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The predictive quality of an ensemble model of cirrus ice crystals to model passive and
active measurements of ice cloud, from the ultraviolet (UV) to the microwave, is tested. The
ensemble model predicts m ∝ D2 , where D is the maximum dimension of the ice crystal,
and m is its mass. This predicted m-D relationship is applied to a moment estimation
parametrization of the particle size distribution (PSD), to estimate the PSD shape, given
ice water content (IWC) and in-cloud temperature. The same microphysics is applied across
the electromagnetic spectrum to model UV, infrared, microwave and radar observations.
The short-wave measurements consist of airborne UV backscatter lidar (light detection and
ranging) estimates of the volume extinction coefficient, total solar optical depth, and spacebased multi-directional spherical albedo retrievals, at 0.865 µm, between the scattering
angles 85◦ and 125◦ . The airborne long-wave measurements consist of high-resolution
interferometer upwelling brightness temperatures, obtained between the wavelengths of
about 3.45 µm and 4.1 µm, and 8.0 µm to 12.0 µm. The low-frequency measurements
consist of ground-based Chilbolton 35 GHz radar reflectivity measurements and spacebased upwelling 190 GHz brightness temperature measurements. The predictive quality of
the ensemble model is demonstrated to be generally within the experimental uncertainty of
the lidar backscatter estimates of the volume extinction coefficient and total solar optical
depth. The ensemble model prediction of the high-resolution brightness temperature
measurements is generally within ±2 K and ±1 K at solar and infrared wavelengths,
respectively. The 35 GHz radar reflectivity and 190 GHz brightness temperatures are
generally simulated to within ±2 dBZe , and ±2 K, respectively. The directional spherical
albedo observations suggest that the scattering phase function of the most randomized
ensemble model gives the best fit to the measurements (generally within ±3%). This article
demonstrates that the ensemble model, assuming the same microphysics, is physically
consistent across the electromagnetic spectrum.
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1. Introduction
Predicting the radiative properties of cirrus is generally
problematic, due to these clouds consisting of considerable
variations in the shapes and sizes of ice crystals, existing at
temperatures less than about 230 K (Heymsfield and Miloshevich,
2003; Field et al., 2007, 2008; Korolev et al., 2011; Baran, 2012;
Guignard et al., 2012). The shapes of ice crystals can tend
from pristine single ice crystals to complex non-symmetric

aggregates, consisting of monomers that may themselves be
symmetric (Korolev et al., 2000; Heymsfield and Miloshevich,
2003; Westbrook et al., 2004; Stoelinga et al., 2007; Field et al.,
2008; Baran et al., 2009, 2011a; Um and McFarquhar, 2009; Gayet
et al., 2011; Gallagher et al., 2012). Moreover, the facets that
make up the single and aggregated ice crystals may also have
roughening on their surfaces, and may contain air cavities within
their volumes (Bailey and Hallett, 2004; Ulanowski et al., 2006;
Gayet et al., 2011).
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With this range of ice crystal complexity within cirrus, the
problem of predicting the radiative properties of cirrus appears
insurmountable. However, naturally occurring ice crystals are
generally fractal, which means that the basic properties of ice
crystal projected area and mass follow approximate power laws,
relating area and mass to the maximum dimension of the ice
crystal, D (Westbrook et al., 2004; Schmitt and Heymsfield,
2010). The cross-sectional area and mass of ice crystals principally
determine the radiative properties of cirrus, as these quantities
are related to the cloud optical depth (i.e. the ratio of the columnintegrated ice mass to the volume extinction coefficient); see
for example Baran (2009). This principal dependence of cirrus
radiative properties on projected area and mass is exploited by
the ‘A-train’ constellation of satellites to retrieve cirrus properties
of size and mass, using nearly simultaneous measurements from
across the electromagnetic spectrum; see Stephens et al. (2002)
for a description of the A-train. The A-train covers the highto the low-frequency end, thereby covering the range over
which the scattering and absorption cross-sections are projected
area-dependent (i.e. geometric optics) and volume-dependent
(Rayleigh scattering). Therefore, it is important that theoretical
models of ice crystal scattering follow the observed projected areaD and mass-D relationships, since if these general relationships
are followed, then the scattering model should be physically
consistent across the spectrum, negating the need for frequencydependent models (Baran, 2012). Unfortunately, although the
observed area-D and mass-D relationships are mathematically
simple, the observational values of the pre-factors and exponents
can vary substantially (Schmitt et al., 2006, and references
therein). For example, in the case of aggregating ice crystals,
the exponent in the mass-D relationship should tend to a value
of 2.0 ± 0.2 (Westbrook et al., 2004; Heymsfield et al., 2010;
Mitchell et al., 2010; Cotton et al., 2012).
A further problem in predicting the general radiative properties of cirrus is that the directional scattering properties of
ice crystals can also vary substantially. The directional scattering
properties of cirrus depend upon the scattering phase function
(i.e. the [1, 1] element of the scattering matrix, the element that
describes the angular scattered intensity about the particle (van
de Hulst (1957)). The features that appear on the scattering phase
function depend on ice crystal shape, size, and whether the ice
crystal is pristine, aggregated or randomized (i.e. whether the
ice crystal has inclusions, concavities and/or surface roughness);
see for example Baran (2009). There have been many theoretical
studies showing that ice crystal aggregation, inclusions, concavities and surface roughness have a profound impact on scattering
phase functions (Macke et al., 1996a, 1996b; Yang and Liou,
1998; Labonnote et al., 2001; Schmitt et al., 2006; Shcherbakov
et al., 2006; Ulanowski et al., 2006; Baran and Labonnote, 2007;
Um and McFarquhar, 2007, 2009, 2011; Yang et al., 2008; Baran,
2009). Randomly oriented pristine hexagonal ice columns exhibit
a number of optical features on their scattering phase functions
such as the 22◦ and 46◦ halos, an ice-bow feature which peaks at
a scattering angle of about 150◦ , and a retro-reflection peak at the
exact backscattering angle of 180◦ (Takano and Liou, 1989). These
optical features diminish or can completely disappear once the ice
crystal becomes hollow from both ends or if it contains aerosol
inclusions within its volume and/or possesses surface roughness
on its mantle surfaces. Essentially, significant surface roughness
increases the side-scattering properties of the phase function relative to their pristine counterparts, resulting in featureless phase
functions (Macke et al., 1996a; Yang and Liou, 1998; Ulanowski
et al., 2006). On the other hand, if the ice crystals become hollow
from both ends, then the 46◦ halo disappears, and the 22◦ halo
becomes modified, resulting in more scattered energy being redirected into the forward direction, relative to the pristine ice crystal
(Macke et al., 1996a; Schmitt et al., 2006; Yang et al., 2008).
In general, the current observational evidence is that the
microphysical and macrophysical properties of cirrus are best
represented by some ice crystal ensemble or habit-weighted mixture model and that the ice crystal phase functions are featureless

