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Abstract

This thesis is concerned with the link between cloud microphysical properties and 

the climate.

The climate- related cloud radiative properties (fluxes and heating rates) are 

determined by the second and the third moments o f the cloud droplet size distri

bution. The detailed distribution of the cloud droplet size is difficult to observe 

and unneccessary to obtain for climate purposes.

An accurate parameterization of cloud optical properties suitable for climate 

models is developed. This parameterization has been widely adopted in the atmo

spheric modeling community.

A new radiative-convective model has been developed and used for studying 

cloud-climate interactions. The radiative transfer method adopted in the model 

is accurate and numerically stable. The energy balance at the Earth’s surface 

is treated in a self-consistent manner which avoids artificial tuning. The cloud 

radiative properties are accurately incorporated and are suitable for sensitivity 

studies of cloud-radiation-climate interactions.

A sensitivity study of the role o f cloud microphysical properties in the climate 

system is performed by studying the impact of cloud radiative forcing on the 

equilibrium state temperature. The cloud droplet size is found to be an important 

variable in the climate system. A climate sensitivity study is performed to highlight 

the important role o f the cloud absorption.

An adjoint radiative transfer method is developed for use in cloudy and aerosol- 

loaded atmospheres. The physical meaning of the adjoint radiative properties are 

discussed. This adjoint method allows for rapid computation of the impact o f the 

changes in atmospheric state (including cloud properties, aerosol properties and 

temperature profile) on the radiative energy budget and the radiative heating rates

iii
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o f the atmosphere. It is therefore expected to be useful in global climate modeling 

and the remote sensing o f  the atmosphere and the Earth from space:

Based on the above studies, a preliminary study o f the atmospheric irreversibil

ity is performed to elucidate the connection between cloud microphysical properties 

and the macrophysical direction o f global climate. The globally averaged climate 

processes are irreveresible: the long-term variation of the atmospheric motion tends 

to approach the radiative energy balance; the convective instability prevents the 

pure radiative equilibrium in the troposphere; the latent heat release enhances the 

convective motion. The conditionally variational principle (the climate version of 

Glansdorf - Prigogine universal criteria for convective instability) which describes 

the macrophysical character o f the climate system is established.

The radiative properties o f clouds in the climate system are governed by the 

irreversibility o f the global atmosphere as a whole. The role o f clouds in the climate 

system is to change the distribution o f the net radiative cooling o f the atmosphere 

so that the heat released at each layer by the moist convective motion is balanced 

by the net radiative cooling.

iv
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Chapter 1

Introduction

The ultimate energy source of the atmospheric motion is the radiation from the 

sun. As the global annual average, the net incoming shortwave radiation is bal

anced by the outgoing longwave radiation at the top o f the atmosphere. Within 

the atmosphere, the pure radiative equilibrium is convectively unstable: the pure 

radiative equilibrium temperature gradients at the lower atmospheric layers are 

too large. The convective motion brings moisture from the surface of the Earth 

to the relatively cooler atmosphere, forms the clouds and generates the rain. The 

latent heat released as a result o f the condensation enhances the convection.

The clouds, on the other hand, redistribute the radiative energy and alter 

the atmospheric motion field. The clouds reflect part o f the solar energy back 

to space and thus cool the whole Earth and atmosphere system ( the so - called 

cloud albedo effect, ). The clouds can also act as a greenhouse: absorb part o f the 

longwave radiation from the Earth’s surface, re-emit about half of the absorbed 

energy back to the Earth’s surface and thus warm the Earth’s surface and the 

lower atmosphere ( the so - called cloud greenhouse effect ).

The combination o f the cloud albedo effect and the cloud greenhouse effect 

acting together slightly cools the Earth’s surface and the lower atmosphere (Ra-

1
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manathan et al., 1989).

Cloud formation, dissipation and their radiative effects constitute the largest 

uncertainty in global climate modeling. The major differences among the available 

climate models are due to the differences in the cloud radiation parameterizations 

(Cess et al, 1992).

The radiative properties o f clouds depend on their jeight and morphology, as 

well as microphysics. The cloud morphology include individual cloud shape, hor

izontal and vertical extent, cloud fraction and cloud overlap. The cloud micro

physical properties includes particle (liquid or solid) size distribution, cloud water 

or ice amount and the statistical variation in time and space o f the parameters. 

The shortwave optical properties o f different types o f water clouds with equivalent 

cloud droplet radii between 5fim. to 16fim  may be parameterized as a linear func

tion of cloud liquid water path and cloud equivalent radius. In current climate 

models, cloud equivalent radius is frequently assumed to be 10//m  to simplify the 

cloud radiation calculations.

The greenhouse effect o f  the C 0 2 concentration doubling is about 4 W/m2 in 

radiative heating o f the lower atmosphere and the surface o f the Earth. A slight 

variation of the cloud microphysical properties leads to effects comparable to the 

C 0 2 doubling impact on the greenhouse effect. To assess the climate effect o f C 0 2 

concentration doubling, more accurate cloud radiation calculations are needed. 

This need inspired the research reported in this thesis.

It is important to establish which physical properties o f clouds are important 

to the climate system and relate the global climatology o f these properties to 

their impact on radiation. In the first four chapters of this thesis, a quantitative 

investigation is undertaken o f the sensitivity o f the climate system to the changes 

in cloud drop size, or, the importance o f cloud microphysical properties.

In Chapter 2, the optical properties of water clouds are discussed. Based on

2
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3

electromagnetic theory of optical properties o f different size distributions, we find 

that it is sufficient to relate the cloud optical properties to only the second and 

the third moments of the size distribution. An accurate parameterization o f cloud 

radiative properties is established based on this.

In Chapter 3, a one dimensional radiative - convective model is developed 

which incorporates the new cloud parameterization scheme. Unlike most radiative - 

convective models, which have some difficulty treating the lower surface boundary, 

this model has a more physically sound and numerically stable scheme for the 

treatment o f the energy exchange at the lower boundary.

In Chapter 4, the sensitivities o f the cloud radiative forcing to the changes in 

cloud droplet size, cloud water amount and cloud height are examined. It is shown 

that a slight change in cloud droplet size can cause a significant change in cloud 

solar radiative forcing for regular clouds. For optically thin clouds, the infrared 

radiation is also very sensitive to changes in the cloud equivalent radius.

The sensitivity o f the climate equilibrium temperature profile to changes in 

cloud equivalent radius is also discussed in Chapter 4. Compared to the existing 

climate, a 10% increase in cloud equivalent radius, or a 15% decrease o f cloud 

water amount could increase the Earth’s surface temperature by about 2°C, which 

is about the same effect as doubling the CO2 concentration in the model.

The radiative transfer calculations consume most o f the computing time in cli

mate models. In Chapter 5, the adjoint method for radiative transfer is developed 

to speed up the computations of radiative fluxes and heating rates. The idea of 

the adjoint radiative transfer method is similar to the Green’s function method. 

Instead of repeatedly solving the radiative transfer equations, the adjoint method 

solves the adjoint equation o f radiative transfer once and for all. The radiative 

properties for different atmospheric conditions are then obtained by simple inte

gration o f the radiative source functions corresponding to those conditions.
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4

The cloud radiative effect is the most important adjustment o f the climate 

system. On the other hand, clouds form as a result of the atmospheric general 

circulation, which is driven by the radiative heating of the relatively warm regions 

(such as the surface of the Earth and the Tropics) and the net radiative cooling 

of the cold regions (such as the atmosphere and the polar regions). The mech

anisms which control the interaction between the cloud microphyscial processes 

and the climate macrophysical behavior are not yet well understood. In Chapter 

6, an entropy approach to the climate system is introduced based on atmospheric 

irreversibility concepts to provide a theoretical framework for advancing our un

derstanding o f the basic behavior o f the climate system. The one dimensional 

radiative - convective model has been used to explore the consequences o f this 

approach, which allows us to treat the whole climate system as a single entity and 

thus provide a better understanding o f the interaction between different processes 

that acting together determine the evolution of the climate system. This approach 

also facilitates the study of feedback mechanisms in the climate system.
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Chapter 2 

Parameterization of the Cloud 

Radiative Properties

2.1 Introduction

Clouds influence the climate by changing the radiative properties such as the short

wave albedo, infrared emission and absorption. The cloud optical and hence radia

tive properties depend on cloud drop size distribution and/or cloud liquid water 

content (Paltridge 1974, Platt 1976). Cloud microphysical properties and mor

phology are expected to change with climate. Changes in the climate system 

affect clouds in several ways. The atmosphere is expected to contain more water 

vapour for a warmer ocean surface (Raval and Ramanathan 1989), which may lead 

to a higher liquid water content of clouds. It has been hypothesized that dimethyl-

sulfate production in the ocean may be an important source of cloud condensation 
«

This chapter is based on material previously published as Y .X. Hu and K. Stamnes, An accurate 

parameterizationof radiative properties of warm cloud suitable for climate models , Journal o f  

Climate, 17, 611-624, 1993.

5
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6

nuclei over the remote oceans which may affect cloud microphysics (Charlson et 

al., 1987). The increasing industrial pollution, aircraft contrails and shipstack ef

fluents also provide more cloud condensation nuclei which may change the cloud 

drop size distribution. Such changes of cloud properties will cause changes in cloud 

radiative properties and the resulting feedbacks may be comparable in size with 

the effect o f a doubling o f CO2.

Experimental data have been used to make some advances in the study o f cli

mate feedback processes between cloud water content and temperature (Somerville 

and Remer 1984; Platt and Harshvardhan, 1988). Changes in cloud liquid water 

content and dropsize distribution will most likely occur independent o f each other 

(Slingo, 1989). To investigate the effect of cloud microphysical processes on cli

mate, it is therefore desirable to separate the dependence o f cloud optical proper

ties on droplet size distribution and liquid water content. To assess the impact o f 

cloud-radiation-climate interactions and feedback mechanisms, we must know the 

relationship between cloud microphysical processes and cloud radiative properties. 

Given the droplet size distribution, the important optical parameters, such as vol

ume extinction coefficient, single scattering albedo and asymmetry factor, o f eight 

types of clouds have been determined from Mie theory (Stephens, 1979). Such 

calculations are, however, extremly time-consuming and consequently impractical 

for use in climate models. It is therefore desirable to devise parameterizations in 

which the optical properties o f water clouds are determined by a few moments of 

the size distribution.

The equivalent radius of the droplet distribution is a well defined quantity and 

it is possible to relate volume extinction coefficient directly to liquid water content 

and equivalent radius o f cloud droplets (Paltridge and Platt, 1976). For spherical 

cloud droplets, the liquid water content and the equivalent radius are the most 

important cloud microphysical parameters related to radiative properties (Slingo,
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1989).

For shortwave radiation, Slingo and Schrecker (1982) developed a simple pa

rameterization o f  single scattering albedo and asymmetry factor as a linear function 

of equivalent radius in the droplet size range from 4.2 fim to 16.6 fim. For a larger 

range o f drop sizes, Ackerman and Stephens (1987) found a good nonlinear fitting 

o f the single scattering albedo in terms of equivalent radius for the solar and near 

infrared spectral region. For longwave radiation, Tsay et al. (1989) performed a 

linear parameterization for equivalent radii between 4//m and I2fim  appropriate 

for arctic stratus clouds. In this size range the linear relations between optical 

properties and equivalent radius constitute a good parameterization.

To simulate the process of cloud-radiation-climate interaction accurately and 

reliably in large scale models, it is neccessary to have an adequate parameteriza

tion for a wider range o f cloud drop sizes and for the entire solar and terrestrial 

wavelength ranges. The purpose o f this study is to provide such a parameteriza

tion from which cloud heating and cooling rates may be reliably and efficiently 

computed.

The new parameterization of the radiative properties o f water clouds presented 

here is based on cloud optical properties computed from Mie theory for both solar 

and terrestrial spectra and for cloud equivalent radii in the range 2.5 - 60 fim. It is 

found that cloud optical properties depend mainly on equivalent radius throughout 

the solar and terrestrial spectrum and are insensitive to the details o f the droplet 

size distribution, such as shape, skewness, width and modality (single or bimodal). 

This suggests that in cloud models, aimed at predicting the evolution of cloud mi

crophysics with climate change and conversely the impact o f cloud microphysics on 

climate evolution, it is sufficient to determine the third and the second moments of 

the size distribution (the ratio o f which determines the equivalent radius). It also 

implies that measurements o f the cloud liquid water content and the extinction

i •
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coefficient are sufficient to determine cloud optical properties experimentally (i.e. 

measuring the complete droplet size distribution is not required). Based on the de

tailed calculations, the optical properties are parameterized as a function o f cloud 

liquid water path and equivalent cloud droplet radius by using a nonlinear least 

square fitting. The parameterization is performed separately for the range of radii 

2.5//m - 12//.m, 12//,m - 30/zm and 30//m - 60//m respectively. Cloud heating and 

cooling rates are computed from this parameterization by using a comprehensive 

radiation model. Comparison with similar results obtained from exact Mie scat

tering calculations shows that our parameterization yields very accurate results 

and that it is several thousand times faster. This parameterization separates the 

dependence of cloud optical properties on droplet size and liquid water content, 

and is suitable for inclusion into climate models.

2.2 Parameterization of Cloud Optical Proper

ties

2.2.1 The Dependence of Cloud Optical Properties on Equiv

alent Radius

The cloud optical properties needed for radiative transfer calculations in climate 

models are the volume extinction coefficient (5ext, the single scattering albedo ui, 

and the asymmetry factor g. Assuming spherical particles we have calculated 

these optical properties from so-called Mie theory (cf. e.g. Van de Hulst, 1957; 

Bohren and Huffmann, 1983) from the known index o f refraction of water (Palmer 

and Williams, 1974; Downing and Williams, 1975; Hale and Querry, 1973). The 

extinction and scattering coefficients are
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f  OO

P e x t =  n (r)r2Q ext(r)d r  (2 .1 )
Jo

too
f l s c a =  n (r)r2Qsca{r)d r  (2.2)

Jo
where r  is droplet radius, n(r) is the cloud droplet size distribution, Q ext is the 

extinction efficiency, and Qsca is the scattering efficiency. Q ext and Qsca are com

puted by Mie theory for a number o f radii r spanning the droplet sizes o f interest 

and then perform the neccessary integrations over the size distribution to deter

mine (3ext and fisca from Equation 2.1 and 2.2. The single scattering albedo u> and 

the asymmetry factor are:

"  =  (2.3)
Pext

1 r 1
9 =  2 J - iP^ tldfl ^

where // is the cosine of the scattering angle, and p(p) is the phase function.

Given the droplet size distribution n(r), the equivalent radius is defined as the 

ratio o f the third to the second moment o f the size distribution

too  t  oo
re =  J n (r)r3 dr/J n (r )r2 dr. (2.5)

For shortwave radiation, the volume extincton coefficient (3ext has a very weak 

dependence on wavelength (Slingo and Schlecker, 1982). It is directly related to 

the liquid water content and the equivalent radius as follows

pext «  3LWC/2re (2.6)

where LWC is the liquid water content of the cloud. This is a good approximation

when the size parameter 2irr/ A is large (Paltridge and Platt, 1976; Stephens, 1978)
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so that the extinction efficiency factor asymptotes to 2. It is in general inadequate 

for longwave radiation. As already noted, because it is too time consuming to 

do the exact calculation, it is desirable to parameterize also the dependence of 

the single scattering albedo and the asymmetry factor o f cloud droplets in terms 

of equivalent radius and to extend this parameterization to longwave radiation. 

We use the generalized gamma distribution to represent the cloud droplet size 

distribution,

=  IYVW- (~ ~ )7~lea;p ( - r / rm) (2.7)
1 \ j ) i rn ' m

where No is the total (volume) number concentration, T is the gamma function, 

rm is a characteristic radius of the distribution which represents its skewness, and 

7 is a constant which defines the shape of the distribution such that large values 

of 7 correspond to broad distributions (cf. Tsay and Stephens, 1990, Stephens et 

al., 1991 for details).

Substituting Equation 2.7 into 2.5, for a bi-modal size distribution, n(r) =  

(1 — c )n i(r ) +  cn2(r), we find that the equivalent radius of the cloud droplet re can 

be expressed as

^  ( 2 ~  c)(7i +  2)(7l +  l)7 ir T3,g +  +  2)(72 +  l )7 2 'd 2 .
6 (1 — c)(7l +  l )7 lrml +  c(72 +  l ) 7 2/-rri2 ’

where n i(r ) and n2(r) denote the concentrations o f the two modes and c is the

fraction o f droplets belonging to the second mode (denoted by subscript 2).

For a single mode [c =  0, n(r) =  n i(r)] this reduces to

re =  (7 +  2)rm (2.9)

Different types o f clouds have different total number concentrations, mode radii 

and shapes o f size distributions (Stephens, 1979) and thus different radiative prop
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erties. The success o f a parameterization in terms of a single parameter such as the 

equivalent radius depends to a large extent on how sensitive this parameterization 

is to changes in shape, skewness, modality (single or bi-modal), and total number 

concentration o f the size distribution (which is related to the liquid water content). 

To investigate this issue we computed cloud optical properties for a wide variety 

o f different size distributions obtained by changing the shape, the skewness, the 

modality and the total number concentration while keeping the equivalent radius 

fixed. Thus, for a fixed equivalent radius we computed the optical properties for 

distributions with entirely different shapes (7 varying from 2 to 18), different total 

number concentrations (varying from 100cm -3 to 200cm -3 ) and different numbers 

o f modes (single and bi-modal). The skewnesses of the size distributions were also 

changed so as to keep the equivalent radius constant. For the example given in 

Figure 2.1 the equivalent radius is 20 fim. The computed optical properties for the 

distributions given in Figure 2.1 are provided in Figure 2.2. The top panel shows 

the ratio P/LW C  (the extinction coefficient divided by the liquid water content). 

The differences of these ratios for different T distributions in Figure 2.1 are within 

1-2% of their magnitudes for most wavelengths and never exceeds 6%. For the 

single scattering albedo u  and the asymmetry factor <7 the differences are even 

smaller. Use o f different values for the equivalent radius yields results similar to 

those depicted in Figure 2.2 for illustration purposes.

A comparison of the optical properties o f clouds with the same equivalent ra

dius but different types of distributions (lognormal distribution versus generalized 

gamma distribution) with entirely different widths (Figure 2.3) indicates that for 

most wavelengths the differences are less than 8 percent. Figure 2.2 and Fig

ure 2.3 show that distributions with entirely different shapes, skewnesses, modali

ties, widths and number concentrations, but with the same equivalent radius yield 

essentially identical cloud optical properties throughout the entire solar and terres-
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Radius (/J.m )

Figure 2.1 Gamma <lisf.ribut.ions for t.lie same equivalent, radius (rv =  20 micron) wit.h different, shape 
and skewness of t.lie size dist.iibut.ion (single mode and double mode) and t.ot.al number concentration of 
cloud droplets. These different shapes were used to compute the optical properties in Figure 2.2.

trial spectrum. This finding is in agreement with expectations on physical grounds 

for large size parameters (27rr/A), where the extinction efficiency factor asymptotes 

to 2 (solar radiation), but it is not so obvious for small size parameters (terres

trial radiation). Thus, for most wavelengths the perturbations o f cloud optical 

and, hence, radiative properties obtained by changing the shape, the skewness and 

modality of the cloud droplet distribution for a given cloud liquid water content 

and equivalent radius are negligible compared with those resulting from changes 

in the equivalent radius and liquid water content. Consequently, there appears 

to be a definite dependence o f cloud optical properties on equivalent radius and 

liquid water content which are insensitive to details o f the size distribution such 

as modality, shape, width and skewness throughout the solar and thermal infrared 

spectral ranges (0.25 - 100 fim).
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Figure 2.2 Comparison of optical properties obtained by Mie calculations for the different size distri
butions in Figure 2.1 having the same cloud equivalent radius.

i
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Radius (f im )

0.1 1.0 10.0 100.0 1000.0 
Wavelength (/im)

Radius (fim )

0.1 1.0 10.0 100.0 1000.0 
Wavelength (fan)

0.1 1.0 10.0 100.0 1000.0 0.1 1.0 10.0 100.0 1000.0 
Wavelength (fim ) Wavelength (fim )

0.1 1.0 10.0 100.0 1000.0 
Wavelength (fim ) '

0.1 1.0 10.0 100.0 1000.0 
Wavelength (fim)

Figure 2.3 Comparison of optical properties obtained by Mie calculations for two different size dis
tributions (r  distribution and Lognormal distribution) with the same cloud equivalent radius, but with 
very different widths..
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2.2.2 The Parameterization of Optical Properties as a Func

tion of Equivalent Radius ,

For each wavelength, by changing the shape (7 ), skewness (rm) o f  the size distribu

tion, and the total number concentration o f the cloud droplets in Equation 2.7, we 

generated a group of ’’ data” relating the optical properties to cloud liquid water 

content and equivalent radius for a variety of cloud droplet size distributions with 

equivalent radii ranging from 2.5 fim to 60 fim. In the small size range, for example 

from 4 fim to 16 //.m, it is reasonable to fit the function relating shortwave optical 

properties (volume extinction coefficient single scattering albedo 10, asym

metry factor g) and equivalent radius linearly as follows (Slingo and Schrecker, 

1982):

pext/LW C =  a +  b/r(: (2.10)

u; =  c +  dre (2-11)

g =  e +  f r e . (2 .1 2 )

Tsay et al. (1989) fitted both longwave and shortwave radiative properties of 

arctic stratus clouds using a linear parameterization (Equations 2.10 through 2.12) 

for equivalent radii ranging from 4 fim to 12 fim. For larger drop sizes, a linear 

fitting will no longer be accurate because the curves for the single scattering albedo 

and asymmetry factor deviate substantially from a straight line.

