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Abstract A parameterization for the scattering of longwave radiation by ice clouds has been             

developed based on spectral scattering property calculations with shapes and sizes of ice            

crystals. For this parameterization, the size distribution data by Fu (1996) and by Michell and              

Arnott (1994) are used. The shapes of ice crystal considered in this study are plate, solid               

column, hollow column, bullet-rosette, droxtal, aggregate, and spheroid. The properties of          

longwave scattering by ice crystals are presented as a function of the extinction coefficient,             

single-scattering albedo, and asymmetry factor. The heating rate and flux by the radiative            

parameterization model are calculated for wide range of ice crystal sizes, shapes, and optical             

thickness. The results are compared with the calculated results using a six-stream discrete            

ordinate scattering algorithm and Chou’s method. The new method (with various habits and size             

distributions) provides a good simulation of the scattering properties and cooling rate in            

optically thin clouds (optical thickness < 5). Depending on the inclusion of scattering by ice              

clouds, the errors in the calculation of the cooling rates are significantly different.

Key words: Longwave radiation, ice cloud, single scattering property, parameterization and          

cooling rate

1. Introduction

About 16% or more of the whole earth is covered with 

thin clouds (Patterson, 2001), which include a great 

amount of ice crystals. The radiative effects of cirrus 

clouds should be treated carefully, since the flux density 

change in the atmosphere and at the surface according to 

the sizes and shapes of these clouds. On average, cirrus 

clouds have a net warming effect on the atmosphere, in 

part because they tend to absorb and trap outgoing 

longwave radiation (NASA facts, 1999). More specifically,

the radiative scattering by cirrus clouds has a strong 

influence on climate change, the greenhouse effect, etc. 

because radiation is scattered according to the shapes and 

sizes of ice crystals.

Most of the uncertainty surrounding climate prediction 

using general circulation models (GCMs) arises from 

interactions and feedback between dynamic, microphysical,

and radiative processes affecting cirrus clouds (Zhang 

et al., 2005). Model climates are sensitive to even small 

changes in cirrus coverage (Lohmann and Kärcher, 2002) 

or ice microphysics (Lynch et al., 2002).

The radiation parameterization process is essential in 

modeling of climate and the atmospheric general circulation.

However, precise estimation of the radiative effects by 

cirrus is difficult since various sizes and habits have not 

been taken into account in most of the processes of 

radiation parameterizations included in the existing general 

circulation models. The effects of clouds on climate 

changes in the earth’s atmosphere include a great uncertainty 

regarding the physical process as well as the radiation 

component.

This study investigates the parameterization of longwave

scattering, using a (New method) that is similar to that of 
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Chou et al. (1999), whose target was restricted to only 

plate in ice crystal shape. However, the present study also 

considered data regarding the various shapes and sizes of 

ice crystals, and these data were derived from cloud 

observations and theoretical calculation of the radiative 

properties of ice crystals. In this study, the flux and 

cooling rate were calculated with the newly parameterized

model according to the shapes and sizes of ice crystals, 

and these results were compared with those obtained with 

a six-stream discrete ordinate algorithm (Stamnes et al., 

1988) and Chou’s parameterization (Chou et al., 1999).

2. Data and methods

Let us consider the plane parallel atmosphere, the 

upward and downward flux (Chou et al., 2002b) at level 

p can be computed from following Eqs. (1) and (2).

F
↑( p) = (1)

F 
↓
(p) = (2)

where, Bs is the planck function at the surface, B( p') is 

planck function at level p' and the transmittance between 

p and p' is . If the optical 

thickness of the ice cloud is τ, the transmittance between 

p and p'

(3)

In the atmosphere, optical thickness is calculated with 

the dτa by absorption and the (1 − f   )dτa by scattering. 

