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Abstract
We present a consistent coupling between two-moment microphysics and bulk
ice optics in the Met Office’s 1.5-km resolution regional weather model and
study its impact on top-of-atmosphere (TOA) short- and long-wave irradi-
ances. The coupling links the prognostic moments (total mass and number)
to bulk ice optical properties through the mass-equivalent spherical radius
using Padé approximants. Model runs were evaluated for Darwin, Australia
(January–March 2017) and the UK (December 2017–March 2018). Using this
consistent coupled parametrisation, we demonstrate improved simulation of
TOA short-wave irradiances over both regions compared to the non-consistent
ice optical parametrisation when validated against satellite observations. Similar
improvements were found for TOA long-wave irradiances over Darwin, though
the consistent parametrisation was slightly too transmissive over the UK. Over-
all, our more consistent two-moment coupling between microphysics and ice
optics leads to generally better prediction of radiation fields than single-moment
parametrisations.
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1 INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC)
has long highlighted the lack of understanding of the
radiative coupling of clouds to the atmosphere, notably
in their 2021 report and earlier assessments. This gap
in knowledge exacerbates the significant uncertainty
in predicting the Earth’s climate equilibrium, as sum-
marised by Stocker et al. (2013). The primary driver of

this uncertainty is the cloud radiative feedback effect,
as discussed by Boucher et al. (2013) and Sherwood
et al. (2020). These uncertainties arise partly from the
differing cloud physics assumptions within the various
models used for the IPCC assessments and are closely
related to present-day biases in cloud properties predicted
by climate models, see for example Rostron et al. (2020),
Ceppi and Nowack (2021), Furtado et al. (2023), and Jiang
et al. (2023).
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Ice crystal clouds, or cirrus, significantly contribute
to the uncertainty in the sign of the radiative feedback.
These clouds can either cool or warm the planet’s sur-
face depending on their macrophysical and microphysical
states (Baran, 2012; Liou, 1986; Yang et al., 2015; Zhang
et al., 1999). Overall, cirrus clouds are observed to con-
tribute to a net warming effect of about 5.1± 3.1 W m−2

(Hong et al., 2016). However, this value has significant
uncertainty due to the differing treatments of ice crystal
particle size distributions (PSDs) and ice crystal habits in
the satellite retrievals used to estimate the net radiative
effect of cirrus.

These differences in cirrus microphysics also man-
ifest themselves within the models used in the IPCC
assessments, contributing to the intermodel differences
mentioned earlier. Furthermore, the microphysics and
radiative parametrisations of cirrus within models can
impact the prediction of low clouds due to the vertical
profile of heating, as shown by McFarquhar et al. (2003).
The processes of scattering and absorption by atmospheric
ice crystals are crucial to the vertical profile of heating
within cirrus (Yang et al., 2012; Zhao et al., 2018) and
to their short-wave and long-wave radiative properties
(Baran, 2009; Yang et al., 2015). However, depending on
the ice crystal model adopted for the scattering and absorp-
tion properties, there can be substantial differences for the
radiative simulations of cirrus in general circulation mod-
els (GCMs) and for satellite retrievals of cirrus properties;
see for instance the works of Edwards et al. (2007), Yang
et al. (2012), Yang et al. (2013), Baran, Hill, et al. (2014b),
Zhao et al. (2018), Ren et al. (2021), and Ren et al. (2023).

To quantify and constrain the net radiative effect of
cirrus, it is essential to construct accurate parametrisa-
tions of their bulk optical properties. However, as many
studies have shown, there is yet to be a consensus on
which ice crystal model of bulk ice optical properties is
best to apply in GCMs and/or remote sensing. Given the
variety of scattering models that exist (see for instance
Baran, Cotton, et al., 2014a; Baum et al., 2011; Eriks-
son et al., 2018; Kleanthous et al., 2024; Li et al., 2022;
Yang et al., 2013), ensuring some level of consistency
between the GCM’s microphysics and radiation schemes
is crucial. This is usually achieved by ensuring that the
PSDs, the mass dimension of the ice crystal model, or
the characteristic dimensions of the PSDs are consis-
tent between the two schemes (Bae et al., 2016; Baran
et al., 2016; Baran, Hill, et al., 2014b; Ren et al., 2021; Ren
et al., 2023; Zhao et al., 2018). The recent study by Ren
et al. (2023) emphasises the importance of consistency in
ice cloud optical models when applied to remote sensing
and broadband radiative transfer simulations. They note
that inconsistent ice optical properties can lead to system-
atic errors when calculating cloud radiative effects, and

these errors exceed the observational uncertainties. The
authors advocate the further development of more micro-
physically and optically consistent ice crystal models such
as the Baran, Cotton, et al. (2014a) and the Liu et al. (2014)
two-habit mixture model approaches. In a previous study
by Bae et al. (2016), they demonstrated improved agree-
ment with observed short-wave irradiances reaching the
ground and precipitation patterns by consistently coupling
the Weather Research Forecasting (WRF) two-moment
six-class (WDM6) microphysics scheme with the radia-
tion scheme. This was achieved by dynamically calculating
the characteristic dimension of the PSD for hydrometeors
based on their number and mass concentrations. The
works of Baran, Hill, et al. (2014b), Bae et al. (2016), and
Ren et al. (2023) demonstrate the importance of consis-
tently linking the microphysics and radiation schemes in
weather and climate models to improve their representa-
tion of radiation processes.

The characteristic dimensions of the PSDs in radiation
schemes are commonly defined in terms of the effective
dimension, De, which is the mean particle size weighted
by the projected area of the randomly oriented ice crystal
or the ratio between the ice water content (IWC) and the
volume extinction coefficient (Foot, 1988; Francis, 1995;
McFarquhar & Heymsfield, 1998; Mitchell, 2002).
However, studies by Francis (1995), Baran (2012), Baran,
Hill, et al. (2014b), Baran et al. (2016), and Sieron
et al. (2017) have pointed out shortcomings in using
effective dimension-based methods to describe the
single-scattering properties of ice crystals. Notably, ice
crystals, being approximately fractal in nature as they
aggregate, will have mass and area dimensions that tend to
fractal dimensions of nearly two or less than two, respec-
tively (Field et al., 2008; Westbrook et al., 2004). Since De
is a ratio between mass and area, it becomes much less
radiatively impactful as the ice crystals aggregate with
distance from the cloud top. For this reason, Baran, Hill,
et al. (2014b) and Baran et al. (2016) developed a consistent
coupled cirrus microphysics–radiation parametrisation
that relates the bulk ice optical properties directly to the
IWC and in-cloud temperature. This parametrisation
maintains consistency between the cirrus microphysics
and radiation schemes through the IWC and PSDs, where
the latter is based on the Field et al. (2007) moment esti-
mation parametrisation of the PSD, generated through the
mass–dimension relation derived by Cotton et al. (2013)
and the in-cloud temperature.

Interestingly, Zhou et al. (2024) explore the characteris-
tics of the Fengyun-4A Advanced Geostationary Radiation
Imager visible reflectance data and evaluate uncertainties
due to model errors. A notable focus of the study includes
sensitivity analyses of radiances simulated with ice cloud
optical property parametrisations based on those provided
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by Baran, Cotton, et al. (2014a), hereinafter referred to as
Baran, and Baum et al. (2011), hereinafter referred to as
Baum. The study shows systematic differences between
the two parametrisations when used to simulate the visi-
ble reflectance of ice clouds, with the Baran parametrisa-
tions generally giving higher reflectance values than the
Baum approach. This indicates that these parametrisa-
tion differences are major contributors to uncertainties in
ice cloud radiative properties. However, the authors noted
advantages in the Baran approach due to its direct link to
microphysical variables rather than relying on parametri-
sations involving the effective radius, re (i.e., re =De/2).
They found that when models do not directly predict re
from their cloud microphysics schemes, it must be approx-
imated, which can exacerbate forward model errors when
using the Baum parametrisation. This represents a poten-
tial limitation of ice optical property parametrisations
linked to re, which could impact their usability in radiative
transfer model intercomparisons.