To make the fit more accurate, a nonlinear fitting procedure is needed. Ack

erman and Stephens (1987) used the following form to parameterize the droplet

absorption for solar wavelengths:

Ij
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1 -  w =  c k - 'r l  (2.13)

where u> is the single scattering albedo, c and p are constants, and k is the 

absorption coefficient. We will extend this type of parameterization to apply for 

the entire shortwave and longwave regions. Thus, we adopt the following form for

the extinction coefficient /?, the scattering albedo u) and the asymmetry factor g

for both solar and terrestrial wavelengths

/%xt/LWC  =  a u i' +  Cj (2.14)

1 — U> =  « 2 ê2 +  c2 (2.15)

g =  (w i3 +  c3 (2.16)

where LWC is the liquid water content of the cloud, and 1 — ui is the co-albedo. 

In our parameterization we have taken the equivalent radius, re, to be in units of 

micrometers (fim) and we have chosen the other units such that Equation 2.14 

should be multiplied by the liquid water content in units of grams per cubic meter 

(gm~3) to yield the extinction coefficient in units per meter (m -1 ).

All of the coefficients a,-, c,- (i= l,2 ,3 ) in Eqns 2.14 - 2.16 are constants

for a given wavelength. Using the least square method, we may determine these 

coefficients. It is possible to fit one function for the whole range (2.5//m to 60/xm),

but this is less accurate than employing a separate fit in the following three radii

ranges

1) small size, 2.5/xm to 12/xm

2) medium size, 12//,m to 30/xm

3) large size, 30/xm to 60/xm.
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A (/lm ) « 1 h Cl fll b i Cl «1 6 l Cl
0.290 1.63( 3) -1.03( 0) 7.66(-l) 1.63( 3) -1.03( 0) 9.90(-l) 9.40( 2) -8.06 -1) -1.01( 1)
0.314 1.67( 3) -1.04( 0) 3.83( 0) 1.61( 3) -1.02( 0) 5.44(-l) 9.41( 2) CO0001 -1) -1.01( 1)
0.344 1.67( 3) -1.04( 0) 3.49( 0) 1.62( 3) -1.02( 0) 6.34(-l) 9.42( 2) CO0001 -1) -1.02( 1)
0.379 1.68( 3) -1.05( 0) 4.26( 0) 1.64( 3) -1.03( 0) 8.33(-l) 9.48( 2) -8.08 -1) -1.01( 1)
0.419 1.70( 3) -1.05( 0) 4.49( 0) 1.64( 3) -1.02( 0) 6.44(-l) 9.54( 2) -8.10 -1) -9.99( 0)
0.459 1.72( 3) -1.06( 0) 4.99( 0) 1.65( 3) -1.03( 0) 7.23(-l) 9.55( 2) -8.10 -1) -1.00( 1)
0.499 1.73( 3) -1.06( 0) 5.13( 0) 1.66( 3) -1.03( 0) 8.13(-1) 9.62( 2) -8.12 -1) -9.95 ( 0)
0.544 1.75(3) -1.07( 0) 5.95( 0) 1.67( 3) -1.03(0) 8.73(-l) 9.63( 2) -8.12 -1) -9.98( 0)
0.603 1.76( 3) -1.06( 0) 5.01( 0) 1.68( 3) -1.03( 0) 9.28(-l) 9.70( 2) -8.14 -1) -9.91 ( 0)
0.664 1.79( 3) -1.07( 0) 5.98( 0) 1.69( 3) -1.03( 0) 9.89(-l) 9.76( 2) -8.16 -1) -9.84( 0)
0.719 1.81 ( 3) -1.08( 0) 6.85( 0) 1.70( 3) -1.04( 0) 1.04( 0) 9.78( 2) -8.16 -1) -9.89( 0)
0.766 1.84( 3) -1.09( 0) 8.81( 0) 1.71( 3) -1.04( 0) 1.01( 0) 9.84( 2) -8.18 -1) -9.79( 0)
0.821 1.86( 3) -1.09( 0) 8.61( 0) 1.73( 3) -1.04( 0) 1.16( 0) 9.91( 2) -8.20 -1) -9.74( 0)
0.929 1.87( 3) -1.09( 0) 8.41( 0) 1.74( 3) -1.04( 0) 1.19( 0) 9.99( 2) -8.22 -1) -9.69( 0)
1.046 1.91( 3) -1.10( 0) 7.51( 0) 1.77( 3) -1.05( 0) 1.46( 0) 1.01( 3) -8.24 -1) -9.65 ( 0)
1.142 1.94( 3) -1.11(0) 1 -01 ( 1) 1.78( 3) -1.05( 0) 1.32( 0) 1.01( 3) -8.26 -x) -9.61 ( 0)
1.232 1.96( 3) -1.11(0) 9.29( 0) 1.80( 3) -1.05( 0) 1.50( 0) 1.03( 3) -8.30 -x) -9.44( 0)
1.393 1.98( 3) -1.11(0) 7 .61(0) 1.83( 3) -1.06( 0) 1.63( 0) 1.04( 3) -8.32 -X) -9.40( 0)
1.587 2.01 ( 3) -1 .11(0) 8.80( 0) 1.87( 3) -1.06( 0) 1.93( 0) 1.05(3) -8.36 -X) -9.31 ( 0)
1.855 2.15( 3) —1.15(0) 1.42( 1) 1.91( 3) -1.07( 0) 1.96( 0) 1.07( 3) -8.40 -X) -9.22( 0)
2.247 3.26( 3) -1.46( 0) 5.42( 1) 1.99( 3) -1.08( 0) 2.54( 0) 1.09( 3) -8.46 -X) -9.08( 0)
2.618 4.56( 3) -1 .61(0) 5.74( 1) 2.05( 3) -1.09( 0) 2.66'( 0) 1.12( 3) -8.52 -X) -8.94 ( 0)
3.145 2.71( 3) -1.27( 0) 2.35( 1) 2.02( 3) -1.08( 0) 2.24( 0) 1.12( 3) -8.52 -X) -8.99( 0)
3.690 5.29( 3) -1.73( 0) 7.34 ( 1) 2.17( 3) -1.10( 0) 3.01 ( 0) 1.17( 3) -8.64 -X) -8.67( 0)

R e  • 2.5 to 12.5 fim 12.5 to 30 fim. 30 to 60 fim

Table 2.1 The coefficients 02, 2̂, C2 of (ar6+c) as a function of wavelength A(/nn) for the fitting of the 
extinction coefficient in the solar region. Note that a ( b ) in the table means ax 10fl .

We first choose 24 bands in the visible and near infrared part o f the spectrum 

(0.3 - 4.0 fim) and 50 bands in the infrared (terrestrial) spectrum (4.0 - 150.0 //m ). 

These band intervals are the same as those used by Slingo (1982, 1989) and Tsay 

et a1. (1989) to perform the parameterizations. The coefficients a,-, 6,-, c,- (i= l,2 ,3 ) 

for the fitting in the shortwave region are listed in Tables 2.1 - 2.3 .

Tables 2.4 - 2.6 give the corresponding values for the longwave region. For the 

small and medium droplet sizes, the index 61 of the volume extinction coefficient 

is close to - 1.0 in the shortwave region implying that the liquid water path is 

proportional to r~l . But in the longwave region the extinction coefficient deviates 

from this simple form. The upper panels o f Figure 2.4 and Figure 2.5 show the 

deviation of the fitting from the exact value. The differences between the fitting
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\(flm) « 2 &2 C2 a 2 b 2 c2 0.2 &2 c2
R e  • 2.5 to 12.5 fim 12.5 to 30 fim 30 to 60 fim
0.290 1.42(-6) 7.66(-l) -1.02(-6) 9.00(-7) 9.42(-l) -9.60(-7) 3.14(-6) 6.88(-l) -1.16(-5)
0.314 -2.33(-5) -2.32(-l) 1.95(-5) 5.08(-7) 9.88(-l) 5.97(-7) 2.18(-6) 6.90(-l) -7.64(-6)
0.344 -2.03(-5) -1.52( 0) 4.0l(-6) 3.68(-7) 9.22(-l) -4.01(-8) 7.50(-7) 7.82(-l) -2.36(-6)
0.379 1.43(-7) 9.52(-l) -2.31 (-8) 3.94(-7) 7.06(-l) -7.93(-7) 3.42(-7) 7.64(-l) -1.07(-6)
0.419 2.57(-8) 1.21 ( 0) 1.01 (-7) 1.67(-7) 7.12(-1) -3.65(-7) 1.35 (-7) 7.78(-l) -3.94(-7)
0.459 2.10(-8) 1.13( 0) 5.59(-8) 2.75(-7) 5.16(-1) -6.04(-7) 6.85(-8) 8.22(-l) -1.44(-7)
0.499 3.72(-9) 1.60( 0) 1.07(-7) 2.77(-8) 9.74(-l) -1.07(-8) 2.25(-7) 5.48(-l) -7.05(-7)
0.544 1.82 (-8) 1.21( 0) 6.89(-8) 3.23(-8) 1.01( 0) 4.62(-8) 9.12(-8) 7.94(-l) -3.12(-7)
0.603 2.70(-7) 7.34(-l) -2.43(-7) 1.19(-7) 9.76(-l) 6.76(-8) 3.32(-7) 7.62(-l) -1.09(-6)
0.664 5.47(-7) 8.14(-1) -1.41 (-7) 5.91 (-7) 8.46(-l) -9.34(-7) 8.34(-7) 7.78(-l) -2.25(-6)
0.719 9.95(-7) 8.56(-l) -4.37(-7) 1.88(-7) 1.32( 0) 3.08(-6) 2.03(-5) 3.32(-l) -4.32(-5)
0.766 5.93(-7) 1.26( 0) 1.69(-6) 4.52(-6) 6.72(-l) -8.03(-6) 6.16(-6) 6.52(-l) -2.04(-5)
0.821 8.03(-7) 1.44( 0) 5.04 (-6) 3.79(-5) 3.82(-l) -6.22(-5) 6.09 (-6) 7.88(-l) -1.23(-5)
0.929 7.42(-6) 1.05( 0) 5.08(-6) 1.58(-5) 8.30(-l) -1.64(-5) 3.08(-5) 7.12(-1) -9.82(-5)
1.046 2.36(-4) 4.10(-1) -2.69(-4) 2.82(-5) 1.00( 0) 4.65(-5) 1.50(-4) 6.60(-l) -5.20(-4)
1.142 1.59(-4) 7.86(-l) -1.33(-4) 8.54(-5) 9.62 (-1) 5.50(-5) 3.58(-4) 6.70(-l) -1.21 (-3)
1.232 3.11 (-4) 8.20(-l) -2.17(-4) 2.27(-4) 9.14(-1) -3.57(-5) 7.03(-4) 6.90(-l) -2.34(-3)
1.393 1.01 (-3) 7.16(-1) -9.84(-4) 4.62(-4) 9.44(-l) 1.57(-4) 1.97(-3) 6.50(-l) -6.45(-3)
1.587 1.38(-3) 7.90(-l) -1.29(-3) 7.25(-4) 9.58(-l) 7.05(-4) 3.65(-3) 6.28(-l) -1.15(-2)
1.855 4.00(-3) 6.88(-l) -4.48(-3) 2.10(-3) 8.66(-l) -4.43(-4) 1.32(-2) 5.06(-l) -3.44(-2)
2.247 1.25(-2) (>.02 (-1) -1.62(-2) 5.81 (-3) 8.08(-l) -3.69(-3) 4.81(-2) 4.08(-l) -1.06(-1)
2.618 2.00( 0) 4.60(-2) -2.06( 0) 5.92(-l) 1.06(-1) -5.89(-l) -1.13( 0) -1.34(-1) 9.75(-l)
3.145 -1.22( 0) -1.90( 0) 4.93(-l) -9.00(-5) 1.40( 0) 4.85(-l) 2.17(-1) -7.48(-l) 4.57(-l)
3.690 -5.94(-l) -5.24(-l) 4.22(-l) -2.76( 0) -4.00(-2) 2.76( 0) -1.17( 0) -5.40(-l) 5.37(-l)

T a b le  2 .2  The coefficients £i2> &2, C2 o f (arh+ c )  as a function o f wavelength A(^in) for the fitting o f  the 
co-albedo  in the solar region. .

and Mie calculation are within 3 percent and much smaller for most o f wavelength. 

The fittings in the visible region have a higher accuracy than the fittings in the solar 

near infrared and the terrestrial infrared region. In the visible region the fittings for 

the extinction coefficients are almost identical to the exact Mie calculations. The 

fittings for larger droplets are more accurate than the fittings for smaller droplets.

The middle panels of Figure 2.4 and Figure 2.5 show the accuracy of the fit

tings for single scattering albedo. The differences between the Mie calculation and 

the parameterization are within a few percent and never exceed 6 percent. The 

lower panels of Figure 2.4 and Figure 2.5 show the accuracy of the fittings for the 

asymmetry factor. The differences between parameterization and Mie calculation 

are smaller than 3%.
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Figure 2.4 Volume extinction coefficient, (divided by liquid water content.), co-albedo and asymmetry 
factor as functions of equivalent radius for wavelengths 0.352, 0.348 and 3.281 fim from the Mie calculation 
and the paramet.enzat.ion and the differences between the results of the parameterization and the Mie 
calculation.
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Figure 2.5 Volume extinction coefficient (divided by liquid water content) , co-albedo and asymmetry 
factor as functions of wavelengths for equivalent radius 6, 15 and 24 pm  from the Mie calculation and the 
parameterization and the differences between the results of the parameterization and the Mie calculation.
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X(fim) <13 63 C3 0-3 C3 03 i>3 c3
Re : 2.5 to 12.5 fim 12.5 to 30 fim 30 to 60 fxm
0.290 l . l l ( - l ) 9.40(-2) 7.30(-l) -3.15(-1) -1.47( 0) 8.78(-l) -9.92(-2) -9.08(-l). 8.80(-l)
0.314 -8.06(-2) -7.62(-l) 8.83(-l) -8.43(-2) -8.06(-l) 8.82(-l) -1.30(-1) -9 .86(-l) 8.81(-1)
0.344 -8.29(-2) -6.88(-l) 8 .84(-l) -9.08(-2) -8.06(-l) 8.81(-1) -1.50(-1) -1.01( 0) 8.80(-l)
0.379 -6.75(-2) -6.12(-1) 8.82(-l) -1.63(-1) -1.02(0) 8.81(-1) -2.64(-l) -1.18( 0) 8.80(-l)
0.419 -9.98(-2) -S.OO(-l) 8.82(-l) -1.02(-1) -7.80(-l) 8.83(-l) -1.77(-1) -1.01( 0) 8.82(-l)
0.459 -1.09(-1) -7.24(-l) 8.86{-l) -1-11(1) -7.88(-l) 8 .84(-l) -1.77(-1) -9 .80(-l) 8.83(-l)
0.499 -1.15(-1) -7.56(-l) 8.85(-l) -1.09(-1) -7.48(-l) 8.85(-l) -1.84(-1) -9.66(-l) 8.83(-l)
0.544 -1.24(-1) -7.82(-l) 8.85(-l) -1.20(-1) -7.48(-l) 8.86(-l) -2.07(-l) -9 .84(-l) 8.84(-l)
0.603 -1.24(-1) -6.02(-l) 8.94(-l) -1.33(-1) -7.66(-l) 3.86(-l) -2.05(-l) -9 .52(-l) 8.84(-l)
0.664 -1.37(-1) -6.76(-l) 8.90(-l) -1.55(-1) -8.16(-1) 8.85(-l) -2.03(-l) -9 .20(-l) 8.84(-l)
0.719 -1.41(-1) -6.94(-l) 8.89(-l) -1.57(-1) -7.82(-l) 8.86(-l) -2.14(-1) -9.16(-1) 8.85 (-1)
0.766 -2 .3 l(-l) -1.23( 0) 8.75(-l) —1-15(—1) -6.28(-l) 8.89(-l) -2.55(-l) -9 .74(-l) 8.84(-l)
0.821 -1.71(-1) -8.26(-l) 8.83(-l) -1.67(-1) -7.44 (-1) 8.88(-l) -2.58(-l) -9 .36(-l) 8.85(-l)
0.929 -1.86(-1) -8.24(-l) 8.84(-l) -1.74(-1) -7.24(-l) 8.88(-l) -2.89(-l) -9 .42(-l) 8 .85(-l)
1.046 -2.13(-1) -8.00(-l) 8.87(-l) -2.12(-1) -7.82(-l) 8.88(-l) -2.74(-l) -8 .86(-l) 8.87(-l)
1.142 -3.14(-1) -1.20( 0) 8.71(-1) -2.08(-l) -7.10(-1) 8.91(-1) -2.84(-l) -8 .62(-l) 8 .88(-l)
1.232 -3.74(-l) -1.25( 0) 8.71(-1) -2.06(-l) -6.68(-l) 8.94(-l) -2.84(-l) -8.16(-1) 8.90(-l)
1.393 -4.61(-1) -1.31( 0) 8.71 (-1) -2.19(-1) -6.34(-l) 8.99(-l) -2.31(-1) -6 .54(-l) 8.98(-l)
1.587 -5.82(-l) -1.39( 0) 8.70(-l) -2.38(-l) -5.96(-l) 9.06(-l) -2.20(-l) -5 .34(-l) 9.10(-1)
1.855 -3.58(-l) -6.40(-l) 9.25(-l) -2.51(-1) -5.02(-l) 9.23(-l) -2.31(-1) -4.10(-1) 9.35(-l)
2.247 5.98(-3) 1.10( 0) 7.66(-l) -3.01(-1) -4.30(-l) 9.58(-l) -2.94(-l) -2 .68(-l) 1.01( 0)
2.618 4.06(-8) 5.44( 0) 8.61(-1) -6.56(-l) -8.78(-l) 9 .63(-l) -3.87(-l) -5 .70(-l) 9.86(-l)
3.145 -2.85(-l) -6.56(-l) 1.01( 0) -3.20( 0) -2.16( 0) 9.65(-l) -1.65( 0) -1.94( 0) 9.65(-l)
3.690 1.80(-3) 1.67( 0) 7.56(-l) -6.08(-l) -6.50(-l) 9.87(-l) -8.86(-l) -8.10(-1) 9.76(-l)

Table 2.3 The coefficients 03, 63, C3 of (arh+c) as a function of wavelength A(pni) for the fitting of the 
asymmetry factor in the solar region. .

