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Cirrus observations taken during EMERALD1 clearly showed vertical structure in
ice crystal habit and size distribution. In this study, we use these observations
along with radiative and cloud modelling to assess the importance of this observed
vertical structure in size and habit on radiative properties and cloud evolution. We
show that neglecting the vertical structure results in changes to the solar upwelling
and downwelling fluxes of 10 and 8 W m−2, respectively. If further simplifications
are made and aggregate and rosettes are treated more simplistically (as columns)
then the upwelling and downwelling fluxes are altered by about 16 and 12 W m−2,
respectively. It was noted that the effects of simplifying the vertical structure and
habits act in competing ways in terms of the fluxes and therefore emphasize the need
to consider both effects in order to improve modelling rather than considering either
in isolation.

Often, general circulation models have highly parametrized treatments of cloud
properties. We illustrate that crude assumptions about ice crystal effective sizes used
in models (from the literature) can result in fluxes being in error by 100 W m−2

or more compared to using the observations. The above results are contrasted with
effects of ice crystal roughness (altering the asymmetry). We show that moderate
estimates of roughness lead to changes in the upward and downward fluxes of about
10–15 W m−2. This shows that vertical structure, habits and knowledge of size
distribution are key factors and on a par with such effects as ice particle roughness,
which is considered to have a highly uncertain but important cirrus radiative effect.
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1. Introduction

Cirrus clouds have been identified as one of the most
important unsolved issues in the radiation budget of the
Earth–atmosphere system (Liou, 1986; Dowling and Radke,
1990; Zhang and Mace, 2006). The coverage of cirrus clouds
is about 30% on a global average at any given time (Wylie and
Menzel, 1999), up to 60–70% in the Tropics (Wylie et al.,
1994; Baran, 2009), and even higher if the sub-visible ice
clouds with optical thickness (τ ) less than 0.03 (Wang et al.,
1996) are included. Cirrus can occur in a wide vertical range
extending to the upper troposphere and lower stratosphere
in the Tropics and mid-latitudes, and lower troposphere in
the polar regions during winter (Key et al., 2002).

The influence of cirrus clouds depends strongly on their
radiative properties. The net radiative effect on shortwave
and thermal radiation is still not fully resolved (Lindzen
et al., 2001; Lin et al.,2002; Fu et al., 2002), but the effect
of cirrus on the radiation balance depends strongly on the
coverage of thin relative to thick cirrus cloud (Chou et al.,
2002) and generally has a net warming effect.

Cirrus clouds are dominated by complex non-spherical ice
particles that range widely over size and shape (Heymsfield
and Platt, 1984; Heymsfield and McFarquhar, 2002). The
uncertainty of radiative forcing and cloud feedback is
understood to be mainly due to the optical properties
of ice particles, which are most frequently represented in
numerical models by extinction coefficient, single-scatter
albedo (SSA) and asymmetry factor. Given that ice particles
in cirrus are comparable or larger than solar wavelengths, the
optical properties are often dependent on ice particle details
such as particle size distribution, particle shape, surface
roughness and concavity. Ice particles have been observed
to vary in shape from individual columns to quite complex
shapes, such as irregular or aggregate (Field and Heymsfield,
2003; Baran and Labonnote, 2007; Um and McFarquhar,
2009). Particle sizes range from a few micrometres in
high tropical cirrus (McFarquhar and Heymsfield, 1996) to
several hundred micromeytres in mid-latitude frontal cirrus
(Heymsfield and Miller, 1990; Wang and Sassen, 2001).

The first widely used treatment of ice crystal optics was
by Ebert and Curry (1992), which made the assumption
of equivalent spheres. This was greatly improved upon by
the use of the geometric ray tracing method by Takano
and Liou (1989), which assumed that particles were of
hexagonal shape. This has been improved upon over the
years by Takano and Liou (1995) and Macke (1993) and
extended to more complex shapes including irregulars and
rosettes (e.g. Yang et al., 2000; McFarquhar et al., 2002; Fu,
2007). Key et al. (2002) showed that various habits can lead
to a significant difference in upwelling and downwelling
fluxes, and the work by Kahnert et al. (2007) shows using
a general circulation model (GCM) that including non-
spherical shape is equally important with ice particle number
density or particle mass. Ice crystal optical properties have
been developed as functions of effective size for simplicity of
use in cloud resolving, regional and global models (e.g. Ebert
and Curry, 1992; Fu, 1996; McFarquhar et al., 2002; Edwards
et al., 2007). Climate and numerical weather prediction
(NWP) models used in forecasting do not have the benefit
of knowing ice crystal habit or vertical properties. This paper
helps to illustrate the potential downside of ignoring these
effects.