Therefore, , the optical thickness of ice clouds is 

approximately

(4)

Where single scattering albedo of ice crystal clouds 

between level p and p' is ω, the fraction of radiation 

scattered downward (upward) for radiation incident from 

above (below) is f, the transmittance between p and p' is

(5)

When the scattering is neglected, f = 1, and the optical 

thickness is 

(6)

The scattering of ice crystals is characterized by the 

extinction coefficient (βν), single scattering albedo (ων) 

and asymmetrical factor (gν). According to wavelength 

and ice crystal habit, ice crystals show different scattering 

properties as follows. 

(7)

(8)

(9)

where, σλ(r)is an extinction section (extinction efficiency) 

whose size is r, n(r) is number of ice crystals,  C is cloud 

water mass concentration, superscript s is scattering, and 

Pλ(µ) is scattering phase function and µ is light angle.

The ice crystal scattering database in the longwave 

wavelength area calculated by Yang et al. (2000; 2001) is 

based on the equation of Maxwell according to the habit 

and spectral wavelength of each ice crystal. It uses the 

approximate theories such as FDTD (Finite-Difference 

Time Domain), FEM (Finite-Element Method), T-Matrix, 

DDA (Discrete Dipole Approximation), Geometric-

Optics, Anomalous Diffraction method, etc. The 7 habits 

of ice crystals are assumed to be as in Fig. 1. The 

extinction coefficient, the single scattering albedo and the 

asymmetrical factor are calculated for the shape of each 

supposed ice crystal, the ice crystal size (2-9500 µm), 

and wave number (100-3250 cm−1). The following Fig. 2 

characterizes the scattering properties according to the 

shapes and wave number when the ice crystal size is 

50 µm.

The size distribution data of ice crystals were used by 

Fu (1996) and Michell and Arnott (1994). The data on 
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Fig. 1. Idealized shapes of the ice crystal habits. From left to right: plate, solid-column, hollow-column, bullet-rosette, spheroid, 

aggregate, and droxtal.
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the size distribution of ice crystals have been observed 

using airplanes. Thirty were used: 28 by Fu and 2 by 

Michell and Arnott. Twenty-one samples have been 

observed in the middle latitude, and nine samples in the 

tropical area. They show the amount of ice crystals 

observed according to size. The size distribution of ice 

crystals has been observed at intervals of 38 of 2-3500 µm

and follows gamma distribution. These clouds were also 

used by Key et al. (2002) and Chou et al. (2002a) to 

parameterize shortwave optical properties of ice clouds.

In the longwave spectral region, the single scattering 

properties calculation by Yang et al. (2000) is as follows:

(10)

(11)

(12)

where Cext and Cscat are the extinction cross section 

(efficiency) and the scattering cross section (efficiency), 

respectively; n is number density of ice crystals; Lmin and 

Lmax are maximum and minimum sizes of ice crystals; ki

is a ice crystal number distribution-density function (Yang

et al., 2000, 2001); and subscript i is size distribution data 

of ice crystals. Figure 3 shows the effective sizes, 

calculated according to each size distribution and ice 

crystal shape. In the case of a mixture of ice crystals, Eqs. 

(10)-(12) give a minimum effective size of 8.52 µm and 

maximum size is of 145.08 µm.

The scattering properties with the size distribution data 

were parameterized as a function of the following effective

ice crystal sizes.

(13)

(14)
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Fig. 2. Extinction efficiency, single-scattering albedo, and

asymmetry factor for ice crystal habits with a maximum

dimension of 50 µm.

Fig. 3. Effective size of sample clouds with ice crystal

habits. 
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(15)

Figures 4-6 show regression curves of scattering 

properties according to the effective sizes and the nine 

spectral bands (Table 1) for the mixture of ice crystals 

(Chou et al., 2002b) with Eqs. (13)-(15). Scattering 

properties of the ice cloud are calculated with regression 

curve spectral bands in the longwave radiation model. 