We also computed the optical properties with a finer spectral resolution by 

dividing each o f the bands above into 4 bands (24 x 4 bands for wavelengths between 

0.3 - 4.0 fim  and 50x4 bands for wavelengths between 4.0 - 150.0 //m ) and repeated 

the parameterization. The differences between this parameterization and the Mie 

calculation have similar magnitudes as (slightly smaller than) those for the 24 and 

50 band spectral resolution. As demonstrated in Figures 2.2, 2.3 and 2.5, the 

cloud optical properties depend strongly on wavelength in the near infrared and 

atmospheric window regions. Therefore the cloud radia.tive properties will be more 

accurate with a higher spectral resolution in these particular regions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



22

\(flm) ai bi Cl Ol bi Cl ai bi Cl

R e : 2.5 to 12.5 fim 12.5 to 30 fim 30 . to 60 fim
3.900 6.40( 3) -1.79( 0) 7.03( 1) 2.24 3) -1.11(0) 3.32( 0) 1.20( 3) -8.70(-l) -8.51( 0)
4.100 5.42( 3) -1.63( 0) 4.78( 1) 2.26 3) -1.12( 0) 3.29( 0) 1.22( 3) -8.74(-l) -8.38( 0)
4.300 4.30( 3) -1.42( 0) 1.52( 1) 2.28 3) -1.12( 0) 3.16( 0) 1.23( 3) -8.76(-l) -8.35( 0)
4.500 3.32( 3) -1.19( 0) -3.31( 1) 2.28 3) -1.11(0) 2.91 ( 0) 1.24( 3) -8.78(-l) -8.32( 0)
4.700 2.69( 3) -9.84(-l) -9.66( 1) 2.28 3) -1.11(0) 2.66( 0) 1.26( 3) -8.82(-l) -8.19( 0)
4.900 2.29( 3) -7.86(-l) -1.89( 2) 2.28 3) -1.11(0) 2.42( 0) 1.27( 3) -8.84 (-1) -8.16( 0)
5.100 2.03( 3) -5.46(-l) -3.88( 2) 2.28 3) -1.11(0) 2.19( 0) 1.28( 3) -8.88(-l) -8.03( 0)
5.300 2.52( 3) -2.26(-l) -1.30( 3) 2.30 3) -1.11( 0) 2.25( 0) 1.30( 3) -8.92(-l) -7.90( 0)
5.400 -4.31 ( 4) 8.00(-3) 4.41( 4) 2.34 3) -1.12( 0) 2.60( 0) 1.31(3) -8.94(-l) -7.86( 0)
5.500 -1.10( 3) 2.04(-l) 1.96( 3) 2.41 3) -1.13( 0) 3.47( 0) 1.31(3) -8.94(-l) -7.90( 0)
5.700 -2.61( 2) 4.58(-l) 9.55( 2) 2.76 3) -1.19( 0) 6.82( 0) 1.32( 3) -8.96(-l) -7.82( 0)
5.900 -1.84( 2) 5.00(-l) 7.83( 2) 3.12 3) -1.24( 0) 9.51( 0) 1.30( 3) -8.92(-l) -7.94( 0)
6.000 -4.93( 2) 2.70(-l) 1.11( 3) 2.92 3) -1.22( 0) 8.24( 0) 1.27( 3) -8.84(-l) -8.20( 0)
6.100 -3.15( 4) 8.00(-3) 3.23( 4) 2.74 3) -1.19( 0) 6.86( 0) 1.28( 3) -8.86(-l) -8.14( 0)
6.200 1.95( 3) -2.50(-l) -9.02( 2) 2.61 3) -1.16( 0) 5.49( 0) 1.30( 3) -8.90(-l) -8.04( 0)
6.300 2.41( 3) -1.86(-1) -1.38(3) 2.62 3) -1.16( 0) 5.36( 0) 1.32( 3) -8.94(-l) -7.92( 0)
6.500 -1 .14 (3) 1.86(-1) 1.95( 3) 2.76 3) -1.18( 0) 6.34( 0) 1.35( 3) -9.00(-l) -7.76( 0)
6.700 -1.87( 2) 5.32(-l) 8.45( 2) 3.03 3) -1.22( 0) 8.35( 0) 1.37( 3) -9.04(-l) -7.66( 0)
7.000 -4.36( 1) 9.24 (-1) 5.82( 2) 3.56 3) -1.29( 0) 1.16( 1) 1.39(3) -9.08(-l) -7.56( 0)
7.100 -1.76( 1) 1.20( 0) 4.99( 2) 4.06 3) -1.34( 0) 1.40( 1) 1.40( 3) -9.10(-1) -7.52( 0)
7.300 -7.13( 0) 1.49( 0) 4.43( 2) 4.74 3) -1.40( 0) 1.65( 1) 1.41( 3) -9.12(-1) -7.48( 0)
7.600 -1.97( 0) 1.91( 0) 3.87( 2) 5.98 3) -1.49( 0) 1.96( 1) 1.42( 3) -9.14(-1) -7.47( 0)
8.000 -2.89(-l) 2.57( 0) 3.35( 2) 8.00 3) -1.60( 0) 2.25( 1) 1.44( 3) -9.16(-1) -7.48( 0)
8.600 -1.29(-2) 3.65 ( 0) 2.84( 2) 9.63 3) -1.66( 0) 2.26( 1) 1.46( 3) -9.20(-l) -7.42( 0)
9.000 -2.60(-4) 5.06( 0) 2.48( 2) 8.53 3) -1.59( 0) 1.83( 1) 1.50( 3) -9.28(-l) -7.15( 0)
9.600 -7.62(-2) 3.00( 0) 3.02( 2) 7.52 3) -1.55( 0) 1.91( 1) 1.52( 3) -9.30(-l) -7.13( 0)
10.000 -9.91 (-6) 6.00( 0) 1.95( 2) 2.37 3) -1.02( 0) -1.69( 1) 1.96( 3) -1.02( 0) -3.73( 0)
10.500 -5.91( 4) -6.00( 0) 1.55( 2) 8.17 2) -4.24(-l) -1.35( 2) 2.45( 3) -1.09( 0) -1.57( 0)
11.000 -3.88(-5) 5.24( 0) 1.40( 2) 7.94 2) -1.48(-1) -4.23( 2) 1.68( 3) -9.66(-l) -5.84( 0)
11.500 -1.79( 0) 1.36( 0) 1.66( 2) 5.38 2) -2.88(-l) -1.48( 2) 9.77( 2) -7.88(-l) -1.28( 1)
12.500 -8.34( 1) 4.12(-1) 3.51( 2) 7.11 2) -6.06(-l) -3.72( 1) 8.92( 2) -7.62(-l) -1.35( 1)
13.500 -4.90( 2) 1.66(-1) 8.69( 2) 1.07 3) -7.94(-l) -1.73( 1) 1.03( 3) -8.08(-l) -1.15( 1)
14.000 -7.78( 2) 1.28(-1) 1.20( 3) 1.28 3) -8.62(-l) -1.27( 1) 1.13( 3) -8.36(-l) -1.05( 1)
14.500 -7.47( 2) 1.38(-1) 1.19( 3) 1.40 3) -8.94(-l) -1.08( 1) 1.19( 3) -8.50(-l) -1.01( 1)
15.000 -6.18( 2) 1.64(-1) 1.07( 3) 1.50 3) -9.18(-1) -9.58( 0) 1.24( 3) -8.62(-l) -9.66( 0)
15.500 -4.56( 2) 2.08(-l) 9.07( 2) 1.59 3) -9.38(-l) -8.61 ( 0) 1.28( 3) -8.72(-l) -9.37( 0)
16.500 -2.83( 2) 2.90(-l) 7.28( 2) 1.73 3) -9.66(-l) -7.26( 0) 1.35(3) -8.86(-l) -8.97( 0)
17.000 -1.82( 2) 3.78(-l) 6.15( 2) 1.82 3) -9.82(-l) -6.67( 0) 1.40( 3) -8.96(-l) -8.67( 0)
17.500 -1.23( 2) 4.66(-l) 5.41 ( 2) 1.89 3) -9.94(-l) -6.18( 0) 1.44( 3) -9.04(-l) -8.42( 0)
18.000 -7.98( 1) 5.70(-l) 4.81( 2) 1.95 3) -1.00( 0) -6.07( 0) 1.47( 3) -9.10(-1) -8.28( 0)
19.000 -3.52( 1) 7.86(-l) 4.02( 2) 2.02 3) -1.01( 0) -6.14( 0) 1.53( 3) -9.20(-l) -8.01( 0)
20.000 -9.86( 0) 1.16( 0) 3.30( 2) 2.03 3) -1.00( 0) -7.63( 0) 1.61( 3) -9.34 (-1) -7.58( 0)
25.000 -1.22(-1) 2.61( 0) 2.37( 2) 1.69 3) -8.92(-l) -2.02( 1) 1.81( 3) -9.66(-l) -6.71( 0)
32.000 -7.27(-6) 6.oo( a) 1.76( 2) 9.38 2) -5.44(-l) -8.44( 1) 2.13( 3) -1.01( 0) -5.72( 0)
40.000 -2.93( 4) -5.18( 0) 1.44( 2) 1.19 3) -9.20(-2) -8.08( 2) 1.86( 3) -9.52(-l) -8.68( 0)
50.000 -3.93( 3) -3.69( 0) 1.35( 2) -7.38 2) 8.00(-2) 1.03( 3) 1.52( 3) -8.72(-l) -1.30( 1)
60.000 -4.00( 2) -1.60( 0) 1.39( 2) -9.44 1) 3.06(-l) 3.34( 2) 1.54( 3) -8.62(-l) -1.45( 1)
80.000 8.63( 1) 2.92 (-1) -6.76( 1) -4.07 -1) 1.48( 0) 1.32( 2) 1.36( 3) -7.90(-l) -2.17( 1)
100.000 1.71(0) 1.36( 0) 2.87( 1) -1.90 -7) 5.41( 0) 8.89( 1) 6.85( 2) -4.68(-l) -6.75( 1)
150.000 3.93(-2) 2.35( 0) 1.90( 1) -4.49 3) -1.84( 0) 7.12( 1) -2.26(-l) 1.29( 0) 8.10( 1)

Table 2.4 The coefficients cii, bi, c\ of (arh-f-c) as a function of wavelength A(/jm) for the fitting of the 
extinction coefficient in the terrestrial region . '
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02 b2 C2 a2 62 c2 02 62 C2
Re : 2.5 to 12.5 fim 12.5 to 30 fim 30 to 60 fim
3.900 1.69(-l) 2.84(-l) -2.17(-1) 6.57(-2) 4.66(-l) -8.47(-2) - 1.68( 0) -1.64(-1) 1.20( 0)
4.100 1.40(-1) 3.60(-l) -1.90(-1) 1.44(-1) 3.40(-l) - 1.86(-1) -1.55( 0) -3.58(-l) 7.30(-l)
4.300 1.50(-1) 4.04(-l) -2.07(-l) 1.29( 0) 8.80(-2) -1.41 ( 0 ) -2.84( 0) -7.66(-l) 5.42(-l)
4.500 1.40(-1) 4.70(-l) -1.93(-1) -1.27( 0) -2.24(-l) 9.81(-1) -8.65( 0) -1.29( 0) 4.93(-l)
4.700 7.89(-2) 6.28(-l) -1.08(-1) -1.19( 0) -2.94(-l) 8.33(-l) -1.15( 1) -1.41( 0) 4.90(-l)
4.900 3.83(-2) 8.28(-l) -4.42(-2) -1.27( 0) -2.34(-l) 9 .60(-l) -8.50( 0) -1.28( 0) 4.96(-l)
5.100 1.77(-2) 1.06( 0) -3.46(-3) -1.39( 0) -1.92(-1) 1.10( 0) -6.49( 0) -1.16( 0) 5.03(-l)
5.300 6.96(-3) 1.36( 0) 2.61(-2) -1.48( 0) -1.74(-1) 1.19( 0) -5.09( 0) -1.04( 0) 5.13(-1)
5.400 3.68(-3) 1.57( 0) 3.91(-2) -1.50( 0) -1.74(-1) 1.19( 0) -4.41( 0) -9.76(-l) 5.20(-l)
5.500 2.29(-3) 1.73( 0) 4.96(-2) -1.35( 0) -2.30(-l) 9.83(-l) -4.50( 0) -9.88(-l) 5.19(-1)
5.700 1.92 (-3) 1.87( 0) 1-16(1) -3.34( 0) -1.14( 0) 5.09(-l) -4.19( 1) -2.02( 0) 4.82(-l)
5.900 9.32(-4) 2.07( 0) 2.70(-l) -1.59( 3) -3.99( 0) 4.93(-l) -1.15(-4) 1.15( 0) 4.97(-l)
6.000 1.32(-4) 2.61( 0) 3.96(-l) -6.31 ( 4) -6.00( 0) 5.02(-l) 3.19(-1) -6.20(-l) 4.59(-l)
6.100 2.13(-3) 1.62( 0) 3.72(-l) -1.05(-11) 6.00( 0) 5.02(-l) 4.34(-l) -7.44(-l) 4.61(-1)
6.200 3.83(-2) 7.74(-l) 2.31 (-1) -6.06(-10) 4.87( 0) 5.00(-l) 4.03(-l) -7.22(-l) 4.57(-l)
6.300 3.56(-2) 8.60(-l) 1.74(-1) -6.27( 4) -6.00( 0) 4.93(-l) 1.82(-1) -3.40(-l) 4.33(-l)
6.500 7.68(-3) 1.41( 0) 1.63(-1) -9.39( 1) -2.84( 0) 4.87(-l) -1.93(-12) 5.20( 0) 4.82(-l)
6.700 2.28(-3) 1.83( 0) 1.59(-1) -2.36( 1) -2.12( 0) 4.90(-l) -6 .01( 6) -6 .00( 0) 4.80(-l)
7.000 6.59(-4) 2.26( 0) 1.67(-1) -1.95( 1) -1.96( 0) 4.91(-l) -2.54( 4) -4.21( 0) 4.80(-l)
7.100 2.80(-4) 2.56( 0) 1.69(-1) -1.79( 1) -1.87( 0) 4.92(-l) -2.77( 3) -3.47( 0) 4.81(-1)
7.300 1.13(-4) 2.87( 0) 1.72(-1) -1.78( 1) -1.83( 0) 4.93(-l) -9.06( 2) -3.09( 0) 4.82(-l)
7.600 2.67(-5) 3.38( 0) 1.82(-1) -2.00( 1) -1.84( 0) 4.95(-l) -5.94( 2) -2.93( 0) 4.83(-l)
8.000 1.96(-6) 4.33( 0) 1.96(-1) -1.97( 1) -1.79( 0) 5.01(-1) -5.23( 2) -2.87( 0) 4.85(-l)
8.600 1.91 (-8) 6.00( 0) 2.21(-1) -1.40( 1) -1.59( 0) 5.23(-l) -1.45( 3) -3 !8 (  0) 4.87(-l)
9.000 1.35( 2) -6.00( 0) 2.47(-l) -6.68( 0) -1.23( 0) 5.66(-l) -5.13( 3) -3.55( 0) 4.89(-l)
9.600 2.69(-8) 5.93( 0) 2.38(-l) -1.55( 1) -1.69( 0) 5.19 ( - l ) -4.70( 4) -4.33( 0) 4.85(-l)
10.000 7.67( 0) -3.08( 0) 2.96(-l) - 1.68( 0) -2.14(-1) 1.28( 0) -1.79( 5) -4.55( 0) 4.96(-l)
10.500 1.70( 0) -1.50( 0) 3.23(-l) 8.00(-3) 9.36(-l) 2.74(-l) -6.31 ( 4) -4.19( 0) 5.03(-l)
11.000 1.07( 0) -8.10(-1) 3.27(-l) 3.01 (-8) 4.04( 0) 4.57(-l) -1.82( 4) -3.99( 0) 5.05(-l)
11.500 9.80(-l) -4.36(-l) 2.31(-1) 4.73( 1) -2.67( 0) 5.07(-l) -3.52(-4) 9.38(-l) 5.21(-1)
12.500 9.43(-l) -3.90(-l) 2.32(-l) 1.96( 0) -1 .16 (0) 4.82(-l) 8 .68(-l) -8.10(-1) 4.64(-l)
13.500 8.57(-l) -5.22(-l) 3.42(-l) 1.09( 0) -8.90(-l) 4.58(-l) 1.05( 0) -8.48(-l) 4.52(-l)
14.000 8.38(-l) -6.18(-1) 3.88(-l) 8.47(-l) -7.82(-l) 4.47(-l) 9.69(-l) -8.14(-1) 4.45(-l)
14.500 8.36(-l) -6.76(-l) 4.08(-l) 7.25(-l) -7.08(-l) 4.39(-l) 9.26(-l) -7.92(-l) 4.42(-l)
15.000 8.41(-1) -7.32(-l) 4.25(-l) 6.30(-l) -6.34(-l) 4.31 (-1) 8.83(-l) -7.68(-l) 4.39(-l)
15.500 8.53(-l) -7.86(-l) 4.38(-l) 5.55(-l) -5.60(-l) 4.21 (-1) 8.43(-l) -7.44(-l) 4.36(-l)
16.500 8.82(-l) -8.72(-l) 4.55(-l) 4.70(-l) -4.34 (-1) 3.95(-l) 7.97(-l) -7.12(-1) 4.32(-l)
17.000 9.18(-1) -9.46(-l) 4.66(-l) 4.34(-l) -3.24(-l) 3.59(-l) 7.58(-l) -6.84(-l) 4.29(-l)
17.500 9.54(-l) - 1.01( 0) 4.73(-l) 4.48(-l) -2.24(-l) 2.94(-l) 7.25(-l) -6.60(-l) 4.27(-l)
18.000 1.00( 0) -1.07( 0) 4.80(-l) 6.34(-l) -1.06(-1) 6.19(-2) 6.95(-l) -6.36(-l) 4.24(-l)
19.000 1.10( 0) -1.17( 0) 4.86(-l) -2.97(-l) 1.08(-1) 9.35(-l) 6.35(-l) -5.86(-l) 4.19(-1)
20.000 1.22( 0) -1.25( 0) 4.88(-l) -2.33(-2) 4.34(-l) 6 .10(-1) 5.41(-1) -4.94(-l) 4.08(-l)
25.000 1.39( 0) -1.23( 0) 4-71(-l) -8.04(-4) 1.05( 0) 5.44(-l) 5.33(-l) -1.28(-1) 1 -71 (-1)
32.000 1.38( 0) -9.68(-l) 4.13(-1) 6.00( 4) -6.00( 0) 5.21(-1) -1.42(-3) 8.88(-l) 5.51 (-1)
40.000 1.27( 0) -5.24(-l) 2.35(-l) 1.18( 2) -3.02( O) 5.23(-l) -2.62(-4) 1.22( 0) 5.44(-l)
50.000 1.92( 0) -1.90(-1) -5.67(-l) 9.23( 0) -1.75( 0) 5.15(-1) -9.94(-2) 2.04(-l) 7.38(-l)
60.000 -1.05( 1) 2.40(-2) 1.18( 1) 9.92( 0) -1 .74 (0) 5.15(-1) -1.26(-1) 1.86(-1) 7.78(-l)
80.000 -3.03(-l) 4-12(1) 1.49( 0) 4.12( 1) -2.28( 0) 5.18(-1) -4.56(-4) 1.09( 0) 5.54(-l)
100.000 -3.95(-2) 9.70(-l) 1.12( 0) 3.91( 1) -2 .12( 0) 5.02(-l) 1.16(-1) -3.16(-1) 4.91(-1)
150.000 -1.37(-3) 2.03( 0) 1.01( 0) 1.06( 1) -1.31( 0) 4.12 (-1) 1.62( 7) -6.00( 0) 5.13(-1)

Table 2.5 The coefficients «2, 2̂, c2 of (ar6+c) as a function of wavelength A(/nn) for the fitting of the 
co-albedo in the terrestrial region .
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X (flm ) « 3 CO c 3 <23 63 C3 0-3 63 C3