Some past work has been done investigating habit and
vertical structure. Use of ice crystal particle shape (Lemke
et al., 1999) and vertical distribution (Gu and Liou, 2004)
from First International Satellite Cloud Climatology Project
(ISCCP) satellite observations in a GCM has shown a strong
influence on the radiative properties. Yang et al. (2001)
considered the case of a three-layer cirrus cloud based on
the ISCCP Regional Experiment (FIREII) to investigate the
bidirectional reflectance of vertical inhomogeneity relevant
to the Moderate-Resolution Imaging Spectroradiometer
(MODIS) satellite retrievals. In terms of modelling, Liu
et al. (2003) investigated the effects of changing modelled
clouds from one habit type to another, cycling through
columns, rosettes, plates, and then spheres. Their work
illustrated a significant sensitivity of the cloud evolution of
ice water content, mean size, and radiative heating rates to
the changes.

The work of Liu et al. (2003) provides useful bounds on
the impact of habit on cirrus cloud since they took the
approach of switching the whole cloud between different
habit types, but these are extreme ‘bounding’ cases, and also
no account was made of the vertical structure. Their results
for cloud evolution indicate significant effects that we want to
test this under with observed, albeit case-specific, conditions.
In our approach, we have taken a similar line to Yang
et al. (2001) in that we utilize in situ aircraft observations
of vertical structure for habits and size distributions and
couple this with rigorous case-specific optics calculations
to evaluate the cloud and radiative properties. Our work
focuses on the radiative fluxes rather than the bidirectional
reflectances which appeal to satellite retrieval. In addition,
we include cloud modelling to assess the effects of vertical
structure and habit on cloud evolution, building on the work
of Dobbie and Jonas (2001), and their relative importance.
Finally, this work takes the approach of assessing what
uncertainty is introduced by using less and less observed
complexity in habit and vertical structure and observed
knowledge in general. This sensitivity and the impact on the
top of the atmosphere and surface fluxes are instructive for
large-scale modellers introducing updates to their models
such as more detailed habit specifications.

2. Case study

We have selected the EMERALD1 observations on which to
base this study since the crystal habit and size distribution
have already been analysed for certain flights; one in
particular has straight and level flights through the cloud
at four heights that show distinct ice particle regions in the
cloud.

The Egret Microphysics with Extended Radiation and
Lidar (EMERALD) campaign designed to study dynamics,
microphysics and radiation. EMERALD1 was conducted
from Adelaide, Australia, during September 2001 and
focused on the properties of mid-latitude frontal cirrus.
EMERALD2 was conducted at Darwin, Australia, during
November 2002 and focused on the cirrus anvil outflow
originating from deep convection. There were ten scientific
flights in each project, detailing the cloud and surrounding
air.

The results of the EMERALD1 campaign were summa-
rized in papers describing the cloud and microphysical
structure of the cloud (Whiteway et al., 2004; Gallagher
et al., 2005). A series of flights at various levels within the
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cloud allowed for an assessment of the vertical structure in
terms of size distribution and habit.

For this research, we focused on the ninth flight of
EMERALD1 (labelled EM09). The EM09 flight was on
19 September 2001, and two aircraft were involved: a
Super King Air B200T and a Grob Egret T520, which
was instrumented from Airborne Research Australia. The
Super King Air flew below the clouds at about 7 km altitude
with an upward viewing laser–radar (lidar). The Egret flew
within the cloud at a higher altitude, making measurements
of the microphysical properties of cloud, such as cloud size
distribution, humidity, turbulence, ozone, and pictures of
the ice crystal habit. A great benefit of the Egret is that it can
fly slowly at high altitude (80–100 m s−1) owing to a long
wingspan, so this enabled the Super King Air and the Egret
to fly in a stacked formation approximately 1–2 km between
each other, on average.

During the EM09 flight, the Egret flew through the cloud
at four distinct levels to sample the vertical structure of
cloud in terms of the size distribution and ice particle habit.
The observations show that the range of cloud top of EM09
is between 9 and 12 km and the cloud base is between 7 and
8.5 km. The averaged ice number concentration is 693 L−1,
the maximum ice number concentration is 4176 L−1, the
mean particle size is 64 µm, and the maximum particle size
is 769 µm, as determined from the Cloud Particle Imaging
(CPI) instrument (Gallagher et al., 2005). The mean particle
size is an average of all the ice particles for each flight. For
full details, including lidar images of the cloud and images
of the observed ice crystals, see Gallagher et al. (2005).

Ice crystal habit has been evaluated from the CPI and have
been processed for the four layers, labelled (a), (b), (c) and
(d), with (a) at the top of the cloud and (d) at the base. Habit
was categorized into various types for each layer: spheroids
budding rosette, large rosette, column, plate, small irregular
and large irregular. Figure 1 shows the habit-segregated size
distributions of layers (a), (b), (c) and (d). The Forward
Scattering Spectrometer Probe (FSSP, model DMT SPP-
100) spectra are also shown in the plots, except for run
(c), when it failed. We do not expect particle shattering
to be a significant factor in our results. We base this on
good agreement between CPI and FSSP concentrations at
the overlap region. Also, by analysing the arrival times of
ice crystals measured by the CPI with statistics shown in
Figure 2, it is clear that almost all images have only one
particle present, but few have two and even fewer have three
particles. We can compare this to a Poisson distribution to
assess the randomness of the particle arrivals. If randomness
is observed then it points to shattering not being important,
as shattering would produce some bias in arrival times. The
parameter for the Poisson distribution was calculated from
the mean number of particles per image. We determined that
the mean number of particles per image is 0.035 (which is the
lambda parameter for the Poisson distribution) (Connolly
et al., 2007). Plotting a Poisson distribution on top of the CPI
histogram reveals that they are almost the same. Included in
the plot is a curve for Lamda = 0.70 just to illustrate how
sensitive the result is to a doubled ice concentration. These
results indicate that there could only be a very small amount
of shattering occurring, since the number of frames with
three particles in it (orders of magnitude less than frames
with one or two particles) is only slightly more than that
expected by randomness.