In an earlier study, Geiss et al. (2021) evaluated cloud
representations in numerical weather prediction (NWP)
models using visible and infrared observations and again
examined differences between the Baran and Baum ice
optical property representations. They found that the
Baran bulk ice optical parametrisations gave consistent
representation of visible reflectances for optically thin and
thick ice clouds. However, the Baum parametrisations
underestimated visible reflectances, especially for opti-
cally thin ice clouds, consistent with the findings of Zhou
et al. (2024). The study highlighted the advantages of link-
ing the bulk ice optical properties directly to the bulk IWC
and temperature, as this linkage provides a more flexible
framework, particularly in the absence of detailed micro-
physics information. However, forward model errors were
dominated by differences in the schemes’ ice particle
shape representations, scattering assumptions, and sen-
sitivities to subgrid-scale processes. The study found that
subgrid-scale processes of clouds were a significant source
of systematic errors, especially for reflectances. To min-
imise such errors, the authors suggest moving away from
single-moment PSDs. They propose that two-moment or
even higher-order PSDs could better capture natural vari-
ability in ice crystal size and concentrations, potentially
reducing biases in cloud radiative property simulations.

A comprehensive comparison of the single-scattering
properties between different ice optical parametrisations
(such as Baran and Baum) would be valuable to quan-
tify how much of the systematic differences in simulated
radiative properties stems from the optical particle mod-
els themselves versus the use of different connecting
variables (e.g., effective radius vs direct microphysical
quantities). Such analysis could help isolate the spe-
cific impacts of habit assumptions, treatment of surface

roughness, and other microphysical factors on radiative
transfer predictions.

Clearly, the Baran ice optical parametrisations, which
relate the bulk ice optical properties, IWC and in-cloud
temperature, are based on a single moment. In the
previous discussion, we highlighted the advantages of
developing bulk ice optical property parametrisations
using two-moment microphysics to reduce forward model
uncertainties. Moreover, single-moment parametrisa-
tions preclude the possible occurrence of the Twomey
effect (Twomey, 1977). This is because single-moment
parametrisations, which predict only one moment of the
hydrometeor size distribution (typically the mass mixing
ratio), do not account for changes in the number concen-
tration of cloud droplets. This limitation precludes the
accurate representation of the Twomey effect. While pre-
vious studies, such as Bae et al. (2016), dynamically linked
effective radii to radiation schemes using two-moment
microphysics, these approaches rely on assumptions
about effective radius that may introduce inconsistencies,
as noted in the previous discussions. This study addresses
these limitations by coupling two-moment microphysics
directly to bulk ice optical properties, enabling more
physically consistent simulations of radiation fields. This
is achieved by developing a new cirrus bulk ice optical
parametrisation based on two moments (i.e., ice mass mix-
ing ratio and number) for the Met Office’s two-moment
microphysics scheme.

To improve the representation of multiple moment
interactions in GCMs, it is crucial to model these interac-
tions accurately at a fundamental level to better replicate
subgrid-scale cloud processes. Addressing this need,
Shipway and Hill (2012), Hill et al. (2015), and Field
et al. (2023) developed the Met Office’s Cloud and Aerosol
Interaction Model (CASIM) to incorporate multiple
moment effects in the in-cloud processing of atmospheric
particulates. CASIM is designed to replace the current
microphysics scheme used in the Unified Model and the
Met Office-NERC cloud model (MONC) for long-term
use (see Hill et al., 2018 for details about MONC). CASIM
enables the use of several species, including the number
concentrations of cloud water, rain, cloud ice, snow, and
graupel. Cloud ice and cloud water can be represented by
one or two prognostic moments, while rain, snow, and
graupel can use a third prognostic moment. These prog-
nostic moments include number concentration, mass, and
some representation of the shape of the size distribution,
such as radar reflectivity.

In CASIM at the Met Office, the ice number is ini-
tiated through homogeneous freezing of water droplets
and heterogeneous ice nucleation. When ice number is
not initiated by aerosol, it is based on the Cooper (1986)
relationship between ice number and cloud temperature,
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which serves as the climatological background. In this
study, we use this latter method for ice number produc-
tion throughout the paper. The formation of ice crystals
also depends on the amount of water vapour present
and temperature. CASIM predictions have been validated
through several observational studies, including those by
Leon et al. (2016), Miltenberger et al. (2018), and Gor-
don et al. (2020), which used the Facility for Airborne
Atmospheric Measurements (FAAM) BAe-146 aircraft,
though these studies mainly focused on water clouds
and rain. Furtado et al. (2018) demonstrated that the
CASIM two-moment microphysics consistently outper-
formed single-moment schemes in reproducing observed
cloud radiative and precipitation properties. Additionally,
it provided radar reflectivity distributions that aligned
more closely with ground-based S-band radar observa-
tions. By combining these observations with CASIM devel-
opments, we can reduce the existing uncertainties related
to the radiative effect of multimoment interactions. This
unknown quantity contributes to the large uncertainty in
the modelling and observational estimates of the cloud
radiative effect, as highlighted in the IPCC, 2021 report and
earlier reports.

It is more effective to relate model prognostic vari-
ables, such as mass and number concentration, directly
to ice optical properties rather than relying on an inter-
mediate variable like the effective radius. Effective radius
is not a prognostic variable in weather and climate mod-
els and can introduce errors due to its dependence on
additional assumptions. Our approach directly connects
radiative transfer simulations within CASIM to radiomet-
ric observations, facilitating better evaluation against such
observations and enabling a more realistic representation
of radiative effects, including aerosol–ice interactions.

This paper is divided into several sections. Section 2
provides a brief overview of the ensemble model of cirrus
ice crystals (i.e., the model on which the coupled con-
sistent ice optical parametrisation is based) developed by
Baran and Labonnote (2007), along with definitions of the
bulk ice optical properties. In Section 3 , we describe the
assumed CASIM PSD, along with the required moments
and the mass assumptions used to generate the PSDs.
Section 4 details the CASIM data utilised to generate
the PSDs from the prognostic two-moment microphysics
to develop the ice optical parametrisation. In Section 5
, we describe the fully consistent new parametrisation.
Section 6 presents the Darwin, Australia, regional case
study used to evaluate the performance of the new ice
optical parametrisation against CERES short-wave and
long-wave irradiance measurements. Results from around
the UK are also presented in this section. Finally, Section 7
discusses the conclusions drawn from this paper.

2 THE ENSEMBLE MODEL OF
CIRRUS ICE CRYSTALS

The ensemble model of cirrus ice crystals was developed
by Baran and Labonnote (2007) and is reproduced here
as Figure 1. The figure shows that the ensemble model
consists of six elements, the first of which is the hexag-
onal ice column with an aspect ratio of unity, and the
second element is the six-branched bullet rosette. There-
after, hexagonal monomers are arbitrarily attached to each
other as a function of maximum dimension, Dmax, form-
ing three- to ten-element hexagonal ice aggregates. The
elements are constructed so as not to contain intersecting
planes, and the monomers are attached such that multiple
reflections between monomers are negligible, which was
determined experimentally using ray-tracing calculations.
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, thus, the ice
crystals of larger size in the PSD. In this paper, each par-
ticle of the ensemble model is placed in PSD size bins in
the proceeding order and is not weighted in any of the
size bins. The shapes of each ensemble model member are
shown in Figure 1.

Figure 2 shows the distribution of ensemble model
members as a function of maximum dimension within
each of the size ranges shown in the figure, where the dis-
tribution of each member is uniform across each of the size
ranges.