R e  '• 2.5 to 12.5 f i m 12.5 to 30 f i m 30 to 60 f i m

3.900 3.90(-8) 5.68( 0) 7.74 -1) -6.01(-1) -4.78(-l) 1.01 0) -6.42 - 1) -4.50 -1) 1.03( 0)
4.100 1.25(-8) 6.00( 0) 7.88 -1) -8.16(-1) -6.62(-l) 9.86 -1) -8.09 -1) -5.84 -1) 1.01( 0)
4.300 9.54(-9) 6.00( 0) 8.04 -1) -1.23( 0) -8.54(-l) 9.84 -1) -1.50 0) -8.82 -1) 9.91(-1)
4.500 7.39(-9) 6.00( 0) 8.21 -1) -1.94( 0) -1.07( 0) 9.84 - 1) -3.76 0) -1.28 0) 9.81(-1)
4.700 1.75( 1) -4.88( 0) 8.27 -1) -2.34( 0) -1.13( 0) 9.84 - 1) -4.67 0) -1.36 0) 9.80(-l)
4.900 1.72( 0) -3.05( 0) 8.24 -1) -2.36( 0) -1.11(0) 9.84 - 1) -3.80 0) -1.27 0) 9.82(-l)
5.100 2.80(-l) -1.51( 0) 8.17 -1) -2.20( 0) -1.06( 0) 9.88 -1) -3.20 0) -1.19 0) 9.84(-l)
5.300 -6.52(-l) 4.00(-2) 1.55 0) -1.77( 0) -9.28(-l) 1.00 0) -2.82 0) -1.13 0) 9.87(-l)
5.400 -4.16(-3) 9.86(-l) 8.76 -1) -1.41(0) -7.94(-l) 1.02 0) -2.68 0) - 1.10 0) 9.88(-l)
5.500 -4.37(-4) 1.76( 0) 8.67 -1) -1.15( 0) -6.66(-l) 1.05 0) -2.99 0) -1.14 0) 9.88(-l)
5.700 -5.23( 1) -6.00( 0) 8.75 -1) -1.14( 0) -7.46(-l) 1.04 0) -1.64 1) -1.86 0) 9.78(-l)
5.900 -9.70(-l) -2.10( 0) 9.23 -1) -1.75( 0) -1.24( 0) 9.93 -1) -7.22 1) -2.64 0) 9.76(-l)
6.000 -5.59(-l) -1.36( 0) 9.59 -1) -2.36( 0) -1.63( 0) 9.79 -1) -7.59 0) -2.13 0) 9.75(-l)
6.100 -4.23(-l) -1.04( 0) 9.67 -1) -5.93( 0) -2.02( 0) 9.73 -1) -3.65 0) -1.92 0) 9.72(-l)
6.200 -3.36(-l) -4.00(-l) 1.05 0) -1.78( 1) -2.39( 0) 9.67 -1) -3.95 0) -1.94 0) 9.68(-l)
6.300 -3.84(-l) -2.18(— 1) 1.13 0) -1.79( 1) -2.26( 0) 9.69 -1) -1.63 1) -2.30 0) 9.67(-l)
6.500 -6.21(-1) -1.90( 0) 8.83 ■1) -5.65( 0) -1.59( 0) 9.82 -1) -7.50 1) -2.55 0) 9.69(-l)
6.700 -1.88( 1) -4.55( 0) 8.67 -1) -2.49( 0) -1.14( 0) 1.00 0) -8.29 1) -2.46 0) 9.71 (-1)
7.000 -4.02( 1) -5.00( 0) 8.69 -1) -1.15( 0) -7.08(-l) 1.05 0) -7.77 1) -2.38 0) 9.72(-l)
7.100 -4.01( 1) -4.93( 0) 8.71 -1) -8.21(-1) -4.06(-l) 1.15 0) -7.41 1) -2.33 0) 9.73(-l)
7.300 -2.79( 1) -4.58( 0) 8.74 -1) -1.43( 0) -8.80(-2) 2.01 0) -7.32 1) -2.29 0) 9.74(-l)
7.600 -1.34( 1) -3.92 ( 0) 8.80 -1) 9.07(-2) 3.50(-l) 6.46 -1) -8.13 1) -2.30 0) 9.75(-l)
8.000 -6.30( 0) -3.21( 0) 8.89 -1) 3.98(-3) 9.94(-l) 8.26 -1) -9.01 1) -2.30 0) 9.76(-l)
8.600 -3.17( 0) -2.50( 0) 9.05 -1) 1.09(-4) 1.88( 0) 8.78 -1) -9.10 1) -2.28 0) 9.78(-l)
9.000 -2.30( 0) -2.11( 0) 9.20 -1) 4.55(-6) 2.68( 0) 9.00 - 1) -6.16 1) -2.15 0) 9.81(-1)
9.600 -3.24( 0) -2.44( 0) 8.84 -1) 8.45(-3) 8.12(-1) 8.04 -1) - 1.01 2) -2.33 0) 9.72(-l)
10.000 -1.84( 0) -1.71( 0) 9.47 -1) 8.52(-5) 1.74( 0) 9.17 -1) -7.45 0) -1.53 0) 9.88(-l)
10.500 -1.76( 0) -1.55( 0) 9.72 -1) -2.24(-l) -5.46(-l) 9.94 -1) -7.39 - 1) -8.40 -1) 1.00( 0)
11.000 -1.85( 0) -1.50( 0) 9.82 -1) -1.16( 0) -1.33( 0) 9.82 -1) -4.65 - i ) -8.54 -1) 9.94 (-1)
11.500 -2.02( 0) -1.50( 0) 9.84 -1) -1.78( 0) -1.46( 0) 9.83 -1) -1.27 0) -1.31 0) 9.86(-l)
12.500 -2.24( 0) -1.50( 0) 9.75 ■1) -2.12( 0) -1.48( 0) 9.74 -1) -2.06 0) -1.46 0) 9.75(-l)
13.500 -2.40( 0) -1.48( 0) 9.63 -1) -2.30( 0) -1.48( 0) 9.61 -1) -2.32 0) -1.47 0) 9.61(-1)
14.000 -2.46( 0) -1.46( 0) 9.57 -1) -2.41( 0) -1.47( 0) 9.54 - i ) -2.51 0) -1.48 0) 9.54(-l)
14.500 -2.51( 0) -1.44( 0) 9.54 -1) -2.51( 0) -1.47( 0) 9.50 - i ) -2.69 0) -1.48 0) 9.50(-l)
15.000 -2.53( 0) -1.42( 0) 9.52 -1) -2.62( 0) -1.46( 0) 9.46 - i ) -2.89 0) -1.49 0) 9.46(-l)
15.500 -2.56( 0) -1.40( 0) 9.51 ■1) -2.73( 0) -1.46( 0) 9.43 -1) -3.10 0) -1.50 0) 9.43(-l)
16.500 -2.57( 0) -1.35( 0) 9.51 -1) -2.92( 0) -1.46( 0) 9.39 -1) -3.49 0) -1.52 0) 9.39(-l)
17.000 -2.58( 0) -1.32( 0) 9.52 -1) -3.06( 0) -1.45( 0) 9.37 -1) -3.84 0) -1.53 0) 9.36(-l)
17.500 -2.57( 0) -1.29( 0) 9.53 -1) -3.16( 0) -1.44( 0) 9.36 -1) -4.15 0) -1.54 0) 9.34(-l)
18.000 -2.56( 0) -1.26( 0) 9.55 - 1) -3.25( 0) -1.44( 0) 9.35 -1) -4.53 0) -1.56 0) 9.33(-l)
19.000 -2.53( 0) -1.21( 0) 9.61 -1) -3.36( 0) -1.42( 0) 9.35 - 1) -5.26 0) -1.58 0) 9.32(-l)
20.000 -2.51( 0) -1.15( 0) 9.71 -1) -3.39( 0) -1.37( 0) 9.37 -1) -6.63 0) -1.62 0) 9.31(-1)
25.000 -2.38( 0) -9.36(-l) 1.03 0) -3.29( 0) -1.24( 0) 9.44 -1) -1.20 1) -1.71 0) 9.30(-l)
32.000 -2.27( 0) -5.48(-l) 1.32 0) -3.79( 0) -1.16( 0) 9.49 -1) -1.57 1) -1.67 0) 9.31(-1)
40.000 -7.79( 1) -G.00(-3) 7.75 1) -6.69( 0) -1.29( 0) 9.38 -1) -1.24 1) -1.50 0) 9.32(-l)
50.000 2.73(-l) 5.40(-l) -4.70 -1) -8.99( 0) -1.29( 0) 9.31 -1) -1.59 1) -1.49 0) 9.17(-1)
60.000 7.07(-2) 8.84(-l) -1.65 - 1) -7.52( 0) -1.10( 0) 9.47 -1) -2.02 1) -1.48 0) 9.00(-l)
80.000 2.47(-2) 1.15( 0) -7.20 -2) -4.07( 0) -6.80(-l) 1.10 0) -1.66 1) -1.29 0) 9.02(-l)
100.000 7.53(-3) 1.48( 0) -2.62 -2) -3.12( 0) -2.98(-l) 1.75 0) -1.07 1) -1.03 0) 9.32(-l)
150.000 9.87(-4) 1.99( 0) -6.72 -4) 1.89( 1) 1.80(-2) -1.97 1) -4.38 0) -5.46 - ! ) 1.14( 0)

Table 2.6 The coefficients 03, 63, r.3 of (arfc+c) as a function of wavelength A ( / j i i i )  for the fitting of the 
asym m etry factor  in the terrestrial region .
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2.3 Accuracy of Radiative Fluxes, Heating and 

Cooling Rates

In order for the paramerization to be useful for climate studies, it is important that 

it accurately predicts the cloud forcing, which is usually defined as the difference 

in radiative fluxes and/or heating rates between an atmosphere with clouds and 

the clear sky case.

Using the comprehensive multiple scattering code developed by Stamnes et al. 

(1988) and the cloud-atmosphere radiation model o f Tsay et al. (1989), we have 

compared the cloud forcing (both heating rates and fluxes) obtained from our 

present parameterization (both for regular and higher spectral resolution) o f cloud 

optical properties with that resulting from the exact Mie calculations, as well as 

from the linear parameterization valid for equivalent radii between 4 and 12 fim 

(Tsay et al., 1989).

The lower panel o f Figure 2.6 shows the net solar fluxes (cloud forcing) obtained 

from Mie calculations and from the three kinds of parameterizations, as well as 

the clear-sky atmosphere. The cloud layer is placed at an altitude between 5 km 

and 5.1 km (549 mb to 554 mb) with an equivalent radius o f  8.00 fim  and liquid 

water content of 0.1 g /m 3. We used a solar zenith angle of 45° in this calculation. 

The difference between net fluxes obtained from our present parameterizations and 

from the Mie calculation are less than 0.5 W /m 2, which is much less than 1% of the 

cloud forcing and the new parameterization is significantly more accurate than the 

linear parameterization. The differences o f cloud forcings in heating rates between 

the parameterization and exact Mie computation are less then 2%  o f the total solar 

cloud forcing.

For infrared radiation (Figure 2.7), the differences o f radiative fluxes calculated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26

540

S  545s
0)S 550D0)w0)
£  555

560

. Uie Calculation
 24x4 Band Parame.
 24 Band Parame.
    linear Parameter.
 Clear-Sky (Solar)

-1 0  0 10 20 30 40
Cloud Forcing: Heating Rates (°C/Day)

3" 545
a

550

£  555

560

j : 
i : 
i ;

j  / 1
_ . i :

r  / _______(24x4band-Mie)/Mie -
1 i .............  (24band-Mie)/tlie .
t i _______ (Linear-llie)/Mie •

! il._a__,__
5 10
Deviation(%)

15

540

3 “ 545
a,

b 550 3B)EQU
£  555

560

1 ........
Ilia Calnillntinn .

______ 24x4 Band Parana. -

540 . . . .  P|  ̂

j :

545 i :
B ----

i ■
______ Clear-Sky (Solar) j i ■

; . 0
I-3 550 i :

j 10
/ ____ (24x4band-Mle)/Mie ■01

V

| ;
1*
CL 555 1 (24band-Ule)/Ule . 

j ____(Linear-kie)/Mie -

. . . . . . . . . . . . .  .i . .  . 560
1 :

-2 0 0  0 200 400 600 800
Cloud Forcing: Net Fluxes (W/m*)

5 10
Deviation (%)

15

Figure 2.6 The left, panels are t.lie heat.ing rates and the net. fluxes clue t.o cloud forcing (cloudy sky 
- clear sky) for solar radiation as a function of pressure in the atmosphere, using the different cloud 
parameterizations for cloud effective radius of 8 ftvi. The solid curve is from the Mie calculation and 
the dashed curve (indistinguishable from the solid curve) is for our new parameterization with 24 x 4 
bands. The dotted curve is for our new parameterization with 24 bands. The chain-dot.ted curve is for 
the linear parameterization. The clear sky backgroimd radiation is also given. The right panels show 
the differences between the parameterizations and the Mie calculation.
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Figure 2.7 The left, panels are t.he heating rates and the net fluxes due to cloud forcing (cloudy sky - 
clear sky) for terrestrial radiation as a function of pressure in the atmosphere, with the different, cloud 
parameterizations for cloud effective radius of 8 fim. The solid curve is from the Mie calculation and 
the dashed curve (indistinguishable from the solid curve) is for our new parameterization with 50 x 4 
bands. The dotted curve is for our new parameterization with 50 bands. The chain-dotted curve is for 
the cloud parameterization by Tsay et id. The clear sky background radiation is also given. The right, 
panels show the differences between the parameterizations and the Mie calculation..
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I from the present parameterizations and the Mie calculation are less than 1%. The
j

j error for the cooling rates is within 4% of the total terrestrial cloud forcing.

The accuracy of the cloud forcing from the parameterization using the coarser 

spectral resolution (24 bands in solar and 50 in infrared) is not as good as that 

obtained from the parameterization using the 4-times higher resolution. From 

Figure 2.6 and Figure 2.7, the differences of the cloud forcing between the Mie cal

culation and the parameterization with the regular spectral resolution are about 

5 times larger than those obtained with the 4-times higher resolution. From Fig

ure 2.6 and Figure 2.7, it is also clear that the accuracy of the present parameteri

zation with the coarser resolution is much better than the accuracy obtained with 

the linear parameterization.

2.4 Summary of the Chapter

A new parameterization of water cloud optical properties has been presented. This 

parameterization is valid for equivalent radii in the range from 2.5 fim to 60 fim and 

pertains to shortwave as well as longwave radiation. The parameterization yields 

very accurate heating and cooling rates. For the study o f the feedback mechanism 

o f cloud microphysics and climate, this parameterization will be reliable.

We find that there is a unique relation between cloud radiative properties and 

the equivalent radius in both the shortwave and the longwave regions. This rela

tionship is insensitive to the the details o f the drop size distribution, such as shape, 

width and skewness. Moreover, single-mode and bi-modal distributions with the 

same equivalent radius yield essentially identical optical properties. Although our 

results are based on the use o f the generalized gamma distribution, we expect the 

parameterization to be generally valid and to mimic the radiative properties of 

actual cloud droplet distributions occurring in nature. In fact, calculations with

i
i

I. .
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the lognormal distribution yielded results very similar to those for the generalized 

gamma distribution. This is in agreement with expectations on physical grounds 

for large size parameters for which the extinction efficiency asymptotes to 2. This 

unique dependence of cloud optical properties on equivalent radius has important 

theoretical and experimental implications. From a climate modeling point o f view 

it implies that only the second and the third moments o f the size distribution are 

required in cloud models designed to predict the evolution o f cloud microphysics 

with climate change. Experimentally, it implies that it is not necessary to measure 

the full size distribution to obtain the optical properties o f clouds. It is sufficient 

to measure only the liquid water content and the extinction coefficient at a few 

wavelength in the visible part o f the spectrum.

The new parameterization is almost as accurate and more than thousands of 

times faster than ” exact” Mie calculations. We expect that it might be feasible to 

parameterize the optical properties o f various kinds of atmospheric aerosols and 

ice clouds using a procedure similar to the one described here. The separation of 

the dependence of radiative properties on cloud equivalent radius and liquid water 

content is an important aspect o f our parameterization that is expected to be very 

useful for climate sensitivity studies involving cloud-radiation-climate interactions 

and feedback mechanisms.
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Chapter 3 

A  New Radiative-Convective 

Model

This chapter describes a new one dimensional radiative-convective model. The aim 

of this model is to study the effect o f clouds on climate. W ith a comprehensive 

radiative transfer model, an accurate parameterization of cloud optical properties 

and an improved lower boundary energy balance condition, this model is capable 

o f simulating not only the temperature profile but also the radiative energy budget 

o f the Earth on climate scale and their responses to the changes in solar constant, 

atmospheric composition (e. g., the CO 2 concentration) and clouds.

3.1 Introduction

The global, long term average temperature of the Earth’s atmosphere should ap

proach a radiative equilibrium. But because the absorption o f solar radiation is 

very strong at the surface of the Earth, the temperature gradient of the lower at

mosphere in such an equilibrium is large and the atmosphere becomes convectively 

unstable. The convection brings sensible heat and latent heat up through the at-

30
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mosphere and warms the lower part o f the atmosphere (troposphere). As a result, 

the radiative equilibrium can never be achieved: there will be a net radiative cool

ing in the atmosphere and a net radiative warming at the Earth’s surface. Such 

a convective instability prevents the static radiative equilibrium and generates the 

general circulation, water vapor transfer, clouds and precipitation which, together, 

constitute our climate.

Unfortunately, we are still unable to understand quantitatively such a radia

tively and convectively balanced state of the climate. The main problem are 

concerned with the fact that the evaporation, transport, condensation and pre

cipitation processes are so complex that we have to ‘ tune’ our cumulus convective 

models (e. g. Kuo, 1974; Arakawa and Shubert, 1974; Emanual, 1991) to match 

the observations; the scale o f cloud microphysical processes is so small that we 

have to parameterize them before they can be incorporated into climate models. 

The climate modeling result is very sensitive to the way one treats the water cycle. 

Assessments of cloud-climate interaction can be made only after careful senstivity 

studies.

A simple model which treats both the radiative transfer and the convection 

simply and accurately has been developed to help us understand the physics in

volved. We use a comprehensive radiative transfer model developed by Stamnes 

et al. (1988) and Tsay et al. (1989) to calculate the radiative energy fluxes and 

heating rates. Accurate parameterizations of cloud optical properties (Hu and 

Stamnes, 1993; Fu and Liou, 1993) are used for the radiative transfer calculations 

involving clouds. We use the pseudoadiabatic lapse rate as the ’’ critical” lapse 

rate for convective adjustment. At the Earth’s surface, the net incoming solar ra

diation is larger than the net outgoing infrared radiation. The total net radiative 

heating at the surface will be balanced by the sensible heat exchange and latent 

heat release. The temperature profile, precipitable water, total evaporation rate

31
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and the planetary albedo estimated from this model are very close to those o f the 

real climate of the Earth.

3.2 Model Structure

The model simulates the equilibrium temperature profile o f the atmosphere through 

time stepping. Given an arbitrary initial temperature profile, for each time step, 

the radiative transfer equation is solved to derive the radiative heating rates (cal

culated from mean radiative intensity or radiative flux divergence) o f each layer; 

if the temperature between any two adjacent layers after the radiative effects is 

convectively unstable, a convective adjustment is performed. This time stepping 

is carried out until the differences of the temperature between adjacent time steps 

for each layer are very close to zero. In this equilibrium (or steady) state, the net 

outgoing longwave radiation must equal the net incoming solar radiation at the 

top of the atmosphere.

A flow chart o f the model is available from Appendix A o f the thesis.

3.3 Radiative Transfer Talculations

In radiative fluxes and heating rates calculations, we consider absorption by the 

major radiatively-active atmospheric gases including water vapor, carbon dioxide, 

ozone and oxygen, absorption and scattering by clouds and molecular scattering. 

We use the atmosphere gas compositions from the U.S. Standard Atmosphere 

tables. Clouds are prescribed by cloud top height, cloud thickness, cloud water 

amount (gram per square meter), and cloud equivalent radius. The atmosphere is 

divided into 24 layers in which absorption and scattering properties are taken to 

be constant within each layer. Clouds can be put in any layer as long as the water
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amount and equivalent radius are defined. For the sake o f computational stability 

in time stepping, the atmosphere is isothermal within each layer to prevent the 

oscillation o f the heating rates resulted from accumulated errors in the linear- 

in-depth thermal emission. The global average surface albedo for the shortwave 

radiation is assumed to be 0.2.

To solve the radiative transfer equation, we reduce the integration over fre

quency to a series o f monochromatic problems through the exponential sum fitting 

of transmissions (ESFT) technique (Tsay et al., 1989). The solar radiation spec

trum between 0.28 micron and 4 micron is divided into 24 bands. The thermal 

infrared radiation spectrum between 4 micron and 150 micron is divided into 50 

bands. The cloud optical properties are parameterized over each individual band 

(Hu and Stamnes, 1993). We adopt the discrete ordinate approximation of Stamnes 

et al. (1988) to solve each monochromatic radiative transfer problem. The surface 

albedo is fixed at 0.2 for all the solar radiation wavelengths.

3.4 Convective Adjustments and the Lower Bound

ary Condition

Unlike the radiative transfer calculations, the convective processes cannot easily be 

considered as a one-dimensional process and must be modeled by some empirical 

or semi-empirical method to be incorporated into the one-dimensional model. The 

empirical methods are generally divided into two types: the lapse-rate adjustment 

and the so-called ’’ physical parameterization of convection” .

The lapse-rate adjustment methods are widely used in one-dimensional mod

els (Manabe and Strickler, 1964; Ramanathan and Coakley, 1978; Hummel and 

Kuhn, 1981). The idea is to adopt an externally specified lapse rate, such as

33
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the observational lapse rate (6.5 K /km ), the moist-adiabatic lapse rate and the 

phseudo-adiabatic lapse rate. The scheme effectively cools the surface and redis

tributes heat vertically, while requiring that the total ’’ convective heating” induced 

by adjustment processes be equal to the net radiative deficit at the ground. The 

radiative-convective equilibrium temperatures at every atmospheric layer are bal

anced by radiative cooling and the ’’ convective heating” implied by the adjustment 

of lapse rates.

The so-called ’’ physical parameterization of convection” are also called cumulus 

convection schemes, such as the Kuo scheme (1965, 1974), the Arakawa - Shubert 

scheme (1974) and the Emanuel scheme (1991). Instead of using the convective in

stability criteria and total energy conservation as the convective adjustment, these 

schemes parameterize the different individual physical processes such as sensible 

heat exchange and latent heat exchange, adjusting the aerodynamic drag coeffi

cient, entrainment and detrainment, precipitation rate (percentage of precipitation 

to the total condensation, surface wind speed) to match the observational cumulus 

convection processes. Although these schemes are similar in principle, there are 

some differences in the detailed physics.