and relatively flat at backscattering angles (Baran et al., 1999,
2001, 2005; Doutriaux-Boucher et al., 2000; Rolland et al., 2000;
Field et al., 2003; Jourdan et al., 2003; Baum et al., 2005, 2011;
Baran and Labonnote, 2006; Gayet et al., 2011; Baran, 2012).
The impacts of air concavities within ice crystals and surface
roughness on their mantles have profound effects on their
scattering phase functions and, consequently, the value of their
asymmetry parameters. The asymmetry parameter is formally
defined as the average cosine of the scattering angle (Bohren
and Huffman, 1983) and defines how much incident irradiance
is scattered into the forward and backward hemispheres of all
spaces. The values of the asymmetry parameter can, at least
mathematically, range between ±1. The asymmetry parameter is
very important in climate models (Stephens and Webster, 1981),
as it is one of the parameters that determine how much incident
solar irradiance is reflected back to space. Therefore, the particular
value of the asymmetry parameter assigned in a climate model will
influence whether the net radiative effect of cirrus is to warm or
cool the surface of the Earth (Edwards et al., 2007; Baran, 2012).
There have been a number of theoretical studies, which have
shown that differing representations of ice crystal hollowness and
surface roughness can both increase and decrease the value of
the asymmetry parameter, relative to their pristine counterparts,
respectively (Macke et al., 1996a; Yang and Liou, 1998; Schmitt
et al., 2006; Shcherbakov et al., 2006; Ulanowski et al., 2006;
Yang et al., 2008). The impact of non-absorbing spherical air
inclusions increases side-scattering, due to multiple scattering
between inclusions, and so therefore decreases the asymmetry
parameter (Macke et al., 1996b; Labonnote et al., 2001). Of course,
the asymmetry parameter may be further decreased by simply
considering compact ice aggregates, which also increase sidescattering, due to multiple reflections between monomers, and
so therefore also decreases the asymmetry parameter (Ulanowski
et al., 2006; Um and McFarquhar, 2007, 2009, 2011). Although
spatial chain aggregates have decreased multiple reflections
between monomers, the asymmetry parameter can still change by
as much as 7%, depending on the shape of the initial monomer
(Baran, 2009). The actual values of the asymmetry parameter
predicted by pristine and highly randomized ice crystal models
can differ substantially, from about 0.81 to about 0.73, respectively
(Baran, 2012). However, values can still exist outside of this range
depending on assumptions of ice crystal shape (Takano and Liou,
1989; Fu, 2007), concavity, spherical air bubble inclusions, and
surface roughness (Macke et al., 1996a, 1996b; Yang and Liou,
1998; Ulanowski et al. 2006, 2010; Yang et al., 2008). Such a
large potential difference in the asymmetry parameter between
different ice crystal models means that the potential uncertainty
in the instantaneous short-wave radiative effect at the top of
the atmosphere (TOA) could be as much as ±38 W m−2 . A
further theoretical study by Fu (2007) found that by assuming a
completely overcast sky with an optical depth of 4 and changing
the aspect ratio of hexagonal columns (i.e. the ratio of column
length to the diameter) from 1.0 to 0.1 could change the shortwave radiative effect of cirrus from −30 W m−2 to −70 W m−2 .
However, the uncertainty in the vertical distribution of ice crystal
shapes may produce similar uncertainties in the instantaneous
short-wave radiative effect of cirrus (Yang et al., 2012).
With this uncertainty in the instantaneous short-wave radiative
effect, the overall net radiative effect (i.e. difference between
the short-wave and long-wave radiative effects) of cirrus, as to
whether the cloud warms or cools the Earth’s surface, is also
therefore highly uncertain. Given the above discussion, it is
not surprising that the most recent Intergovernmental Panel on
Climate Change report (IPCC, 2007) concluded that the response
of clouds to increasing greenhouse gases remains one of the largest
uncertainties in climate model predictions of climate sensitivity.
To address this uncertainty, ice crystal scattering models of cirrus
are required that are physically consistent across the short-wave
and long-wave regions of the spectrum: the regions which are
most important to the energetics of the Earth’s atmosphere.
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Self-consistent Scattering Model for Cirrus: Part II
In Part I, Baran and Labonnote (2007) put forward an
ensemble model of cirrus ice crystals that was shown to be
self-consistent in that ice mass was shown to be conserved,
and the solar volume extinction coefficient could be predicted
to within the experimental uncertainty. It was also shown by
Baran and Labonnote (2007) that the scattering phase function of
the most randomized ensemble model (i.e. spherical air bubble
inclusions and distortion) best minimized differences between the
model and space-based multi-directional solar retrievals of the
spherical albedo. In subsequent articles, using observational data
from the Tropics and midlatitudes, it was shown that the ensemble
model predicted ice water content (IWC), solar volume extinction
coefficient and total solar optical depth to within the experimental
uncertainty (Baran et al., 2009, 2011a). Moreover, it was shown by
Baran et al. (2011b) that the ensemble model predicted a mass-D
relationship of the form α D2 , where α = 0.04 (SI units), and that
this relationship predicted the IWC of tropical cumulonimbus
clouds to within the experimental uncertainty, using observations
from Field et al. (2008). Other ensemble models of cirrus, such
as the weighted habit mixture model of Baum et al. (2005) and
Baum et al. (2011) have also been shown to conserve ice mass and
generally minimize differences between model and solar-based
observations, if the models had severe surface roughness applied
to them so that the weighted-habit mixture models predicted
featureless phase functions.
In this article, the physical consistency of the ensemble model
of Baran and Labonnote (2007) is more rigorously tested by using
observational data from across the electromagnetic spectrum.
The observational data consist of in situ measurements obtained
during the ‘Constrain’ observational programme (Cotton et al.,
2012), airborne passive and active measurements, ground-based
active measurements, and space-based solar and microwave
passive measurements. The Constrain observation programme
took place around the United Kingdom during the winter and
spring of 2010. For details of the cirrus flights undertaken during
Constrain and description of the microphysical and bulk cloud
instrumentation, see Cotton et al. (2012). The tests of physical
consistency are based on observational data collected from two
cases of ice cloud that occurred on 25 January 2010 and 3 March
2010. The former and latter cases consist of semi-transparent
cirrus over northeast Scotland, and a deep-frontal iced cloud
over the Chilbolton site in southern England, respectively. On
25 January 2010, there was a PARASOL (Polarization and
Anisotropy of Reflectances for Atmospheric Sciences coupled
with Observations from a Lidar) satellite overpass at 1250
UTC. Data from the POLarization and Directionality of the
Earth’s Reflectances-3 (POLDER-3) instrument on board the
PARASOL platform is used to test, on a pixel-by-pixel basis,
which ensemble model scattering phase function best minimizes
the multi-directional data. See Deschamps et al. (1994) for further
information about the POLDER instrument. On 3 March 2010,
the airborne measurements were obtained in coincidence with
the scanning 35 GHz Chilbolton radar.
The article is split into the following sections: Section 2 briefly
overviews the Constrain data and airborne active and passive
instruments used in this article, and a brief overview of the spacebased microwave instrument is given. Section 3 briefly describes
the ensemble model and the assumptions used in calculating
its scattering properties. Section 4 describes the methodology
applied at the high-frequency end of the spectrum to test the
physical consistency of the ensemble model, and presents the
results of the various tests. Section 5 presents the same tests but
using measurements from across the low-frequency end of the
spectrum. Section 6 then presents the conclusions.
2. The Constrain observational data
The cirrus particle size distribution (PSD) was characterised by
various cloud particle instruments, including optical array probes
and single-particle light-scattering probes. The PMS (Particle
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Measuring Systems) 2D-C array probe (Knollenberg, 1970) is
used to measure ice particles between 100 and 800 µm. The
Cloud Imaging Probe (CIP-100) from Droplet Measurement
Technologies (DMT) is used to measure ice particles between
400 and 6400 µm. The 2D-S array probe from Stratton Park
Engineering Company (SPEC) (Lawson et al., 2006) is used to
measure ice particles between 40 and 1280 µm. The Small Ice
Detector Mark-2 (SID-2), built by the University of Hertfordshire,
is an open path light-scattering probe which is used to measure ice
particles between 10 and 150 µm (Cotton et al., 2010). The Cloud
Droplet Probe (CDP), also from DMT, is used to measure ice
crystal size up to 50 µm. The tips of the 2D-C and CIP-100 probe
arms were modified following the design of Korolev et al. (2011).
The tips deflect most shattered fragments of large ice crystals
during mechanical impact with the probe tips away from the
sample volume, which would otherwise contaminate the PSDs
in the small ice crystal size range. The SID-2 and CDP leading
edges were already designed to reduce shattering artefacts. The
2D-S probe was not fitted with modified tips to deflect shattered
particles. A particle inter-arrival time algorithm, following Field
et al. (2006), was used to diagnose any shattering contamination
and reject PSDs with significant shattering. The data were divided
into 10-second intervals, and composite PSDs were derived by
combining data from all the above probes, taking into account
the probe error estimates.
Bulk IWC measurements were obtained by deploying the deepcone Nevzerov total water content probe (Korolev et al., 2008).
The deep cone prevents large ice crystals from bouncing out of
the sampling volume of the probe. A parametrization for the
probe ’dry-air’ baseline drift enabled measurement of the ice
water content with sufficient sensitivity for extended in-cloud
observations, estimated to be ±0.002 g kg−1 (Cotton et al., 2012).
Cotton et al. (2012) demonstrate good agreement between the
deep-cone Nevzerov probe measurement of IWC and the estimate
of IWC using the array of particle probes, to generally well within
±50%. The in-cloud temperature measurements were obtained
with the 32 Hz Rosemount de-iced temperature sensor (Lawson
and Cooper, 1990). The in-cloud temperature measurements
were averaged up to one-second data.
As previously mentioned, the IWC and in-cloud temperature
measurements used in this article are from two Constrain
flights. The first flight, called B503, consisted of sampling
semi-transparent cirrus around northeast Scotland (58◦ N–59◦ N,
2.5◦ W–4.5◦ W) on 25 January 2010; the temperatures at cloud
top and base were about −55◦ C and −30◦ C, respectively. The
aircraft manoeuvres consisted of straight-and-level runs above
and within the cirrus to obtain the lidar (light detection and
ranging) and radiometric data. Almost immediately following the
straight-and-level runs, the aircraft then undertook descending
flight patterns through the depth of the cirrus. This was done
in order to characterize the evolving PSD from cloud-top to
cloud-base. The second flight used in this article, called B513,
occurred on 3 March 2010 and took place around the Chilbolton
area (51.14◦ N, 1.44◦ W); for this flight the aircraft sampled deepfrontal ice cloud, again undertaking ascents and descents through
the cloud. The temperatures at cloud top and base were about
−60◦ C and −30◦ C, respectively. For this case, data are used
from the Chilbolton 35 GHz radar to test the ensemble model
prediction of radar reflectivity, given in situ estimates of IWC and
in-cloud temperature measurements.
Figure 1(a) and (b) shows two high-resolution MODerate
Imaging Spectroradiometer (MODIS: Platnick et al., 2003)
composite images (i.e. channels located at 0.645 µm, 0.555 µm
and 0.469 µm are combined) obtained at 1330 UTC and 1157
UTC, in the area of (a) B503 and (b) B513, respectively. The
boxed areas in Figure 1(a) and (b) indicate from where the data
used in this article originate.
The ensemble model prediction of the volume extinction
coefficient is tested using vertical profiles obtained from a
Leosphere ALS450 elastic backscatter lidar operating at the
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(a)

(b)

Figure 1. Composite MODIS images of (a) case B503 of semi-transparent cirrus located around Scotland and (b) case B513 of deep frontal ice cloud located around
southern England. The boxed locations shown in (a) and (b) indicate from where the aircraft data originate. Images are from the NERC Satellite Receiving Station,
Dundee University, Scotland (http://www.sat.dundee.ac.uk/).

(a)

(b)

(c)

Dmax

(d)

(e)

(f)

Figure 2. The ensemble model of Baran and Labonnote (2007). The model consists of six elements, progressively increasing in complexity as a function of maximum
dimension (Dmax ), showing (a) the hexagonal ice column of aspect ratio unity, (b) the six-branched bullet-rosette, (c) three-branched hexagonal aggregate, (d) compact
five-branched hexagonal aggregate, (e) eight-element chain hexagonal aggregate, and (f) ten-element chain hexagonal aggregate. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

wavelength 0.355 µm (integration time 2 min, equivalent to a
15–20 km footprint). The method used to convert returning lidar
beams into profiles of the volume extinction coefficient is fully
explained in Marenco et al. (2011); here the lidar ratio is set to 20
Sr. The uncertainty in the lidar estimate of the volume extinction
coefficient is about ±25%. The lidar on board the aircraft is
arranged in a nadir-viewing geometry. The lidar estimates of
the volume extinction coefficient are from the aircraft straightand-level runs above the cirrus. Furthermore, also deployed on
the aircraft was the Airborne Research Interferometer Evaluation
System (ARIES: Wilson et al., 1999). The ARIES instrument is
a modified Bomem MR200 interferometer, measuring infrared
radiances between the wavelengths of 3.3 µm and 18.0 µm, at
a spectral resolution of 1 cm−1 . The interferometer is capable
of scanning vertically upwards and at a number of view angles
cross-track downwards. However, the ARIES data used here are
from the straight-and-level runs above the cirrus. In this article,
ARIES data from the infrared regions 3.4 µm to 4.1 µm and
8.0 to 12.0 µm are used to test the ensemble model prediction
of upwelling brightness temperatures. The analysis is restricted
to this range of atmospheric ‘window’ regions as the scattering
properties of the ensemble model are to be tested rather than
spectroscopic databases.
During the flight B503, there was also a PARASOL overpass,
which took place at 1250 UTC. The PARASOL instrument has
channels located at 0.443 µm, 0.490 µm, 0.565 µm, 0.670 µm,
0.763 µm, 0.765 µm, 0.865 µm, 0.910 µm and 1.02 µm, and it
can view the same nadir pixel at up to 14 viewing directions,
between the scattering angles of 70◦ to 180◦ , and its nadirviewing pixel resolution is 5.3 km × 6.3 km. The range of

scattering angles sampled by PARASOL depends on Sun–satellite
geometry, latitude of the pixel, and the position of the pixel on
the satellite track (i.e. east or west). Given the latitude and time of
the year B503 took place, the maximum range of scattering angle
sampled by PARASOL is approximately 80◦ to 130◦ , and the total
number of viewing directions for each pixel is between 7 and 8.
The ensemble model predictions of upwelling TOA brightness
temperature at 190 GHz is also tested against measurements
obtained from the Microwave Humidity Sounder (MHS). The
MHS is a cross-track scanning instrument, which is part of
the Advanced Television Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (ATOVS) on board the National
Oceanic and Atmospheric Administration (NOAA) KLM series
of polar-orbiting satellites. The MHS instrument samples the
scene, out to a view angle of 50◦ , on either side of the sub-satellite
path, resulting in a resolution of 17 km at nadir. The MHS
instrument overflew the case B513 on 3 March 2010 at 1300 UTC.
The channel located at 190 GHz is chosen as this is the highest
space-based operational frequency that is currently available to
test the predictive quality of an ice crystal scattering model.
3. The ensemble model: assumptions and definitions
3.1.

