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A multispectral retrieval method is developed on the 100 km regional scale to extract

the temperature, particle size, fractional cover and 1 1jim emissivity of clouds which

may be semitransparent in the infrared based on emitted radiances. The scheme utilizes

the nonlinear relationship between emitted radiances when clouds are semitransparent and

form a single-layered system. The retrieval method has the limitation that the particle size

must be sufficiently small that the extinction and absorption cross sections at the different

wavelengths are significantly different. For combinations of emission at 11 and 12 jim,

the droplets must have radii less than 20 jim for both ice and water; for 3.7 and 12 jim

the droplets must have radii less than 60 jim for ice and less than 100 jim for water; for

3.7 and 8 jim the droplets must have radii less thanl50 jim for both ice and water.

The retrieval scheme together with the spatial coherence method is applied to the

analysis of NOAA- 11 4km Advanced Very High Resolution Radiometer 3.7, 11 and

12jim observations obtained during the First ISCCP Regional Experiment Intensive

Field Observations, Kansas, 1991. The results indicate that clear skies, single-layered

and multi-layered cloud systems constitute equal proportions of 100km scale regions.

For the upper-level, single-layered clouds, 100km scale emissivity and fractional cloud

cover are correlated and the average effective radius of ice particles in semitransparent

clouds is about 10 jim.

Numerical simulations are performed to determine the sensitivity of the retrieved

results to errors in observations and model assumptions and to compare the results of the
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current algorithm to those obtained with a threshold algorithm like that used by ISCCP.

For effective radii less than 15 tm, errors in the retrieved effective radius are less than

1.5 m and errors in c'oud temperature are less than 5 K. The fractional cloud cover

may be underestimated by 0.15. The I 1gm emissivity may be overestimated by 0.30.

For upper-level, semitransparent/broken clouds, the current algorithm is superior to the

threshold algorithm in the determination of cloud temperature and effective radius.
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Properties of Semitransparent Upper-level Clouds

Deduced from Multispectral Imagery Data

1. INTRODUCTION

1.1 Background

Manabe and Strickler (1964) and later Manabe and Wetherald (1967) noted that

because of their relatively cold temperatures and low albedos, upperlevel clouds,

which they referred to as cirrus, have a large impact on the emitted radiation and

little impact on reflected sunlight. Consequently, the climate would be more sensitive

to upper-level clouds than to some mid-level cloud systems for which the impact on

emitted and reflected radiation compensated each other. With the impact on longwave

radiation strongest, increases in upper-level clouds would lead to a wanner climate, but

the degree of warming would clearly depend on the optical properties of the clouds.

In fact, if the clouds become optically thick, then their impact on reflected radiation

outweighs their impact on emitted radiation. Recently, optically thick upper-level clouds

have been invoked as a mechanism for limiting the tropical sea surface to temperatures <

304 °K (Ramanathan and Collins, 1991). In addition to their effects on the earth's energy

budget, upper-level clouds also contribute to heating the upper troposphere, and through

this heating, affect the general circulation (Ramanathan et al., 1983; Ramaswamy and

Ramanathan 1989). But again, the degree of heating depends on the optical properties

of these clouds (Slingo and Slingo, 1991). Based on observations from the International

Satellite Cloud Climatology Project (ISCCP) and the Earth Radiation Budget Experiment

(ERBE), Hartmann et al. (1992) find that almost a third of the global cloud cover

resides in upper-level clouds and over half of this coverage is in the form of clouds

which are evidently optically thin. Hartmann et al. found, as was suggested by Manabe



and his coworkers, that even the optically thin clouds have a relatively large impact on

radiation emitted by the earth, compared with clouds at mid and low levels. Furthermore,

their impact on emitted radiation more than compensates for their impact on absorbed

sunlight. Optically thick, upper-level clouds, of course, have the largest impact of all

clouds on both emitted and reflected radiation and their impact on reflected radiation

outweighs that on emitted radiation. Clearly, the role that upper-level clouds play in

the radiation budget and heating of the atmosphere depends on their properties, and

simulations performed with general circulation climate models appear quite sensitive to

these properties (Mitchell et al., 1989).