The Kuo scheme assumes that cumulus convection occurring in deep layers o f 

unstable stratification is maintained by moisture supply due to large-scale conver

gence and evaporation from the surface. It also assumes that cumulus cloud air 

dissolves into the large scale environment at the same rate as it is generated by 

the moisture supply. A large part o f the moisture supplied into a cloud through 

its base and sides condenses during its ascent and the precipitation is responsible 

for the net convective heating o f the column. A disposable parameter has been 

introduced to decide the precipitation rate.

The Arakawa - Schubert scheme divides convection into three types: middle- 

level convection, penetrative convection and low-level convection. Each cloud en-

, I •
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trains environmental air through its bases and through its sides, and detrains 

cloud air at its upper level. The environment is modified by detrainment of mois

ture through the cloud top and compensating subsidence within the cloud, which 

warms and dries the atmosphere. An entrainment parameter has to be defined to 

determine the entrainment and detrainment. The Emanuel scheme assume that 

the fundamental entities in cumulus convection are sub-scale drafts rather than 

the clouds themselves. Convection occurs when the environment is unstable to a 

parcel in reversible adiabatic ascent from the surface. Vertical transports are ac

complished by saturated updrafts, downdrafts, by a single unsaturated downdraft 

driven by evaporation of falling precipitation, and by compensating subsidence. 

The main closure parameters are precipitation efficiency, which is the fraction of 

the precipitation that falls through unsaturated air, and the rate of evaporation 

from the falling rain drops.

The above schemes approach the convection from a three dimensional point of 

view. The entrainment and detrainment requirement makes these schemes difficult 

to include in a one-dimensional model. It is very difficult to obtain the closure 

parameters within 1-D models if they are time dependent. These schemes are 

designed for the interaction of cloud microphysical processes and the synoptic 

scale motion, for which the role o f the radiation is not a major concern.

From a one-dimensional point o f view, the physics of the convection in the 

atmosphere is very simple: when an air parcel is lifted adiabatically by natu

ral perturbation, its pressure will decrease. Then the temperature will decrease 

because some o f the internal energy will be consumed by the expansion. If the 

temperature of the air parcel after expansion is still larger than the temperature 

of the environment, the density of the air mass will be smaller than that of the 

environment and the air parcel will move upward again. So the convection happens 

when the lapse rate is large enough. When the temperature of the air parcel de

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

creases, some water vapor condenses. The latent heat release within the air parcel 

heats it. This makes convection easier to happen.

In the absence o f diabatic forcing such as radiative heating and frictional damp

ing, the upward motion o f the air parcel satisfies the adiabatic equation

R T T R T
A Q  =  CPA T  -  — A P  -  -A— —A r =  0 (3.1)

where Cp is the heat capacity of the air, T  is the temperaure, P is the pressure 

and Lv is the latent heat released from the water vapor condensation. R is the gas 

constant for the air and r is the water vapor mixing ratio.

Q can not serve as a potential function as it is not a total differential unless it 

is divided by temperature T.

^  =  CpA (lnT) -  R A (lnP ) -  ^ A r .  (3.2)

The right side o f the above equation is a total differential for the so-called 

‘pseudo-adiabatic’ processes. Thus, a potential temperature 0 ie can be defined as

0 . .  =  (3.3)

Consider two adjacent layers with temperature and pressure Tu, Pu for the 

upper layer and 7), Pi for the lower layer. An air parcel is lifted from the lower 

layer to the upper layer. If the potential temperature 0 4K,„ <  0 sej ,  the temperature 

of the air parcel will be larger then Tu and the convection will happen in these 

two layers until 0 4f:,„ =  Qse,d- The total static energy CVT  +  Lvr +  gz  is conserved 

during the convection if the convection starts from a layer.

The lower atmosphere is always convectively unstable because the net radiative 

heating of the surface and the net radiative cooling of the atmosphere keep the 

0 4e of the lower atmosphere smaller than the 0 4e o f the surface. The convective
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adjustment brings energy from the surface to the atmosphere until the 0 se of the 

lower atmosphere and the surface are equal. After the convective adjustment, 

for the climate of the Earth, the convection starts from the lower surface and 

extends to the tropopause. The convectively adjusted temperature T  o f each layer 

in the troposphere can be calculated if the surface temperature Tb is determined 

by solving the equation

T(y)RICpexP(j=fp) =  Toexrt~̂ fp}- (3-4)

The calculation of the temperature profile for the convective adjustment can be 

reduced to determining the temperature at the Earth’s surface where the radiative 

energy deficit should balance the convective heat exchange.

As a global average, the lower level horizontal convergence and divergence can

cel each other and the energy for convection comes from the total net heating 

from the surface (Schneider 1972). The convective engergy flux (including both 

sensible and latent heat exchanges) and the radiative energy flux at the Earth’s 

surface are balanced. This convective energy coming from the surface will heat the 

atmosphere and eventually cancel the net radiative cooling of the atmosphere at 

the radiative-convective equilibrium state.

The implied small-scale convective energy flux for each layer of the atmosphere 

at a given time step Q c can be defined as (Lindzen 1982)

a  = pCrAP-T l j ^  (3.5)

where p is the density o f the air, Tr is the instantaneous temperature profile de

termined by radiation alone, and T  is the temperature profile after the convective 

adjustment. T  can be calculated if the surface temperature is known, and A t is 

the size o f the time step. Since it is stipulated in the adjustment process that
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no temperature discontinuity should exist and that there is no heat exchange at 

the ground, the vertical integral o f Qc over the convective region in the whole 

troposphere (53 Qc) must balance the radiative deficit at the surface. '

At each time step, the surface temperature can be calculated by solving the 

energy balance equation at the surface

Y .Q o = F n e t  (3-6)

where Fnet is the net radiative flux at the surface. The temperature profile o f the 

entire troposphere can be calculated from 0 je(T, P)  =  Os,..(To, Po)-

3.5 Model Validation

Temperature profile, planetary albedo, globally averaged evaporation rate (or pre

cipitation rate), column water vapor amount (or the so-called precipitable water), 

cloud solar radiative forcing and cloud infrared radiative forcing calculated from 

the model are compared with the available knowledge o f climate. It is not difficult 

to simulate just the temperature profile by tuning the cloud height, water amount 

or equivalent radius. The temperature profiles are the only validated output from 

previous radiative - convective models. It is neccessary to check the model result 

for all the above variables.

3.5.1 Temperature Profile

Figure 3.1 and Figure 3.2 are examples o f the time stepping o f the temperature 

profile. We adopt the U.S. Standard Atmosphere green house gas composition here. 

Three cloud layers are included: a. high clouds with cloud top height at 7 km, 

cloud water amount about 3g/m2, cloud droplet equivalent radius 10//m; b. mid-
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Tem perature (K)

Figure 3.1 Time Stepping of Temperature Profiles I. The Initial temperature is 235K for every layer. 
The equilibrium state is the solid line.

level cloud with cloud top height at 4 km, cloud water amount about 8g/m2, cloud 

equivalent radius 7//,m; c. Low cloud with cloud top height at 2 km, cloud water 

amount about 10<//m2, cloud equivalent radius 7//.m. The initial temperatures of 

each layer for Figure 3.1 are 235K and the initial temperatures o f each layer for 

Figure 3.2 are 280K. The equilibrium temperature profiles in Figure 3.1 and Figure

3.2 are the same. The model is not sensitive to the initial temperature profile.

Figure 3.3 is the comparison between the temperature profile calculated from 

the one dimesional radiative - convective model and the U.S. Standard atmosphere 

temperature profile. The two temperature profiles are close.
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Tem perature (K)

Figure 3.2 Time Stepping of Temperature Profiles II. The Initial temperature is 280K for every layer. 
The equilibrium state is the solid line.

3.5.2 The Radiative Fluxes and the Planetary Albedo

The net radiative fluxes for both the solar region and thermal infrared region at 

the equilibrium state are shown at Figure 3.4. The net outgoing thermal infrared 

radiation and the net incoming solar radiation at the top of the atmosphere are 

balanced. The annual global average net incoming solar radiation Fnet is 239 

W/m2. This implies that the planetary albedo As is about 0.3

A s =  1.0 — 0.3
1370 x nR?

For each level in the middle and upper atmosphere (12 kilometer and up), the 

incoming solar radiation and outgoing infrared radiation have the same magnitude. 

The heating of the atmosphere by solar radiation cancels the cooling from thermal 

infrared radiation for each layer above the tropopause. These layers are in radiative
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Tem perature (K)

Figure 3.3 The comparison of t.he model output temperature profile (solid curve) with the U.S. Standard 
Atmosphere temperature profile (dotted curve). The small differences in the upper atmosphere are due 
to the model resolution.

equilibrium.

In the troposphere, the flux divergence of thermal infrared radiation is larger 

than flux convergence o f solar radiation in each layer. These layers have a net 

radiative cooling effect. The atmosphere should move toward radiative equilibrium 

and the surface temperature should be higher if the convective instability did not 

exist. The convection prevents the surface temperature from getting too high, 

creates a net radiative heating at the ground and transports the excessive energy 

to the atmosphere through sensible and latent heat exchange, which balances the 

net radiative cooling of the lower atmosphere.

The net radiative fluxes at the ground (net downward solar radiation - net 

upward infrared radiation at the ground) is about 170 W/m2. It equals the total 

convective fluxes (latent heat flux +  sensible heat flux) as the excessive radiative
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Radiative Flux

Net Radiative Flux(W/M*)

Figure 3.4 The net. incoming solar fluxes (solid line) and t.he net. outgoing thermal radiation fluxes 
(dashed line) in all levels at. the equiblibrium state.

energy o f the surface is transported to the troposphere by convection.

3.5.3 The Globally Averaged Precipitation Rate

The globally averaged precipitation rate can be estimated if the latent heat energy 

flux at the surface is available. The total convective fluxes (sensible heat +  latent 

heat exchange at the surface) at the radiative-c.onvec.tive equilibrium state equals

the net radiative flux at the surface. The latent heat flux F\ and sensible heat flux

Fa are (Lindzen 1982)

Fi =  CDu.Lv[q(T,:)  -  q (T (0))] (3.7)

Fa =  CDii*Cp[ n  -  T(0)] (3.8)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



43

where Cd  is the aerodynamic drag coefficient, um a ‘gustiness’ factor (Lindzen 

1982), T (0) the air temperature at the ground, T* the ground temperature and q 

the water vapor amount. Lv ~  2.45 x 106J/kg, Cv ~  1006J(fc<7)-1 A--1.

The ratio o f latent heat and sensible heat is:

F, _  Lv[q(T.) — g (r(0 ))]

(3.9)

f , p „ , .c p[T. -  r (0 )]
Lv drfdP
Cv dT/dP

where r is the water vapor mixing ratio in unit (kg/kg) and pat> is the density 

o f the air at the ground.. As Qse is constant with the convection, at the

surface can be calculated numerically. For a surface temperature around 290K, 

~  0.0004A'-1 . This implies jp- ~  1.

As we mentioned above, Fi +  Fs =  170W/m2 from model calculation. So we can 

estimate that the latent heat exchange is about 85 W/m.2. This amount o f energy 

will evaporate about 4.5 x 1017kg o f water a year globally (or 1.07 m precipitation 

on average). Comparing this with the estimation of 4.24 x 1017kg (Peixoto and 

Oort 1992), we can conclude that the model estimation o f evaporation rate is 

satisfactory.

3.6 Summary of the Chapter

1. A new one dimensional radiative - convective model is developed. This model 

incorporate a comprehensive radiative transfer model and an accurate parameter

ization o f cloud optical properties. A simple and yet physically sound convective 

adjustment procedure has been developed to simulate the energy balance accu

rately.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2. The model yields a realistic estimate of the annual global average evaporation 

rate.

3. The temperature profile computed from the model matches the U.S. Stan

dard atmosphere very well. At the same time, the planetary albedo and the evap

oration rate estimated from the model results are reasonable.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4 

Sensitivity Study

4.1 Introduction

The imbalance o f the net radiation (solar +  terrestrial) is the ultimate driving force 

o f  the climate system. The climate o f the Earth changes in response to variations 

in the radiatively-active substances of which the atmosphere - surface (land and 

ocean) system is composed. This includes changes in atmospheric gaseous com po

sition and particle content (aerosol and clouds) as well as changes in land charac

teristics (e.g. vegetation and snow cover) and ocean thermal and optical properties 

(biological production and particles o f organic or inorganic origin). Among the cli

mate sensitive substances, water, including the liquid, solid and gas phases, has 

the biggest range of variation and the biggest potential impact on climate.

Clouds, which strongly impact climate through radiative energy redistribution 

via scattering and absorption of radiation, constitute the major source of uncer

tainty in global climate models (Mitchell, 1989; Ramanathan et al., 1989; Cess et 

al., 1990). There are two types of problems related to cloud - climate interactions. 

One o f them is how to represent cloud radiative properties correctly in climate 

models assuming that cloud morphology and microphysical properties are given.
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The other one is how to simulate the behaviour o f clouds in a changing climate, 

or the feedback problem. Accurate computations o f the radiative properties are 

required for studies o f  feedback mechanisms.

From a climate point o f view, the cloud radiative properties are dependent 

on cloud morphology including cloud height and the the cloud optical properties 

which for water clouds are determined primarily by the cloud water amount and 

equivalent radius (cf. Chapter 2). The temperatures of the Earth’s lower atmo

sphere and surface are sensitive to the radiative properties o f clouds both for solar 

and terrestrial radiation. An increase of the cloud top height implies less outgoing 

infrared radiation and thus an increase in tropospheric temperature (Schneider, 

1972; Wang, 1981; Wetherald and Manabe, 1988). An increase in cloud water 

amount leads to enhanced reflection of solar radiation and a cooling o f the Earth’s 

surface (Paltridge, 1980; Stephens and Webster, 1979; Charlock, 1982; Somerville 

and Remer, 1984; Roeckner et al., 1987). A decrease in the equivalent radius of 

the cloud droplet size distribution (with cloud liquid water fixed) also increases 

the cloud reflectivity and cools the Earth’s surface (Twomey, 1978; Shaw, 1983; 

Charlson et al., 1987; Albrecht, 1989; Slingo, 1990; Wigley, 1991; Charlson et al., 

1992; Shaw et al., 1992; Penner et al., 1992).

An inter-comparison of 19 different global climate models shows that the dif

ferences between model results stem mainly from climate induced changes o f cloud 

radiative forcing (Cess et al., 1990). In current global climate models, the cloud 

equivalent radius is frequently assumed to be 10 f i m .  The attention o f the cli

mate modelers has been focused on the variations o f the cloud water amount. Is 

the cloud drop size important at all? The first part o f this chapter will provide 

a quantitative study o f the sensitivity o f the cloud equivalent radius, re, on the 

cloud radiative forcing.

Previous studies have demonstrated the importance o f cloud optical properties
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on climate by using radiative - convective models (Wang et al., 1981; Charlock, 

1982; Somerville and Remer, 1984; Liou et al., 1985; Betts and Harshvardhan, 

1987; Coakley et al., 1987; Albrecht, 1989; Mitchell et al., 1989; Platt, 1989). 

Most o f these studies have focused on the importance of the cloud water amount, 

but have not paid much attension to cloud droplet size. The absorption by clouds is 

an important issue (Wiscombe, 1984; Ackerman and Stephens, 1987; Stephens and 

Tsay, 1990). For the same optical thickness, changes in equivalent radius affect the 

absorption. A new radiative - convective model has been developed (cf. Chapter 

3) and will be applied here to study the relative importance o f cloud droplet size 

by comparing its impact on climate with the impact o f changes in other variables, 

such as greenhouse gases, the solar constant as well as the cloud height and water 

amount.

4.2 Cloud Radiative Forcing and Cloud Micro

physical Properties

Cloud radiative forcing is defined as the difference o f the net radiative fluxes be

tween cloudy and clear sky at the top of the atmosphere (Ramanathan et al., 

1989)

C  =  Fcloudy F cUar■ (4.1)

where C  is the cloud radiative forcing, F cioudy and F ciKar are the net radiative flux 

at the top of the atmosphere for cloudy and clear sky conditions, respectively.

Several studies suggest a simple linear relationship between the net solar radi

ation fluxes at the surface and at the top of the atmosphere (Ramanathan, 1987; 

Cess and Vulis, 1989; Cess, 1991; Chou, 1991). Climatology of solar radiative
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forcing at the surface has been generated from satellite observations o f the solar 

radiation at the top of the atmosphere using such a linear relation (Chertock et 

al., 1991; Li, 1993). While the appropriateness of the linear relation requires more 

study (Pinker and Tarpley, 1988; Schmetz, 1993), the cloud radiative forcing is still 

one o f the most important indicators of the role o f clouds in the climate system as 

it can be observed directly from space.

Using an atmospheric radiative transfer model (Stamnes et al., 1988; Tsay et 

al., 1989) with the new parameterizations of cloud optical properties (cf. Chapter

2), we study how the cloud radiative forcing depends on cloud height, cloud liquid 

water path and cloud equivalent radius in this chapter.

4.2.1 The Cloud Sensitivity Problem: Solar Radiation

4.2.1.1 Response of Cloud Forcing to Changes in Droplet Size for Fixed 

Liquid Water Path

The U.S. standard atmosphere has been used as the model inputs, such as atmo

spheric density, temperature and water vapor profiles. The sun is assumed to be 

overhead. The cloud radiative forcing C S(,iar is calculated from:

_ d2 j
C solar =  -  ^ ' H Fcloudy ~  Fdear) =  ~{F doudy ~  Fclear) (4.2)

4 ^  F.EaTth 4

where F  is the net radiative flux at the top of the atmosphere. The reason for the 

coefficient i  is to simulate a global annual average.

The global shortwave cloud radiative forcing from the Earth Radiation Budget 

Experiment (ERBE) is —AA.hW/m2 for the month of April 1985 (Ramanathan et 

al., 1989). The shortwave radiative forcing is large over mid- and high-latitude 

oceans with maximum values around —150W /m 2 (Ramanathan et al., 1989; Har

rison et al., 1990).
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Figure 4.1 is an example of the computed radiative forcing for different cloud 

liquid water paths (5, 50 and 500 g/m2). For clouds with liquid water paths around 

50 ^ /m 2, the radiative forcing is very sensitive to the changes in the equivalent 

radius (Figure 4.2). A l//m  decrease in cloud equivalent radius generates up to 

— IbW/m2 more shortwave cloud radiative forcing.

A standard climate sensitivity study has been to consider the climate response 

to a 2% variation in the solar constant. Figure 4.3 shows that a 10% decrease 

in cloud equivalent radius will result in a 7 — 15% increase in shortwave cloud 

radiative forcing. The changes in cloud radiative forcing are larger than —5W/m2, 

which is similar to a 2% decrease in the solar constant (global average difference 

0.02 x 1373 x 0.70 x J »  A.bW/m2).

4.2.1.2 Response of Cloud Forcing to Changes in Cloud Equivalent Ra

dius for Fixed Optical Thickness: the Cloud Absorption Prob

lem .

The general circulation is driven by the imbalance of the net surface radiative 

heating and the net atmospheric radiative cooling. The cloud absorption of solar 

radiation is an important part o f the compensation to the longwave cooling of 

the atmosphere and thus affects the general circulation. The importance of the 

cloud absorption problem has been discussed in recent studies (Wiscombe, 1984; 

Stephens and Tsay, 1990).

To study the climate sensitivity to cloud absorption, we can look at the short

wave cloud radiative forcing as a function o f cloud equivalent radius for fixed cloud 

optical thickness. As the asymmetry factors for different types of clouds do not 

vary significantly (g  is always around 0.85), the differences in cloud forcing rep

resents the climate effect o f  the changes in absorption (or the variations of single 

scattering albedo).
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Equivalent Radius (/xm)

Figure 4.1 The shortwave cloud radiative forcing (global annual average) variations with equivalent 
radii of cloud droplet size distribution for thin (5 g/m2), regular (50 g/m2) and very thick clouds (500 
g/m2).
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Equivalent Radius (fim)

Figure 4.2 The changes of the shortwave cloud radiative forcing for a l/im decrease in equivalent radius 
at different, equivalent radii of cloud droplet size distribution for thin (5 g /m2), regular ( 50 g/m2) and 
very thick clouds (500 g/m?).
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Equivalent Radius (/xm)

Figure 4.3 Percentage changes in shortwave cloud radiative forcing for a 10% decrease in equivalent 
radius at different equivalent droplet radii for thin (5 g/m2), regular (50 g /m2) and very thick clouds 
(500 g/m2).
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Radius

Figure 4.4 The shortwave cloud radiative forcing for different cloud equivalent radii for fixed cloud 
optical thickness.
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Radius

Figure 4.5 The changes of t.lie shortwave cloud radiative forcing with a rK decrease of l/im for different 
cloud equivalent radii with fixed cloud optical tliickness.
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Radius

Figure 4.6 The shortwave cloud radiative forcing ratio between the surface and the top of the atmo
sphere for different equivalent radii with fixed cloud optical thickness (thin clouds).