The extinction coefficients exponentially decrease with 

effective sizes in all spectral bands. The single scattering 

g re( ) cg 1,

cg 2,

De( )
cg 3,

-----------------+=

Fig. 4. Extinction coefficient with effective sizes for nine

spectral bands (Chou et al., 2002b). 

Fig. 5. Same as Fig.4 except for the Single Scattering

Albedo.

Table 1. Spectral bands and absorbers in the parameterized    

longwave model (Chou et al., 2002b).

Band Spectral range (cm
−1

)

1 0-340

2 340-540

3 540-800

4 800-980

5 980-1100

6 1100-1215

7 1215-1380

8 1380-1900

9 1900-3000

Fig. 6. Same as Fig. 4, except for the Asymmetry Factor. 
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albedo decreases with effective sizes except for bands 1, 

3 and 4. The asymmetry factors logarithmically increase 

with effective sizes, having value less than 1.

3. Results

The flux and cooling rates were calculated with the 

optical thickness and the effective size of ice crystals, 

applying the six-stream discrete ordinate algorithm to 

estimate the effects of ice crystals on the longwave 

spectral region. In this calculation, the ice cloud was 

assumed to consist of three layers of 200-260 hPa with 

visible optical thickness 0.79-25, which are mixed 

according to the ki rates of Yang et al. (2000) in Eqs. 

(10)-(12). The profiles of temperature, humidity, and 

ozone typical of a middle latitude summer are used. In 

the following Figures, the results from the method 

developed in this study (hereafter the New method) and 

from the method of Chou et al. (1999) (hereafter the Old 

method) are calculated by longwave scattering for ice 

crystal habit, assuming only plate and mixed cloud using 

Chou et al. (2002b).

Figure 7 shows that downward surface flux increases 

with increasing the cloud optical thickness, but TOA flux 

decreases with increasing the cloud optical thickness. 

When the cloud optical thickness reaches 5 or larger, the 

variations of downward surface flux and TOA flux 

become very small. Upward and downward fluxes for 

very small and large effective sizes are larger than those 

for the other effective sizes. The flux differences between 

New and Old methods are similar in the upper panel, but 

the differences are more variable with smaller and larger 

effective sizes when the optical thickness is 2. Ice crystal 

habits contributed to these differences. 

Figure 8 shows the flux differences between the six-

stream discrete ordinate algorithm and the parameterization

method. When scattering is neglected, this gives rise to 

an underestimation of the surface flux and overestimation 

of TOA flux. However, when the effect of scattering is 

included by scaling the optical thickness using Eq. (4), 

the TOA flux is smaller and the downward surface flux is 

larger than in the former case. Therefore, including the 

scattering effect reduces the flux errors by the parameteri- 

zation method at the surface and TOA. The differences 

between the New and Old methods are very small, but 

these values are not negligible, especially when the small 

effective size and included scattering difference is smaller 

than the neglected scattering case.

The calculation of cooling rate differences in the model,

which includes the cooling rate at the time of optical 

thickness of 1, 5 and 25, and the six-stream scattering 

algorithm at the time when scattering is included, is shown 

in Fig. 9. When the optical thickness is thick, cooling and 

heating are made directly over the cloud layer and within 

clouds, respectively. As the optical thickness increases, 

the cooling rate greatly increases. The extent of change in 

the cooling rate is great when the optical thickness is 

small, compared to when it is large. This shows that if a 

Fig. 7. Upward flux at the TOA and downward flux at the

surface are calculated by a six-stream discrete ordinate

scattering algorithm. Lower 2 panels show the difference

between the New and Old methods for scattering

parameterization of ice clouds. 

Fig. 8. Flux errors at the surface and TOA for ice clouds.

