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ABSTRACT

Based on relalionships between eloud microphysial and optical properties, three differcnt
paramelerizution schemes for narrow and broad band optical properties in longwave region for waler clouds
have been presented. The effects of different parameteeization schemes and different number of broad bands
used on cloud radiative propertics have been investigated. The effect of scatiering role of cloud drops on

longwave radiation fluxes and cooling rutes i cloudy atmospheres has also been analyzed,
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1. Introduction

Cloud is a main regulator of the earth’s climate. Through radiative, latent and convective
forcing mechanisms, cloud affects the state of atmospheric motion and the climate, As to the
radiative role of clouds, it has the " albedo effect” to cool and “ greenhouse effect” to heat the
earth—atmosphere system, respectively, The unbalance between these two roles of ¢louds is of
fundamental importance in climate change. Simulations with 19 general circulation models
(GCMs) show that only due 1o the different treatments of clouds in models, the cloud
feedback role may vary in the range from medium negative to strong positive (Cess et al.,
1990). In fact, the uncertainty in the treatment of cloud roles in GCMs has become a severe
obstacle for giving reliable prediction in the study of possible climate change. To consider the
effect of droplet size distribution on cloud optical properties in GCMs, simple linear
parameterization schemes have been developed for shortwave and longwave aptical proper-
ties of water clouds by Slingo and Schrecker (1982), Siigo (1989), Tsay et al., (1989) under the
“large droplet’ approximation with the equivalent radius as model parameter, In addition, a
non—lincar parameterization scheme for cloud optical properties has been developed by Hu
and Stamnes (1993). Based on the relationship between oplical and microphysical properties
of water clouds with different droplet size distributions, we have presented three
paramelerization schemes for cloud optical properties in longwave region. One of them in-
cludes both the equivalent radius and meun radius as model parameters for a better consider-
ation of the effect of abundant small cloud droplets usually existing in water clouds. The oth-
er two schemes only consider the equivalent radius as single model parameter,
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2. Parameterization of cloud optical properties
The entire longwave region from 100 em™ to 3000 cm™' is divided into 206 spectral in-
tervals for narrow band parameterization, and eight intervals or one interval for broad band
parameterization. The paramelerization schemes of cloud optical properties for broad hand
are similar to those for the narrow band (Wang and Zhao, 2000}, The following schemes are
for extinction coefficient ff,., single scattering atbedo w, and asymmetry factor g,

(1) one—parameter linear scheme:
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(2) one—parameter non—linear scheme:

L'[\i:‘ic=alrl,+b|+c']/rﬂ+d|/rf . 4)
I~ w,=ayr,+ byt ¢y /1, d;/rf,. (5)
=a,r,t b_\+('_l/r‘_+d'1/r§ : (6)

(3) two—parameter scheme:
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Where_ r, and r,, are respectively effective radius and mean radius of cloud drop size distri-
butions, LWC is the cloud liquid water content, The coefficients in the equations for narrow
band are determined by Mie theory for different cloud drop size distributions and least square
method.

Considering the variation of thermal radiation with wavelength, the broad band optical
properties, the extinction coefficient 5, . single scattering albede @, and asymmetry factor g,
are determined from narrow band optical properties weighted by Planck funciion,

b= Lp. i)
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where, B(v. T) is the Planck function, v and T are wavenumber and temperature respectively.
wii) is the weight of Planck radiative energy in i—th narrow band dv, included in a broad
spectral interval Av, The coelficients in broad band parameterization models can be deter-
mined from the coefficients of narrow band parameterization models by taking the weight of
Planck radiative energy in each narrow band into consideration, The spectral intervals in
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ARPS model {Chou and Suarez, 1994) are used in broad band parameterization with eight n-
fervals. They are: 1} 3000.0-1900.0 cm™. 2) 1900.0~1380.0 cm’™', 3) 1380.0-1100.0 ecm ™, 4)
1100.0-980.0 cm™'. 5) 980.0-800.0 cm™'. 6) 800.0-540.0 cm™', 7) 540.0~340.0 cm™' and &)
340,0-10.0 cm™. Table 1 shows the root mean square errors of optical properties in different
intervals calculated with broad band parameterization models for 124 different cloud drop
size distributions, It can be seen that the two—parameter scheme is of best accuracy. The
one-parameter non—linear scheme is also quite accurate and the linear model has relatively
large errors,