Figures 4.4 and 4.5 show that for fixed cloud optical thickness, the shortwave 

radiative forcing changes a lot if the cloud equivalent radius varies. Here, the 

variation o f the single scattering albedo is primarily responsible for the changes 

in the cloud forcing. Calculations (cf. Chapter 2) show that the single scattering 

albedo changes with cloud equivalent radius. The differences of the single scatter

ing albedos between re =  6//m and re =  24pm are about one order of mangitude 

for all wavelengths (see Figure 2.5). Figure 4.4 shows that the difference in cloud 

radiative forcing caused by changes in droplet sizes (which impact single scattering 

albedo) can be as big as 25W/m2. In most climate models, the parameterization 

of shortwave cloud single scattering albedo is far from accurate. More research 

focusing on the cloud absorption problem (especially the shortwave absorption by 

the large drops) is needed.
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Radius

Figure 4.7 The shortwave cloud radiative forcing ratio between the surface and the top of the atmo
sphere for different, equivalent radii with fixed cloud optical thickness (moderately thin clouds).

The cloud radiative forcing at the bottom of the atmosphere might be the 

most important component affecting the cloud - general circulation interaction. 

Figures 4.6, 4.7 and 4.8 show the relationship between the shortwave cloud radia

tive forcing at the bottom o f the atmosphere and at the top o f the atmosphere. 

Clearly, (1) this relationship is sensitive to cloud droplet size (regardless of optical 

thickness) and (2) unless the cloud is very thick, it is also very sensitive to cloud 

optical thickness.

4.2.2 The Cloud Sensitivity Study: Terrestrial Radiation

In most weather forcasting models, multiple scattering properties o f the terrestrial 

radiation are not considered properly. In climate models, the thin clouds play a 

very important role in the energy redistribution processes. The radiative effects of
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Radius

Figure 4.8 The shortwave cloud radiative forcing ratio between the surface and the top of the atmo
sphere for different, equivalent radii with fixed cloud optical thickness (thick clouds).

the cirrus clouds might be one of the most important atmospheric ‘ thermostats’ 

(Ramanathan and Collins, 1992).

An accurate and also simple parameterization of cloud optical properties such 

as extinction coefficient, single scattering albedo and asymmetry factor is needed 

in the radiative transfer calculations of the terrestrial radiation in climate models 

if the climate system is sensitive to the single scattering properties in the longwave 

radiation.

Figure 4.9 and 4.10 show that the longwave cloud radiative forcing are sensitive 

to the changes in cloud equivalent radius if the cloud is not too thick.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

Equivalent Radius

Figure 4.9 The longwave cloud radiative forcing at the top of the atmosphere for different equivalent 
radii with fixed cloud liquid water content (in g /m2).

4.3 Equilibrium State Sensitivity Study

There are many feedback mechanisms within our climate system involving clouds 

and the hydrological cycle. Many studies demonstrated the importance of cloud 

water and height feedback in climate models (Wang et al., 1981; Charlock, 1982; 

Somerville and Remer, 1984; Betts and Harshvardhan, 1987; Coakley et al., 1987; 

Albrecht, 1989; Mitchell et al., 1989; Platt 1989). As a result o f the increase in 

greenhouse gases, some studies show a slight positive cloud feedback (Wang et 

al., 1981; Liou et al., 1985), while other studies indicate large negative feedbacks 

(Paltridge, 1980; Somerville and Remer 1984; Mitchell et al., 1989). Cloud radia

tive forcing from ERBE indicates a slight positive feedback (Cess et al., 1992) by 

comparing the cloud radiative forcing variations in summer and winter. Most of 

the previous studies did not consider the variation in the cloud equivalent radius.
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Radius

Figure 4.10 The change in longwave cloud radiative forcing caused by 1pm increase in equivalent 
radius for different, equivalent radii with fixed cloud liquid water content (in g/m2).

Clouds forming in a maritime enviornment are more likely to produce rain 

than clouds forming over the continents. Thus, the maritime clouds are less col

loidally stable than their continental counterparts. In a nucleus-rich continental 

atmosphere, a given liquid water content must be distributed over numerous small 

droplets having small collection kernels or collection cross-section, which makes it 

difficult to produce rain. For a certain amount of cloud water, the bigger the cloud 

nucleus population, the smaller the cloud equivalent radius and the lesser is the 

likelihood for rain. The cloud amount and duration will increase as a result. This 

feedback process is a cooling mechanism in the atmosphere.

A quantitative sensitivity study of the equilibrium temperature profiles with 

changing cloud equivalent radii ( with liquid water path fixed or with optical 

thickness fixed ) is performed in this section.
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4.3.1 Climate Sensitivity to the C O 2 Concentration Dou

bling or 2% Change in Solar Constant

The surface temperature changes by an amount ranging from 1.5 to 3°C  in cur

rent climate models as a result o f carbon dioxide concentration doubling or a 2% 

increase in solar constant, depending on the treatment of clouds (Smith, 1990).

Based on the Radiative-Convective model developed for this study (cf. Chapter

3), the temperature increases by about 1.6°C  as a result o f C O 2 concentration 

doubling ( Figure 4.11 ), whereas the difference of a 2% changes in the solar 

constant causes a 1.5°C change in surface temperature ( Figure 4.12 ).

4.3.2 Climate Sensitivity to Cloud Water Path Variation 

and Cloud Droplet Size Variation

As the cloud optical thickness is very sensitive to the cloud droplet size (rso/ar oc 

L W C /re), the shortwave radiation is very sensitive to this parameter. The equilib

rium states of the one dimensional radiative - convective model with different cloud 

liquid water contents and equivalent radii show that the temperature profiles are 

very sensitive to the cloud microphysical properties (Figure 4.13). A 15% decrease 

in the cloud liquid water path or a 10% increase in the cloud equivalent radius will 

increase the surface temperature by about 1.6°6’ , the same as that resulting from 

C O 2 concentration doubling.

The sensitivity calculations with the radiative - convective model suggest that 

the cloud equivalent radius should not be artificially assigned in climate models. 

Better understanding of the variations of re in a changing climate is needed for the 

correct predictions of climate change.
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Figure 4.11 The equilibrium of temperature profiles for different CO2 concentrations: 300 unit per 
million or 600 unit per million..
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Figure 4.12 The equilibrium of temperature profiles for different solar constant: 98%, 100% and 102%.
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Figure 4.13 The equilibrium of temperature profiles for 15% changes in cloud liquid water path (upper 
panel) and for 10% changes in cloud equivalent radius (lower panel).
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4.3.3 Climate Sensitivity to Cloud Cloud Droplet Size Vari

ation for Fixed Optical Depth ,

The shortwave cloud absorption from model is significantly smaller than the re

sult o f observations. To study the possible impact o f an incorrect single scattering 

albedo in climate models, a sensitivity study is performed with the radiative - con

vective model. With fixed cloud optical thickness, the variations in the equilibrium 

temperature profile with different cloud equivalent radii represent the equilibrium 

temperature response to the differences in the shortwave cloud absorption.

For shortwave radiation, the single scattering albedo changes by an order of 

magnitude when re changes from 7.2 fim to 12.8 fim. The surface temperature 

difference (Figure 4.14) is bigger than 1.6°C, the temperature increase due to 

C O 2 concentration doubling or a 2% increase of the solar constant. The correct 

understanding o f the cloud absorption is important for realistic prediction o f the 

climate change due to C O 2 concentration doubling.

4.4 Summary of the Chapter

The climate sensitivities o f the cloud microphysical properties are discussed here. 

Both cloud radiative forcings and the equilibrium surface temperatures are very 

sensitive to the variations in cloud equivalent radius. A 10% decrease of cloud 

equivalent radius or a 15% increase in cloud water amount can compensate the 

expected warming caused by CO 2 concentration doubling.

The climate impact o f the cloud absorption can be isolated by varying the cloud 

equivalent radii with fixed cloud optical thickness. The shortwave cloud radiative 

forcing is sensitive to the calculations of cloud absorption. A slight variation of the 

cloud single scattering albedo can cause a difference in surface temperature as big
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Temperature

Figure 4.14 The equilibrium of temperature profiles for different cloud equivalent radii with fixed cloud 
optical thickness: The cloud absorption effect,.
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as the temperature change due to C O 2 concentration doubling or the 2% increase 

o f solar constant.
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Chapter 5

Adjoint Method for Radiative 

Transfer

5.1 Introduction

Radiative transfer computations are the biggest time comsumers in climate mod

els. Speeding up the radiation computations is crucial to the radiative-convective 

model. In climate models, the radiative transfer equation has to be solved again 

and again because the optical properties o f the atmosphere vary with time. Using 

the adjoint method, these repeated computations o f the radiative transfer equation 

can be significantly reduced.

The adjoint method has been widely used in different fields of atmospheric 

sciences (e. g., Marchuk, G.I., 1958, 1964, 1974, 1992; Cacuci, D.G., 1981, 1988; 

Gerstl, 1982; Box et al., 1988; Zou, et al., 1993). Unlike the direct equations 

which describe the meteorological fields forward in time and space, the adjoint 

equations describe the sensitivity o f the system (to different parameters o f the 

equations) backward in time or space direction. The system variables can be 

calculated through the symmetry equation o f inner products in Hilbert space. The
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adjoint method is a powerful tool for a linear system. One example of using the 

adjoint method is the Green’s function method. In the atmospheric community, 

the adjoint method for linearized and full primitive dynamics equations has been 

developed for long-range weather prediction, parameter estimation for physical 

parameterization and data assimilation.

The radiative transfer equation for a plane-parrallel atmosphere can be con

sidered as a linear equation over the phase space (r,0,<f>). In this chapter, we will 

show that the adjoint radiative properties can be easily obtained with the available 

forward radiative transfer code. The radiative properties such as fluxes, heating 

rates and their sensitivities to the optical properties (optical depth, single scat

tering properties, phase function, atmospheric profiles, etc) can be easily obtained 

from the adjoint radiative intensity.

Using the adjoint method for radiative transfer computations, we can signifi

cantly speed up climate models by reducing the time expended on radiative transfer 

computations. In atmospheric remote sensing, this method will play an important 

role because it accurately calculates the partial differentials, which are crucial for 

extracting cloud information from the surface or top of the atmosphere radiative 

fluxes or intensities.

The concept of the adjoint method for radiative transfer calculation, the scheme 

o f  computing adjoint radiative fluxes by using DISORT and the application o f this 

method is discussed in the following sections.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

5.2 Adjoint Equation for Radiative Transfer

5.2.1 Adjoint Operator

If L is a linear operator, (x , y ) is the inner product o f x and y, /  and f*  are

arbitrary functions, the adjoint operator L* is a linear operator which satisfies the

following equation

( / ' , £ / )  =  ( / ,£• /• )■ (5-1)
The following is an example of how to find the adjoint operator. For L =  ^  

with boundary condition ( / , / * )  =  0, we have

^  = 0 ' % d* .

=  v ' ’ ^ - O d£ d*

-

=  ( / , £ - / • ) •  (5-2)

So the adjoint operator is L* =  ^  =  —L. It is a self-adjoint operator.

The adjoint operator for a constant c is itself, because ( / * , c / )  =  ( / ,  c /* ).

If the boundary condition is ( / , / * )  =  0, the adjoint for a linear operator gj* 

is (the proof for this can be found in standard textbooks such as ‘Mathematical 

Methods for Physicists (Arfken, 1985)):

£ '  =  (53 )
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5.2.2 Adjoint Operator for Differential-Integral Equation

The adjoint operator for L =  aL\ +  bh2 is L* =  aL\ +  bL^. Here a and b are con

stants. For a linear differential-integral equation, we can separate the differential 

part Li and the integral part L2.

For the integral operator L =  P (x '  —> x) dx where P ( —x  —> —x') dx =  

P(x> ->  x) dx (here P represents the phase function in radiative transfer equation), 

the inner product o f functions /  and f*  is

(/*,£/) = [  f* (x )  f  P(x'  ->• x ) f ( x ' )  dx' dx
Ja J a

=  f  /* (;x') j  P (x  ->• x ' ) f ( x )  dx dx'
Ja Ja

=  [  f * ( x>) [  P { ~ P  -)> - x ) f ( x ) d x d x 'Ja J a

=  f  f ( x ) f  P (—x ' —} —x)f* (x ')d x 'd x  
Ja Ja

=  (f , L T )• (5-4)

So if P ( —x  —y —x') dx =  P(x'  —v x) dx , the adjoint operator of L =  P {x '  —>

x) dx is

L* =  f  P ( —x' —> —x) dx. (5.5)
Ja

5.2.3 Adjoint Operator for Radiative Transfer

For the radiative transfer equation

^1L = I - J L  j  p m '  n )id w ' +  Q (5.6)
A T  4 tT J47T

where a is the single scattering albedo and Q represents the blackbody emission 

or incident solar beam. Q is independent of I.
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The radiative transfer equation can be written as L I  =  Q, where the linear 

operator L is

L(Cl) =  v 4 ~ -  1 +  T~ !  P tf1' -»• & )(lw>- (5J)
t i T  47T J4 ir

The adjoint operator of a constant is itself. From equation 5.3 and equation 5.5, 

the adjoint operator for equation 5.7 is

L* =  - ^ 4 -  -  1 +  ^ -  /  P ( - &  ->  - f l ) d u i '  
d r  An J4 *

=  L(-Cl). (5.8)

The computation methods for the regular radiative transfer equation can still 

be used after we introduce another variable which is

I ’(Cl) =  r ( -C l )  (5.9)

L * ( h ) r ( h )  =  Lm( i i ) f ( - C i )  

=  L ( -C i ) r ( -C i )

=  Q '(n ). (5.10)

Replacing Cl by —Cl in Equation 5.10, then the adjoint radiative transfer equa

tion L*I* =  Q' is equivalent to

L(Cl)I'(Cl) =  Q'(-Cl). (5.11)

Equation 5.11 has the same radiative operator as the regular radiative transfer

equation. Thus regular computational routine (with arbitrary intensity-independent 

source) can be used for solving the adjoint equation.
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5.3 Physical Meaning of the Adjoint Intensity

The radiative sources in all the layers of the atmosphere contribute to (or influence) 

the radiative intensity at any particular level. The adjoint method calculates these 

contributions (or influences).

The physical meaning o f the solution to the adjoint radiative transfer equation 

is elucidated by looking at the following two equations

L * r  =  S(t -  Ti) (5.12)

L I =  8(t -  Tj). (5.13)

Equation 5.13 is the ‘forward’ radiative transfer equation for a unit source at 

level j .  Equation 5.12 is the adjoint radiative transfer equation for a unit source 

at level i.

(r ,u ) =  /-[t(j)]

( / ,£ - /■ )  =  /[r ( i ) ] .  (5.14)

From the definition o f the adjoint operator (/* , LI)  =  ( / ,  L*I*), we have

I'lrU)) =  /[r (<)). (5.15)

Thus, the solution /*(T j) o f the adjoint equation with a unit source at level I  

is the same as the solution 7[r(i)] o f the forward equation with a unit source at 

level j .  This implies that the physical meaning of the adjoint radiative intensity 

r[r(j)]  from the adjoint radiative transfer equation 5.12 is the contribution o f the 

source at each layer j  to the radiative intensity o f a specific level i.
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5.4 Fluxes and Heating Rate Computations

73

One o f the incentives for using the adjoint method to compute fluxes and heating 

rates is to reduce the burden o f radiative transfer computations in climate models. 

The radiative transfer equation has to be solved for each grid point and time step 

in the climate models. Because there is no analytical solution for it in general, 

the radiative transfer equation has to be solved numerically, which is quite time 

consuming.

Using the adjoint method, we can determine the radiative fluxes and heating 

rates semi-analytically: the fluxes and heating rates can be expressed analytically 

as the functions o f intensity independent source functions (blackbody emission 

and incident beam), optical properties (extinction coefficients, phase functions, 

etc) and adjoint radiative intensities for several typical atmospheric compositions, 

which can be calculated once and for all. With this method, the radiative fluxes 

and heating rates of the atmospheric layers can be calculated without repeatedly 

solving the radiative transfer equation for thousands of grid points, time steps and 

spectral lines.

In the following subsections, we will first introduce the basic idea of fluxes and 

heating rates calculation using the adjoint method for constant optical properties 

and different atmospheric temperature profiles. Then we will introduce the per

turbation method for the adjoint radiative transfer problems with perturbations 

in optical properties.

5.4.1 Basic Idea about the Calculations

First, let’s consider the adjoint method for radiative transfer without optical prop

erty perturbation. Similar to the idea of solving partial differential equations by 

using the Green’s function method, we can first solve the adjoint radiative transfer
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equation with a specific source function L*I* =  Q'. This source function Q' is 

constructed so that the integration (I* ,Q ) =  dr J4n I*Q dui yields the radia

tive properties we need (here Q represents the actual source function and I* is the 

solution of adjoint equation).

We can find Q' from the definition o f adjoint ( /* , L I) =  (I , L*I*).

( r , g )  =  ( r , L i )

=  { i , L * n

=  (/,«')■ (5.16)

As ( / ,  Q') =  f  d r j  I  • Q' du>, we can compare ( / ,  Q') with the radiative proper

ties, such as net fluxes XlTr f i l  rffl, to obtain the Q'.

The similiarity o f  the adjoint radiative transfer method and the Green’s func

tion method is: they both simplifies the procedure of solving the whole equation by 

replacing the real source term with a simple source. The differences is: the Green’s 

function method requires the adjoint equation to have analytical solutions.The ad

joint radiative transfer equation does not have an analytical solution in general 

and has to be solved numerically.

5.4.2 Calculations of Fluxes

5.4.2.1 The Relation of Flux and Adjoint Intensity

The net radiative fluxes at level i is

f 2rr f 1
F i  —  I f < I ( r i ,  //■, </>) d f i  d(f>

Jo  7 - i

=  (7 ,M (r -7 'i)) -  (5-17)
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The radiative fluxes Fi can be derived (see equation 5.19) by solving the adjoint 

radiative transfer equation with an adjoint source Q' as

75

Q' =  u r

=  f iS (r -T i) .  (5.18)

From equation 5.17, equation 5.18 and the definition of adjoint operator, the 

flux can be obtained from the solution of adjoint equation L*I* =  Q' and the source 

o f the regular radiative transfer Q (the incident beam or the thermal emission)

r2ir r l
Fi =  y  i i i //, (f>) dfi d(j>

/
o o  r 2 n  r l

d,T d<f> I (f))Q' dfi
- o o  Jo J- 1 

=  (/,< ? ')

=

/ o o  [ 2 l r  r l

dr J  d<p J  /  *(r, /i, <p)Q dfi. (5.19)

For thermal infrared region, F{ can be calculated from the mean intensity /* 

because the thermal emission is independent of // and <f>

  1 f2v r1
1 =  4tr Jo J-1 7^ r ’ fl’ ^  dfl ^  5̂‘20^

/ OO _____
I* (t )Q (t ) dr. (5.21)

•OO

5.4.2.2 Solving the Adjoint Equation

Refering to equation 5.11, L*I* =  Q' is equivalent to LI' =  Q '( - f l ) .  For calculat

ing the terrestrial radiation, Q' =  fiS(r — rt) (refering to equation 5.18). We can

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

use the comprehensive discrete ordinate method (Stamnes et al., 1988) to solve the 

equation.

The source function of the regular equation for terrestrial radiation (1 — a ) B { T i )  

is replaced by fi8{r  — r,) o f the adjoint radiative transfer equation (see equa

tion 5.18). To solve this adjoint radiative transfer equation with the regular radia

tive transfer model DISORT (Stamnes et al, 1988), we have inserted a very thin 

emitting layer (A ar  =  10- r ) into level i and changed the thermal source to / / /A ar. 

It is the only thermal source o f the system.

The ground and space are considered as absorbing layers with infinite optical 

thickness because the adjoint method requires the boundary condition

( / ,  /* ) =  0 fa r  t  — =  ± o o . (5.22)

5 .4 .2 .3  P h ysica l M ea n in g  o f  /*

For the adjoint equation L*I* =  //,<S(r — r,), the solution /* (r j)  equals the flux F (r t) 

for the forward radiative problem L I =  8 ( t  — t j )

=  ( r , s ( T - T j ) )

= ( r , L i )

=  ( / , I T )

=  ( I , h 8 ( t - T i ) )

=  F (r t). (5.23)

So the physical meaning o f the I* at level j  for adjoint problem o f the terrestrial 

radiation L* I* =  //.5(r — r,) is the radiative flux at level i contributed by a unit

radiative source ar level j .  Figure 5.1 shows the changes o f such a ‘contribution’

with the optical thickness.
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0.00 0 .10 0 .20  0 .30  0 .40 0 .50  0.60
Adjoint Mean Intensity

F ig u r e  5 .1  The optical depth dependence o f  the mean intensity for the adjoint equation 
L*/* = fi6(t -  r,).