Bullet rosettes were observed at the top of the cloud and
grew slightly and sedimented. They also fragmented into
columns, and so at lower altitudes in the cloud there were
far fewer rosettes left, but a greater abundance of columns
and budding rosettes. For a detailed assessment of the cloud,
further details concerning the EMERALD project can be
found in Whiteway et al. (2004) and Gallagher et al. (2005).

3. Research tools

Two key research tools that are used in this study are the
Fu–Liou radiation scheme (Fu and Liou, 1992, 1993; Fu et al.,
1998; Marsham and Dobbie, 2005), to quantitatively assess
the importance of the vertical structure (size distribution
and habit vertical variation) on the radiative properties, and
the Large Eddy Model (LEM), to simulate the cirrus cloud
evolution. These tools are now described.

3.1. Large Eddy Model and initialization

The base version LEM 2.3 (Mason, 1989; Gray et al., 2001)
is used in this study to model the cirrus cloud (Dobbie and
Jonas, 2001; Marsham and Dobbie, 2005; Marsham et al.,
2006) in order to provide time-evolving profiles of cirrus
and to assess the potential importance of vertical structure
effects on the cirrus cloud evolution. Our LEM simulations
are intended to be representative of case EM09 rather than
a comprehensive case study. Ice water content profiles were
not available from the EMERALD1 observations, so we use
the LEM to provide a representative case.

The LEM code we used includes a fully coupled Fu–Liou
radiation scheme to address the radiative properties of ice
crystals. Details of the radiation scheme are provided below
and in papers such as Dobbie and Jonas (2001), Marsham
and Dobbie (2005) and Marsham et al. (2006). The LEM
performs numerical integrations using basic equations for
momentum, thermodynamics and continuity. The model
is non-hydrostatic; use is made of the deep anelastic
approximation (quasi-Boussinesq), which allows for small
pressure and density deviations from a reference hydrostatic
state (with sound waves filtered). The boundary conditions
are periodic in the horizontal and the top and surface
boundary conditions are rigid lids.

The simulations were run in 3D model domain, which
was 20 km in the vertical and 5 × 5 km in the horizontal. The
horizontal resolution is 100 m and the vertical resolution
varies with height but maintains a resolution of 125 m in the
layers in and around cloud, e.g. between 4.5 and 12.5 km.
The LEM was initialized with a sounding taken from the
Australian Bureau of Meteorology for Adelaide at 1116 UTC
(Figure 3). A 2 h spin-up was more than sufficient to allow
for realistic turbulence to establish (Dobbie and Jonas, 2001;
Marsham and Dobbie, 2005; Marsham et al., 2006). The
total model simulation time was 4 h. For the first half hour
of spin-up time, the forcing was steadily increased to a
constant value at half an hour, which is then applied as
constant until 2 h and then the forcing is shut off and the
cloud decays. The forcing is only applied in the region of
the cloud and is linearly decreased to zero above and below
the cloud layer (at 1 and 15 km). We use ±10% water
vapour and ±0.1 K temperature perturbations applied in
the first time step to initialize structure in the atmosphere
throughout the domain.
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Figure 1. EMERALD1 EM09 habit segregated size distributions, dN/dD, from the CPI and FSSP observations for each layer. The top eight plots are for
layer (a), the next eight are for layer (b), then layer (c) and layer (d).

The ice water path (IWP) varies during the simulation
according to LEM evolution initialized with the EMERALD1
sounding. Figure 4 shows a profile of ice number
concentration after 120 min of simulation time and
comparison with EM09 average concentration. A time of
165 min is also used in this study since it is when our
model IWC agrees with the observed average IWC EM09
for the flight segments involved in the vertical structure
observations. The vertical structure in size distribution and
habit is taken from the EMERALD1 observations, which
are averaged values for the flights, and these are imposed
throughout the simulation. This vertical structure in habit
and size distribution is used in the radiation scheme to
determine the radiative properties in conjunction with the
time-evolving ice water path from the LEM.