F I G U R E 1 Ensemble model of Baran and Labonnote (2007)
consisting of six elements that progressively increase in complexity
as a function of the maximum dimension (Dmax): (a) the hexagonal
ice column with an aspect ratio of unity; (b) the six-branched bullet
rosette; (c) the three-branched hexagonal aggregate; (d) the compact
five-branched hexagonal aggregate; (e) the eight-element chain
hexagonal aggregate; and finally (f) the 10-element chain hexagonal
aggregate. [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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F I G U R E 2 Distribution of ensemble model members from 1
to 6 plotted against the number concentration and maximum
dimension of some fictitious particle size distribution. In each size
range, the distribution is uniform for each of the six members.
[Colour figure can be viewed at wileyonlinelibrary.com]

As depicted in Figure 2, the aggregation of ice crys-
tals increases as the maximum dimension of particles
increases. This process of increased aggregation with par-
ticle size is consistent with the observations of Field
et al. (2008) and Lawson et al. (2019), as well as refer-
ences cited therein. As ice crystal aggregation increases,
the area ratio (that is, the ratio of the orientation-averaged
projected area of the non-spherical particle to the pro-
jected area of the circumscribed sphere having the same
maximum dimension as the non-spherical particle) of the
aggregates tends toward a value of approximately 0.5 or
less, according to Field et al. (2008). The ensemble model
area ratio follows a similar trend to the observations as the
maximum dimensions increase, and they fall within the
uncertainties of the microphysics observations, as demon-
strated in Baran et al. (2015).

The choice of habits presented in Figure 1 follows
from the published literature on ice crystal aggregation
and morphology found in cirrus at the time. The primary
reasoning is published in Baran and Labonnote (2007,
Section 3, p. 1902), which we do not repeat here for reasons
of brevity. However, the hexagonal ice column shown in
Figures 1a and 2 was chosen to represent smaller ice crys-
tals (<35 μm) based on in-situ evidence from Korolev and
Isaac (2003), who demonstrated that particles of size less
than 30–40 μm typically exhibit aspect ratios close to unity,
and these small ice crystals were not spherical in nature.
The ensemble model focuses on columnar forms and
their aggregates rather than plate-like crystals because,
as shown, after Baran and Labonnote (2007), by Bailey
and Hallett (2009), columnar aggregates dominate at tem-
peratures below approximately −40◦C, which are typical
of pure ice crystal formation conditions in cirrus. The
study by Bailey and Hallett (2009) has provided further

observational support for the predominance of columnar
aggregates at cirrus forming temperatures.

The bulk scattering properties predicted by the distri-
bution of ensemble model members shown in Figure 2
have been evaluated against active and radiometric obser-
vations from various aircraft campaigns and multispectral
satellite observations. The ensemble model predictions
are within the uncertainties of the active and radiometric
measurements in studies conducted by Baran, Cotton,
et al. (2014a) and Sourdeval et al. (2015, 2016). More
recently, Röttenbacher et al. (2024) provided a detailed
evaluation of several ice optics parametrisations, namely
Fu-IFS (Fu, 1996), Yi et al. (2013), and Baran et al. (2016),
within the ecRad radiation scheme of the European Centre
for Medium-Range Weather Forecasts (ECMWF; Hogan &
Bozzo, 2018) for simulating solar transmissivity of Arctic
cirrus. While initial comparisons using model-predicted
IWC and effective radius showed only minor differences
among the three parametrisations, sensitivity tests using
retrieved IWC demonstrated more notable differences.
Specifically, for optically thick Arctic cirrus, Fu-IFS
and Yi2013 overestimated solar transmissivity, whereas
Baran2016 provided slightly improved agreement with
measurements. Röttenbacher et al. (2024) also highlighted
that the Baran2016 parametrisation, based on recent
in-situ ice crystal measurements and employing the
moment estimation parametrisation of the PSD by Field
et al. (2007), offers improved statistical robustness across
a broad range of IWC and temperature conditions typical
of the Arctic. Additionally, Baran2016 eliminates reliance
on effective radius assumptions, which is considered an
advantage relative to the Fu-IFS and Yi2013 schemes.

2.1 Calculation of the bulk optical
properties

SOCRATES (Suite Of Community RAdiative Transfer
codes based on Edwards and Slingo) is the radiation
scheme used in the Met Office’s Earth and planetary
science work and is described by Manners et al. (2023).
The single-scattering properties employed in this study
were calculated assuming randomly oriented ice crys-
tals in 3D space. Thus, the calculations do not explicitly
include effects due to preferential fall orientation. Here,
to simulate the radiation fields, SOCRATES employs input
from CASIM to solve for the outgoing irradiances via
the two-stream approximation within the Edwards–Slingo
radiative transfer model (Edwards & Slingo, 1996). For
this purpose, only the bulk optical properties are required,
since the two-stream radiative transfer approximation is
employed to compute the outgoing radiation fields; these

http://wileyonlinelibrary.com
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are the bulk extinction (Cext), scattering (Csca) and absorp-
tion (Cabs) coefficients, as well as the single-scattering
albedo (𝜔0) and the asymmetry parameter (g). The defini-
tions of these bulk optical properties are as follows:

⟨Cext,sca⟩ = ∫
Dmax

Dmin

n(l) < Cext,sca(l) > dl, (1)

where in Equation (1), Cext/sca(l) is the orientation-
averaged scattering and extinction cross-section of each of
the elements in the ensemble model, the vector l contains
each ensemble model element as a function of its size, and
n(l) denotes the PSD. For ease of reading, the brackets are
omitted, hereinafter.

From Cext and Csca, the absorption cross-section can be
found via

Cabs = Cext − Csca, (2)

from which the single-scattering albedo, 𝜔0, can be readily
obtained from,

𝜔0 = Csca

Csca + Cabs
. (3)

The co-albedo is then defined as 1−𝜔0.
Finally, <g> is defined as:

< g >=
∫ D max

D min g(l)Csca(l)n(l)dl

∫ D max
D min Csca(l)n(l)dl

. (4)

In Equation (4), all the terms have been defined previously.
Equations (1)–(4) are employed to calculate the ensem-
ble model’s bulk optical properties at 170 wavelengths
between the wavelengths of 0.175 and 100 μm.

The wavelength resolution used to compute the ensem-
ble model bulk optical properties is shown in Figure 3a,b.
The figures show the real and imaginary indices of solid
ice, as compiled by Warren and Brandt (2008), with open
circles superimposed on the refractive indices represent-
ing the wavelengths at which the bulk optical properties
are calculated. From the figures, it is evident that the wave-
length resolution used in this paper is adequate to capture
the rapid variations in the ice refractive index, particu-
larly between 1.5 μm and 4.0 μm, and at wavelengths in the
terrestrial window and far-infrared regions.

The calculation of the single-scattering properties
of each of the ensemble model members between the
wavelengths of 0.175 and 100 μm is now described and
follows the description in Baran, Cotton, et al. (2014b).
At wavelengths between 0.2 and 4.9 μm, the total optical
properties (i.e., the integral optical properties, given by
Equations 1–4) were calculated using the Monte Carlo
ray-tracing method developed by Macke et al. (1996); each
element of the ensemble is randomised using the method
of distortion, and maximum randomizations are achieved
using distortion and include ice crystals with spherical
air bubbles. The method of distortion is described in
Macke et al. (1996); however, a brief description of the
method is given here. For every reflection and refraction
event at the interface of a convex facet, the tilt angle, 𝜃t,
is randomly varied while a uniform probability density
function is assumed. This changes the directions of the
ray paths, which has the effect of removing energy from
the halo and ice bow regions and redistributing it towards
more side-scattering angles (i.e., the angle at which the
ray is deflected), resulting in lower asymmetry parameter
values, relative to their pristine counterparts. Distortion