Table 1. Root mean square errors of optical properties calculated with broad band parameterization madels

Egs. Rool mean square error (%)
One band model § band model
band] band2 band} band4 bund5 band6 band7 band &

One—parameter linear scheme

(1) 6.97 032 827 IL6l 932 529 546 756 582
(2) 279 4.04 297 4775 5.88 3.47 2,46 3.06 3.40
3) 1.90 093 052 122 182 253 398 598 9467
One~parameter non—linear scheme

4) 232 140 2% 3 197 1.95 1.88 248 1M
(5) 0.60 295 228 207 1.54 070 0355 063 078
o) 0.39 046 025 027 0M 042 079 192 550
Two—parameter scheme

(7) 0.70 344 126 181 1.56 061 040 082 099
(8] 0.32 1.48 1.18 150 092 02% 022 034 013
(9] 0.23 044 016 023 024 026 051 1.03 1.48

3. The effect of different number of broad bands on cloud radiation

In order to see the effect of different number of bands used in the calcutation of cloud op-
tical property on the cloud radiation property, the cloud optical properties in four layers of an
inhomogeneous stratus (Table 2) are computed with Mie theory for 206 narrow bands, eight
broad bands and one broad interval in longwave region, respectively, Then the longwave
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Fig L. Radiative fluxes and absorbed radiation in cloud for 206 narrow bands (left) and differ-

ences of radutive fluxes and deviahon of absorbed radiation for different numbers of broad band
compared with 206 narrow bands (right, one—-band, dashed: eighi-band, dotted).
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Fig. 2. Differences of longwave radiative fluxes in cloud obtained with differem parameterization
models (two—parameter. top; one—parameter non—lnear, middle: one—parameter hnear, botiom)
and with different number of speciral bands (206—band, solid: one-band, dushed. eight-band, do1.
ted),

Table 2. An inhomogeneous cloud with four layers

Layer LWCig/m’)  Thickness (km) Type' ' r, (um) v, (jem)
1 0352 0.0 Stiop 11.29 8.19
2 0.435 0.12 Stiop 11.29 8.19
3 0.289 0.13 St buse 7.33 557
4 0.023 (.08 St base 7.33 5.57

+ + Cloud drop size distributions (Welch et al., 1980).

radiative fluxes in cloud are calculated with four—stream discrete ordinate method (Fig. 1), In
the calculation, the cloud temperature is 275 K and the effects of atmosphere and land surface
are omitted. In Fig. 1. F and F' refer to the downward and upward fluxes, 6F,, is the ab-
sorbed radiation, corresponding to 206 narrow bands, AF and AF, repress the flux differ
ence and deviation of absorbed radiation between with different numbers of broad band and
with 206 narrow band, respectively, It can be seen (rom Fig. 1 that the differences between the
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results of eight broad bands and 206 narrow bands are rather small, but there are relutively
farge errors for single band.

4. The effect of different parameterization schemes on cloud radiation

In order to investigate the effect of different cloud aptical parameterization scheme on
the calculation of radiative transfer in cioud, the optical properties in those cloud layers
shown in Table 2 are computed separately with above three schemes for one, eight and 206
bands. Then the longwave radiative fluxes in cloud are calculated with four—stream discrete
ordinate method. Compared with the results obtained by Mie theory for 206 narrow bands
{left side of Fig. 1}, the differences of downward and upward fluxes in cloud, AF' and AF° .
and the deviations of absorbed radiation in cloud layers, AF, . are shown in Fig. 2. It can be
seen that accurate radiative fluxes and absorption in cloud layers can be obtained with
two—parameter scheme for 206 narrow bands and eight broad bands, with one—parameter
non—linear scheme, the accuracy is still rather high, and with one—parameter linear scheme,
the errors in calculated radiative quantities are relatively large. If only one broad band is
used, the errors are larger in all cases.
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Fig. 3. The radtion fluxes (tlop) and the Mux differences (botiom) from eighi-band model [0
mudlatitude summer mode! atmosphere with low clouds (curves a and ¢) or middle clouds (curves b
and d) and with cloud scattering {selid) or without cloud scatlering (dushed).