5.4.2.4 Results of Flux Calculations

After solving the adjoint radiative transfer equation, the radiative fluxes at each 

level can be derived by integrating the ” contributions” of all the layers (referring 

to equation 5.21).

As the adjoint mean intensity does not change with optical thickness linearly, 

we use the Gauss-Laguerre method for the numerical integrations. The fact that 

the mean intensity attenuates with optical depth has to be considered in the design 

o f the numerical integration.

Figure 5.2 compares the fluxes computed from the adjoint method and fluxes 

computed from the forward method. The results shows very little difference (less 

then 0.1% everywhere).
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Figure 5.2 The left panel shows t,he fluxes calculated from the adjoint method F a d j  (solid line) 
and from the forward method F f o r  (dotted line). The right panel shows the percentage difference 
(100 *  F a d j  —  F f o r ) / F f o r - -

5.4.3 Calculations of Heating Rates

The heating rates (warming or cooling rates) o f level r  =  r,- is:

A T  _  1 A Q

A t  C p p A z  A t

-  _ L ^
C p P

=  — I  ( 1 4 1  P j r < k ‘
Cp p J 2 w  . / - l  CJZ

=  —  {T frd  -  (5.24)
C p P .

The heating rate at level i can be easily derived after /(r ,)  is available.

As 47r/(r,) =  {I ,S (t — r ,)), the adjoint equation for solving / (r ,)  should be 

• I* =  5(t — tj). The mean intensitym
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Adjoint Mean Intensity  

Figure 5.3 The optical depth dependence of mean intensity for adjoint equation L*/*  =  S ( t  —  t;)..

______  r2 7T rl
4 7 r / ( T , )  =  J a (l<f)j I  ( T i ) d / l  

=  ( U i r - T i ) )  

=  ( / ,  L*I*) 

=  ( I \ L I )

/ o o  r 2 ir  r l

r (r ) - ( l -a )B (T )d f id ( f> d T .  (5.25)
*oo JO J—1

Figure 5.3 shows optical depth dependence of the mean intensity calculated 

from adjoint equation L*I* =  5 ( t  — r,). Figure 5.4 shows that the mean intensities 

computed from adjoint method are the same as those computed from the forward 

method.
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Figure 5.4 The left, panel shows t.he heating rates calculated from the adjoint method Hadj (solid 
line) and from the forward method (dotted line). The right panel shows the percentage difference
( 1 0 0  *  H a d ]  H f o r w ' j / H / o r t i f .

5.4.4 Perturbation of Optical Properties

By using the adjoint method, it is easy to calculate dF/c)aFXt, OF/da, 0F /dP(Q ) 

as well as F  (F  represents flux, u represents the extinction cross section, a is the 

single scattering albedo and P (Q ) is the phase function). This is also true for 

other radiative properties such as heating rates and intensity instead of F. These 

derivatives of F  are important for the sensitivity study in climate modeling and 

remote sensing. We have to solve the radiative transfer ecjuations hundreds o f times 

to compute these derivatives using the regular forward radiative transfer method. 

The adjoint method will reduce the computations significantly.

For a small perturtation in L' — L +  SL, the flux F' can be calculated from the 

adjoint method with equation
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F '=  ( / '* , / / / ' ) .

If L' is very close to Z, then / '  ~  / ,  /'*  «  /*. The derivatives dF/dL  is

(5.26)

dF/dL  =  lim• tr if
F ' - F

lim — ——  
6L-+0 oL

(5.27)

(5.28)

We can calculate 5L I without solving the radiative transfer equation again.

remote sensing. For climate models, the evolution of the climate system possesses 

slowly varying optical properties (the motion with scale smaller then hundreds 

o f kilometers is nothing but noise in the models and should be parameterized so 

that only the feature o f long time mean value are meaningful). The computations 

o f  radiative properties can be significantly simplified through this perturbation 

procedure.

The perturbation method could also be useful for remote sensing of cloud opti

cal properties because it supplies the derivatives of the radiative flux and intensity 

with respect to changes in optical properties.

So the derivatives of F  can be obtained without repeating the solutions o f the 

radiative transfer equation.

These derivatives o f the radiative properties are useful for climate modeling and

5.5 Summary of the Chapter

The adjoint method for radiative transfer method has been developed and tested by 

using DISORT (discrete ordinate radiative transfer method). Possible applications
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o f the method were discussed.

Using the adjoint radiative transfer method, it is possible to reduce the comput

ing time for climate modeling. As we can calculate the derivatives o f the radiative 

properties without having to solve the radiative transfer equation repeatedly, this 

method offers significant advantages.
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Chapter 6 

Cloud Microphysics and Climate 

Macrophysics

6.1 Introduction

The biggest obstacle for understanding cloud - climate interaction is the lack o f a 

connection between cloud microphysics and climate macrophysics.

The energy source o f the Earth’s climate system is radiation. Clouds play im

portant roles in the climate system by redistributing the radiative energy. Slight 

perturbations in cloud properties can cause a significant change in climate. Clouds 

are always changing. The meteorological fields which controls the cloud micro

physical structure are always different for different time and space location. The 

cloud albedo ranges from 0 to 1 within the atmosphere. On the other hand, the 

macrophysical climate impact o f the clouds is very stable from the observations: 

the planetary albedo o f the Earth has been about 0.3 as a global and annual av

erage for solar radiation, which suggests that the climate relevant clouds are very 

well organized by physical mechanisms that are not yet well understood.

The global climate system is directly affected by planetary scale motions with
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space scale o f thousands of kilometers. The space scale for cloud systems can be 

as small as hundred meters. Numerically, it is difficult to include the cloud forma

tion processes in climate models interactively because errors of subscale convective 

motion will build up in the highly nonlinear atmospheric system. Parameteriza

tion schemes which link the cloud microphysical properties to the planetary scale 

properties are needed.

The existing cloud cumulus parameterization schemes such as the Kuo scheme 

(Kuo, 1974) and the Arakawa-Schubert scheme (Arakawa and Schubert, 1974) are 

constructed for numerical weather prediction models, for which the cloud - synop

tical scale atmospheric dynamics interaction is the major concern. The synoptical 

motions (time scale no longer than a week) are very sensitive to the initial con

ditions (or dynamical effects). The variation of boundary conditions such as the 

radiative forcing are not as important as the initial conditions. The climate system 

is not sensitive to initial conditions. The distribution o f radiative energy deter

mines the climate state. The physics linking the cloud and climate is through the 

cloud - radiation interaction, which has been neglected or misrepresented in the 

current cloud parameterization schemes because the magnitude of cloud - radia

tion interaction is within the error o f the cloud - dynamics interaction with any 

parameterization scheme.

To understand the role of the clouds in the climate system, the physical prin

ciple which governs the variations o f the long-term and globally averaged cloud 

radiative properties is needed. This cloud - climate interaction can be illustrated 

from a simple one dimensional analysis.

Are the climatic cloud radiative properties deterministic (clouds are determined 

by deterministic conditions such as incoming solar radiation at the top o f the atmo

sphere, the climate average o f compositions of the atmosphere) or chaotic (clouds 

are sensitive to initial atmospheric conditions)? If the clouds are deterministic,
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how are they related to the climate macrophysics?

Most of the theories and observations about clouds are focussed on cloud dy

namics which are not relevant to climate (noise to the climate modeling) and 

with insufficient information about cloud climate interaction. Cloud variability 

depends on how you look at it (Rossow, 1994). A thermodynamic connection be

tween clouds and climate is needed. Observations relevant to such a connection 

can be developed based on that.

The aim o f this chapter is to study the clouds of the equilibrium state climate 

system and the link o f their radiative properties to the macrophysical properties 

o f the climate system. The physics o f  the cloud - climate interaction is studied 

by abstracting it to a simple thermodynamic problem. By studying the stability 

o f the thermodynamic system, a possible rule for cloud - climate interaction is 

proposed theoretically and partly verified numerically.

6.2 The Thermodynamic Problem

One of the most important aspect o f the cloud - radiation - climate interaction can 

be illustrated by studying the stability o f equilibrium states.

6.2.1 Pure Radiative Equilibrium

First we consider a one dimensional atmospheric system with no convection (the 

’’ Earth” with no gravity) and no phase change o f water. The atmosphere and 

the ground o f  the Earth absorb solar radiation and emit infrared radiation. The 

temperature o f each layer will change until the pure radiative equilibrium state is 

achieved where the energy emitted balances the energy aborbed. A one dimen

sional radiative model has been developed to achieve such an equilibrium with time 

stepping of the temperature:
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. . d Vr;+1 = t ;  +  - ^ a  t (6.1)

where the heating rates o f layer j  at time step i are calculated from solving the 

radiative transfer equation. Model study shows that the equilibrium state is not 

sensitive to the initial temperature profile.

Another way of aproaching the equilibrium state is locating the equilibrium 

simply from the macrophysical approach, which is the entropy approach.

We will prove that the equilibrium state is the state with the maximum entropy

if we consider the Earth, the Sun and the surrounding vacuum as the system.

The system which we are looking at is a ’’ universe” which contains only the 

Sun, the Earth and the vacuum around them. The entropy flux o f blackbody 

emission is (Planck, 1913):

S =  ^ f - .  (6.2)

If the initial temperature of the Earth is zero (no radiation going out of the 

Earth or the Earth has no yet been created), the entropy of the solar radiation in 

the vacuum (per unit time and area) will be the entropy flux o f the solar radiation 

at the surface of the Sun

.  4<tT2
SSm =  (6.3)

To make it simple for demonstration, we consider the Earth as a blackbody 

with isothermal temperature TEarth at first. The temperature of the Earth will 

change after it absorbs the solar radiation. The entropy flux o f the terrestrial 

radiation in the vacuum is

4 (tT\
SEarth =  "  . (6.4)
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Because of the absorption and emission of the Earth, the change o f the entropy 

in the vacuum per unit time per unit area around the Earth is

87

2 2
A C _______________  Q   E arth Q  ^  Earth

vacuum  —  O Earth . T o  *5S u n  , n4ttL2 4nr2Earth

E arth ^Earth ^ T Sun (6.5)
3 16Z2 3

where L is the distance between the Sun and the Earth.

At the same time, there will be changes within the Earth: The Earth absorbs 

the solar energy and emits terrestrial radiation. The internal entropy of the Earth 

itself will change as the temperature changes:

A  SE,arth —
j emissionQ  absorb Q e  

TEarth
7rrLrl/i_fTT4 * r%arth _  ^ 4  

4 i r L 2 Sun 4 i r r ^ rtfi E a r t h

T̂ Earth

The total entropy change because of the Earth’s participation will be:

(6.6)

A Stotal — A S  Earth "I" A Svacuum

=  4crTEarth ■ r\arth 4crTgun
TEarth 3 16L2 3

>  0 (f o r  all. values o f  TEarth an(l 7 s„„). (6.7)

No matter what TEaTth and Tsun is, it is not difficult to prove that the above 

A  Stotal is always bigger than 0 (simple algebra: from y' =  0, we can find the 

extrema of the function y. For the y =  A S , there is only one solution of y' =  0 

at which y is minimum). The minimum value of A  Stotal is achieved (very close to 

but greater than 0) when the incoming solar radiation energy is balanced by the 

outgoing terrestrial energy
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( l& S t o t a l    O ’ rrp4 ______ ^Earth rp4 1 __  r»

dTEarth ~ 4 T £ arthl Earth 16 L2 Slmi~

TEarth =  { ^ T j im}* . (6.9)

The physical meaning of this is: for this isolated ’’ universe” (the Sun +  the 

Earth +  vacuum), A Stotai >  0 as the evolution proceeds, until the final state is 

achieved when A S  reaches minimum. If the minimum go to zero, then the entropy 

will be maximum. If the minimum is larger than zero, the the entropy will always 

increase but the final state has the smallest value of entropy change per unit time 

per unit area.

Until now, we have proved that the irreversibility o f the ’’ universe” requires 

that the blackbody temperature of the Earth will change until the energy balance 

is achieved. The equilibrium temperature is determined by the incoming solar 

radiation no matter what the initial temperature o f the Earth is. The characteristic 

function for this problem is the entropy change, which is the minimum at the final 

state. The role o f entropy change in this problem is similar to the role o f the Gibbs 

function in the equilibrium phase change problem. It tells the time direction.

If the surface temperature of the Earth is larger than the temperature at the 

top of the atmosphere, then there will be some irreversible processes from the ab

sorptions between the different layers. Numerical simulation of the evolution of 

the system shows that the final state is not sensitive to the initial temperature 

profiles, which implies that the final state follows the same rule above: The en

tropy of the whole system will increase until the entropy change reaches minimum 

when the absorption balances the emission for every layer at the final state (pure 

equilibrium).
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6.2.2 The Extrema of the Dry Earth

Now we can take a look at the Earth with gravity but without the phase change o f 

water. The gravitational instability prevents the pure radiative equilibrium: the 

temperature lapse rate dT/dz for the pure radiative equilibrium state is bigger than 

g/Cp. Convective motion will be generated and maintained by the net radiative 

heating through abosorption o f the radiation at the surface o f the Earth and the 

net radiative cooling o f the atmosphere.

The evolution o f temperature for each layer can be simulated with a simple one 

dimensional radiative - convective model. An interesting result from the numerical 

simulation is: the equilibrium state temperature profile is not sensitive to the 

initial temperature profiles again, which suggests that there is an attractor of this 

nonlinear thermodynamic system. It is not difficult to verify that the characteristic 

function o f the system (which characterizes the final state) is the entropy change 

o f  the whole system (the Sun, the Earth and the vacuum) under the constraint 

o f convective adjustment. The theoretical interpretation is provided in the next 

section.

6.2.3 The Irrevesibility Problem of the Earth with Water

Without water, there will be no problem about the modeling o f the climate. With 

the participation o f the water, the previous extrema do not apply any more. The 

climate simulation will be questionable because the results are very sensitive to 

the cloud - radiation - climate interaction, which is not yet properly understood.

As we mentioned in the previous section, the gravitational instability prevents 

the pure radiative equilibrium and the resulting imbalance o f radiative energy 

generates and maintains the continuous convection in the atmosphere. With the 

participation of the water phase change along with the convection, the instability
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is strengthened (CISK: conditional instability o f second type) by the latent heat 

release. On the other hand, clouds redistribute the radiative energy by absorption, 

scattering and thermal emission. Like the gravitational instability constraint, the 

phase changes o f water put additional constraints on the minimum increase o f the 

entropy o f the whole system.

Satellite observations show that the average albedo o f the Earth, which is very 

sensitive to the cloud radiative properties, is always around 0.3 from year to year. 

This suggests that there exists a thermodynamic certainty about globally and 

annually averaged clouds from a one dimensional point o f view.

The cloud - climate interaction can be defined as a nonequilibrium (entropy 

is always changing) nonlinear (convective processes) phase change problem. The 

climatic state is the equilibrium state o f the system, which is strongly dependent on 

the cloud radiative properties. For most cloud radiative properties the equilibrium 

is not thermodynamically stable (otherwise the climate is not predictable). If we 

believe that there exists a stable climate state which is determined by the solar 

radiation at the top o f the atmosphere and the compositions o f  the atmosphere 

and the Earth (water is allowed to change phase continuously), there will be only 

one kind o f cloud radiative properties which is most likely to be selected.

The cloud climate feedback process can be studied after we find the connection 

between the climate and the corresponding cloud radiative properties.

6.3 Stability of Nonlinear Thermodynamic State 

and Entropy Production

For an isolated system, the entropy always increase. At the equilibrium, the en

tropy reaches maximum, which can be characterized as
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^  =  0 and ^ < 0 .  (6.10)
at aV

For a closed (not isolated) system (the Earth’s atmosphere), the changes of the 

entropy can be separated to two part: entropy exchange with the surroundings 

deS and internal entropy production d,-5 (Prigogine, 1969; Peixoto et al., 1991). 

If the system is not far from equilibrium, the equilibrium (or steady state) can be 

characterized by the so-called ’’minimum entropy production principle” (Prigogine, 

1969)

^  >  0 and <  0. (6.11)
dt air

Thermodynamic characteristic functions such as entropy and the Gibbs func

tion exists for the above two kinds o f systems because the equilibrium is an ’’ ex

tremum” condition. All cloud physics knowledge is based on that.

For systems with large perturbations (such as our atmospheric system in three 

dimensional point o f view), the above two ’’ extrema” do not apply. The evolution 

o f these systems generally follows the so called ’’general evolution criterion”

<md (<U2) 
where dx means the change caused by the variation o f the distribution of internal 

thermodynamic forces such as the temperature distribution o f the system. There 

are no ’’ extrema” for these systems in general as dx is not a total differential. But 

if the system is far from equilibrium because of convective instability (such as the 

atmopheric general circulation), there does exist a stability criterion (Glansdorff 

and Prigogine, 1971) which acts like the thermodynamic characteristic function 

for determining the system macrophysical properties (such as temperature distri

bution). The Criterion is a conditional variational principle (Glansdorff and Pri

gogine, 1971): the changes o f the entropy generated by a fluctuation o f the internal
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variable (such as temperature distribution or phase change) will be minimum if 

all the thermal energy is balanced and all the dynamic instability requirement is 

satisfied.

For the globally and yearly averaged one dimensional radiative-convective cli

mate system, the incoming solar radiation is balanced by the outgoing terrestrial 

radiation and the equilibrium state is in convectively stable condition. The ra

diative - convective model has considered all the irreversible processes other than 

those related to the internal thermodynamic processes. The entropy production 

will be a minimum positive value, if not zero, as a result o f the internal irreversible 

processes.

There are two main kinds of internal irreversible processes which will influence 

the entropy production: i. the evaporation at higher temperature and the conden

sation at lower temperature; ii. the inhomogenity of radiative energy absorption 

and emission.

For the processes o f evaporation at higher temperature and the condensation 

at lower temperature, the entropy increases.

A « s  =  £  >  0 (6.13)

where T j  is the temperature of atmospheric layer j ,  QjMent is the heat absorbed 

through phase change ( Q  <  0 for evaporation).

The solar energy absorbed by the Earth is balanced by the outgoing terrestrial 

radiation. Satellite observations show that the Earth is in radiative equilibrium in 

general. The radiative energy inside the atmosphere is always imbalanced because 

the convective instability prevents it from happening. The net radiative energy 

absorption and emission by clouds, water vapor and other greenhouse gases are 

different in different layers and at the surface of the Earth. The higher tempera

ture surface gains radiative energy (the total absorption is greater than the total
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emission) while the. lower temperature atmosphere loses radiative energy. This is 

one o f the most interesting thermodynamic processes because it decreases entropy 

and thus drives the atmospheric engine.

A radS' =  £ % ^ < 0  (6.14)

where Qj,rad is the net gain of solar energy {Qj,rad <  0 for the atmosphere and 

Qi,rad >  0 for the surface).

At the radiative - convective equilibrium, the total change in entropy per unit 

time is a locally minimum non-negative value the system can have through its 

internal processes (such as cloud formation). This requires that

Ajoto/i? =  A e|Ci? +  A radS >  0 (6.15)

and

S(AtotaiS) >  0 (6.16)

where 8( A totaiS) is the change of the A tota;5' with any perturbation in the internal 

thermodynamic properties.

6.4 A Theoretical Study of the Size Distribution 

of Radiatively Stable Clouds

6.4.1 The Most Probable Distribution Function

Basic assumption: the distribution functions f ( x )  are equally partitioned over 

phase space X.

Question: If the second moment o f a distribution is given,
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f  f ( x ) x 2dx =  A. (6-17)
Jo

What is the most probable distribution f ( x ) ?

Answer, the equilibrium distribution is:

OCX TTX
f (x )d x  =  —  exp[— (6. 18)

where c is a constant.

Why: From the Boltzmann H theorem, the H function decreases monotonously

"W  =  I t  I  f ( x )lnf ( x ) dx ~  ° ‘

The H is minimum for the equilibrium size distribution under the constraint 

equation 6.17. This equilibrium function can be derived by using the variational 

method with the constraint (Eqn. 6.17) .

^ [ / / n / - A x 2/ ]  =  0. (6.20)

The solution is the f ( x )  =  ^ e x p [— ̂ -]. (See Reza, 1961 and Guiasu, 1977).

6.4.2 The Size Distribution of Stable Clouds

The clouds of the equilibrium state climate have to be thermodynamically stable. 

The physics o f the cloud -climate interaction might be revealed from the studies 

o f  the radiation - stable clouds interaction.

