 2, showing (a) SW flux differences at TOA between

experiment 2 and CERES and (b) OLR flux differences at TOA. In this experiment, the PSDs

are generated assuming mass 5 0.0257D2 and the weighted ensemble model is the same as in

experiment 1.
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experiment 1. For instance, in the tropics, experiment 1

is not as bright as the control, especially off the coast

around Brazil and off the West African coast near the

equator, as well as centered on the equator over the

Indian Ocean. Note also, experiment 1 over Antarctica

is significantly less bright than the control. There is also

a distinct decrease in the shortwave reflection, relative

to the control, around the west Atlantic Ocean to near-

neutral values and around theUK. TheOLRdifferences

are shown in Figs. 8c and 8d.

In the longwave, the new parameterization improves

the area-averaged rmse by 0.21Wm22. Moreover, off

the coast of Antarctica, the new parameterization de-

creases the OLR differences to generally neutral values,

although in places, such as the highmidlatitudes over the

Atlantic Ocean and over Canada, experiment 1 de-

creases the cloud transmission relative to the control. In

general, over the tropics, experiment 1 increases the

OLR relative to the control by about 5–10Wm22;

therefore, the ice cloud in experiment 1 is generally

more transmitting in that region relative to the control.

With respect to the control, the new parameterization

does not have any undesirable impacts on the radiative

properties of the model. However, the new parameter-

ization has its biggest impact on the model in terms of

the temperature structure of the troposphere, as shown

in Fig. 9b. The figure shows that, in the tropical tropo-

sphere, experiment 1 removes the cold bias that is evi-

dent in the control shown in Fig. 9a, probably because

the ice cloud in the control, over the western Pacific, is

more transmitting relative to the cloud in experiment 1.

However, experiment 1 does produce a slight warm bias

of about 0.5K in the southern midlatitudes. In general,

in the climatically important tropical region, experiment

1 and the new ice optical parameterization clearly have

a positive impact. The impact of changing the mass–

diameter relationship in the radiation scheme is dis-

cussed in the next experiment.

b. Experiment 2

In this experiment, the ice microphysics is the same as

experiment 1, but the F07 PSDs in the radiation scheme

are generated using the Cotton et al. (2013) mass–

dimensional relationship, and these PSDs are used to

predict the ice bulk optical properties. The impact of

experiment 2 on the SW and LW flux differences at

TOA is shown in Figs. 10a and 10b, respectively. The

impact of experiment 2 on the temperature structure of

the troposphere is shown in Fig. 11. Clearly, the figures

show that, on broadening the PSD in the radiation

scheme while keeping the size–shape distribution the

same as in experiment 1, the impact on the radiative

fluxes and temperature structure of the troposphere is

clearly considerable. In this experiment, relative to ex-

periment 1, the area-weighted SW and LW rmse have

increased by 0.68 and 1.29Wm22, respectively. Both

Figs. 10a and 10b show that, on broadening the PSD,

there is considerably more SW flux reflected back to

space and considerably less OLR relative to experiment

1. In general, it can be concluded from experiment 2 that

the ice cloud is generally less transmitting than the ice

cloud predicted in experiment 1. The impact of less

transmitting cloud on the temperature structure of the

troposphere is demonstrated in Fig. 11. The figure shows

that the broadening of the PSD, which allows the

occurrence of larger ice crystals relative to those in ex-

periment 1, results in more absorption and therefore

more warming of the troposphere at high altitudes in the

tropics by about 0.5K and by about 1K in the southern

midlatitudes. There is also some warming, of about

0.5K, at altitudes greater than 600 hPa at northern

midlatitudes.

Clearly, this experiment demonstrates the need to

constrain the general shape of the PSD and determine

more accurate mass–dimensional relationships. The

impact of changing the ensemble shape distribution

while preserving the shape of the PSD to be the same

as that used in experiment 2 is discussed in the next

experiment.

c. Experiment 3

For this experiment, the same ice microphysics and

PSDs are used as in the previous experiment, but the

ensemble model is reweighted toward the more ice ag-

gregated members to increase ice cloud transmission.