3.2. Radiation model

The radiation model used is by Fu and Liou (1992, 1993)
with the ice radiation package (Fu, 1996; Fu et al., 1998)
and is coupled with LEM for testing the radiative properties,

as was done for Dobbie and Jonas (2001), Marsham and
Dobbie (2005), Marsham et al. (2006), and Yang (2009).
The radiative transfer equation is solved using a discrete-
ordinate δ four-stream solution approach; the details are
discussed in books such as Liou (1986) or papers such as Li
and Dobbie (1997).

The δ four-stream solution is a 1D solution which is
applied to all columns in the LEM independently. The
Fu–Liou radiation model uses six solar and 12 infrared
bands. The radiation scheme is linked in the LEM to ice,
liquid droplets, rain, graupel, snow, etc., and computes the
scattering (Rayleigh) and absorption by gases.

The correlated k-distribution method is used to treat the
gaseous absorption by O3, CO2, CH4, N2O and H2O. The
CO2, CH4 and N2O are assumed to have uniform mixing
ratios throughout the atmosphere, with concentrations of
330, 1.6 and 0.28 ppmv, respectively. A standard atmosphere
mid-latitude autumn vertical profile is used for the gases.
For the radiative transfer calculations, the inhomogeneous
atmosphere is divided into n adjacent homogeneous vertical
layers in which the single-scattering properties are constant
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Figure 2. Frequency distribution of CPI arrival times versus the Poisson
distribution of random arrival times for observed ice concentration and
double observed ice concentration.

Figure 3. Initial sounding (static air temperature and relative humidity)
for the EMERALD1 case (Gallagher et al., 2005).

within each layer but vary between layers. The δ four-stream
is employed to solve the radiative properties, applying
continuity conditions at layer interfaces and standard
boundary conditions. For the LEM, radiation is solved in this
way for each column independently, commonly known as
‘independent pixel approximation’. Radiative properties are
obtained for each of the spectral bands, with the solar spectral
irradiance determined by Thekaekara (1973) and total solar
flux of 1340 W m−2. The solar zenith angle is set to 60◦, the
surface albedo to 20% and the emissivity of the surface to 1.

For cloud ice particles, the often-used method to specify
the optical properties is in terms of the effective size (De) (for
water clouds; see Dobbie et al., 1999) or generalized effective
size Dge (Fu, 1996), and typical values used in models are
between 20 and 120 µm (Fu, 1996).

Figure 4. The plot shows ice number concentration at 120 min into the
simulation. The average ice number concentration is inset and agrees with
the observed value almost exactly at 693 L−1.

4. Methodology

We focus especially on isolating various factors pertaining
to the vertical structure and ice particle properties of cirrus
in this work. By utilizing the research tools of the LEM
and the Fu–Liou radiation scheme in conjunction with
the EMERALD1 EM09 observations of the habit and size
distributions for the four distinct vertical layers, we are
able to assess the importance of observed habits and size
distributions to progressively more simplified cases on the
radiative properties of a representative cirrus cloud and its
time evolution.

To achieve this, we have devised several cases with
different assumptions to isolate effects. The cases range
from assuming no knowledge of the cirrus layer and hence
using standard, commonly used generalized effective sizes
in the Fu–Liou scheme, progressing through to the most
complex case of utilizing the vertical specification of habit
and size distributions from EMERALD1 EM09 to calculate
the radiative properties specific for the EMERALD1 EM09
case.

To compute the optical properties for the various habits,
we have selected the optics compilation by Baran and Yang
(compilation provided upon request from Dr Anthony
Baran, UK Met Office). The database has been constructed
from numerical simulations of individual crystals by a
combination of methods as described in Baran and Francis
(2004). [Correction added on 22 December 2011 after
original online publication: in the preceding two sentences
some text and citations have been replaced with the citation
of Baran and Francis, 2004.] EMERALD1-specific optical
properties are calculated by direct integrations of the single-
scattering optical properties over the size distributions for
each habit for each vertical layer from the observations
weighted by solar flux in a similar way to Dobbie et al. (1999),
as described later.

We now describe the cases that have been devised to isolate
the different effects of vertical structure, size distributions,
and habits with increasing simplification.

4.1. Base runs

Several base runs have been devised to test the radiative
and evolution effects of cloud vertical structure in size
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distribution and habit with, as mentioned, assumptions
ranging from the most complex to the most simplistic. The
cases are described below.

In order to use the observed size distribution as well as
habit, we need to resort to calculating the optical properties
from single-particle optics. In the optics compilation by
Baran and Yang the shapes of columns and aggregates
are available for individual modelled crystals at specific
wavelengths. We therefore devise the following cases. Case
1 is the most detailed case, with optics derived from the
Baran and Yang compilation for the four levels using
habit information and size distribution for derivation of
the optical properties. In this case, column single-scattering
properties are used to approximate the EM09 columns,
plates and small spheroids (which may indeed be small
columns) and aggregate single-scattering properties are
used to approximate the EM09 aggregates and rosettes.
In case 2, we treat all crystals as columns, which is a
commonly used assumption. This allows us to isolate the
effects of rosette and aggregate crystal shapes by comparing
cases 1 and 2. In case 3, we homogenize the vertical and
use only columns to compute the optical properties. This
allows assessment of simplifying one more step in terms
of the vertical structure. For cases 4–7 we use the Fu–Liou
hexagonal column approximation with the typical range
of observed generalized effective size from 20 to 120 µm
(Fu, 1996; Baran et al., 2001; Stubenrauch et al.., 2007).
These cases show the effect of using a wide range in
commonly observed generalized effective sizes and allows
us to determine the effect of little or no knowledge of cloud
observations compared to our fullest knowledge of cloud
properties (case 1).