F I G U R E 3 (a) Real and (b) imaginary refractive index of solid ice compiled by Warren and Brandt (2008) as a function of wavelength,
where the full line represents the experimental values, and the open circles represent the 170 wavelengths at which the single-scattering
properties were calculated. The key to the figure is shown at the top left and bottom right of the figure, respectively. [Colour figure can be
viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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is a large-scale geometrical method that is supposed to
represent micro-scale surface roughness and ice crystal
irregularity. The degree of distortion is defined as 𝜃t / 90◦
and can take values between 0 (pristine) and 1. In this
paper, as explained in Baran and Labonnote (2007), we
apply a distortion value of 0.4 plus spherical air bubble
inclusions to all six elements of the ensemble model. The
spherical air bubble inclusions are set to a mean free path
length of 200 μm throughout the model. The distortion
value of 0.4 was chosen because this was found to best fit
POLDER-2 (POLarization and Directionality of the Earth’s
Reflectances, see Buriez et al., 2005) measurements of the
spherical albedo and linearly polarised reflectance (Baran
& Labonnote, 2006). For the distortion value of 0.4 plus
spherical air bubble inclusions, the modifications made to
the Macke et al. (1996) ray-tracing code by Shcherbakov
et al. (2006) has been used. Because the random numbers
representing 𝜃t were found by Shcherbakov et al. (2006) to
be best represented by Weibull statistics rather than a uni-
form probability density function, the Weibull statistics
better fitted their cloud chamber visible angular scattering
measurements of the phase function.

At wavelengths greater than 5.0 μm, the total
optical properties were calculated using the method of
Baran (2003). In this method, the total optical properties
are calculated using the T-matrix method (Mishchenko &
Travis, 1998) by applying the aggregate electromagnetic
scattering approximation developed by Baran (2003). It
was shown by Baran (2003) that at wavelengths in the
terrestrial window region, finite-difference time-domain
calculations of the hexagonal ice aggregate (Yang &
Liou, 1998) total optical properties could be calcu-
lated to well within 4% of the exact solutions using the
approximation. This level of accuracy was achieved by
approximating the aggregate using an ensemble of equal
volume-to-area ratio circular cylinders of varying aspect
ratios. This same electromagnetic approximation and
ice model was used by Baran and Francis (2004) to sim-
ulate ARIES measurements to within ±1 K, between
the wavelengths of 3.4 and 16.0 μm, obtained above
semi-transparent cirrus off the northeast coast of Scotland
during October 2000.

In the next section, the CASIM PSDs will be defined
and described. These PSDs will be utilised to integrate
over the single-scattering properties to determine the bulk
optical properties using Equations (1)–(4).

3 THE CASIM PSDS

The CASIM PSDs are represented by the generalised
gamma distribution (Field et al., 2023), and this same form
of the PSD is used to generate the ensemble model bulk

ice optical properties. The form of the generalised gamma
distribution is described by the following equation:

Ni,s(D) = ni,s
𝜆

1+𝜇i,s
i,s

𝛤
(
1 + 𝜇i,s

)D𝜇i,s e−𝜆i,sD (5)

where N i,s(D) is the number concentration of ice and snow
particles of maximum size D, denoted by the subscripts i
and s, respectively; D is in units of m. The parameters ni,s,
𝜆i,s, and 𝜇i,s are the total particle number concentrations of
ice and snow in units of m−3, and the slope and shape of
the PSD, respectively; the slope, 𝜆, is in units of m−1.

The slope, 𝜆i,s, follows directly from CASIM and is
given by:

𝜆 =
((

𝛤 (1 + 𝜇 + P1)
𝛤 (1 + 𝜇 + P2)

)
× m2

m1

)
∧
(

1
P1 − P2

)
, (6)

where the subscripts i and s have been omitted from all
the terms for ease of reading. The terms m1 and m2 are the
mass moment and the number moment, respectively; m1 is
related to the mass through the mass–dimension relation,
m1 =mass/Cx, where Cx is the density of ice and snow. The
units of mass are in kg per kg of cloudy air per unit volume,
and the units of number are in per kg of cloudy air per unit
volume. The terms P1 and P2 in Equation (6) represent the
exponents of the moment equation, M(P), of the PSD for
mass and number, respectively. The moment equation is
given by M(P)= ∫ N(D)DPdD.

Ice particles in CASIM are assumed to be spatial, rep-
resentative of bullet rosettes and polycrystals; so, P1 = 3.0,
Cx = 104.7 kg m−3, and P2 = 0 with 𝜇= 2.5. In the case of
ice, with P1 = 3.0, this setting assumes that the mass of
ice is proportional to the third moment of the PSD. For
snow, P1 = 2.0 and Cx = 0.026 kg⋅m−3, consistent with
the mass–dimension relationship proposed by Cotton
et al. (2013) that represents the mass of aggregating ice
particles. This relationship is currently used in the Met
Office’s Earth System Model ice microphysics scheme.
This mass–dimension relationship aligns well with other
independently derived mass–dimension power laws found
in the literature. For example, Cotton et al. (2013) demon-
strated strong agreement with the power law derived
by Heymsfield et al. (2010). Additionally, Erfani and
Mitchell (2016) found similar consistency in their analy-
sis. More recently, McCusker et al. (2024) showed that the
Cotton et al. (2013) power law is also in good agreement
with the Brown and Francis (1995) relationship, provided
the differences in size definitions are accounted for, by fol-
lowing Hogan et al. (2012). For snow, P2 = 0, but 𝜇= 2.0.
It should be noted here that the assumed prefactor of
104.7 kg⋅m−3 for ice provides an effective density of about
200 kg⋅m−3, which is different to the in-situ derived value



8 of 21 BARAN et al.

of 700 kg⋅m−3 found by Cotton et al. (2013). However,
Heymsfield et al. (2004) found in-situ densities ranging
from approximately 100 to about 400 kg⋅m−3 in the cases
they sampled. Therefore, there is still considerable latitude
in the choice of the effective density value for ice.

To obtain the total number concentration, NT(D),
in each size bin of width dD, the two unimodal PSDs
represented by Equation (5) are added together as follows:

NT(D) = Ni(D) + Ns(D), (7)

To comply with the dimensions of Equation (5), the units
of the mass of snow and ice, and the number from
the CASIM outputs are converted into units of kg m−3

and m−3, respectively, through the density of dry air
(kg m−3), which is obtained from the CASIM output. At
cirrus-forming temperatures, the difference between the
density of dry and moist air is negligible. Therefore, the
choice of air density in this paper is inconsequential. In
this paper, the considered size range varies from 1 to
28,121 μm, and the bin width for each PSD is set at 10 μm.

We compare the CASIM-derived PSDs with the PSDs
assumed in the current ice optical parametrisation in the
Met Office’s Earth System Model (see Walters et al., 2019)
based on Baran et al. (2016), which is obtained from the
moment estimation parametrisation of Field et al. (2007).
This utilises the tropical normalisation of the PSD from
Field et al. (2007) because this form of PSD agrees well
with in-situ observations of moments and PSDs, as demon-
strated by Furtado et al. (2015) and Baran et al. (2011),
respectively. To generate the Field et al. (2007) PSDs, also
known as F07, the total IWC and the environmental tem-
perature are required as inputs to the parametrisation, as
well as the assumed mass–dimension relation, which is the
Cotton et al. (2013) relationship.

Figure 4 shows examples of the PSDs predicted by
CASIM for various total in-cloud IWCs (that is, the sum
of ice and snow IWCs), and in-cloud NT values, at six
environmental temperatures. To obtain the environmen-
tal temperature, Tk, from the model data, we used the
temperature in Kelvin on model levels.