The results of experiment 3 for the SW and LW and its

impact on the temperature structure of the troposphere

are shown in Fig. 12a, Fig. 12b, and Fig. 13, respectively.

Relative to experiment 2, increasing the ice cloud

transmission by reweighting the ensemble model to

more aggregated members results in less bright cloud

FIG. 11. As in Fig. 9, but for experiment 2.
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and greater transmission in the OLR, as shown in

Figs. 12a and 12b, respectively. Some of the SW impacts

are desirable, especially over the Atlantic Ocean, where

differences between the model and CERES are close to

neutral values. This is also true in certain parts of the

Southern Ocean but is by no means general. In-

terestingly, over Antarctica the impact of experiment 3

is similar to that of experiment 1, and both lead to an

improvement over that region relative to the control.

However, in general, experiment 3 clearly increases the

area-weighted rmse by 1.7Wm22 relative to experiment

1, which is undesirable.

The impact of increasing the cloud transmission, rel-

ative to experiment 1, is to reintroduce the cold bias seen

in the control in the tropical troposphere, as shown in

Fig. 13. It is also clear that experiment 3 leads to an in-

crease in the cold bias in the lower atmosphere at high

northern midlatitudes relative to the control and ex-

periment 1. This experiment demonstrates that changing

the values of the weights applied to habit mixture

FIG. 12. As in Fig. 10, but for experiment 3. In this experiment, the PSDs are generated

assuming mass 5 0.0257D2 and the ensemble model is weighted toward the more ice aggre-

gated members.
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models of cirrus will also have an important impact on

the radiative fluxes at TOA and on the temperature

structure of the atmosphere. Therefore, it is of necessity

to constrain not only the shape of the PSD but also the

size–shape distribution across the PSD. Experiments

2 and 3 demonstrate that the shape of the PSD and

the weighting of habit mixture models are of equal

importance.

d. Experiment 4

In this last experiment, the F07 PSDs are the same as

those used in experiment 2, but the ensemble model is

reweighted so that the ice mass extinction and scattering

coefficients are the same as those used in experiment 1.

In the case of the control run, the ice microphysics is the

same as was used in experiment 1, but the ice cloud

radiation scheme is kept the same as in the previous

control run. Figure 14 shows the reflected shortwave

(Figs. 14a,b) and OLR (Figs. 14c,d) differences at TOA

between E07 and the new ice optical parameterizations

and the CERES observations. The figure shows that

the consistent radiation treatment produces less bright

cloud and more longwave cloud transmission relative

to the E07 parameterization, which is an expected

result from Figs. 5a and 5b. However, the bias toward

more longwave cloud transmission results in more

areas of near-zero differences between model and

observation relative to the E07 parameterization. This

is especially true in the Southern Ocean, and areas in

the midlatitudes, as shown in Fig. 14d. The results ob-

tained from this consistent radiation treatment are

very similar to the results from the inconsistent experi-

ment 1 (Figs. 8b,d with SW rmse 5 8.61Wm22 and

LW rmse 5 6.97Wm22).

To understand these differences between the two ra-

diation schemes and the CERES observations, Figs. 15a

and 15b show the SW and LW flux differences between

the consistent radiation and the E07 parameterization.

Figure 15a shows that most of the SW differences be-

tween the two radiation schemes occur in the tropics,

where the consistent radiation treatment predicts cloud

that is generally less bright than the E07 parameteriza-

tion by about 10Wm22, and in the tropical warm pool

region this difference can be up to about 15Wm22. The

outgoing LW differences between the two schemes are

shown in Fig. 15b, and from this figure, the consistent

radiation treatment allows more cloud LW transmission

than the E07 parameterization. Outside of the tropics,

the differences are up to about 5Wm22, while in the

tropics the differences can be up to about 15Wm22. The

higher LW differences are generally around the tropical

warm pool.