Case 5 is a special one in that this is the generalized effective
size (37.4 µm) was derived from the size distributions for
EMERALD1 EM09.

• Case 1 is labelled the COLAGG run and uses the
columns and aggregates of Baran’s compilation. The
vertical variations in size distribution and habit used
are taken from EMERALD1 observations.

• Case 2 is labelled the COL run. In this run, we use
only Baran’s compilation of columns for all habits.
The vertical variation of size distributions and habits
used are taken from EMERALD1 observations.

• Case 3 is labelled COLHOMO. This run uses Baran’s
compilation of columns for all habits and averages the
results in the vertical, so there is no vertical variation
inside the cloud.

• Case 4 is labelled COL20. This run uses the standard
Fu–Liou model of optical properties with a fixed
generalized effective size of 20 µm.

• Case 5 is labelled COL37. This is the same as case 4
but with a generalized effective size of 37 µm. This
value was chosen based on calculating the value from
the EMERALD1 size distributions.

• Case 6 is labelled COL80. This is the same as case 4
but with a fixed generalized effective size of 80µm.

• Case 7 is labelled COL120. This is the same as case 4
but with a fixed generalized effective size of 120 µm.

4.2. Calculation of optical properties from the EMERALD1
observations

The Fu–Liou radiation scheme requires the extinction and
scattering coefficients, SSA, and four moments of the phase

function including the asymmetry. From the Egret aircraft
observations, we have the maximum projected length (Dp),
which we take to be the maximum length of the crystal L
and the size distribution (n(L)) for each habit. For columns,
the particle diameter (D) (Mitchell and Arnott, 1994) is
calculated by

D = 0.7 × L L < 100 µm

D = 0.0696 × L
1
2 L ≥ 100 µm.

(1)

The volume of ice particle (V(L)) (Auer and Veal, 1970;
Mitchell and Arnott, 1994) is

V(L) = 0.1823 × L2.908 L < 100 µm
V(L) = 0.0018 × L1.908 L ≥ 100 µm.

(2)

The projected area (P(L)) (Auer and Veal, 1970; Mitchell
and Arnott, 1994) is

P(L) = 0.1591 × D2 + 0.525 × D2 L < 100 µm
P(L) = 0.0016 × D + 0.0522 × D1.5 L ≥ 100 µm.

(3)

For the rosettes, we use the approach of Mitchell and
Arnott (1994) using a six-branched rosette model, which
agrees with EMERALD CPI images. For irregular ice crystals,
we follow the approach of Baran and Labonnote (2007)
using the five-column irregular structure from the ensemble
model, as the EMERALD observations indicated that almost
exclusively small irregulars were present.

The ice water content (IWC) (Baran and Labonnote,
2007) is defined as

IWC = ρ

∫
V(L)n(L)dL, (4)

where ρ is density of ice, which is assumed to be 0.92 g cm−3

(Baran and Labonnote, 2007), and V(L) is the geometric
volume of the ice crystals. The extinction/scattering
coefficient is given by

βext/sca =
∫

Qext/sca(L)P(L)n(L)dL, (5)

where Qext/sca(L) is the extinction/scattering efficiency factor
and P(L) is the orientation-averaged projected area for a
single crystal. The SSA (Fu and Liou, 1992), w0, is given by

ω0 =
∫

ω∗(L)βext(L)n(L)dL∫
βext(L)n(L)dL

, (6)

where ω∗ is the size-dependent SSA of individual ice particles
(Fu and Liou, 1992). The asymmetry factor, g, is given by

g =
∫

g∗(L)ω∗(L)Qext(L)n(L)dL∫
ω∗(L)Qext(L)n(L)dL

, (7)

where g∗ is the asymmetry factor, which is size dependent
(Fu and Liou, 1992). In terms of Legendre polynomials Pn,
the phase function P (Liou, 2002) is given by

P(cos θ) =
N∑

n=0

ωnPn(cos θ), (8)
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where θ is the scattering angle and wn are the expansion
coefficients, given by

ωn =
∫

ω∗
n(L)ω∗(L)Qext(L)n(L)dL∫
ω∗(L)Qext(L)n(L)dL

(n = 0, 1, 2, 3, 4),

(9)

where ω∗
n is the size-dependent expansion coefficient.