Left panels indicate downward flux at the surface and right

panels indicate upward flux at the TOA. Upper panels

indicate the case where scattering is neglected, and lower

panels indicate the case where absorption and scattering are

included.
Atmosphere, Vol. 23, No. 1. (2013)     
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certain size is exceeded, the cloud layer is not scattered, 

but follows absorption. The cooling rate differences 

between the New and Old clouds in the model cloud are 

greater than with thicker visible optical thickness; these 

values are 0.52, 1.73, and 0.09 when visible optical 

thickness are 1, 5, and 25, respectively. These values are 

only cooling rate differences, but relative cooling rate 

differences are 16.1, 6.6, and 1.8% when visible optical 

thickness are 1, 5 and 25, respectively. Therefore, when 

the cooling rate is calculated in atmospheric models with 

the New and Old method, the Old method relatively 

over-estimates longwave scattering in thinner optical 

thickness. The cooling rate over and within clouds is also 

about 2 K Day−1 as an error for the neglected scattering 

and included scattering of ice clouds. The relative errors 

are 9.1% and 3.0% when optical thicknesses are thin 

(τvis = 1) and thick (τvis = 25), respectively. This difference

shows that as the optical thickness increases parameteri- 

zation decreases regardless of exclusion or inclusion of 

scattering. Calculations are made of the cooling rate 

within clouds according to the cloud optical thickness 

and the downward flux at the surface according to the ice 

cloud amount by applying this result to the parameteriza- 

tion model (Chou et al., 1999) used as the actual 

atmospheric model.

4. Conclusion

In the existing GCM or numerical model, the calculation 

of longwave flux considers only the absorption of ice 

clouds by a simple experience formula, leaving the 

scattering properties of clouds out of consideration when 

the optical thickness is small. This study takes the 

scattering effect of clouds into account, this study 

develops the longwave radiation parameterization model 

which can calculate the scattering effect of ice clouds 

capable of being used in GCM or numerical models.

The scattering properties according to size are para- 

meterized and applied to the longwave radiation model 

(Chou et al., 2002b). This is done using the single 

scattering property data according to the habits and 

wavelengths of ice crystals calculated by the size distribution 

data of ice crystals, and using the composition according 

to habits and sizes of ice crystals by airplane observation. 

In the model to which the six-stream discrete ordinate 

algorithm of radiation is attributed, great error appears in 

small optical thickness and great effect size, when the 

scattering effect is neglected, but a somewhat small error 

appears when the scattering effect of clouds is included. 

Applying the properties of ice crystals, calculations are 

made of the flux and cooling rate according to the sizes 

of ice crystals and the optical thickness.

As a result, when the optical thickness is small, 

scattering effects are very important and the upward and 

downward radiations show drastic changes with optical 

thickness. Cooling rate also shows great changes with small 

optical thickness. The relative cooling rate differences 

between the New and Old method (Chou et al., 1999) are 

16.1, 6.6, and 1.8% when visible optical thicknesses 1, 5, 

and 25, respectively. The relative errors in cooling rate 

are 9.1% and 3.0% when scattering is included or 

neglected. This shows that the scattering effect decreases 

with the increase in optical thickness. The absorption of 

longwave radiation dominates over scattering when the 

Fig. 9. Cooling rate and cooling rate error in the model

cloud layers. Left panels are cooling rates calculated by the

New and Old methods with different optical thicknesses (1,

5 and 25 µm). Right panels are cooling rate errors calculated

by neglecting and including scattering, using the New

method.
한국기상학회 대기 제23권 1호 (2013)
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optical thickness is large; this may increase the uncertainty

in calculating the flux in consideration of only absorption, 

since scattering dominates over absorption when the 

optical thickness is small. Calculations are also made 

according to habits and sizes, including the scattering of 

clouds in the longwave model capable of being used as 

the actual atmospheric model. Therefore, the smaller the 

size of ice crystals is, the more carefully the observation 

data of ice crystals should be treated or application to the 

numerical model. Since, differences in the cloud generation 

occur according to latitude zone and the absorptive gas 

within atmosphere, it is necessary to make a comparative 

analysis with the newly parameterized cloud scattering 

effects through the ice cloud size distribution data on 

various regions and clouds.
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