Figure 4 aims to illustrate the range in the CASIM PSDs
for the given two-moment inputs. Additionally, the figure
displays the equivalent F07 tropical, mid-latitude, and
modified mid-latitude PSDs. The original F07 mid-latitude
normalised PSD has recently been updated to account
for current observations of the number concentrations of
small ice crystals with sizes below 100 μm; refer to O’Shea
et al. (2021) for further details. However, a brief description
of the modified mid-latitude F07 PSD is given here. The
F07 mid-latitude PSD was modified to account for recent
observations indicating that many small ice crystals could
be missized and hence incorrectly contribute to number

concentration as well as potential shatter artefacts even
after interarrival time filtering. The modification removes
the smaller particle mode from the distribution and applies
appropriate correction factors to the moment relationships
to maintain consistency in the overall distribution. This
results in fewer small particles (<100 μm) in the modified
PSD compared to the original F07 mid-latitude parametri-
sation. Table 1 lists the various total in-cloud IWC, in-cloud
NT, and Tk values used for the Figure 4 comparisons,
where in the figure Tk has been converted to oC.

In Figure 4, the CASIM PSDs can be just as broad as
or even broader than the F07 PSDs. However, the shape
of the CASIM PSDs can vary significantly depending on
the two-moment inputs, although the ice and snow modes
are present at all temperatures considered. It should be
noted that the F07 PSD parametrisations are based on
in-situ measurements that were obtained at temperatures
no colder than approximately −65◦C. The purpose of
Figure 4 is to illustrate the variety of shapes of the CASIM
PSDs and how these compare with the F07 tropical PSD
that was used in the current ice optical parametrisation
that is utilised in the GCM. This comparison is useful
in explaining any differences observed in the radiation
simulations between the new CASIM parametrisation and
the current ice optical parametrisation. It should be noted
that not all the CASIM PSDs will be like the ones presented
in Figure 4, as the variation in the shapes of the CASIM
PSDs can be very significant depending on the ice and
snow inputs. The next section discusses the extraction of
the two-moment inputs from the regional model runs.

4 THE CASIM TWO-MOMENT
DATA

The CASIM data used in this study are taken from the
regional model runs centred on Darwin, Australia, and
the UK, respectively. The data (from the regional model)
used to construct the bulk ice optical property parametri-
sations are taken from the forecast runs after one day for
both Darwin and the UK to allow some evolution of the
cloudy fields. In the case of Darwin, the extracted data
correspond to local midday and midnight for the period
between 23 January and 17 March 2017. In the case of
the UK, the data are extracted from local midday dur-
ing the period between 6 December 2017 and 01 March
2018. The data are extracted from the summer and win-
ter periods to cover as wide a range of the ice and snow
moment values for the construction of the bulk ice optical
property parametrisations. Both the UK and Darwin areas
cover about 1000 km2. The Darwin case contains deep
tropical convection and warm-only cumulus. The UK area
contains mid-latitude cloud. Both domains have land and
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F I G U R E 4 Shapes of some of the CASIM particle size distribution (PSDs) (represented by the dash-dot-dot lines) generated from the
total in-cloud ice water content and NT values given in Table 1. Also shown in the figure are the F07 tropical (dashed lines) and the modified
mid-latitude (full black lines), and the mid-latitude (dash-dot lines) PSDs. The keys to each of the panels are shown in the figures. [Colour
figure can be viewed at wileyonlinelibrary.com]
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T A B L E 1 Various arbitrarily selected Tc, in-cloud values of
total IWC, and NT are used to generate the CASIM and F07 PSDs
shown in Figure 4

PSD IWC (g⋅m−3) NT (cm−3) Tc (oC)

1 2.78507 0.027 −3.0

2 0.04389 0.002 −25.0

3 0.14435 0.042 −35.0

4 0.00824 0.288 −45.0

5 0.00537 0.308 −60.0

6 0.00124 0.078 −70.0

Note: IWC, ice water content; PSD, particle size distribution.

ocean areas. These areas are the same as used in the paper
by Bush et al. (2024). From the two regional models a sub-
set of the total amount of ice and snow data was extracted.

This subset of data was extracted to ensure the data
used in the bulk optical property parametrisation would
be radiatively active, and that the in-cloud values were
sensible when converted from their grid box-averaged
values. To this end, the cloud fractions extracted were not
less than 0.05, as values less than this would not likely
be detected by space-based radiometric observations as
suggested in the study by Wang and Zhao (2016). Here,
the nondetection of the cloud fraction less than 0.05 by
radiometric observations is taken as a proxy for whether
the cloud is radiatively active. Further, total IWCs less

than 0.002 g⋅m−3 were excluded from the subset of data,
and total number concentrations less than 100 m−3 were
also excluded from the analysis. This was because IWC
values less than the above threshold would have very
small column integrated amounts, and these clouds would
not significantly interact with the radiation field. The
total IWC threshold was set to 0.002 g⋅m−3 because this
is the detectable limit of the in-situ IWC probe as found
in the study by Abel et al. (2014). Likewise, in the case
of the total number concentrations, the threshold limit
of 100 m−3 was set because in-situ instruments used in
the global study by Krämer et al. (2016) did not include
number concentrations less than this.

The subset of data extracted from the Darwin and UK
case studies using the above filters comprise local midday
and midnight. From this data collection, the best distribu-
tions of ice and snow number values were selected, and
these days were combined into a single dataset from the
Darwin and UK data. The distribution of the ice and snow
number and mass from this single dataset is shown in
Figure 5a,b as bivariate histogram plots. The bar shown on
the right side of Figure 5a,b represents the count of data
points within each bin, with the scale ranging from single
to thousands of occurrences. These visualisations clearly
reveal the most common mass–number relationships in
the dataset.

In Figure 5a, a broad distribution of ice crystals is
evident with a high-density region showing a positive

F I G U R E 5 The combined regional model distributions of (a) in-cloud ice number and ice mass and (b) in-cloud snow number and
snow mass for the two best days from the Darwin and UK data. The key is shown on the right side of each of the panels. [Colour figure can be
viewed at wileyonlinelibrary.com]
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correlation between ice number and mass. The densest
region appears at moderate ice number and mass values.
Figure 5b reveals a distinct pattern for snow particles,
with two prominent high-density bands displaying differ-
ent mass–number relationships. These diagonal structures
likely represent different snow formation or growth pro-
cesses occurring in the model simulations. The sparsely
populated dots around the periphery of both distributions
indicate infrequent combinations of number and mass val-
ues, effectively highlighting the boundaries of physically
realistic parameter spaces in the model.

The complete data distributions for each of the loca-
tions for all days are not shown for the sake of brevity.
From Figure 5, the ice and snow moments appear to be
quite realistic distributions on which to base the ice opti-
cal parametrisation and are well distributed in the spaces
of the moments. This probably helps to explain why the
CASIM PSDs in Figure 4 compare favourably with the

F07 PSDs, with the latter known to be representative of
observed PSDs.

Figure 5 exhibits a total number of about 108 data
points, which is too large to generate the PSDs and store
the optical properties in SOCRATES. To reduce this num-
ber of points to a more manageable size, random sampling
was performed to obtain a reduced dataset, resulting in
62,250 CASIM PSDs. To demonstrate that there was no
bias introduced into the reduced dataset, Figure 6 presents
a comparison of the frequency distributions of ice num-
ber concentration and ice water content in the unreduced
and reduced datasets. It is evident from Figure 6 that
there is no statistical difference between the probability
density functions (PDFs) of the unreduced and reduced
two-moment datasets. Therefore, randomly reducing the
original dataset to a size that enables efficient computation
of the bulk ice optical properties will not introduce any bias
in the CASIM prognostic moments.