All of the equations above were evaluated at individual
wavelengths. To obtain the band-averaged results these were
averaged with weighting from the incident solar spectrum
(Thekaekara, 1973) at each wavelength within each band
(Dobbie et al., 1999; Liou, 2002):

βband-avg =
∫

βextsi dλ∫
si dλ

. (10)

The band-averaged SSA is

ω0 band-avg =
∫

ωβextsi dλ∫
βextsi dλ

. (11)

The band-averaged asymmetry factor is given by

gband-avg =
∫

gωβextsi dλ∫
ωβextsi dλ

. (12)

The band-averaged weighting functions for the Legendre
polynomials are given by

ωn band-avg =
∫

ωnωβextsi dλ∫
ωβextsi dλ

, (13)

where si is the spectral solar irradiance and integrations are
over wavelength ranges appropriate for each band in the
Fu–Liou band structure.

EMERALD1-specific optical properties were computed
from the observed habit and size distributions using the
Baran and Yang compilation, which included 24 sizes
and 56 wavelengths and were averaged into the band
structure (see Fu, 1996). The resulting single-scattering
optical properties included extinction and SSA, and the four
moments (including the asymmetry factor) of the scattering
phase function were then installed in the Fu–Liou radiation
scheme in the LEM.

Figure 5 shows the results of optical properties for the
seven base cases for the solar bands that range from 0.2 to
4.0 µm in wavelength. The left-hand column indicates the
extinction normalized by the IWC, and SSA and asymmetry
factor (g) for four layers and for column habit only from
top to bottom. The middle column indicates column and
aggregate habit, which is the most accurate representation
of the optics. The right-hand column illustrates the optical
properties using the typical approach of specifying an
assumed effective radius with no vertical structure. The
COLHOMO treatment of the optical properties is the same
as COL except that the four layers of optical properties are
averaged into one homogenized layer.

The first row in Figure 5 for the extinction normalized
by the IWC shows that generally the two upper vertical
layers are more similar than the two lower layers in the
EMERALD1 EM09 observations. The different vertical layers

inside the cirrus cloud show significant differences in optical
properties, which increases by a factor of almost two from
the upper to the lower layers for both COLAGG and COL
cases. COL80 and COL120 are significantly lower than all the
others by as much as a factor of almost ten when comparing
COLHOMO to COL120. The values of generalized effective
size of 80 µm (COL80 case) and 120 µm (COL120 case) are
far larger than the observational derived effective size, which
is 37 µm. The COLHOMO is a simple average of the optical
properties in column 1 of Figure 5.

The second row in Figure 5 shows the SSA. In all of the
SSA plots it is clear that there is strong absorption in the
near-infrared bands, especially in bands 5 and 6. COLAGG
generally produces more scattering compared to the COL
and COLHOMO cases for bands 5 and 6, and significantly
more than COL80 and COL120. The larger generalized
effective size of COL80 and COL120 produces progressively
larger absorption, as expected.

The bottom row shows the leading Legendre expansion
coefficient of the phase function, ω1/3, which is equal to
the asymmetry factor. The asymmetry factor describes the
amount of radiation that is scattered in the projected forward
direction minus the scattering projected in the backward
direction. The plots indicate that there is slightly greater
forward scattering from the COL compared to the COLAGG
case. The aggregates have more scattering backwards than
columns due to the multifaceted shape.

5. Numerical sensitivities of ice crystal properties of
cirrus

We now use the optics derived above for the EMERALD1
EM09 case as well as cases with assumptions of generalized
effective size in order to evaluate radiative properties such as
upwelling flux at the top of the model atmosphere and
downwelling flux evaluated at the surface, in order to
assess the impact of making various assumptions regarding
vertical structure, habit and size distribution. The seven
cases described in section 4.1 have been implemented in
the LEM and the results were assessed in terms of the
radiative properties and effects on cirrus cloud evolution.
To contrast the results, we have included a section looking
at the sensitivity of the results to ice particle roughness. The
low value of the asymmetry parameter for rough particles
is believed to have significant effects on the magnitude of
cirrus cloud radiative properties (Ulanowski et al., 2006)
and will offer an interesting comparison.

5.1. Effect of vertical structure, habit and size on radiative
properties of cirrus

In this section, we focus on understanding the effects of
vertical structure, habit and size distributions on radiative
properties. We focus on three ways of targeting effects.
The first targets assumptions about the vertical profile
of ice particles (i.e. size distributions), the second targets
the vertical variation of ice particle habits and the third
targets the effect of not making use of the observed vertical
structure (averaged vertical profiles or ignoring EMERALD1
observations altogether). For all of these, the effects are
assessed quantitatively by evaluating the radiative properties.

As stated, the most accurate treatment is case 1: COLAGG.
In Figure 6 we see the difference plot of COLAGG-COL,
which isolates the effect of explicit treatment of rosettes and
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Figure 5. The plots in the top row are for extinction coefficient per unit IWC; the middle row is SSA; the bottom row is asymmetry factor (g). The
first two columns are for column-only and for column and aggregate. The optical properties are calculated from in situ size distributions and habit
information from EM09 and the optics from Baran compilation. The vertical structures of habit in the cloud for EM09 is specified as ‘Top’, ‘Upper mid’,
‘Lower mid’ and ‘Bot’, and indicate the location within the cloud in the vertical. The last column includes four runs using the Fu–Liou radiation scheme
with fixed re of 20, 37, 80 and 120 µm. COLHOMO means the vertical structure has been averaged.

aggregates (as opposed to as columns). This effect results
in a difference in the downward flux at the surface of
approximately 16 W m−2 and over 10 W m−2 difference in
the upward flux at the top of the model atmosphere.