The ensemble model

The ensemble model of cirrus ice crystals has been previously
discussed in Part I by Baran and Labonnote (2007) but a brief
overview of the model is given here. The complete geometrical
configuration of the ensemble model is given in Baran and
Labonnote (2007) and is reproduced here as Figure 2. The figure
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Self-consistent Scattering Model for Cirrus: Part II
shows that the ensemble model consists of six elements, the first of
which is the hexagonal ice column of aspect ratio unity, the second
the six-branched bullet rosette; thereafter, hexagonal monomers
are arbitrarily attached to each other, as a function of D, forming
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, whilst the hexagonal ice
aggregates represent the process of ice crystal aggregation and
thus represent the larger sizes of ice crystals in the PSD. The
members of the ensemble are distributed into six equal intervals
of the PSD.
The PSD assumed is the Field et al. (2007) moment estimation
parametrization of the PSD, hereinafter referred to as F07, which
relates the 2nd moment (IWC) to any other moment via a
polynomial fit to the in-cloud temperature. The parametrization
is based on 10 000 in situ (space between 10 000 and in situ)
measurements of the PSD, obtained in tropical and midlatitude
cirrus, at temperatures between −60◦ C and 0◦ C. The F07
parametrization ignored in situ measurements of ice crystal size
less than 100 µm, due to the problem of ice crystal shattering
on the inlet of closed-path instruments (Korolev et al., 2011).
For crystal size greater than 100 µm, filtering was applied to the
measured PSDs to reduce the likelihood of shattered ice crystal
artefacts being included in the parametrization. For ice crystal
size less than 100 µm, F07 assumed an exponential fit to the
PSD. The parametrized PSDs are normalized by the 2nd and
3rd moments using in situ data originating from the Tropics
and midlatitudes. Therefore, for any given m-D relationship,
IWC and in-cloud temperature, the original midlatitude or
tropical PSD can be estimated using the F07 parametrization.
The F07 parametrization was previously compared to in situ
measured PSDs obtained from two cases of tropical cirrus by
Baran et al. (2011), and in that article it was shown that the PSD
parametrization was within the measurement uncertainty of two
independent microphysical probes. To generate PSDs using the
parametrization, an m-D relationship is required, as well as the in
situ estimated IWC and in-cloud temperature. It was previously
shown by Baran et al. (2011b) that the ensemble model predicts
an m-D relationship of the form α Dβ , where α and β were
derived to have the values of 0.04 and 2.0, respectively, in SI
units. It is interesting to note that this m-D relationship, derived
from a three-dimensional geometrical model, is within the upper
uncertainty of the experimentally derived m-D relationship by
Cotton et al. (2012). Given the ensemble model m-D relationship,
the effective density–size relationship, ρe , assuming an equivalent
mass of spherical ice particles of the same diameter, is found to
be ρe = 0.076D−1.0 . The ensemble m-D and ice crystal effective
density–size relationships are used in Section 5 to simulate the
Chilbolton 35 GHz radar reflectivity measurements and the MHSmeasured TOA brightness temperatures at 190 GHz. The same
m-D relationship is used to generate the F07 PSDs throughout
the electromagnetic spectrum. The assumptions and definitions
are described and stated in the next subsection.
3.2.

Assumptions and definitions

Incident unpolarized sunlight illuminates the ensemble model ice
crystals which are assumed to be randomly oriented in space. Each
element of the ensemble model possesses a plane of symmetry,
and so therefore the incident intensity is related to the scattered
intensity via the [1, 1] element of the scattering matrix (van de
Hulst, 1957); as previously mentioned, the [1, 1] element of the
scattering matrix is called the scattering phase function, P11 (θ ).
The ensemble model predicted scattering phase function is
calculated using the Monte-Carlo ray-tracing method developed
by Macke et al. (1996a); each element of the ensemble is
randomized using the method of distortion, and maximum
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randomizations are achieved using distortion and including the
ice crystal with spherical air bubbles. The method of distortion is
described in Macke et al. (1996a); 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 assuming a uniform probability density function; 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 through which the ray is deflected), resulting in featureless
phase functions, with higher side-scattering and almost flat
backscattering, relative to their pristine counterparts. Distortion
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 to be θt /90◦ , and can take values
between 0 (pristine) and 1. In this article, each element of the
ensemble is distorted assuming distortion values of 0, 0.15, 0.25
and 0.4 plus spherical air bubble inclusions. The distortion value
of 0 represents the pristine case, and the distortion assuming
a value of 0.4 and spherical air inclusions represents the most
randomized case. The upper distortion value of 0.4 was chosen
as this was found to best fit POLDER-2 retrievals of the spherical
albedo and measurements of the linearly polarized reflectances
(Baran and Labonnote, 2006). For the most randomized case,
the modifications made to the Macke et al. (1996a) ray-tracing
code by Shcherbakov et al. (2006) have been used. The random
numbers representing θt were found by Shcherbakov et al. (2006)
to be best represented by Weibull statistics rather than a uniform
probability density function, as the Weibull statistics better fitted
their cloud chamber visible angular scattering measurements
of the phase function. In Part I, it was found that in the most
randomized case, the distortion parameter, mean free-path length
and kurtosis values (the distortion parameter and kurtosis values
are required to define the Weibull statistics) were assumed to have
the values of 0.4, 200 µm and 0.85, respectively. These values best
fitted the POLDER-2 spherical albedo retrievals, relative to other
models.
The averaged scattering phase function, <P11 (θ )>, is given by:


P11 (θ ) =

Csca (q)P11 (θ , q)n(q)dq

,
Csca (q)n(q)dq

(1)

where the vector q represents the elements of the ensemble
model as a function of maximum dimension, n(q) is the F07
parametrized PSD, and Csca (q) is the scattering cross-section of
each of the ensemble model elements.
Figure 3 shows the averaged ensemble model predicted
scattering phase functions, calculated at the wavelength of
0.865 µm, assuming distortion values of 0, 0.15 (slightly
distorted), 0.25 (moderately distorted) and 0.4 plus spherical
air bubble inclusions (fully distorted with spherical air bubble
inclusions). The complex refractive index of ice at 0.865 µm
has the value of 1.304 + 2.400 × 10−7 i, where the second term
accounts for absorption (Warren and Brandt, 2008). The averaged
phase functions were computed assuming an IWC value of
0.01 g m−3 and an in-cloud temperature of −50◦ C. Assuming
these values gives a PSD for which the contribution to the
scattering coefficient is a maximum in the small-particle mode at
about 20 µm (not shown here for reasons of brevity). The size
parameter, defined as π D/λ, at 0.865 µm with D = 20 µm, has
a value of about 73. This value means that the application of
ray tracing is a valid approximation for this section of the article
(Baran, 2009).
Figure 3 shows that the pristine case still retains the wellknown halo features at the scattering angles of 22◦ and 46◦ , the
ice-bow feature at about 150◦ , and the retro-reflection peak at
the exact backscattering angle of 180◦ . However, as the distortion
is increased, the averaged phase function becomes progressively
smoothed and the optical features become diminished. At the
largest distortion value, with the inclusion of spherical air
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Figure 3. The ensemble model predicted scattering phase functions plotted as log10 (P11 ) as a function of scattering angle calculated at the wavelength of 0.865 µm
assuming distortion values of 0.0 (pristine), 0.15 (slightly distorted), 0.25 (moderately distorted) and 0.4 plus spherical air bubble inclusions (fully distorted). This
figure is available in colour online at wileyonlinelibrary.com/journal/qj

bubbles, the phase function has significantly increased sidescattering between the scattering angles of about 60◦ to 140◦ ,
and is relatively flat at scattering angles greater than 140◦ ,
relative to the other models. It is well known that increasing
the distortion leads to enhanced side-scattering and therefore
lower asymmetry parameters, relative to the pristine case (Macke
et al., 1996a; Yang and Liou, 1998). However, Figure 3 suggests
that between the backscattering angles of about 115◦ to 140◦ ,
discrimination between different randomizations of the ensemble
model should be possible using multi-angular information. As
discussed in Section 2, the PARASOL instrument, at the latitudes
considered in this article, samples multi-directional spherical
albedos between the scattering angles of about 80◦ to 130◦ ; this
range of scattering angle should be sufficient to discriminate
between different randomizations of the ensemble model. This
aspect is further discussed in Section 4.
To forward model the lidar estimates of the volume extinction
coefficient, βext , at the wavelength of 0.355 µm, the limit of
geometric optics is assumed, in which case βext is given by the
following equation (van de Hulst, 1957):

βext = 2 <P(q) > n(q)dq,
(2)
where <P(q)> is the orientation-averaged projected area of each
member of the ensemble model, and the other terms have been
previously defined.
At the longer wavelengths considered in this article
(3.45–4.1 µm and 8.0–12.0 µm), the volume scattering/absorption coefficients must be directly calculated using the
following equation:

βsca/abs = Csca/abs (q)n(q)dq,
(3)
where Csca/abs are the scattering and absorption cross-sections (i.e.
product of scattering/absorption efficiency and the orientationaveraged projected area), and the single-scattering albedo, ω0 , is
given by the following equation:

ω0 =

βsca
,
(βsca + βabs )

(4)