Given these SW and LW differences between the two

radiation schemes and the fact that the consistent radi-

ation is a coupling between the microphysics and bulk

optical properties, it would be interesting to compare

differences in the SW and LW radiative effect between

the two schemes and the CERES observations. The SW

and LW radiative effect differences between the model

and CERES are shown in Figs. 16a–d, assuming the E07

parameterization and the consistent radiation scheme,

respectively. Figure 16a demonstrates that, given im-

proved microphysics, the SW radiative effect that the

E07 parameterization predicts is sometimes overcooling

relative to the CERES product. In the tropics and

midlatitudes, these differences can be up to about

215Wm22, and in some tropical locations the radiative

effect differences can reach up to about 230Wm22 off

the coast of South America and along the equator above

the Indian Ocean. The SW radiative effect predicted

by the consistent scheme is shown in Fig. 16b, and this

essentially shows the opposite to the E07 parameteri-

zation. The consistent scheme generally decreases

the cooling predicted by the E07 parameterization,

although relative to CERES, this can appear as too

much warming by up to about 30Wm22 in some loca-

tions in the tropics and especially around the tropical

warm pool. However, in the midlatitude regions (with

the notable exception of the tropical warm pool), the

consistent radiation scheme appears to decrease the

cooling predicted by the E07 parameterization, which

appears desirable relative to the CERES product.

The LW radiative effect predicted by the E07

parameterization and the consistent radiation scheme

is shown in Figs. 16c and 16d, respectively. The two

schemes, relative to the CERES product, generally ap-

pear more similar to each other. However, in the tropics

and midlatitudes, the consistent radiation scheme tends

to offset the E07 LW radiative effect more in the di-

rection of the CERES observations. This similarity in

the longwave radiative effect between the two schemes

FIG. 13. As in Fig. 11, but for experiment 3.
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could be because the model predicts the cloud to be at

certain altitudes, and it is the radiating temperature

of these clouds at those altitudes that dominates the

CERES measurements, rather than differences in the

radiation parameterizations. The differences in the SW

andLWradiative effects between the consistent radiation

scheme and the E07 parameterization are shown in

Figs. 17a and 17b, respectively. Figure 17a shows that the

consistent radiation scheme generally predicts less SW

cooling than the E07 parameterization by about 5Wm22

outside of the tropics; in the tropics this can reach up to

about 15Wm22, while over the tropical warm pool, the

difference can reach up to about 20Wm22. Figure 17b

shows that the differences in the LW radiative effect

between the two radiation schemes occurs either in the

tropics, generally around the tropical warm pool, or at

high latitudes in both hemispheres, and the signs are

opposite. Not surprisingly, given previous results, over

the tropical warm pool the consistent radiation predicts

less LWradiative effect than theE07 parameterization by

about 210Wm22, while at the high latitudes in both

hemispheres, the consistent radiation scheme predicts

more of an LW radiative effect than the E07 parame-

terization, by up to about 10Wm22.

The results presented in this section have shown that,

given anymass–dimensional relationship, the equivalent

fluxes, or for that matter, radiances can be predicted by

reweighting the ensemble model, given observational

FIG. 14. As in Fig. 8, but for experiment 4. In this experiment, the control uses the same icemicrophysics as used in experiment 1 and the

ensemble model is reweighted such that the ice mass extinction and scattering coefficients are equivalent to experiment 1. The SW

differences assuming (a) the E07 ice optics parameterization and (b) the consistent radiation treatment. The LW differences assuming

(c) the E07 ice optics parameterization and (d) the consistent radiation treatment. In both the (left) control and (right) experiments, the

same microphysics is assumed in the cloud scheme.
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radiometric constraints on the distribution of weights or

in situ estimates of the size–shape PSD.

The impacts of the E07 and consistent radiation pa-

rameterizations on the temperature structure of the tro-

posphere are shown in Figs. 18a and 18b, respectively.