By homogenizing to obtain the column-only case
(COLHOMO) we remove not only variations in habits
but also all vertical variations. In Figure 6 we note that
homogenizing the layer acts in opposition to the effects
of just changing the habit from COLAGG to COL. The
downward flux difference at the surface is now about
8 W m−2 and a 2 W m−2 difference in the upward flux at
the top of the model.

Figure 7 shows the difference between COLAGG and
three assumed constant generalized effective sizes (standard
in the Fu–Liou scheme) which span the full range of typical
sizes from observations (Fu, 1996): 20, 80 and 120 µm.
For comparison, the value of 37.4 µm (labelled COL37)
is also used (the value derived from the observed size
distributions). By comparing these commonly assumed
generalized effective size with our most accurate treatment,
COLAGG, we find that differences in upward and downward
fluxes in excess of 100 W m−2 are frequent. This illustrates
the importance of using accurate values of effective size and
the errors that can occur if commonly used values (over
observed ranges) are assumed. Also, the difference between
COL and COL37 shows that the fluxes are sensitive to either
the optics used or differences in the observed and assumed
size distributions underlying the calculations.

Difference in downward and upward solar radiative flux
at time 120 min (left) and 165 min (right) for EMERALD1-
specific optical properties compared to Fu–Liou assumed
generalized effective sizes.

5.2. Effect of roughness on radiation

Roughness of ice particles is anticipated to be a very
important yet uncertrain factor for ice cloud radiative
properties (Ulanowski et al., 2006; Yang et al., 2008;
Ulanowski et al., 2010). [Correction added on 22 December
2011 after original online publication: in the preceding
sentence the text ‘a very important factor and is currently
neglected in ice cloud radiative properties’ has been
replaced.] Although the degree and frequency of occurrence
of roughness in cirrus are largely unknown, and we are
unaware if it occurred in the EMERALD1 case, it is
instructive to compare the effects of the last section to
those of roughness. Currently, roughness is believed mostly
to affect the asymmetry factor, and typical values of non-
rough asymmetries in cirrus vary from 0.7 (Stephens et al.,
1990), to 0.75 (Garrett et al., 2001), to 0.8 (Francis et al.,
1994) and more than 0.85 (Fu, 2007). Our base case of
COL37 has an asymmetry of 0.78 for a generalized effective
size of 37.4 µm (Fu, 1996).

In Figure 8, we illustrate the effects of rough particles.
We have performed runs using asymmetry values that range
from non-rough (COL37) through to progressively rougher
particles with an asymmetry of 0.65 (labelled COL37(65))
(Ulanowski et al., 2006). At the lowest value of asymmetry
equal to 0.65, we see that upward and downward fluxes
can differ by over 25 W m−2 relative to the COL37 case
with no roughness. This is more than triple the effect of
vertical structure; however, for more conservative changes
to asymmetry, say between COL(70) and COL(75), the
effect of roughness is about 10–15 W m−2. This is similar
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Figure 6. Difference in the solar fluxes for EMERALD1-specific optical properties with habit variations (COLAGG and COL) and vertical homogenizing
(COLHOMO). The difference in downward solar flux at 120 and 165 min are shown in the first two plots on the left-hand side, respectively. The
difference in upward solar flux at 120 and 165 min are shown in the remaining two plots, respectively.

Figure 7. Difference in the solar fluxes for EMERALD1-specific optical properties compared to Fu–Liou assumed generalized effective sizes. The
difference in downward solar flux at 120 and 165 min are shown in the first two plots on the left-hand side, respectively. The difference in upward solar
flux at 120 and 165 min are shown in the remaining two plots, respectively.

in magnitude to the effect of vertical structure and habit
effects.

5.3. Effect of vertical structure on cirrus cloud evolution and
lifetime

Shown in Figure 9 are IWPs with time plots for the seven
base cases over the 4 h simulation period. It is clear that
there is little variation in the IWP with time for six out of the
seven cases. The smallest generalized effective size case of
20 µm (case 4, COL20), however, illustrates a significantly
different behaviour, with the IWP remaining much higher
than the other cases for significantly longer, especially during
the decay period of the cloud over the last 2 h. At the end
of the simulation period, the COL20 case has an order of
magnitude higher IWP.

By comparing the average radiative properties over the
duration of the simulation, we find that the COL20 case
leads to a higher average upward solar flux at the top of the
atmosphere of 42 W m−2 and reduced average downward
flux of 39 W m−2 compared with the COL37 case. We
compared to the COL37 case rather than COLAGG so as
to isolate only the effects of evolution without introducing
other changes.