Table 1. The values of βext , ω0 and g, calculated at the wavelength 0.865 µm, for
each distortion, assumed to have values of 0, 0.15, 0.25, and 0.4 plus spherical air
bubble inclusions (full).
Distortion
0.0
0.15
0.25
full

βext km−1

ω0

<g >

0.506
0.506
0.506
0.506

0.99996
0.99990
0.99996
0.99996

0.820
0.813
0.808
0.789

where in Eqs (3)–(4) the wavelength dependence of the
scattering/absorption coefficients has been omitted for reasons of
clarity. The averaged asymmetry parameter, <g >, is given by the
following equation:

g(q)Csca (q)n(q)dq
g  = 
.
(5)
Csca (q)n(q)dq
The terms in Eq. (5) have all been previously defined. Equations
(3)–(5) are necessary in order to simulate the PARASOL and
ARIES measurements, previously discussed in Section 2. Using
the observed IWC and in-cloud temperature values, that were
previously discussed to generate the ensemble model phase
functions shown in Figure 3, resulted in the values for βext ,
ω0 and <g > shown in Table 1, calculated at the wavelength
0.865 µm, assuming different ensemble model randomizations.
The phase functions shown in Figure 3 and total optical properties
shown in Table 1 are used to retrieve the PARASOL directional
spherical albedo and ensemble model phase function, which is
discussed further below in Section 4.2.
At the infrared wavelengths considered in this article
(3.45–4.1 µm and 8.0–12.0 µm), the ensemble model singlescattering properties are calculated using the T-matrix method
(Mishchenko and Travis, 1998) by applying the aggregate
electromagnetic scattering approximation developed by Baran
(2003). The complex refractive indices for solid ice are taken
from the compilation by Warren and Brandt (2008). It was
shown by Baran (2003) that at wavelengths in the terrestrial
window region, Finite-Difference-Time-Domain (Liou, 2002)
calculations of the hexagonal ice aggregate (Yang and Liou,
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Figure 4. The ensemble model-predicted (a) ω0 and (b) <g > calculated at the wavelength of 8.065 µm plotted as a function of IWC and in-cloud temperature using
20 662 PSDs.

1998) total optical properties (i.e. the integral optical properties,
given by Eqs (3)–(5)) could be calculated to well within 4%
of the exact solutions using the approximation. This level of
accuracy was achieved by approximating the aggregate by an
ensemble of equal volume-to-area ratio circular cylinders of
varying aspect ratio. This same electromagnetic approximation
and ice model was used by Baran and Francis (2004) to simulate
ARIES measurements to within ±1 K, between the wavelengths of
3.4 µm and 16.0 µm, obtained above semi-transparent cirrus off
the northeast coast of Scotland during October 2000. However,
the single hexagonal ice aggregate is no longer considered here,
as it has been previously shown that the model does not conserve
ice mass (Baum et al., 2005; Baran et al., 2011b). The calculated
asymmetry parameter obtained by applying Eq. (5) is then used
to generate the scattering phase function at infrared wavelengths
using the modified Henyey–Greenstein phase function developed
by Baran et al. (2001).
To simulate the ARIES measurements between the wavelengths
3.4 µm and 18.0 µm at a spectral resolution of 1 cm−1 requires a
set of infrared optical properties in IWC and in-cloud temperature
space. To achieve this, use is made of an already existing database
of IWC and in-cloud temperature, obtained from a number of
midlatitude and tropical cirrus campaigns, which was compiled
by Baran et al. (2011b) to model the radar reflectivity at 94 GHz,
using the ensemble model m-D relationship. The IWC and
in-cloud temperature, Tc , database is fully described in Baran

et al. (2011b), so will not be here. However, in this article use
is made of all the database IWC estimates and measurements
of Tc obtained at temperatures between about −65◦ C and 0◦ C.
However, since estimates of IWC and measurements of Tc do not
generally extend down to temperatures of −80◦ C, there is still a
possible gap in the forward modelling space. To fill this gap, Tc
and IWC values were randomly selected from between −65◦ C and
−40◦ C, and 1.0 × 10−5 g m−3 and 3 g m−3 , respectively. These
randomly selected values were then redistributed at temperatures
between −65◦ C and −80◦ C. The total optical properties were
then generated from a total number of 20 662 PSDs, between
the temperatures of 0◦ C and −80◦ C, in the wavelength range
0.20 µm to 120 µm.
An example of the behaviour of ωo and <g > at 8.065 µm
in IWC and Tc space is shown in Figure 4(a) and (b) (other
wavelengths are similar to Figure 4 but are not shown for reasons
of brevity). Figure 4(a) shows that at the coldest temperature
and lowest IWC values the single-scattering albedo is about
0.75; at these values of IWC and Tc the PSDs will be narrow
and so therefore scattering will be dominated by populations
of small ice crystals. At the warmest and largest values of
Tc and IWC, respectively, the PSDs become broader, and are
therefore populated by more absorbing large ice crystals, and so
at these values the single-scattering albedo reduces to about 0.55.
Figure 4(b) shows the same as Figure 4(a) but for <g >; this
time the converse is true, that is, at the coldest and lowest values
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of Tc and IWC, respectively, <g > is about 0.84; this increases
to about 0.98 at the warmest and largest values of Tc and IWC,
respectively. It should be noted that in IWC and Tc space, the
optical properties may vary in both the vertical and the horizontal
directions. Therefore, the radiative properties of inhomogeneous
or three-dimensional cirrus clouds can be seamlessly calculated
using the total optical properties presented in this article. Indeed,
the optical properties presented here have also been parametrized
for use in the HadGEM3/atmosphere-only Met Office climate
model; see Baran (2012) for details.
To compute the total optical properties at the microwave
frequency of 190 GHz, the Lorenz–Mie theory (Mie, 1908) is
applied, but assuming the ensemble model m-D and effective
density–size relationships; these relationships were previously
discussed in subsection 3.1, to generate the microwave scattering
coefficients. To calculate the refractive index at 190 GHz the
Maxwell-Garnett method (Maxwell Garnett, 1904) is used to
account for the fraction of ice, water and air contained in the
particle. This approach has previously been applied to study
the impact of various microphysical assumptions on upwelling
microwave brightness temperatures at TOA (Doherty et al., 2007).
The radiative transfer methods adopted for forward modelling
the infrared and microwave brightness temperature measurements are discussed in the relevant sections below. To simulate
the radar reflectivity at 35 GHz the Rayleigh approximation is
assumed (Hogan et al., 2000). To simulate the radar reflectivity
requires computation of the backscattering cross-section, which
is given by the following equation (Westbrook et al., 2006):

σb (D) =

36π 3
λ4 ρi2



 ε − 1 2 2


 ε + 2  m (D)f (D).

(6)

The terms in Eq. (6) are defined as follows. The density of
solid ice, ρ i , is assumed to have the value of 920 kg m−3 , λ is
the incident wavelength, ε is the dielectric constant of solid ice
and f (D) is the form factor, which is a measure of the deviation
from the Rayleigh approximation as D increases. In this article,
since the Rayleigh approximation is assumed, then f (D) = 1, and
m(D) is the ensemble model m-D relationship. The justification
for assuming the Rayleigh approximation in this article is given
in Section 5.2. The equivalent radar reflectivity, Ze , is given by
(Atlas et al., 1995):

(7)
Ze = 1018 C σb (D)n(D)dD,
where the factor 1018 converts the SI units of the integrand into
the traditional units of equivalent radar reflectivity, which are
mm6 m−3 . The constant C at 35 GHz is 1.94 × 10−11 m4 . The
equivalent radar reflectivity is usually measured in dBZe , given by
10log10 Ze .
In the sections that follow, Eqs (1)–(7) are used to forward
model the high- and low-frequency measurements using the
ensemble model predictions of the phase function, total optical
properties and the equivalent radar reflectivity.
4. The high frequencies
4.1. B503: Using PARASOL measurements to test randomizations
of the ensemble model
In this subsection, the ensemble model predicted phase functions
shown in Figure 3 are tested against PARASOL retrievals of the
multi-directional spherical albedo. As discussed in Section 2,
PARASOL was coincident with flight B503. The aircraft straightand-level run above the cirrus which was nearest to the PARASOL
overpass in time and position was R1.1, shown in Table 2, which
occurred about 50 minutes before the overpass. For this run, the
lidar and PARASOL estimates of the column optical thickness are
compared against each other. Although the timings are not exact,

Table 2. The B503 aircraft runs and profile times with the temperature range for
each manoeuvre.
Runs and Profiles

Time h:min:s

Temp.◦ C

R1.1
P1.1
R1.2
P1.2
R1.3
P1.3
R2.5
P4.5

11:55:06–12:00:04
12:03:07–12:07:52
12:10:17–12:15:17
12:17:32–12:22:34
12:24:48–12:29:49
12:31:59–12:37:04
14:25:57–14:31:53
14:33:50–14:39:01

−51.0
−51.0 to −46.0
−46.0
−46.0 to −41.0
−41.0
−41.0 to −37.0
−37.0
−37.0 to −35.0

IWC g m−3
0.002–0.01
0.005–0.01
0.003–0.0001
0.02–0.001

The first column gives the names of the runs and profiles, the second gives the
time in h:min:s, the third gives the range of temperature in units of◦ C, and the
fourth gives the range of IWC in units of g m−3 for each profile descent.