F I G U R E 6 A comparison of the normalised probability density functions (PDFs) of the unreduced data, shown as the full line
histograms, with the reduced data, shown as the dashed histograms for (a) log10(ice number), (b) log10(ice mass), (c) log10(snow number),
and (d) log10(snow mass). The keys to each of the panels are shown at the top right of the figure. [Colour figure can be viewed at
wileyonlinelibrary.com]
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5 PARAMETRISATION OF THE
CASIM BULK ICE OPTICAL
PROPERTIES

The bulk optical properties of the ensemble model have
been calculated using the distribution of the members of
the ensemble as described in Section 2. The bulk opti-
cal properties have been calculated using the CASIM
inputs (i.e., in-cloud ice and in-cloud snow mass, and
in-cloud ice number and in-cloud snow number) described
in Sections 3 and 4 to obtain the CASIM-predicted
generalised gamma function PSDs presented in Section 3.
These have no dependence on in-cloud temperature, and
only the in-cloud total mass and total number, pre-
dicted by CASIM and they are in units of kg⋅kg−1 and
number⋅kg−1 respectively, and are related to the bulk ice
optical properties. This eliminates the need for unit con-
versions within the model. The 62,250 CASIM PSDs being
used to compute the bulk ice optical properties accord-
ing to Equations (1)–(4), these being the bulk extinc-
tion and scattering coefficients, Cext, and Csca, respec-
tively, the single-scattering albedo, 𝜔0, and the asymmetry
parameter, g.

Here, a database has been generated that consists of
62,250 values of total in-cloud ice mass mixing ratio and
number. These values are followed by 170 wavelengths
between 0.175 and 100 μm, and at each wavelength, the
bulk scattering and absorption coefficients and the asym-
metry parameter are provided. However, the total size of
the database is 667 MB; this is too large a size for imple-
mentation within the SOCRATES spectral files, so it had
to be reduced to a more manageable size. To achieve this,
a new routine within SOCRATES called reduce_casim_ice
was provided, which repeatedly bisects the data into parts
containing equal numbers of data points in order of
mass mixing ratio and mean particle mass (i.e., the ratio
between the total in-cloud ice mass and the total in-cloud
number). It then outputs a reduced database of 1026 blocks
of averaged properties to reduce the size of the database
down to 14 MB in a format that is readable by the existing
scatter_average routine within SOCRATES.

It was found that the optical properties are well
described as a function of the mean ice crystal mass,
which allows the traditional fitting methods to be used.
Here, we apply the technique using Padé approximants
(i.e., see the form of these in Equation 9 below) to fit
the mass extinction coefficient, and the co-albedo and the
asymmetry parameter from the database as a function of
mass-equivalent spherical radius (effectively, a constant
times the cube root of the mean ice crystal mass) hav-
ing the same mass and solid density as a non-spherical
ice crystal. This is the same flexible fitting technique used
for water cloud droplets, but it has not been used for

ice crystals before. Combining the two prognostic vari-
ables to derive the mean ice crystal mass per particle
reduces the number of dimensions that are directly input
to the radiation scheme. By utilising the same methodol-
ogy of fitting the bulk ice optics that was used for water
droplets, we treat water and ice consistently within the
radiation scheme. To achieve this consistency, we must
rewrite the existing Padé approximants in terms of the
mass-equivalent spherical radius, rm, for the mean ice crys-
tal mass per particle rather than the effective radius, where
rm is defined by:

rm =
(

3I𝜌air

4πN𝜌ice

) 1
3

, (8)

where I is the ice mass mixing ratio, 𝜌air is the density of dry
air, 𝜌ice is the density of solid ice assumed to have the value
of 917 kg⋅m−3, and N is the total number concentration in
units of m−3.

The Padé approximants utilised here are given by the
following set of relations (Manners et al. 2023):

kext = I
l1 + l2rm + l3r2

m

1 + l4rm + l5r2
m
+ l6r3

m

,

ksca = kext

(
1 −

l7 + l8rm + l9r2
m

1 + l10rm + l11r2
m

)
,

g =
l12 + l13rm + l14r2

m

1 + l15rm + l16r2
m

, (9)

where the kext and ksca terms are the mass extinc-
tion and scattering coefficients, respectively, defined as
Cext,sca/I𝜌air. The lth coefficients in Equation (9) for kext
and ksca are chosen such that the well-known inverse
relationship between the mass coefficients and rm is repli-
cated as rm becomes larger. The single-scattering albedo
and co-albedo are found simply from Equation (3). In
Equation (9), the total ice optical properties are directly
linked to rm rather than re. This choice is driven by the
fact that rm is derived directly from model prognostic vari-
ables – mass mixing ratio (I) and number (N) – ensuring
a physically consistent representation of ice optical prop-
erties within the model. In contrast, re is fundamentally
area-weighted, and since area is not a prognostic variable
in most models, it must be parametrised using empirical
relationships. This reliance on additional assumptions
introduces uncertainties that we aim to avoid, as well as
the other limitations highlighted in the introduction to
this paper.

The spectral averaging techniques used in this paper
are based on the study of Hogan and Matricardi (2022),
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who found that, following Edwards and Slingo (1996),
using ‘thin’ and ‘thick’ spectral averaging is more accurate
in replicating cloudy irradiances than using other tech-
niques. For optically thin clouds or cirrus with low optical
depths, linear averaging is appropriate to compute the
optical properties. In this case, the mass extinction coef-
ficient, the co-albedo, and the asymmetry parameter are
spectrally averaged (weighted by the solar or Planck irra-
diance) as has been done previously. This is called ‘thin’
averaging because such a linear weighting of the optical
properties is only exact in the limit of optically thin clouds.
However, in the model and observations, most clouds are
not optically thin. In this case, it is more appropriate to
use a weighting that is better for the radiative properties of
optically thick clouds. For optically thick clouds or ‘thick’
spectral averaging, the reflection coefficient of an infinite
optically thick cloud is calculated, and weighted, and the
total extinction is weighted rather than the individual
coefficients. Hogan and Matricardi (2022) concluded that
‘thick’ spectral averaging is the best choice for most cases
of calculating cloudy irradiances. In previous papers, the
recommendations of Edwards and Slingo (1996) were fol-
lowed, which were that ‘thin’ and ‘thick’ spectral averaging
should be applied to cirrus and water clouds, respectively.
Here, we trial ‘thick’ and ‘thin’ spectral averaging.

The fits obtained using the Padé approximants with the
standard six-band short-wave and nine-band long-wave
spectral files are found to be very good for all the wave-
length ranges for these spectral files. The bands used, as
presented by Walters et al. (2019), are provided in Tables 2
and 3. An example of the Padé-approximant fitting to spec-
tral band 3 is presented in Figure 7. All other bands are
fitted equally well, and all bands can be found in the Sup-
porting Information, presented in Figures S1–S5. It should
be noted that in Figure S1, the fit to the co-albedo for bands
1 and 2 appears poor. This is because the co-albedo for
these two bands is very close to zero, indicating effectively
no absorption. In obtaining Figure 7, the bulk ice optical
properties, in-cloud ice mass mixing ratios, and ice num-
ber concentrations were initially computed using 62,250
distinct PSDs derived from CASIM. To make subsequent
analysis computationally tractable, this extensive dataset
was reduced by grouping PSDs into 1026 bins. Importantly,
these bins were not formed by simply averaging properties
within equal intervals of mean particle mass. Instead, the
bins were generated by repeatedly bisecting the entire
dataset into equal numbers of PSDs in a two-dimensional
parameter space, defined by the mass mixing ratio and the
mean particle mass per particle.

This deliberate approach was chosen explicitly to pre-
serve any potential dependencies of optical properties on
both these microphysical parameters. Upon inspection,

T A B L E 2 Spectral bands for the short-wave band. The table
is adapted from Walters et al. (2019)

Short-wave band Wavelength (𝛍m)

1 0.200–0.320

2 0.320–0.505

3 0.505–0.690

4 0.690–1.190

5 1.190–2.380

6 2.380–10.00

T A B L E 3 Spectral bands for the long-wave band. The table is
adapted from Walters et al. (2019)

Long-wave band Wavelength (𝛍m)

1 25.0–10,000

2 18.18–25.0

3 12.5–13.33 & 16.95–18.18

4 13.33–16.95

5 8.33–8.93 & 10.10–12.50

6 8.93–10.10

7 7.52–8.33

8 6.67–7.52

9 3.34–6.67

however, it became apparent that the bulk optical prop-
erties exhibited minimal sensitivity to variations in mass
mixing ratio. Consequently, the data points from these
irregular bins collapsed predominantly onto a monotonic
function of mean particle mass per ice crystal. This feature
justified the use of mean ice crystal mass – and specifically
the mass-equivalent spherical radius – as the primary
variable for fitting the Padé approximants.