Figure 18b shows that the consistent radiation treatment

is generally similar to experiment 1 (Fig. 9b), most no-

tably, with a further slight reduction of the cold bias in the

tropical troposphere relative to Fig. 18a. This same cold

bias is also significantly reduced relative to the original

control by the E07 parameterization when convolved

with the more representative cloud microphysics derived

from Furtado et al. (2014) (Fig. 18a). There is a further

slight warming of southern midlatitudes in the tropo-

sphere produced by the consistent radiation treatment

relative to the E07 parameterization. Differences in the

zonal mean temperature structure of the atmosphere

between the consistent radiation scheme and the E07

parameterization are shown in Fig. 19, and this figure

shows that the consistent radiation scheme is generally

more warming than the E07 parameterization by up to

about 1K.

FIG. 15. Differences between the consistent radiation scheme and the E07 parameterization in

the (a) reflected SW flux at TOA and (b) the emergent LW flux at TOA.

7746 JOURNAL OF CL IMATE VOLUME 27



This experiment has shown that the consistent radia-

tion treatment predicts cloud that is generally less bright

and increases the OLR relative to the E07 parameteri-

zation, and generally warms the zonal mean temperature

structure of the atmosphere by up to about 1K. These

effects have the consequence that the consistent radiation

schemewill predict less of an SW radiative effect than the

E07 parameterization. However, differences in the LW

radiative effect between the consistent radiation scheme

and the E07 parameterization mostly occur around the

tropical warm pool, where they are negative, and at high

latitudes in both hemispheres, where the differences are

positive. Therefore, given the same microphysics scheme

in GA5, the consistent radiation scheme predicts less of

an LW radiative effect around the tropical warm pool but

more of an effect at high latitudes in both hemispheres. A

comparison between the CERES global means predicted

by the consistent radiation treatment and the E07 pa-

rameterization is shown in Table 3. The Table shows that

the E07 parameterization has increased the outgoing

shortwave and decreased the outgoing longwave fluxes at

TOA relative to the consistent radiation treatment, in

accord with expectation. This is most notable in the

shortwave, where the E07 parameterization now exceeds

the observational uncertainty in the outgoing shortwave

flux at TOA. It is expected that given further improve-

ments to the global model, which may result in more ice

mass being predicted, the E07 parameterization will re-

sult in greater divergences between model and observa-

tion. However, Table 3 also shows that the consistent

radiation treatment in the absorbed shortwave and SW

CRE are both outside the observational uncertainty. It is

expected that, with an improved climate model pre-

diction of ice mass, these two SW radiative components

should agree within the observational uncertainty. A

further possibility as to why the consistent radiation

treatment underpredicts some of the SW components

shown in Table 3 could also be due to the asymmetry

parameter predicted by the ensemble model not being

sufficiently low. However, for now, it is more likely that

improving the representation of ice mass in the Met Of-

fice GA configuration will improve the consistent

FIG. 16. As in Fig. 14, but for the SW and LW radiative effect differences between the model and the CERES product assuming the E07

parameterization and a consistent radiation scheme, respectively. (a) SW radiative effect differences between the E07 parameterization

and the CERES product. (b) As in (a), but for the consistent radiation scheme. (c) LW radiative effect differences between the E07

parameterization and CERES product. (d) As in (c), but for the consistent radiation scheme.
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radiation prediction of those two SW components. Al-

though theE07 parameterization is not detrimental to the

performance of GA5 with improved microphysics, with

further improvements to the model, the E07 parameter-

ization can only get worse when compared against ob-

servation. This is because the cancellation of error that

was discussed in the introduction will be removed

through further model improvements. Consistent physics

within predictive models must always be preferred over

inconsistent treatments. Unfortunately, the inconsistent

treatments are currently prevalent in climate models,

which may give reasonable predictions, but for the wrong

physical reasons.