a useful comparison can still be made to determine whether the
physically independent retrievals are consistent with each other.
Firstly, the PARASOL measurements are utilized to see if it is
possible to discriminate between different randomizations of the
ensemble model at scattering angles between about 80◦ to 130◦ . In
Part I and in Labonnote et al. (2001) the methodology for deriving
the PARASOL and POLDER-3 directionally averaged spherical
albedo and directional spherical albedo has been fully described,
and so the description will not be repeated here, although it is
important to point out that the effects of multiple scattering are
fully included in the radiative transfer calculations (Labonnote
et al., 2001). However, in this article the discrimination between
different randomized ice crystal scattering phase functions is
performed on a pixel-by-pixel basis. Previous articles have only
considered POLDER 1–3 and PARASOL data on a ‘super’ pixel
basis, that is the retrieved spherical albedo is averaged over 3 × 3
pixels, covering an area of approximately 20 × 20 km2 ; this
averaging could potentially smooth the cirrus reflectances, and
so remove optical features that may otherwise be present in the
multi-directional data.
Data products from PARASOL are only used if the following
four conditions are met: (i) for each 6 km × 6 km pixel the cloud
fraction is unity; (ii) the total number of view angles is equal to
or greater than 7; (iii) the difference between the minimum and
maximum sampled scattering angle is greater than 50◦ ; and (iv)
only pixels over the North Sea are considered. The total number
of pixels covered by PARASOL that meet these four conditions in
the area of B503 is 297.
It was previously shown by Doutriaux-Boucher et al. (2000)
that the cloud optical thickness is directly proportional to the
cloud spherical albedo, assuming a black underlying surface.
Therefore, for each viewing direction, a directional optical
thickness can be retrieved, which is then related to the directional
cloud spherical albedo. Since, by definition, the cloud spherical
albedo is independent of direction, then for each pixel the averaged
directional spherical albedo, <S>, should be identical to the
directional spherical albedo, S(θ ). The retrieved optical thickness,
and therefore <S> and S(θ ), will depend on the assumed ice
crystal scattering model, in terms of βext , ω0 and <P11 (θ )>; the
values assumed for the total optical properties are given in Table 1.
In this article, PARASOL spherical albedo products derived at
the wavelength of 0.865 µm are used, and at this wavelength the
underlying sea surface is almost black. At 0.865 µm the PARASOL
retrieval algorithm assumes that the sea surface has a reflectance
value, outside of sun glint, of 0.000612 and assumes a surface
wind speed of 7 m s−1 (Buriez et al., 2001).
The averaged spherical albedo, <S>, for each pixel is defined
by:

<S> =

j =N
1 
S(θj ),
N

(8)

j =1

where N is the total number of viewing directions, which for B503
ranges between 7 and 8. If the scattering phase functions were a
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Figure 5. PARASOL 0.865 µm derived differences between the directionally averaged spherical albedo, <S>, and the directional spherical albedo, S(θ ), plotted as a
function of scattering angle, for averaged retrieved optical thickness τ less than 5, assuming the (a) pristine ensemble model of distortion = 0.0, (b) slightly distorted
ensemble (distortion = 0.15 Ensemble), (c) moderately distorted ensemble (distortion = 0.25 Ensemble), and (d) the fully randomized ensemble, distortion = 0.4
plus spherical air bubble inclusions, (distortion = Full ensemble). The full line in the figure indicates zero bias, and the calculated r.m.s.e. and mean bias values for
each assumed distortion are shown in each of the panels. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

perfect model of the cirrus angular scattering properties, then the
difference, <S> −S(θ ), as a function of scattering angle, should
be identically equal to zero. To find the ensemble model phase
function that best minimizes the spherical albedo differences, the
root mean square error (r.m.s.e.) is found for each pixel, which is
given by:

 j =N


S2
 j =1
r.m.s.e. =
,
(8a)
N
where S = <S> − S(θ ) and the other terms have been
previously defined, and the bias is defined by the following
equation:
j
=N

bias =

j =1

N

S

.

(8b)

Firstly, for the case B503, differences between <S> and S(θ ) are
shown in Figure 5(a)–(d) as a function of scattering angle, for all
the assumed ensemble model phase functions, ranging from the
pristine case to the most randomized case, respectively.
Figure 5 shows results for directionally averaged optical
thickness retrievals less than 5; this condition yielded N = 118.
The figure shows that the pristine case, Figure 5(a), exhibits a
distinct positive bias at scattering angles between about 85◦ and
105◦ , where S almost reaches 8% (i.e. S × 100%), although
generally between these scattering angles it is greater than about
2%. At scattering angles greater than 105◦ and less than about
130◦ , S becomes negative, and at scattering angles around 125◦
can reach values greater than −10%. These results indicate that
the pristine case side-scattering and backscattering is too low. The
overall value of the r.m.s.e. and mean bias for Figure 5(a) were
found to be 0.02 and 2.0 × 10−9 , respectively.

Therefore from Figure 3, by inspection, as the distortion
increases the r.m.s.e. value should correspondingly decrease,
and so should the mean bias. Indeed, this is found to be
the case as demonstrated by Figure 5(b)–(d), where biases
in the spherical albedo differences are shown to progressively
decrease, and at all scattering angles considered in this article.
The r.m.s.e. values found for Figure 5(b)–(d) were 0.019,
0.016 and 0.011, respectively. The corresponding mean biases
found for Figure 5(b)–(d) were −1.43 × 10−9 , 6.35 × 10−10 and
−2.64 × 10−10 , respectively. The mean bias calculated for the
most randomized case is almost an order of magnitude less than
the pristine case. Therefore in general, considering retrievals of
directionally averaged optical thickness less than 5, the ensemble
model that best minimizes the spherical albedo differences is
the most randomized phase function, shown in Figure 5(d).
Although, compared to the pristine case, biases as a function of
scattering angle are distinctly decreased, however, at scattering
angles between about 120◦ and 125◦ the bias is negative, and S
values can reach to about −8%, suggesting that there might not
be sufficiently enhanced backscattering predicted by this model.
Figure 5(d) shows that the most randomized ensemble model
best minimises the differences between the directionally averaged
spherical albedo and directional spherical albedo. As previously
discussed, PARASOL was coincident with flight B503 and the
nearest aircraft run in terms of time and position to the PARASOL
pixels was R1.1, which intercepted three PARASOL pixels. The
run-averaged lidar column optical thickness for this run (column
integrated volume extinction coefficient from surface to cloudtop) was found to be 0.50 ± 0.11, and this should be compared to
the three PARASOL pixel retrieved directionally averaged optical
thicknesses, retrieved using the most randomized phase function,
of 1.10, 1.17 and 1.28. The average of the three PARASOL retrievals
is 1.18, which is within a factor 2 of the upper uncertainty of the
lidar-derived column optical thickness. Interestingly, the pristine
ensemble model phase function retrieves a PARASOL optical
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(a)

(b)

(c)

(d)

Figure 6. Same as Figure 5 but for retrieved optical thickness τ greater than 5. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

thickness about a factor 2 greater than the most randomized
phase function; this result suggests that the most randomized
phase function is more consistent with a physically independent
estimate of the optical thickness.
Figure 6(a)–(d) shows the same as Figure 5(a)–(d) but for
retrieved averaged directional optical thickness greater than 5,
which yields N = 179 points. The figure shows the same general
behaviour as Figure 5(a)–(d), but the biases are dispersed rather
more, about the zero line, relative to Figure 5, which results in
higher r.m.s.e. values for all four cases considered. The r.m.s.e.
values found from the results shown in Figure 6(a)–(d) were
0.04, 0.04, 0.038 and 0.032, respectively. The corresponding mean
biases calculated from the results shown in Figure 6(a)–(d) were
−8.07 × 10−9 , 1.41 × 10−9 , 6.54 × 10−10 and −7.64 × 10−10 ,
respectively. Although the most randomized phase function still
best minimises the r.m.s.e., which is about three times that found
for Figure 5(d), and the mean bias is more negative by about
a factor 3, the results from Figure 6(a)–(d) indicate that for
optically thicker regions of the cirrus, the vertical structure of the
cloud may be just as important as ice crystal randomization (Yang
et al., 2012). The other possibility is that from Figure 1(a) it can be
seen that there is lower-level cloud beneath the semi-transparent
cirrus; this will cause errors in the retrievals of directional optical
thickness and therefore spherical albedo, as the basic assumption
is that the cirrus is single-layer.
Figures 5(d) and 6(d) shows, relative to the other models,
that the most randomized ensemble model scattering phase
function generally best minimizes the PARASOL spherical albedo
differences; however, the question arises as to whether this is
true on a pixel-by-pixel basis. Figure 7 answers this question
by showing the distribution of the best-fit ensemble models on
a pixel-by-pixel basis for all retrieved optical thicknesses. In
the figure, the best model is selected at each of the pixels by
finding the model which best minimises the r.m.s.e. In Figure 7,
the ensemble model randomization that best fits the spherical
albedo differences for each pixel is assigned a colour. The pixel
colour of retrievals which are unable to distinguish between ice
crystal models is black. The pristine case is assigned the colour
purple, and assumed distortions of 0.15 and 0.25 are assigned the

Figure 7. The PARASOL-derived ensemble model randomization plotted as a
function of latitude and longitude. The black squares indicate no retrievals. The
yellow, light brown, dark brown and purple squares indicate which ensemble
model randomization best fits the spherical albedo differences. Yellow squares
indicate the most randomized ensemble model, followed by ensemble model
distortions of 0.25, 0.15 and 0, respectively.

colours of dark brown and light brown, respectively. The most
randomized case, assuming a distortion of 0.4 and spherical air
bubble inclusions, is assigned a colour of yellow. Figure 7 shows
that the most randomized case is selected for the majority of
pixels. However, off the north coast of Scotland, there is semitransparent cirrus where pristine and moderately distorted cases
are preferentially selected. Therefore, pristine and moderately
randomized ice crystals might well generally exist.
The conclusion here is that it is important to use multi-angular
information on a pixel-by-pixel basis rather than averaging over
pixels. It is also interesting to note that where no selection is
made corresponds to the pixels being located over or close to the
land or over multi-layer cloud as can be seen from Figure 1(a).
It is noteworthy to state here that there might also be cirrus or
convective cloud cases in which no general scattering model of
cirrus can best explain in situ or satellite-derived observations
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Table 3. The ensemble model predicted values of τ and lidar estimated values of
τ are shown for each of the runs R1.1, R1.2 and R2.5, at the wavelength 0.355 µm.
Run