Thus, although the relationship between mass-
equivalent spherical radius and bulk optical properties
appears clearly defined in Figure 7 due to binning, the
initial binning strategy itself did not inherently impose
this relationship. Rather, it emerged naturally from the
data. This is further demonstrated in the Supporting Infor-
mation (Figures S6–S8), which shows the scaled mass
extinction coefficient, mass scattering coefficient, and
asymmetry parameter derived from all 62,250 PSDs for
Band 3 of the long-wave Edwards–Slingo bands. The same
scaling approach described in the caption of Figure 7
has been applied. These supplementary figures con-
firm that the bulk optical properties collapse onto tight,
well-defined curves as a function of rm, with minimal
dispersion, and can be accurately captured using Padé
approximants of the same rational polynomial form as
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F I G U R E 7 Fitting of the Padé approximants (plus signs) to the binned data (squares) for band 3 of the short wave in the top panel and
long wave in the bottom panel. The x-axis represents the mass-equivalent spherical radius (rm) scaled by dividing by the mean value over all
data, while the y-axis represents different scaled optical properties: Mass extinction coefficient divided by its mean value over all data (first
left panel), co-albedo divided by its maximum value over all data (centre panel), and the asymmetry parameter (dimensionless) is shown in
the right-most panel. [Colour figure can be viewed at wileyonlinelibrary.com]

Equation (9). Comparisons between the Padé fits and the
original data (Figures S9–S11) show excellent one-to-one
agreement, confirming the reliability of the fits across the
full PSD ensemble.

Figure 7 serves as an example of how well the Padé
approximants fitted the binned data. Specifically, the
figure showcases how the approximants for band 3 (from
Tables 2 and 3) replicated the binned data. As can be seen
from the figure, the fits accurately describe the binned
data. In Figure 7, there are 1026 plotted points so it can
be seen on the plots that the number of outliers is small.
However, it should be noted that the binned data are some-
what noisy; this is likely due to stronger bimodality in
the CASIM PSDs. However, the number of noisy points is
small, and thus, they will not detract from the accuracy of
the Padé fits.

The accuracies of the Padé fits for each band, as
shown in Tables 2 and 3, were assessed using the
coefficient of determination (r2) and the root mean square
(rms). On average, the r2 values across all six short-wave
bands for the mass extinction coefficient and asymmetry
parameter were 99.72% and 98.96%, respectively. For the
non-absorbing bands (i.e., bands 1 and 2), the error in the
co-albedo was evaluated using the rms, which was found
to be less than 10−6. This is because the co-albedo values at
these non-absorbing bands are extremely small, making r2

an unsuitable metric for such cases. For the four absorbing
short-wave bands, the average r2 value for the co-albedo
was 97.62%.

For the long-wave bands, the average r2 values
across all nine bands for the mass extinction coefficient,
co-albedo, and asymmetry parameter were 99.65%, 96.99%,
and 98.99%, respectively. These results demonstrate that
the Padé fits provide sufficiently accurate parametrisations
for the purposes of this study.

The next section will describe and discuss the impact
of using the coupled consistent parametrisations in the
regional model.

6 THE IMPACT OF THE COUPLED
CONSISTENT PARAMETRISATIONS
ON THE RADIATION FIELDS IN THE
REGIONAL MODEL

The simulations presented in this section utilised an
existing Darwin case study that had been used to eval-
uate various CASIM configurations and the operational
regional model against the CERES (Clouds and Earth’s
Radiant Energy System, see Loeb et al., 2016 for further
information about CERES) short- and long-wave mea-
surements. In this comparison, the outgoing short- and

http://wileyonlinelibrary.com
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long-wave irradiances at the TOA were compared to the
CERES 1◦ hourly product (i.e., 10.5067/TERRA+AQUA/
CERES/SYN1DEG-1HOUR_L3.004A). The results of the
comparisons are presented in Figure 8, where his-
tograms for all-sky situations were produced by pre-
senting approximately 60 days of T + 27 output from 0Z
(about local midday) as a histogram, with the days being
contiguous. Results using the Met Office’s next opera-
tional regional atmosphere–land model called ral3.1 with
the current ice optical parametrisation are also shown
in Figure 8.

F I G U R E 8 The comparison between CERES observations
for Darwin and ral3.1 using different spectral averaging techniques
is shown in both the short-wave (top panel) and long-wave bands
(bottom panel). The CERES observations are depicted as a solid
black line with a two-times Poisson uncertainty envelope, while the
‘thin’ and ‘thick’ spectral averaging techniques are described in the
key in each panel. Note, in terms of radiation, differences between
ga7 and ga9 are not significant here and so have no impact on the
radiation calculations. [Colour figure can be viewed at
wileyonlinelibrary.com]

The short-wave results shown in the top panel of
Figure 8 demonstrate that the new CASIM-coupled con-
sistent parametrisation (shown as the full green and
red lines in the figure) replicates the high-irradiance
end of the CERES short-wave observations (shown
as the full black line in the figure) better than the
single-moment current ice optical parametrisation
(shown as the full blue line in the figure) described
in Baran et al. (2016). For irradiances between 800
and 1000 W⋅m−2, the spectral averaging results using
the consistent two-moment parametrisation achieved
an Agreement Index of 0.74 (Willmott, 1981), indicat-
ing generally good agreement with the observations.
While the parametrisation tends to overestimate pixel
counts relative to the observations, this overestimation
is significantly reduced compared to the single-moment
parametrisation. Indeed, the single-moment parametri-
sation significantly overestimates the number of pixels
relative to the observations, resulting in an Agreement
Index of only 0.32, indicating poor agreement. In
contrast, the consistent two-moment parametrisation
improves this considerably, thereby providing a more
accurate representation of the observed distribution at
the high-irradiance end. The long-wave results, shown
in the bottom panel of Figure 8, demonstrate excellent
agreement between the CERES measurements and the
new CASIM-consistent coupled parametrisation simu-
lations. In particular, at the low-irradiance end of the
long-wave range (<150 W⋅m−2), the spectral averaging
results achieved an Agreement Index of 0.97, capturing the
observed trends with minimal deviations. However, when
using ral3.1 with the single-moment Baran et al. (2016)
ice optical parametrisation, the Agreement Index found
for the single-moment parametrisation was 0.91 for irra-
diances <150 W⋅m−2. However, visual inspection of the
bottom panel of Figure 8 reveals clear discrepancies in the
distribution shape relative to observations. In particular,
the single-moment parametrisation overestimates the
number of low-irradiance pixels and exhibits a less realis-
tic gradient, which is not fully captured by the Agreement
Index metric. In contrast, the two-moment scheme fol-
lows the observed distribution closely, both in magnitude
and shape, yielding a higher Agreement Index of 0.97 and
qualitatively superior agreement.

It should be noted from Figure 8 that the differences
between the ‘thin’ and ‘thick’ spectral averaging tech-
niques are small. Therefore, results will only be presented
for the case of ‘thick’ spectral averaging, following the
recommendation of Hogan and Matricardi (2022).

The CERES short- and long-wave irradiance measure-
ments provide insight into cloud optical depth properties.
In the short-wave histogram, higher TOA irradiances

http://wileyonlinelibrary.com
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(800–1000 W⋅m−2) typically indicate greater cloud
reflectivity associated with optically thicker clouds or
higher cloud fractions, while in the long-wave histogram,
lower irradiances (<150 W⋅m−2) generally correspond to
higher, colder cloud tops with greater optical depth that
trap outgoing thermal radiation more effectively.