The radiative effect is indispensable for the energy balance, thus the main

tenance o f the stable water clouds (Telford et al., 1993; Shen and Moeng, 1993; 

Nicholls, 1989; Nicholls and Leighton, 1986). The radiative properties must be 

stable. The total surface area and the total liquid water o f a stable cloud (such
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as a stable stratus cloud) are fixed at a certain height (the bulk optical properties 

are stable). Thus, the most probable size distribution is:

- r 2
n (r2)dr =  crexp[——  \dr. (6.21)

Observations of the extinction cross section and the cloud droplet size distri

bution are required for testing the theory.

The implied physics is that if the total cross sectional area and the total liquid 

water content (thus the radiative properties) are fixed for the clouds with the same 

temperature and pressure (because o f the requirement o f the radiative properties), 

the mean surface area o f the final state is the maximum and thus the total number 

o f  droplets is minimum.

6.5 Stability Analysis of the Clouds in Climate 

System

A three dimensional model is not suitable to answer the simple question: is the 

climate deterministic? The reason is the small scale energy processes such as cloud 

radiative heating is related to the large scale motion variables o f the nonlinear 

atmospheric equations and the nonlinear atmospheric system might not have a 

attractor, which represents the long term behaviour of the system, from a three 

dimensional point o f view, unless some simple physics connecting the different scale 

motions are discovered.

It is more feasible to study the deterministic feature o f the cloud - climate 

interaction from a one dimensional point of view. In this section, we will look 

at the cloud structure which is thermodynamically stable from a one dimensional 

point o f view and study the possible rules the clouds have to follow.
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6.5.1 Phase Equilibrium of Water

As a globally averaged one dimensional climate system, the surface o f the Earth 

gains energy from radiative process (Solar -f- Terrestrial) and the lower atmosphere 

(troposphere) loses energy from radiative processes. Convective motion tranports 

latent heat and sensible heat from the surface to the atmosphere to balance the 

energy both at the surface and the atmophere until the radiative-convective equi

librium is achieved (temperature o f each layer does not vary any more).

This equilibrium climate system can be treated as a closed thermodynamic 

system with a fixed temperature profile. There is plenty of water in this system. 

The climate equilibrium is not stable unless the phase equilibrium o f water is 

achieved. The phase equilibrium is another requirement in addition to the radiative 

energy balance at the top of the atmosphere and the convective stable state o f the 

lower atmosphere.

6.5.1.1 Equal Opportunity for Condensation

A water molecule is evaporated from the surface o f the Earth (atmospheric pressure 

Pq). What is the probability X that this water molecule appears at an atmospheric 

level with pressure and temperature (P, T) ?

For the equilibrium state, every water vapor molecule is thermodynamically 

the same. So, the probability X is:

*  =  T  (6-22)
E {P )

± J 0PoE (P )d P

where E (P )  is the water vapor pressure of the atmospheric level with pressure and 

temperature (P, T ) at the radiative-convective equilibrium.

At the radiative-convective equilibrium state, the water vapor pressure o f each 

level E (P )  is not varying with time. Every molecule evaporated from the sur
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face of the Earth must condense somewhere. Every water vapor molecule in the 

radiative-convective equilibrium has the equal chance of condensing. The long time 

averaged condensation at any particular atmospheric layer will be proportional to 

the number o f water vapor molecules within that layer.

6.5.1.2 Thermodynamic Explanation

In radiative - convective equilibrium climate state, water keeps evaporating at the 

Earth’s surface and condensing in the atmosphere so as to transport energy from 

the surface to the air as a result o f radiative energy imbalance. In this natural 

process, the entropy always increases if we take the atmosphere and the ocean (the 

Earth) as the system because the temperature o f the surface is higher than the 

temperature of the air

A SjMent = > o. (6.23)
J- su r  f J- i

Q  E va p  . r - v  Qj,cond

rsurJ ^  Tj
Even in the equilibrium state (or steady state), there will still be an increase 

of the entropy ( A Spatent > 0 ) .

Considering the atmosphere without water as the system, the system is at 

equilibrium when the net heating is zero everywhere. So the entropy does not 

change

where

d S  =  , ± S  +  ,U S  =  0  

(It (it  (It.

(le S  _  (IQ j,latent 2 5 )

(It T j

d iS  =  +  < ^ }
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  L VSE(pk')

~  Tk
deS

-  «  <6 2 6 >

where ^  is the so-called ” entropy production” . which is not directly relevant 

to the external heat fluxes, is the entropy change generated from the internal 

irreversible processes such as changing the temperature and the pressure gradients, 

which should be zero for equilibrium state o f an isolated system, pk is the pressure 

at level k. 9SK is the pseudo-adiabatic potential temperature, which is constant 

with height in the one dimensional radiative - convective model. E(pk) is the 

water vapor amount at level k.

From Equations 6.25 and 6.26, we can find that the moist convective instability 

(S0se =  0) requires the net heating o f the a tmosphere by latent heat be proportional 

to the equilibrium water vapor amount of the steady state. The latent heat released 

in layer j will be proportional to the amount o f the water vapor within the layer so 

as to be consistent with the constant pseudo-adiabatic lapse rate for the radiative 

- convective model.

6.5.2 The Role of Clouds in the Equilibrium Climate State

The net radiative cooling of the troposphere is mainly balanced by the condensation 

o f water vapor (sensible heat is less than 10% of the latent heat on average), which 

transports energy from the Earth’s surface to the atmosphere. If there are no 

clouds, the distribution of the net radiative cooling depends only on the radiative 

properties o f the gases. The distribution of the latent heat with height depends on 

the equilibrium temperature profile and the net radiative forcing at the surface. 

The net radiative cooling and the latent heat transport are not balanced within
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the troposphere if there is no cloud. Thus the globally and annually averaged 

atmospheric temperature keeps changing because of the radiative and latent heat 

energy imbalance.

The one dimensional climatology of averaged temperature in the real atmo

sphere is very stable. Thus the energy imbalance does not exist. Clouds are the 

only substances available for the adjustment o f the net radiative cooling.

From Equation 6.22, the latent heat release is determined by the net radiative 

heating o f the surface and the total net radiative cooling of the whole atmosphere, 

which determines the temperature profile and thus the water vapor profile E (P ). 

The clouds, which is the major adjustment o f the system, affect the A radS by 

redistributing the net radiative cooling of different layers of the atmosphere. The 

clouds also affect the A e<cS indirectly by changing the equilibrium temperature 

profile through the net radiative heating of the Earth’s surface and the total net 

radiative cooling o f the atmosphere.

So, the role o f the clouds in the 1-D climate system is to balance the latent 

heat release for each individual layer. On the other hand, the variation of the 

clouds changes the magnitudes of the net radiative heating o f the Earth’s surface 

and the net radiative cooling o f the atmosphere and provide a feeback to the con

vective motion. This process continues until the radiative - convective equilibrium 

is achieved. The balance of the net radiative cooling and the latent heat release 

in each layer is a new requirement in addition to all the other requirements of the 

previous radiative - convective models.

A totaiS will be zero by the end of the iteration of the cloud adjustments and 

the feedback processes

A M S =  £ { % = *  +  =  o. (6.27)
*  3 *  j

Most previous radiative - convective models did not achieve a real equilibrium
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because the latent heat release was not balanced by the radiative cooling for each 

layer inside the troposphere.

6.6 Approaching the Correct Equilibrium State

Is there a radiative-convective equilibrium which satisfies the above cloud require

ment? Is the equilibrium unique? Is the result reasonable compared with the one 

dimensional climatology o f the Earth?

To answer these questions, the one dimensional radiative-convective model has 

been modified to include the variation of cloud radiative properties. The equilib

rium state o f one dimensional radiative - convective models has the properties (cf. 

Chapter 3):

• ^  =  0 for every layer above the tropopause;

• the net radiative flux is zero at the top of the atmosphere;

• the net radiative cooling of the entire troposphere is balanced by the net 

radiative heating of the Earth’s surface.

The equilibrium state temperature profile depends on the cloud properties. At 

equilibrium, the net radiative cooling of each layer in the atmosphere is constrained 

to balance the latent heat release in the same layer.

The energy exchange processes within the troposphere have been neglected in 

all the previous radiative - convective models. The clouds in the previous models 

were not adjusted to change the radiative cooling rates of the atmosphere so as to 

balance the latent heat release of every layer in the troposphere.

The new radiative - convective model presented here adjusts the clouds un

til the net radiative cooling balances the latent heat release in each layer in the 

troposphere.

To evaluate the cloud adjustment, a new computational technique is required.
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The energy balance of net radiative cooling and latent heat release requires that 

at each time step, the cloud optical thickness is adjusted

A (i,j)& T j =  Q la ten t(i) ~  Q r a d (i) (6.28)

where Tj is the cloud optical thickness o f atmospheric layer j ,  Q  latent(i) is the latent 

heat release in layer i ,  Q rad {i) is the net radiative cooling o f layer i , the element

а,j o f matrix A (i , j )  is the changes of the net radiative cooling in layer i as a result 

o f an infinitely small change in cloud optical thickness Tj, which is easy to derive 

by using the adjoint radiative transfer method (cf. Chapter 5). At the equilibrium 

state

Q la ten t(i) =  Q ra d (i) A(i,j)ATj =  0. (6.29)

This model experiment is still in progress.

б.7 Indirect Proof: Maximum Power of Atmo

spheric Steam Engine

Another simple way to look at the role o f clouds in the climate system is to study 

the power o f the atmospheric steam engine for radiative - convective equilibrium 

states with different cloud optical properties.

6.7.1 Maximum Power of the Atmospheric Engine

The clouds and water vapor profile of the climate equilibrium state are related. 

The water vapor is also the most important and the most variable greenhouse gas 

in the atmosphere. In this section, we will discuss the whole hydrological cycle 

from an irreversibility point of view.

1 01
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6.7.1.1 The Efficiency of a Steam Engine and Time Arrow of Irre

versibility

Considering the following thermodymical processes:

• M  kg o f Water is evaporated at temperature T  and pressure and P;

•  the water vapor adiabatically moves to the phase space T  — A T  and P  — A P ;

• the water vapor condenses at T  — A T  and P  — A P ;

• the liquid water adiabatically moves to T  and P.

This process is the most simplified atmospheric engine: water evaporates be

cause of the strong absorption of shortwave radiation at the surface, then condense 

at the lower temperatured atmosphere. The total work performed in the cycle is 

A  =  M (vvap0r —  i}ii,iui d ) A P .  The total heat absorbed is Q  =  M L V. The efficiency 

o f the cycle rj is

A  {yvapor ^liquid) A P  fn

’ ’ - Q -  L „  '

The carnot cycle has the maximum efficiency

A T
V =  = r  (6.31)

A T    (Vvapor VliqUid)AP
~T~ Tv •

When A T  and A P  is very small, we have

dP Lv

(6.32)

(6.33)
(IT T  ( Hyajior V l iq u id )

Equation 6.33 is the so-called Clausius-Claperon equation.

So, the steam engine has the maximum efficiency when these thermodynamic 

processes eventually reach equilibrium. At the equilibrium state, the temperatures
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o f both layer do not vary and the water vapor for both layers is saturated. If there 

is air in the system (water is a small part o f the system), the relative humidity 

should be the same for both layers. The irreversible phase change processes for 

such a system have a time arrow which is increasing the efficiency (or the power 

o f the engine).

The above thermodynamic processes is similar to the convective processes in 

the atmosphere. If the temperature profile is determined (radiative - convective 

equilibrium state is achieved when the net atmospheric radiative cooling is balanced 

by the net radiative heating at the surface), the water cycle (evaporation and 

condensation) will proceed until the efficiency o f the engine reaches a maximum.

For the one dimensional radiative - convective climate equilibrium, the effi

ciency o f the atmospheric ’’engine” is

n =  ~ T‘  (6.34)
2_< ^cj, latent J- sur face.

where Qj,latent is the latent heat release per unit time at layer j .  The higher 

the surface temperature, the lower the efficiency. The hydrological cycle acts to 

decrease the surface temperature if the surface heating does not change.

6.7.1.2 Cloud Radiative Effect and the Final State

It is important to point out that the time arrow for systems with different con

straints are different. The general circulation o f the Earth’s atmosphere is similar 

to the above steam engine system. The only difference is that the radiative heating 

at the surface changes with the clouds.

To find the proper cloud properties o f the one dimensional radiative - convective 

system, the irreversibility involving the cloud - climate feedback has to be studied.

The clouds change the net radiative heating o f the Earth’s surface and thus
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provide a feedback into the climate system. The clouds vary in response to the 

need to balance the latent heat release in every layer with radiative cooling.

Comparing the equilibrium states for different clouds in a one dimensional 

radiative - convective model, we find that the surface temperature and variations 

in net radiative heating at the surface are always negatively correlated: the higher 

the surface temperature, the smaller the net surface radiative heating; the lower 

the surface temperature, the bigger the surface radiative heating.

Model studies show that the Earth’s surface is much warmer if there is no 

water (vapor and clouds) on the planet. Clouds generally cools the atmosphere 

and the Earth’s surface (Ramanathan, 1989). The decrease of the temperature 

because of the hydrological cycle (including precipitation and the cloud radiative 

effects) will increase the efficiency of the atmospheric steam engine and the sur

face radiative heating should increase with the participation o f the water. The 

increase in the surface radiative heating prevents the temperature from dropping 

continiously. This cloud - climate interaction process will proceed until the surface 

heating is so big that the temperature can not drop any more as a result o f the 

hydrological cycle, at which point the power o f the atmospheric engine goes to 

maximum: starting with a radiative - convective equilibrium without water; then, 

water comes in, J ^ Q j,la ten t  always increase, T j  decreases until the equilibrium is 

achieved. The observation that downward radiative fluxes is at a local maximum 

(Curry, 1993) can be explained by this mechanism. As the summer Arctic has 

similar thermodynamic conditions as that for the one dimensional climate system, 

the role o f arctic stratus clouds in the summer arctic climate will be similar to 

the role o f clouds in the global climate. The data from the North Slope o f Alaska 

ARM  site will provide a good opportunity for a detailed study o f this mechanism.

For the radiative - convective climate processes, the increase o f the engine power 

is the time arrow which controls the evolution o f the phase change including the
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equilibrium state cloud properties.

If the power o f the atmospheric engine is the highest one, any perturbation of 

the processes involved with the phase change of water will attenuate with time be

cause the irreversible phase change processes pull the system toward the maximum 

power state.

This theory can be partly verified with a simple radiative - convective model 

study.

6.7.2 Results from Modeling

The one dimensional radiative - convective model has been used for the testing of 

the theory. The idea is to compare the ’’ engine power” of the equilibrium states 

with hundreds of different clouds.

The equilibrium states with different cloud equivalent radii but the same cloud 

liquid water amount are compared. Figure 6.1 shows that the ’’ engine power” goes 

to maximum for a system albedo (cloud optical thickness is the major component) 

o f 0.3, which matches the climate states exactly.

Figure 6.2 compares the ’’engine power” o f the equilibrium states with the same 

equivalent radius but with different cloud liquid water paths. Again, the power of 

the engine reaches a maximum when the planetary albedo equals 0.3.

Figure 6.3 compares the ’’engine power” o f the equilibrium states with the same 

cloud optical thickness but with different cloud height. The higher the clouds, the 

higher the surface temperature. The results show that the surface temperature is 

the best when the ’’ engine power” reaches a maximum.

All the computations show that looking at the climate system as a one dimen

sional radiative - convective equilibrium state, the current climate system including 

the water cycle, is the most powerful steam engine it might have, with the help of
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Planetary Albedo

F ig u r e  6 .1  The power o f the atmospheic steam engine for the radiative - convective equilibrium state 
with the variation o f the planetary albedoes (fixed cloud R c , varying liquid water path)..

the cloud - climate interaction.

6.8 Summary of the Chapter

A theoretical analysis of the possible connection between cloud microphysical struc

ture and the climate macrophysical characteristics has been discussed here.

The role o f the clouds is to balance the latent heat release in the troposphere as 

a climate scale average. The role o f the clouds in the climate system is to balance 

the latent heat release o f each atmospheric layer in troposphere. The irreversibility 

o f the atmosphere - water system governs the cloud - radiation - climate interaction 

and the power of the atmospheric stem engine is the biggest one for all the possible 

radiative - convective equilibrium states distribution of water (clouds, water vapor 

and liquid water at the ground).
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P lanetary Albedo

Figure 6.2 The power of t.lie atmospheic steam engine for the radiative - convective equilibrium state 
with the variation of the planetary albedo (varying cloud Re, fixed liquid water path)..

Simple model studies show that the current climate system is indeed in such 

a radiative - convective equilibrium with the highest steam engine power for its 

water cycle.

Simple experiments which simulate the phase change processes o f the climate 

system will be helpful for validating the theory.

The summer arctic stratus clouds at are the best natural examples for the study 

of the irreversibility which exhibits similar physics to the one dimensional cloud - 

radiation - climate interaction. ARM  data will be crucial for such a study. The 

radiative forcing at the surface and its correlation with the atmospheric temper

ature profile for different cloud conditions are important quantities for validating 

the theory.

The radiative - convective model with the adjoint method for deriving the
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Surface T em perature

F ig u r e  6 .3  T he power o f  the atmospheric steam engine for the radiative - convective equilibrium 
state with the variation o f  the surface temperature (fixed cloud R K and liquid water path, varying cloud 
height)..

variation of cloud optical thickness can be used to study how the cloud - climate 

feedbacks take place.

Cloud climatological data which has information about the radiative fluxes 

both at the top of the atmosphere and the surface in a globally averaged sense will 

be most helpful.
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Chapter 7

Summary and Future Studies

The major contributions o f  this thesis are:

• The climate related cloud radiative properties (fluxes and heating rates) are 

found to be determined by the second and the third moments o f the cloud droplet 

size distribution. The detailed distribution of the cloud droplet size is difficult to 

observe and unnec.cessary to obtain for climate purposes.

• An accurate parameterization of cloud optical properties suitable for climate 

models is developed. This parameterization has been widely adopted in the atmo

spheric modeling community.

• An new radia.tive-convec.tive model has been developed and used for studying 

cloud-climate interactions. The radiative transfer method adopted in the model 

is accurate and numerically stable. The energy balance at the earth-atmosphere 

interface is treated in a self-consistent manner which avoids artificial tuning. The 

energy exchange processes at the lower boundary are physically sound. The cloud 

radiative properties are accurately incorporated and are suitable for sensitivity 

studies o f cloud-radiation-climate interactions.

• A sensitivity study o f role o f the cloud microphysical properties in the cli

mate system is performed by studying the impact o f cloud radiative forcing on

109
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the equilibrium state temperature. The cloud equivalent radius is found to be a 

very important variable in the climate system. There is big discrepancy between 

modeling and observations o f cloud shortwave absorption. A climate sensitivity 

study is performed to highlight the important role o f the cloud absorption.

• An adjoint radiative transfer method is developed for use in cloudy and 

aerosol-loaded atmospheres. The physical meaning o f the adjoint radiative proper

ties is discussed. This adjoint method allows for rapid computation o f the impact 

of the changes in atmospheric, state (including cloud properties, aerosol properties 

and temperature profile) on the radiative energy budget and the radiative heating 

rates o f the atmosphere. It is therefore expected to be useful in global climate 

modeling and the remote sensing of the atmosphere and the Earth from space.

• Based on the above studies, a preliminary study o f the atmospheric irre

versibility is performed to elucidate the connection between cloud microphysical 

properties and the macrophysical direction of global climate. The globally aver

aged climate processes is irreveresible: the long-term variation of the atmospheric 

motion tends to approach the radiative energy balance; the convective instability 

prevents the pure radiative equilibrium in the troposphere; the latent heat release 

enhances the convective motion. The conditionally variational principle (the cli

mate version of Glansdorff - Prigogine universal criteria for convective instability) 

which describes the macrophysical character o f the climate system is established.

• The radiative properties of the clouds in the climate system are governed 

by the irreversibility o f the global atmosphere as a whole. The role o f clouds in 

the climate system is to change the distribution o f the net radiative cooling o f the 

atmosphere so that the heat released in each layer by the moist convective motion 

are balanced by the net radiative cooling.

More observational and the global climate modeling research is required:
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• Finding out a right concept to study from the available cloud climate data 

sets. As the cloud variability depends on how you look at it (Rossow, 1994), a new 

concept about cloud which is climatically meaningful and radiatively related has 

to be developed so that the certainty about the cloud - climate interaction can be 

studied.

• Impoving the cloud and radiation parameterization scheme in the current 

CCM2 (the community climate model o f NCAR) with the parameterization of 

cloud radiative properties and the adjoint radiative transfer method.
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Appendix A

Flow Chart of RCM

Hadiatiue Conuectiue Model
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