lidar τ

R1.1
R1.2
R2.5

0.063 ± 0.02
0.061 ± 0.02
0.034 ± 0.01

ensemble τ
0.074 ± 0.04
0.051 ± 0.03
0.026 ± 0.01

of ice crystal scattering properties; see, for an example, Baran
et al. (2012). In part I, polarization was considered and it was
shown that the fully randomised six-branched bullet rosette best
fitted one day of POLDER-2 polarized reflectance measurements.
In a future article, polarization and spherical albedo will be
simultaneously considered on a pixel-by-pixel basis to test various
randomizations of the ensemble model scattering phase matrix
and radiative transfer assumptions. However, such a study is
beyond the scope of the present article.
4.2. B503: Testing the ensemble model against lidar estimates of
βext
In this subsection, the ensemble model prediction of the vertical
profile of βext , assuming Eq. (2), is tested against lidar estimates of
the vertical profile of βext , derived at the wavelength of 0.355 µm.
For this test, four B503 aircraft straight-and-level runs above
the cirrus are used (called R1.1, R1.2, R1.3 and R2.5), with the
lidar pointing in the nadir geometry. As discussed in Section 2,
after each straight-and-level run above the cirrus, the aircraft
turned and began a Lagrangian spiral descent through the cloud;
during the profile descents, the IWC and cloud temperature were
estimated and measured, respectively. The four aircraft profile
descents are called P1.1, P1.2, P1.3 and P4.5. These in situ estimates
and measurements are applied to the F07 parametrization to
generate the PSDs, which are then applied to the ensemble model
to predict the vertical profile of βext .
Table 2 shows the times of the aircraft straight-and-level
runs and profile descents together with the range in measured
temperature and estimated IWC obtained during each of the
profile descents. As can be seen from Table 2, the aircraft
runs above the cirrus took about 5 minutes, the profile ascent
manoeuvre took about 2 minutes after each run, and the actual
profile descents took about 5 minutes each. It should be noted
here that the runs labelled R1.2, R1.3 and R2.5 in Table 2,
although they were straight-and-level runs, were part of the spiral
descent and so were not necessarily above the cirrus. During the
time intervals between the straight-and-level runs and descents
it is assumed that the cirrus did not evolve sufficiently quickly
to negate comparisons between the lidar and ensemble model
estimates of βext .
The results of comparing the ensemble model predictions of
βext against the lidar estimates are shown in Figure 8(a). In
the figure, the lidar estimates and ensemble model predictions
are plotted as a function of altitude, and all profile descents
shown in Table 2 are plotted. The uncertainty in the lidar
estimates and ensemble model predictions of βext are about
±25% and ±50%, respectively. The ensemble model uncertainty
arises from the errors in the in situ estimates of IWC using
the microphysical probes described in Section 2; the errors
arising from the microphysical probes are discussed in detail by
Cotton et al. (2012). The figure shows that for R1.1, the ensemble
model-predicted uncertainty for βext is generally well within the
lidar uncertainty for all altitudes considered. The same is also
true for R1.2. However, for R1.3, the ensemble model-predicted
uncertainties for βext are all underpredicted relative to the lidar
uncertainties. This error in the ensemble model predictions is
probably due to the cloud advecting away from the aircraft
during the manoeuvre back into the cloud. Evidence for this can
be seen in Figure 8(b), which shows the in situ estimated IWC as
a function of altitude for all profiles shown in Figure 8(a). The
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figure shows that for altitudes between about 8200 m and 8400 m
the in situ estimated IWCs are about an order of magnitude lower
than R1.1 and R1.2, indicating that very little cirrus was left by
the time the aircraft sampled those particular altitudes. However,
considering R2.5, the ensemble model-predicted uncertainties for
βext are generally within the lidar uncertainties for 8 out of the 13
altitudes considered. Note that at altitudes between about 7850
m and about 7920 m the lidar estimates of βext decrease sharply,
which probably indicates that by the time the aircraft manoeuvred
back down to those altitudes during the profile descent the cloud
base moved higher in altitude. Evidence for this can also be seen
in Figure 8(b), where at those altitudes the in situ estimated IWCs
are similar to R1.3.
As previously discussed in Section 1, the cloud optical depth is
one of the parameters of importance in radiative transfer, as this
parameter principally determines how much of the incident solar
radiation is reflected back to space. From the vertical profiles of
βext shown in Figure 8, it is straightforward to estimate the total
optical depth,τ , by simply finding the column-integrated value
of βext , using the following equation:

z2
τ=

βext (z)dz,

(9)

z1

where z1 and z2 are the profile bottom and top, respectively.
The values of τ found from the ensemble model and lidar for
each of the runs R1.1, R1.2 and R2.5 are shown in Table 3; R1.3
is not shown in Table 3 due to this profile descent probably
being out-of-cloud. The table shows that the uncertainty in
the ensemble model-predicted values of τ are well within the
experimental uncertainty of the lidar for all three runs considered.
The results in this section confirm that the ensemble model,
when combined with a parametrized PSD, has predictive value in
computing parameters of fundamental importance to the transfer
of high-frequency radiation through cirrus. The sections that now
follow consider the predictive quality of the ensemble model in
predicting measurements obtained at the lower frequencies.
5. The low frequencies
5.1. B503: Testing the ensemble model against ARIES measurements
In this subsection, the ARIES spectrum between the wavelengths
3.45 µm and 4.1 µm and between 8.0 µm and 12.0 µm is
simulated using the ensemble model optical properties described
in Section 3.2. Firstly, the reason as to why these particular
wavelength ranges have been chosen in the infrared ‘window’
regions is because the predictive quality of the ensemble model is
being tested rather than the current understanding of atmospheric
spectroscopy or the water vapour continuum. If there are
divergences between model and measurements, then those can
be quantified as ensemble model error rather than the treatment
of water vapour or trace gases. It should also be noted here
that Baran and Francis (2004) demonstrated the noise equivalent
brightness temperature (i.e. the root-mean-square variation in
the measured brightness temperature values from scan to scan
within a scene of mean brightness temperature), evaluated at
280 K, of the ARIES instrument in the solar region is about 6 K
at the highest frequencies, although the ARIES noise equivalent
brightness temperature reduces to less than 1 K in the 8.0 µm to
12.0 µm ‘window’ region.
To simulate the ARIES spectrum using the ensemble model
optical properties requires a radiative transfer model. The state-ofthe-art radiative transfer model and one-dimensional variational
inverse method used in this subsection are both based in principal
component space, have been developed by Havemann (2006),
and are called the Havemann–Taylor Fast Radiative Transfer
Code (HTFRTC). The HTFRTC is used for modelling the ARIES
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(a)

(b)

Figure 8. (a) The altitude plotted against the lidar (filled symbols) and ensemble model (open symbols) estimated uncertainty in the vertical profiles of volume
extinction coefficient obtained from the runs R1.1 ( circles), R1.2 (triangles), R1.3 (squares) and R2.5 (diamonds). (b) The in situ estimated ±50% uncertainty in the
IWC as a function of altitude. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Figure 9. Averaged brightness temperature differences between the ARIES measurements and ensemble model predictions of upwelling brightness temperatures
plotted as a function of wavelength (3.4–4.1 µm) from the runs R1.1 (dashed green line), R1.2 (full red line) and R2.5 (dashed blue line).

brightness temperature spectrum across the wavelength ranges
stated above, at the ARIES spectral resolution. This contrasts with
the usual line-by-line calculations which are computationally
heavy in time relative to principal-component-based radiative
transfer methods (Havemann, 2006; Liu et al., 2006). HTFRTC
is fully inclusive of the atmosphere, and exact multiple scattering
by clouds and aerosol (Havemann et al., 2009); a full description
of HTFRTC is given in Havemann et al. (2009). HTFRTC and
its one-dimensional variational inverse derivative (Thelen et al.,
2012) are used here to simulate the ARIES nadir-viewing scenes
obtained during the B503 straight-and-level runs above the cirrus
using R1.1, R1.2 and R2.5 described in Table 1. The ARIES spectra
were averaged over ten spectra and were de-noised using principal
components, which act as a low-pass filter.
For this case, European Centre for Medium-range Weather
Forecasting (ECMWF) atmospheric profiles are used as the
background state and the optimal estimation method of Rodgers
(2000), abbreviated to OE and based on Bayesian statistics,
is used here to retrieve the most likely atmospheric state.
OE includes a rigorous treatment of error; the errors arise
from the ARIES instrument and forward modelling error
as well as the background, and a Gaussian distribution of

errors is assumed. Given the errors, ARIES measurements and
simulated measurements using HTFRTC, OE uses a minimization
procedure to find the most likely atmospheric state that best
describes the measurement set given the retrieved parameters or
state vector. Currently, the state vector in the HTFRTC inverse
retrieval method is composed of the temperature profile, relative
humidity profile, homogeneous cirrus IWC, surface temperature
and surface emissivity. The temperature and relative humidity
profiles are retrieved at all 70 levels of the UK Met Office
operational suite of models.
The most likely state vector is used to simulate the
ARIES measurements in brightness temperature space using
the HTFRTC forward model. The differences between the
ARIES measurements and simulated measurements are called the
measurement residuals. An ideal physical model of cirrus would
return measurement residuals that were identically equal to zero.
Measurement residuals were previously used by Baran et al. (2003)
to test the physical consistency of an ice cloud model using
solar and infrared radiance measurements from the dual-viewing
Along-Track Scanning Radiometer-2 (ATSR-2). In this article the
same procedure as used by Baran et al. (2003) is adopted to test the
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Figure 10. Same as Figure 9 but for the wavelength region 8.0 µm to 12.0 µm.

physical consistency of the ensemble model, and a full description
of the measurement residual analysis is given in Baran et al. (2003).
For case B503, the numbers of HTFRTC brightness temperature
simulations that were obtained during R1.1, R1.2 and R2.5
were 8, 7 and 7, respectively. The ARIES-measured brightness
temperatures and simulated brightness temperatures have been
averaged for each run, and the measurement residuals are
obtained for each of the runs from the averaged ARIES
measurements and simulated measurements. The measurement
residuals for all three runs in the spectral range 3.45 µm to 4.1 µm
are shown in Figure 9. The figure shows that the measurement
residuals, plotted as a function of wavelength at wavelengths
greater than about 3.7 µm, are generally well within ±2 K; at
wavelengths less than 3.7 µm, there is a general increase in the
measurement residuals to significantly less than −2 K, especially
for runs R1.2 and R2.5. However, in this wavelength range for
run R1.1, the measurement residuals are generally within ±2 K.
In general, Figure 9 shows that at the shorter wavelengths, less
than about 3.7 µm, the measurement residuals become worse,
due to the increasing noise equivalent brightness temperature in
the ARIES instrument; a similar finding was found by Baran and
Francis (2004). For each run shown in Figure 9 the r.m.s.e. and
mean bias values were found using similar definitions to Eqs (9)
and (8b), respectively, where S is ARIES measurements – ARIESsimulated measurements. For each of the runs shown in Figure 9
the r.m.s.e. values were computed to be 1.05 K, 2.40 K and
1.712 K, for R1.1, R1.2 and R2.5, respectively. The corresponding
values for the mean bias for each of the runs in Figure 9 were
computed to be 0.677 K, −1.388 K and −0.976 K, respectively.
The run R1.2, which has the worst r.m.s.e. and bias values, took
place over land, and this might indicate difficulties in representing
the surface reflection in the forward model. In general, Figure 9
demonstrates that the measurement residual analysis outside the
spectral region of high noise equivalent brightness temperature
(i.e. at wavelengths greater than about 3.70 µm) is generally
within ±2 K and that the r.m.s.e. and bias values are generally
within ±1 K.
The measurement residual analysis for the spectral region
8.0–12.0 µm is shown in Figure 10. The figure shows that
in the important terrestrial window region for all three runs,
the measurement residuals are generally well within ±1 K in the
‘window’ regions; however, in the region of the O3 band the
measurement residuals do exceed ±1 K. This could be due to the
ECMWF profile of O3 not being correct for this case; a similar
finding was found by Baran and Francis (2004). The r.m.s.e.