Figure 9 shows the radiation results obtained around
the UK using ‘thick’ spectral averaging. Again, the CERES
1◦ hourly product is utilised, where histograms for all-sky
situations were produced by presenting approximately
40 days of T + 27 output from 12Z (about local mid-
day) as a histogram, with the 40 days being contiguous.
Shown in Figure 9 are comparisons between the CERES
observations and the current Met Office operational
regional model called ra2m with the Baran et al. (2016)
single-moment parametrisation, shown as the solid blue
line, CASIM with the coupled consistent parametrisation
is shown as the solid green line, and the same but with the
Baran et al. (2016) parametrisation is shown as the solid
red line.

We also compare the effect of the new parametrisa-
tion with the results using Baran et al. (2016). The results
presented in Figure 9 show that in the short wave band
(left panel), the CASIM coupled consistent ice optical
parametrization’s agreement with the CERES measure-
ments is better than the ice optics in ra2m, which uses
Baran et al. (2016), and the CASIM ice optical parametriza-
tion also from Baran et al. (2016). The coupled consistent
CASIM optical parametrisation captures the peak of the
CERES short-wave measurements and is in general within
the Poisson uncertainty over the range of the histogram. In

the short-wave region, the two-moment parametrisation
(casim3p1_rad) achieves an Agreement Index of 0.95, indi-
cating strong agreement with the observed distribution
over the range of the histogram. In contrast, the
current operational model (ra2m) scores lower, with
an Agreement Index of 0.87. These results reinforce
the improved fidelity of the two-moment parametri-
sation in representing observed short-wave radiative
distributions.

However, in the long-wave band (right panel), we see
that the coupled consistent CASIM optical parametrisa-
tion is too transmissive and not transmissive enough at
the higher and lower irradiance end of the CERES mea-
surements, respectively. In the long-wave irradiance range
of 140–260 W⋅m−2, which encompasses the peak of the
observed outgoing long-wave radiation distribution, the
single-moment parametrisation (ra2m) outperforms the
two-moment scheme (casim3p1_rad) in terms of agree-
ment with observations. Specifically, the Agreement Index
for the single-moment parametrisation is 0.74, compared
to 0.60 for the two-moment parametrisation. This differ-
ence is consistent with the overestimation of emission
evident in Figure 9, where the two-moment scheme pre-
dicts a greater number of high-irradiance pixels near the
distribution peak. The reason for this long-wave result
could be owing to the clouds not being at the correct
altitude or error in the cloud fractions, and/or the PSDs
being too narrow in this region. The single-moment Baran
et al. (2016) parametrisations more closely follow the PDF
of the CERES measurements in the long-wave, but this is
likely due to error cancellation.

F I G U R E 9 The comparison between CERES observations and ra2m (blue solid line) using ‘thick’ spectral averaging is shown in both
the short-wave (left panel) and long-wave bands (right panel). The CERES observations are depicted as a solid black line with a two-times
Poisson uncertainty envelope, while the new coupled consistent optical parametrisation (casim3p1_rad) and the Baran et al. (2016)
single-moment ice optical parametrisation (casim3p1) are described in the key in each panel. [Colour figure can be viewed at
wileyonlinelibrary.com]
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The overall comparison between the CERES
measurements and the new coupled consistent CASIM
parametrisation simulations is improved over the
single-moment radiation, with particularly good agree-
ment at the low-irradiance end of the long-wave results,
the higher end of the short-wave results, and in the case of
around the UK the agreement with the CERES measure-
ments is generally good in the short-wave band. Clearly,
the overall results suggest that by consistently coupling
the ice optics to two-moment microphysics the radiation
fields are better simulated when comparisons are made
with space-based measurements. Only with such a con-
sistency can we hope to reduce the uncertainties in the
cirrus radiative effect.

7 DISCUSSION AND
CONCLUSIONS

The work presented in this paper is based on the ensem-
ble model of cirrus ice crystals, which generated a fully
consistent two-moment look-up table of the bulk ice opti-
cal properties across 170 wavelengths, ranging from 0.175
to 100 μm. This look-up table was used to develop a
new coupled consistent parametrisation of the bulk ice
optics based on the two-moment input from CASIM. The
two-moment input to the parametrisation includes the
total in-cloud ice mass mixing ratio and number, which
are combined to obtain the mean ice crystal mass per ice
crystal.

From the mean ice crystal mass per ice crystal, the
mass-equivalent spherical radius is derived, which has the
same mass and solid density as the nonspherical particle.
It has been shown that expressing the mean ice crystal
mass per ice crystal in terms of the mass-equivalent spher-
ical radius accurately describes the binned bulk ice optical
properties as a function of size. This approach enables
the use of existing Padé approximant techniques to fit
the binned bulk ice optical properties as a function of
mass-equivalent spherical radius accurately. This fitting
technique, previously used for water droplet parametri-
sations, has been applied here for the first time for ice
crystal optical property parametrisations. The main dif-
ference between water cloud and ice crystal bulk opti-
cal parametrisations is that the effective radius has been
replaced by the mass-equivalent spherical radius for ice.
The accuracy of fitting the binned bulk ice optical prop-
erties for the standard six-band short-wave and nine-band
long-wave spectral files using the Padé approximants was
found to be sufficiently accurate for the purposes of this
paper. The paper also explored the use of ‘thin’ and ‘thick’
spectral averaging techniques for the ice optics. The find-
ings of this paper can be summarised as follows:

1. The two-moment CASIM PSDs were compared with
the F07 moment estimations in Figure 4 for the
mid-latitude and tropical normalisations of the PSD
over a wide range of temperatures and mass. The
results showed that the new CASIM PSDs compared
favourably with F07, which is well-known for repre-
senting cirrus and ice cloud PSDs.

2. The Darwin all-sky case study, conducted over 40 days,
showed that the new coupled consistent two-moment
ice optical parametrisation improved agreement with
the CERES short-wave measurements, particularly at
the high-irradiance end. The new CASIM parametri-
sation was found to be in better agreement with the
CERES measurements than the single-moment Baran
et al. (2016) ice optical parametrisation. This conclusion
was also true for the long-wave measurements.

3. The ‘thin’ and ‘thick’ spectral averaging techniques
were evaluated in the Darwin case study, and no signifi-
cant differences were found. As a result, regional model
simulations around the UK were performed using the
‘thick’ spectral averaging technique, following the rec-
ommendation of Hogan and Matricardi (2022).

4. The results around the UK using ‘thick’ averaging
showed that the simulation of the CERES short-wave
measurements using the new coupled consistent ice
optical parametrisation was in remarkably good agree-
ment with those measurements. However, in the
long-wave band, the new parametrisation was some-
what too transmissive relative to the CERES measure-
ments. This discrepancy could be due to clouds not
being at the correct altitude, errors in cloud fractions,
or the PSDs being too narrow in this region.

In this paper, we have demonstrated that a consistent
coupling between the two CASIM prognostic moments,
namely mass and number, and the ice optical proper-
ties have a very beneficial impact on radiation simula-
tions in a regional weather model across different parts
of the world. This achievement is particularly significant
for regions known to be problematic for weather mod-
els, such as around Darwin, Australia, due to the deep
convective clouds and semi-transparent cirrus that entrain
off the convective clouds. Moreover, the consistency pre-
sented here no longer precludes the important analogous
ice Twomey effect from occurring within CASIM, whether
positive or negative, in the same way as it is present for
liquid clouds. At the Met Office we can now incorporate
aerosol within CASIM, but the sensitivity of radiation to
the aerosol–ice coupling is left to later work. Only through
such a consistent coupling between microphysics and
radiation using two-moment rather than single-moment
microphysics can we hope to more realistically simulate
the cirrus radiation effects in weather and climate models
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and reduce their uncertainties. Additionally, such a con-
sistent coupling should produce more interesting radiative
feedbacks that are precluded in single-moment schemes.
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