30 Advances in Atmospheric Sciences Vol 19

5. The effect of cloud drop scattering on longwave radiation transfer

Atmospheric guses and clouds have strong absorption in longwave spectral region with
relatively weak scatlering, therefore only cloud absorption has been taken into account in
some models {e.g, Hunt, 1973; Platt, 1976: Stephens, 1978: Chylek and Ramaswamy, 1982
Chylek et al.. 1992; Chou and Suarez, 1994). However the scattering roles of cloud drops are
still rather significant in some spectral intervals with higher radiative energy, based on Mie
scattering calculation of cloud optical propertics in longwave region for different cloud drop
size distribution. In order to study the influence of ¢loud drop scattering on longwave
radiative transfer, various low clouds (1-2 km) or middie clouds (5—6 km} with 4, 8 and 12
pm effective radii of cloud drop and with cloud liquid water content varied in the range of 0
to 0.01 g/ cm” are included in a midfatitude atmosphere model, In calculations. the atmos-
phere is divided into 70 layers, the thickness of each layer is 0,25 km below 13 km, Tkm be-
tween 13 and 25 km and 5 km between 25 and 50 km. In radiative transfer calculution, the
almospheric water vapor and CO, abserption is calculated with K-distribution method
(Chou and Suarez, 1994} In this model O, absorption is not included. Cloud optical proper-
ties are calculated with one—parameter non—linear mode! for eight broad bands or one single
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Fig. 4. The same us Fig, 3 except for both one—band model (dashed} and eight~band model (solid)

taking cloud scatiering into account,
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interval, Four—stream discrete ordinate method is used for radiative transfer computation,
The output of eight broad bands for midlatitude summer model atmosphere with low or

middle clouds are show in Fig. 3, in which FI is the upward flux at the top of the atmosphere

and Fi 15 the downward flux at surface. The left. middle and right panels in Fig, 3 are
respectively for 12, 8 and 4 um effective radius r, of cloud drop size distribution. The results
show that without cloud scattering, the upward flux is overestimated and downward flux is
underestimated. In this case, the flux differences are larger for clouds with smaller effective
radius than thalt with larger one. However, the differences for the downward fluxes hecome
insignificant with the increasing of cloud thickness, The effect of different number of broad
bands and cloud scattering on the radiation flux are shown in Fig. 4. The effects of cloud scat-
tering on the cooling rate are shown in Fig. 5. The results in Fig. 5 show that omitting the role
of cloud drop scattering may result in obvious deviation of cooling rates in clouds, The single
broad band parameterization scheme without considering the variation of cloud optical prop-
erty with wavelength may produce significant errors in cooling rates in clouds.
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ences by using one—band paramelerization scheme,



32

Advances in Atmospheric Sciences

In the case of midlatitude summer model atmosphere with a stratus with cloud top at 1.2
km, the effects of different parameterization methods on the upward und downward flux dif-
ferences (AF and AF' ) and cooling rate difference (AC R) are shown in Fig. 6. The results in
Fig. 6 show that rather accurate fluxes and cooling rates in the atmosphere can be obtained
when one—parameter non—linear or two—parameter schemes are applied to the cight—band
maodel with cloud scattering. But when cloud scattering is neglected or only one single broad
band is used, significant deviations may appear in the calculation of upward radiative luxes

in the atmosphere above cloud, in downward fluxes and cooling rates within cloud,
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Fig. 6. Differences of radiation fluxes and coohng rates in the atmosphere with a stratus opat 1.2
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scheme (21, (c) The same us (a) except for without scattering, (d} The same as (b) except for withaut
scaltering. (e) One broad band with scheme 12) und cloud seattering. (1) The same as (¢} except for

without scatlering.
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6. Conclusion

Abave results eveal that the one—parameter non-linear or two—parameter schemes with
eight broad bands can be used for cloud optical property caleulation in longwave spectral re-
gion with rather good accuracy, The one—parameter lingar scheme may lead 1o relatively
large errors, Obvious deviation in cloud cooling rates may occur without taking cloud scat-
lering role into accounl, In the case of considering cloud scattering, but without taking the
variation of cloud optical properties with wavelength into consideration, the single broad
band parameterization scheme may also result in significant errors in the cooling rates in
cloud.
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