values for all three runs in Figure 10 were found to be 0.871 K,
0.664 K and 0.719 K for R1.1, R1.2 and R2.5, respectively. In
this spectral region the r.m.s.e. for R1.1 is slightly worse than
for R2.5. The mean bias values for each of the runs shown in
Figure 10 were found to be −0.012 K, −0.384 K and −0.420 K,
respectively. However, in the ‘window’ regions, the ensemble
model does not exhibit any significant biases and can, at least for
the case presented here, be said to be physically consistent across
this important spectral ‘window’ region.
5.2. B513: Testing the ensemble model against 35 GHz radar
reflectivity measurements
In this subsection, the ensemble model is tested at the very
low frequency end of the spectrum using radar reflectivity
measurements from the 35 GHz radar located at Chilbolton;
this cloud radar is called Copernicus. On 3 March 2010, the BAe146 aircraft sampled deep frontal cirrus shown in Figure 1(b) and
flew multiple southwesterly/northeasterly runs with respect to the
Chilbolton radar so that large-scale structure was identified in the
cloud. Profile descents were performed at the end of each run so
that the radar profiled the large-scale cloud structure at the same
time as the aircraft sampled the IWC and Tc . The aircraft runs
were each of 10-minute duration at various altitudes through the
cloud, from cloud-top to cloud-base. Throughout the sortie, the
Chilbolton 35 GHz radar was profiling the cloud in which the
aircraft was flying. The region of the front sampled by the aircraft
is shown approximately by the boxed region in Figure 1(b).
The ensemble model is tested using aircraft estimates of IWC
and measured Tc obtained during the longest profiled aircraft
ascent through the cloud. This profile ascent is called P12, and
took place between 13:16:53 UTC and 13:31:04 UTC, ascending
from the altitude of the cloud-base at 3.2 km to the cloud-top at
7.5 km. The temperature range during this 15-minute ascent was
from about −10◦ C to about −39◦ C from the cloud-base to top,
respectively. The estimated IWC during this time ranged from
about 0.002 g m−3 at the cloud-base to about 0.08 g m−3 in the
middle of the cloud, and back down to about 0.007 g m−3 near
the cloud-top. The in situ estimated IWC obtained during P12
is shown in Figure 11(b), and it should be noted here that the
highest estimated IWC, which occurred at an altitude of about
4700 m, was estimated to be about 0.087 g m−3 . At this altitude,
the temperature was measured to be −24◦ C. This IWC and incloud temperature, assuming the F07 PSD, corresponds to a radar
reflectivity difference of less than 1 dBZ, between the Rayleigh
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(a)

(b)

Figure 11. (a) The altitude plotted against the radar reflectivity in dBZe showing three Chilbolton 35 GHz radar reflectivity profiles that occurred at the beginning
(filled green triangles), middle (filled red circles) and end (filled blue diamonds) of the P12 aircraft ascent. The standard deviation associated with each symbols
represents the Chilbolton 35 GHz radar reflectivity uncertainty of ±2 dBZ. The ensemble model predicted equivalent radar reflectivity uncertainty of ±50% is shown
by the black lines as Ensemble-U (lower uncertainty) and Ensemble+U (upper uncertainty). (b) The in situ ±50% uncertainty in the estimated IWC as a function of
altitude.

approximation and Rayleigh–Gans theory (i.e. Eq. (6)). Given
that the uncertainty in the 35 GHz radar reflectivity is ±2 dBZ
(J. Nicol; personal communication), then the application of the
Rayleigh approximation for the purposes of this article is valid.
The Copernicus data is obtained from the British Atmospheric
Data Centre (BADC) compiled by the Radio Communications
Research Unit located at the Science and Technologies Facilities
Council Rutherford Appleton Laboratory (STFC RAL), and the
merged 35 GHz radar reflectivity product is used. During the
P12 ascent, Copernicus profiled the cloud about 25 times, due
to the large-scale structure variability in the cloud. An average of
the cloud radar reflectivity is not obtained, since the variability
in the radar reflectivity was so great. Instead, the radar profiles
at the beginning, middle and end of the aircraft profile ascent
are compared against the ensemble forward radar reflectivity
model. The results of comparing the 35 GHz radar reflectivity
measurements against the ensemble forward model are shown
in Figure 11(a), which depicts the altitude plotted as a function
of cloud radar reflectivity. The figure shows that, in general, the
uncertainty in the ensemble model predictions, at the beginning
and middle of the profile ascent, are generally within the measured
radar reflectivity uncertainty of ±2 dBZ; the model uncertainty
has been derived from the IWC measurement uncertainty, as
discussed in subsection 4.2. The peak of the radar reflectivity at an
altitude of about 4500 m is well predicted by the ensemble model.
However, between the altitudes of about 6500 m and 6700 m, the
ensemble model significantly underpredicts the radar reflectivity
measurements. This underprediction is probably due to the cloud
horizontally advecting away from the aircraft ascent by the time
the aircraft reached those altitudes. Evidence for this can be seen
in Figure 11(b) where it is shown that at altitudes between about
6500 m and 6700 m the in situ estimated IWCs are about an order
of magnitude lower than those estimated at the lower altitudes.
5.3. B513: Testing the ensemble model against TOA 190 GHz
brightness temperature measurements
In this subsection, as discussed in Section 2, the MHS 190 GHz
channel is simulated at TOA using the ensemble model-predicted
m-D relationship and effective density–size relationship applied
to spheres. The 190 GHz frequency is used in this subsection,
as this particular MHS channel is situated on the wing of the
water vapour absorption line centred at 183.311 GHz, and as such
penetrates down to the lower levels of the Earth’s atmosphere.
It is also the highest space-based operational frequency that is

sensitive to scattering by ice crystals as well as emission from
water cloud and water vapour.
As discussed in subsection 3.2, Lorenz–Mie theory is used to
compute the total optical properties in the microwave region,
but based on the ensemble model prediction of mass and
effective density (defined in subsection 3.1) and assuming the
F07 parametrization discussed in subsection 3.1. The MaxwellGarnett mixing rule is used to compute the change in the complex
refractive index at 190 GHz due to different mixtures of ice, water
and air (Bauer et al., 2006; Doherty et al., 2007). The total optical
properties, defined in subsection 3.2, are used to predict the
microwave radiative transfer through the cirrus, and the MHS is
in nadir-viewing geometry. Due to this nadir-viewing geometry
and the use of total optical properties rather than angle-dependent
properties, differences in the scattering between soft spheres and
irregular particles are not considered significant for the purposes
of this article. Of greater importance however, are the ice crystal
effective density, ice crystal mass and assumed PSD.
The different mixtures of ice particles, water particles,
humidity, temperature and pressure fields are obtained from
the Met Office 70-level numerical weather prediction (NWP)
model UKV (where V means variable horizontal resolution); in
this article V ∼ 1 km (Lean et al., 2008). To simulate the ice
cloud the same PSD is assumed in the NWP and microwave
radiative transfer models. The radiative transfer model used
here is the fast microwave community model developed by the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) Satellite Application Facility for NWP
(http://research.metoffice.gov.uk/research/interproj/nwpsaf/),
which is called RTTOV. The version used here is RTTOV-9 and
is described in Bauer et al. (2006) and Doherty et al. (2007). Here
it suffices to state that RTTOV-9 is fully inclusive of multiple
scattering, polarization and surface emissivity.
The MHS 190 GHz data are used from the UK overpass that
occurred on 3 March 2010 at 1300 UTC, which corresponds to case
B513. The NWP model fields mentioned above are generated from
the midnight NWP run on 3 March 2010. The predicted TOA
microwave brightness temperatures are also compared against
other m-D and effective density–size relationships developed by
Brown and Francis (1995) and Cotton et al. (2012). The Brown
and Francis (1995) m-D and ρe -D relationships (SI units) are
given by:
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Figure 12. The log10 concentration in units of m−4 plotted against ice crystal size in units of µm assuming the F07 parametrization. The PSDs were generated
assuming various m-D relationships, which were the Cotton et al. (2012) relationship, shown as the darker line, and the ensemble model relationship, shown as the
lighter line. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

and the Cotton et al. (2012) m-D and ρe -D relationships are given
by:
m(D) = 0.026D2.0 ,

ρe (D) = 0.0497D

−1 . 0

(12)

.

(13)

The ensemble models equivalent relationships to Eqs (10)–(13)
are given in subsection 3.1 and are m(D) = 0.04D2.0 and
ρe (D) = 0.076D−1.0 . For the same mass of ice the Cotton
et al. (2012) mass-dimensional relationship would predict a
higher occurrence of larger ice crystals than for instance the
ensemble relationship; this is shown in Figure 12. The ensemble
relationship is very similar to the Brown and Francis relationship
due to the exponent in Eq. (10) being 1.9. In Figure 12, the
F07 PSDs were generated using the m-D relationships given
above, assuming values of 0.001 g m−3 and −50◦ C for the IWC
and in-cloud temperature, respectively. Therefore, the Cotton
et al. (2012) relationship would imply greater attenuation of
upwelling microwave radiation than the other two relationships,
assuming the same IWC.
The MHS TOA 190 GHz microwave brightness temperatures
that correspond to the same domain as the UKV model
are used to test the relationships given above. The NOAA
Advanced Very High Resolution Radiometer (AVHRR) channel
5 (11.5–12.5 µm) image that corresponds to the same overpass
time as MHS is shown in Figure 13. The frontal system that
corresponds to B513 is shown in the southern part of the United
Kingdom, but off the southeast coast of the UK and around
the Republic of Ireland there is also deep frontal cloud. This
case will therefore provide a good test of the models, as to their
predictive quality in simulating the TOA MHS 190 GHz channel.
The MHS 190 GHz TOA brightness temperatures are shown in
Figure 14. The figure shows significant brightness temperature
depressions (clear–cloudy) of about 15 K corresponding to the
positions of the deep frontal cloud, and around the B513 area
the depressions are around 10 K. These significant brightness
temperature depressions are due, in part, to scattering by large
ice crystals.
It should be noted here that Figures 13 and 14 help to explain
why the microwave measurements and lidar estimates were not
considered in the cases of B503 and B513. Figure 13 shows highlevel cirrus over northern France; however, Figure 14 around the