6. Conclusions and discussion

A new flexible shortwave and longwave parameteri-

zation of the ensemble model bulk optical properties has

been presented and applied to the Met Office Unified

Model Global Atmosphere 5.0 configuration (GA5). The

bulk optical properties have been computed between the

wavelengths of 0.2 and 120mm at sufficient resolution in

wavelength space such that the rapid variation of the

imaginary refractive index of ice in the near-infrared and

longwave parts of the spectrum is captured. It has been

shown that the parameterization can reproduce the da-

tabase of 2.99 3 106 bulk mass extinction coefficients to

FIG. 17. As in Fig. 15, but for (a) differences in the SW radiative effect and (b) differences in the

LW radiative effect between the consistent radiation scheme and the E07 parameterization.
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within 67.5% for over 90% of the database. The largest

errors occur at wavelengths in the far-infrared. At these

wavelengths, the Planck function will be small and so will

not bias the values ofmass extinction. Currently, themass

extinction of cirrus is not known experimentally to within

650%. The mass extinction is the first-order term that

determines the reflection and transmission properties of

cloud. The error in the mass extinction parameterization

is well within the current experimental uncertainty. The

single-scattering albedo and asymmetry parameter pa-

rameterizations were found to be within 612.5% and

62.5% for 74% and 80% of the database, respectively.

The largest errors in the single-scattering albedo and

asymmetry parameter tended to occur at the lowest

values of IWC and occurred in the far-infrared regions.

The new parameterization is more flexible than pre-

vious parameterizations used in the Met Office series of

GAmodels, since theweighting of the ensemblemembers

can be changed, given some mass–dimensional relation-

ship to generate the parameterized PSD, and this pre-

serves physical consistency between the cloud physics and

radiation schemes of the climate model. This flexibility

FIG. 18. As in Fig. 9, but for experiment 4: (a) assuming the E07 ice optics parameterization

and (b) assuming the consistent radiation treatment. Again, in both the (a) control and

(b) experiment, the same microphysics is assumed in the cloud scheme.

FIG. 19. Differences in the zonal mean temperature between the

consistent radiation scheme and the E07 parameterization.
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was demonstrated in experiments 3 and 4. Experiments 2,

3, and 4 demonstrate that the weighting of habit mixture

models and assumed shapes of the PSDs or mass–D re-

lationships are of equal importance.

The paper has demonstrated that the overarching phi-

losophy in demanding consistent cloud physics between

the cloud and radiation schemes does not have detrimental

effects on the overall performance of GA5. Rather, if this

overarching philosophy is not followed, as demonstrated

by the control used in experiment 1 and the application of

the E07 parameterization used as the control in experi-

ment 4, then inconsistent microphysics may lead to desir-

able results, but for perhaps the wrong physical reasons.

Insisting on consistency between the cloud and radiation

schemes means that all other parameterizations that are

predicting the cloud macrophysical and microphysical

properties must realistically represent the most pertinent

processes relevant to those parameterizations.

The experiments presented in this paper demonstrate

the importance of observationally constraining the

shape of the PSD and which general mass–dimensional

relationship to apply to climate models. Furthermore,

just as important as this is to determine experimentally

which size–shape distribution (in terms of a weighted

habit mixture model of cirrus) best matches global SW

and LW radiometric observations.

Relying on error cancellation, as discussed at the be-

ginning of this paper and in the discussion of experiment

4, is undesirable, as when the distributions and amounts

of IWC are finally addressed in climate models, those

parameterizations that do rely on error cancellation can

only get worse (assuming IWC is increased to the ob-

served amounts and at the correct altitude). This, to

some extent, has already been identified in the results

presented in Table 3. A further overarching philosophy

of the approach in this paper is to remove error can-

cellation by directly relating global model prognostic

variables to ice optical properties. In this way, global

model prognostic variables are directly tested against

radiative measurements, rather than placing a reliance

on diagnosed variables, which may lead to error can-

cellation; this will then preclude identification of sys-

tematic climate model biases.
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