6. Conclusions

This work presents an analysis of the importance of vertical
structure of habits and size distributions on the radiative
properties based on observations of the EMERALD1
campaign. The EMERALD1 campaign was selected since
one of the runs, EM09, had flight paths designed to assess

the vertical structure of the cloud, and ice crystal habit and
size distribution had been analysed and were available for this
study. In addition to the vertical structure of habit and size
distribution, an assessment was carried out illustrating the
effects of making progressively more simplistic assumptions
regarding habit and size distribution, beginning with using
the full EMERALD1 observed ice properties through to using
typical literature values and no EMERALD1 observations.
This was designed to show modellers the relative importance
of making each step up or down in complexity. The study
overall focused on seven modelled cases which targeted
various aspects of habit, size distribution and vertical
variation effects, as well as various simplifications. The
effects of these properties were quantitatively evaluated in
terms of impact on radiative properties and evolution of
the modelled cirrus cloud. The modelling was performed
with UK Met Office LEM with EMERALD1 specific optical
properties installed.

The importance of vertical structure observed from the
EMERALD1 observations was evaluated by comparing cases
with and without vertical structure and it was found that
there was a change in the upward and downward solar fluxes
at the top and surface of the model atmosphere of 8 and 10
W m−2, respectively.

An assessment was then performed to determine the
importance of including information about habit beyond
columns in the optics calculations. By comparing the
modelled cases in which all habits are treated optically as
columns compared to that in which aggregates and rosettes
are treated as aggregate habits in the optics, we found this
leads to a 12 W m−2 change in the upward and a 16 W m−2

change in the downward fluxes.
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Figure 8. Difference in the downward and upward solar radiative flux for rough particles for the case of generalized effective size of 37 µm shown
for times 120 and 165 min. COL37(65), COL37(70), COL37(75), and COL37 indicate the asymmetry values representing a progression from rough to
smooth crystals.

Figure 9. Ice water path time evolution.

Both of these effects summarized above are significant
and should not be considered in isolation. For example,
by comparing the most complex habit optics treatment
(COLAGG) with the vertically homogenized column
(COLHOMO) results it was found that the difference in
fluxes was 2 W m−2 for the upward and 8 W m−2 for the
downward fluxes. Thus it was noted that vertical structure
and habit specification were found to counteract one another
in terms of radiative properties. Therefore modellers seeking
to step up the treatment of complexity in their models by
only one of these factors–either more complex habits or
size distribution vertical structure–can experience worse
agreement than by not including both competing factors
together.

The choice of effective size (and habit complexity) in
models is often parametrized and usually very simplistic
or even fixed. Models are unlikely to capture the actual
evolution of effective size, especially if fixed values are used.
In this work, we knew the actual generalized effective size
from the EMERALD1 observations, but in a model run we
would not know this value and so a range of values was
used from the literature to illustrate the potential range
of error in fluxes that might result. We used an observed
range in generalized effective size (20–120 µm) for the
comparison. We found that errors spanned up to and

exceeding 100 W m−2 for both the upward and downward
fluxes compared to our most detailed optics treatment of
COLAGG and knowledge of the observed sizes and habits.
Inaccurate specification of the effective size produced the
largest differences in the study for the instantaneous radiative
fluxes.

LEM simulations were used to evaluate the importance of
vertical structure and size distribution on the modelled cloud
evolution. The results showed no significant effect on cloud
evolution for the EMERALD1 case. Past results have shown
significant effects when switching the whole cloud between
habits (Liu et al., 2003); however, for this EMERALD1-
based case with observed habit size distributions the effect
was small. A strong sensitivity in the cloud lifetime, however,
was noted for a small generalized effective size of 20 µm (case
COL20). The effect on lifetime was very significant, leading
to a factor of ten greater IWP at the end of the simulation
compared to the other cases. This suggests that simulations
using a generalized effective size roughly 30 µm or greater for
a cloud that in reality had a smaller generalized effective size
could lead to a very significant underestimate of the cloud
lifetime (about 40 W m−2 averaged over the simulation
duration), although this has to be tempered with the fact
that solar radiative heating effects may be less influential in
small effective size cases due to the often coincident smaller
observed ice water contents (Fu, 1996).

To add further perspective to the results above, we
have estimated the importance of roughness for our
study, since roughness is currently considered a potentially
very important yet highly uncertain effect. Roughness was
simulated by reducing the asymmetry factor progressively
down to a value of 0.65 (rough). For an asymmetry of 0.65,
the radiative properties were changed by over 25 W m−2

both for upward flux at the top of the atmosphere and
downward flux at the surface relative to the non-rough case.
The effect of roughness is poorly understood and our result
is at best an estimate. Given the uncertainty, if a moderate
value of roughness is use, say between 0.70 and 0.75, then
the effect on radiative fluxes is roughly 10–15 W m−2, which
is similar in magnitude to the effects of ice particle habits
and vertical structure illustrated in this work.
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