same location shows that the 190 GHz brightness temperatures
are generally close to the clear-sky brightness temperatures of
about 268 K. Since B503 sampled optically thin cirrus, the
microwave attenuation at 190 GHz would not be sufficient to
test the scattering properties predicted by the ensemble model. In
the region of B513 around the southwest of the United Kingdom,
the brightness temperature depressions are about 258 K to 260
K; such large brightness temperature depressions at 190 GHz
imply a solar cloud optical depth greater than about 2. At such
a cloud optical depth, the UV laser beam would attenuate (due
to exponential attenuation of a beam of light as it traverses a
medium and multiple scattering). Therefore, the lidar could not
be used in this case to test the ensemble model prediction of cloud
optical depth.
The observation minus model brightness temperature differences (O-B) for each of the relationships given above are
shown in Figure 15(a)–(c). Figure 15(a) shows the O-B differences assuming the Brown and Francis (1995) relationships, and
around the B513 area the differences are about −2 K and off
the southeast coast, but around the deep frontal cloud situated
over the Republic of Ireland the differences are significantly lower
than this, implying that the relationships are resulting in too
many larger ice crystals, which causes the greater attenuation
of upwelling microwave radiation relative to the observations.
Figure 15(b) and (c) show the O-B differences assuming the Cotton et al. (2012) and ensemble model relationships, respectively.
The figures show a similar behaviour to Figure 15(a), in terms
of the distribution of brightness temperature differences around
the UK. However, the Cotton et al. (2012) relationships over
southern Ireland and Wales have decreased the O-B differences,
relative to the Brown and Francis (1995) and ensemble model
relationships. In other locations, the opposite is true, such as over
the Irish Sea, around Norfolk and off the east coast of the UK
(approximately 52◦ N, 2.0◦ E). It is noted here that along the run
of flight B513 (approximately 50.5◦ N–51◦ N, 3.0◦ W–1.0◦ W) the
O-B differences for all three relationships were generally within
about ±2 K of the observations. From Figure 15(a)–(c), it is
difficult to state which mass-D and effective density–size relationships are best at forward modelling the measured brightness
temperatures at 190 GHz. To discriminate between the mass-D
and effective density–size relationships, future flying campaigns
should sample deep frontal cirrus with very broad PSDs.
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Figure 14. The MHS TOA upwelling brightness temperatures measurements
(MHS 190 GHz BT) plotted as a function of latitude and longitude, centred on
the UK. The range of measured brightness temperatures is shown by the scale at
the side of the figure, in units of K.

Figure 13. The AVHRR channel 5 upwelling brightness temperatures centred
on the United Kingdom on 3 March 2012 at 1300 UTC. Images are
from the NERC Satellite Receiving Station, Dundee University, Scotland
(http://www.sat.dundee.ac.uk/).

The O-B PDFs for each of the relationships shown in
Figure 15(a)–(c) are shown in Figure 16(a)–(c). The Brown
and Francis (1995) PDF is shown in Figure 16(a), and the figure
shows that the mean of the PDF is −0.93 K with a standard
deviation of ±2.3 K, with more than 95% of the O-B differences
being between ±5 K. Figure 16(b) shows the same as Figure 16(a)
but for the Cotton et al. (2012) relationships, and it can be seen
from the figure that the mean of that PDF is −1.30 K with
a standard deviation of ±2.3 K, with again more than 95%
of the O-B differences being between ±5 K. However, there
(a)

is a higher occurrence of negative O-B differences relative to
Figure 16(a), which is why the mean of the PDF is slightly more
negative. Figure 16(c) shows the same, but for the ensemble model
relationships and the figure shows that the mean of the PDF is
−0.87 K and a standard deviation of ±2.4 K, with more than
95% of the O-B differences being between ±5 K. The ensemble
model PDF also has a slightly longer positive tail than the other
two PDFs, which is why the mean of this PDF is less negative than
the other two PDFs. The ensemble model is therefore generally
more transmitting than the other two relationships.
However, the mean and standard deviations of the PDFs
shown in Figure 16(a)–(c) indicate that it is impossible to say,
in any meaningful statistical sense, that one relationship is the
best at predicting the MHS TOA data at 190 GHz. However,
the ensemble model relationships are derived from a geometrical
representation of ice crystals from which scattering properties
(b)

(c)

Figure 15. TOA upwelling MHS 190 GHz brightness temperature differences between measurements and simulated measurements, plotted as a function of latitude
and longitude assuming the (a) Brown and Francis (1995) m-D and effective density–size relationships (BF95), (b) the same as (a) but for the Cotton et al. (2012)
relationships (Cotton BT) and (c) the same as (b) but for the ensemble model derived relationships (Ensemble BT). The key is shown on the right-hand side of the
figure.
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Figure 16. The normalised PDFs of observation minus simulated brightness
temperature (O-B) differences, plotted every 5 K as bin-averaged values, assuming
the F07 PSD parametrization for each of the simulations, for (a) Brown and Francis
(1995) relationships, (b) Cotton et al. (2012) relationships and (c) ensemble model
relationships. In each of the figures, the mean of the PDF, shown by the black
vertical line, is given, together with its standard deviation (sd). This figure is
available in colour online at wileyonlinelibrary.com/journal/qj

across the electromagnetic spectrum can be predicted assuming
the same microphysics. This final point is the message of this article:
it is possible to predict the radiative properties of cirrus across
the electromagnetic spectrum without having to assume different
microphysics in different regions of the spectrum. Moreover,
further field campaigns are required that test the predictive
quality of cirrus scattering models over a wider range of solar and
infrared optical depth than has been presented in this article.
6. Conclusion
An ensemble model of cirrus ice crystals combined with a
moment estimation parametrization of the PSD has been shown
to possess predictive quality across the electromagnetic spectrum,
in simulating UV to microwave measurements obtained above,
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within and below ice cloud. Multi-frequency and in situ
observations from two ice-cloud cases from the Constrain field
campaign were used to generate the PSDs and test the ensemble
model simulations of active and passive measurements. The
ensemble model m-D relationship was applied to estimate the
PSDs throughout the spectrum. The main findings of this article
are summarised below, as bullet points.

• For the PARASOL-coincident case B503, the retrieved
directional spherical albedos between the scattering angles
of about 85◦ and 130◦ were used to estimate the ensemble
model phase function that best minimized differences
between the averaged directional spherical albedo and
directional spherical albedo. It was found that the
most randomized phase function (generated assuming a
distortion value of 0.4 and spherical air bubble inclusions)
generally best minimized the PARASOL data. However,
for some pixels the pristine and moderately distorted
scattering phase functions best minimized spherical albedo
differences. For average optical thickness less than 5,
the most randomized ensemble phase function generally
predicted the multi-directional spherical albedo to within
±3%, and the overall r.m.s.e. was found to be 0.011;
this compares to 0.02 assuming pristine scattering phase
functions. However, for average optical thickness greater
than 5, the most randomized scattering phase function
predicted the spherical albedo differences to within about
±5% and the overall r.m.s.e. increased by about a factor
3 to 0.032. This increase in spherical albedo error could
be caused by the horizontal and vertical structure of the
cloud and/or lower-level cloud not accounted for in the
retrievals.
• For the case B503, the ensemble model-predicted
uncertainties in the vertical profile of the volume extinction
coefficient were found to be within the experimental
uncertainty for 26 out of 38 altitudes considered. However,
for 7 of the altitudes, the cloud base most probably moved
by the time the aircraft reached the same altitudes or
the profile side was out-of-cloud. The uncertainty in the
ensemble model predictions of the cloud optical depth was
found to be within the experimental uncertainty of the
lidar estimates, for all three runs considered.
• The ensemble model prediction of the ARIES upwelling
infrared brightness temperature was shown to be generally
within ±2 K of the measurements in the wavelength region
of 3.4 µm to 4.1 µm, and to be generally within ±1 K of the
measurements between 8.0 µm and 12 µm, in the ‘window’
regions. To test the predictive quality of the ensemble
model in simulating solar and infrared measurements,
further aircraft field campaigns that encompass a greater
range in the cloud optical depths are needed.
• At the lowest frequencies, the ensemble model predicted
m-D and effective density–size relationships were tested
against radar and passive microwave observations. For the
longest profile ascent in the deep frontal cirrus case, B513,
the ensemble model prediction of the radar reflectivity at
35 GHz was shown to be generally within ±2 dBZe of
the 35 GHz Chilbolton radar reflectivity measurements.
In general, future aircraft field campaigns centred on a
radar site should improve communications between the
ground station and aircraft to better co-ordinate aircraft
manoeuvres with interesting radar reflectivity profiles.
• The ensemble model predictions of the passive MHS
190 GHz TOA observations from around the United
Kingdom and Republic of Ireland were shown to be
generally within about ±2 K of the MHS measurements.
The mean of the ensemble model minus observation PDF
was −0.87 K with a standard deviation of ±2.35 K; this
compared to the Brown and Francis (1995) mean of
−0.93 K and standard deviation of ±2.30 K, and the
Constrain (Cotton et al., 2012) mean of −1.30 K and
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standard deviation of ±2.22 K. However, out of the three
m-D and effective density–size relationships it cannot be
stated which of the three are best to use, as statistically
they cannot be separated. However, the ensemble model
is a scattering model which can be applied throughout
the spectrum, whereas the Brown and Francis (1995) and
Cotton et al. (2012) relationships are empirically derived
from observational data and are not, therefore, based
on any predictive scattering model that can be applied
throughout the spectrum. Conversely, it is important that
predictive scattering models are shown to follow observed
m-D and area-D power laws.

This article has demonstrated that it is possible to construct
a scattering model of cirrus that uses the same microphysics
throughout the electromagnetic spectrum, to simulate high- and
low-frequency measurements without the need to change the
microphysics to suit particular regions of the spectrum. With
the advent of the A-train and future satellite missions, cirrus
will be sampled almost simultaneously across the electromagnetic
spectrum; it is therefore important to construct scattering models
that are consistent with the cloud microphysics. The same ice
crystal scattering models can then easily be parametrized for use
in climate models to predict active, passive and flux measurements
from across the spectrum (Baran, 2012). The philosophy
adopted throughout this article of consistency between ice cloud
microphysics and radiation, if applied generally to climate and
numerical weather prediction models, should improve the quality
of their predictions (Baran, 2012).
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