1.2 Review of Previous Studies

In order to understand the role that clouds play in climate change, observations of

global cloud properties were sought. Satellites were perceived as a primary source for

these observations and ISCCP was started (Schiffer and Rossow, 1983). The properties of

optically thin, semitransparent clouds, like cirrus, are particularly difficult to deduce from

satellite observations. For example, the ISCCP bispectral threshold method (Rossow and

Garder, 1993) uses satellite observations at visible and infrared channels to obtain cloud

properties. The method is not optimal for cirrus clouds since cirrus are often optically

thin, resulting in low reflectivities at visible wavelengths and infrared emissivities that

are less than one. Any technique that relies on the small difference in reflectivity between

clear sky and the presence of cirrus encounters extreme difficulty. In addition, techniques

that depend on the thresholds at an infrared window wavelength may run into problems

if it is assumed that the cloud has an emissivity of one (i.e., blackbody assumption).

An alternative technique, using infrared sounder data, commonly referred to as the

"CO2 slicing method", yields a parameter which is termed the "effective emissivity"

or "effective cloud cover" (Wylie and Menzel, 1989). This parameter is supposed to

represent the product of cloud emissivity and the fractional area covered by clouds. On

one hand, the emissivity should be nonlinearly related to the visible reflectivity (Platt et
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al., 1980; Wielicki et al., 1990). On the other hand, to a first approximation, the effect of

the cloud layer on emitted and reflected sunlight should depend linearly on the fractional

cloud cover. Thus, effective cloud cover combines two cloud properties which affect the

radiation budget in distinctly different fashions. Recently, the "brightness temperature

difference method" (BTDM) (Inoue, 1987; Wu, 1987; Prabhakara et al., 1988; Minnis et

al., 1990; Ackerman et al, 1990; Ou et al., 1993; Baum et al, 1994) has been widely used

to obtain cirrus cloud properties from satellite observations at 3.7, 11 and 12 jim. In the

BTDM, each cloud-contaminated field of view (i.e., a pixel) is assumed to be overcast.

Radiation transfer is then used to set up systems of n equations for n unknowns pixel

by pixel. The assumption that the pixels are overcast may cause serious error because

typical sensor spatial resolutions of meteorological satellite observations are between 4

and 8 km, and a large fraction of satellite observations will consist of fields of view

partially filled with clouds. For cirrus clouds, however, one case study using LANDSAT

data (Wielicki and Parker, 1992) indicates that the 4-8 km sensor spatial resolution may

provide reasonable retrieval results.

1.3 Motivation

Among the cloud properties suspected of affecting the earth's climate are those which

affect the radiation budget: fractional cloud cover, cloud top altitude (which is related to

the cloud emitting temperature), hydrometeor size and liquid/ice water column amount

(which affects optical depth). Conventional wisdom relegates the latter two factors

to secondary status behind the former two. That wisdom is being challenged in that

while fractional cloud cover and cloud top altitude have strong influences on the earth's

radiation budget, changes in the column amount of ice/liquid water will have noticeable

effect on cloud visible reflectivity and therefore strongly influence the planetary albedo.

In addition, cloud emissivities and transmissivities at infrared wavelengths are affected

by the single particle scattering and absorbing properties which in turn depend
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on hydrometeor size. Two clouds with the same liquid/ice water column amount but

different hydrometeor sizes may have substantially different optical depths.

Measurements of cloud properties began with determinations of fractional cloud

cover and cloud top altitude (Koffler et al., 1973; Reynolds and Vonder Haar, 1977;

Coakley and Bretherton, 1982), and later extended to inferences of cloud optical thickness

and hydrometeor size (Rossow and Lacis,1990; Nakajima and King, 1990). Ironically,

while hydrometeor size, and to some extent cloud opacity, were ignored in early attempts

at obtaining cloud cover and cloud top altitude from satellite observations, hydrometeor

size and opacity appear to be required in order to obtain accurate estimates of the cloud

cover and altitude.

Here we explore retrievals that use multispectral infrared window imagery data to

obtain the properties of clouds that are semitransparent at infrared wavelengths. For

cloud systems that form a single layer, the emitting temperature associated with the

layer is assumed to be constant. Then for a region containing a reasonably large number

of pixels (i.e., 50-100 km on a side), the distribution of emitted radiances at any two

wavelengths, provided the optical properties of ice and water differ sufficiently at the

two wavelengths, can be used to obtain: (1) the emission associated with opaque clouds

in the layer, (2) the pixel-scale distributions of fractional cloud cover and emissivity,

and (3) a regional index of hydrometeor size. As discussed in the next section, the

retrievals are based on the behavior that emitted radiances must exhibit when associated

with a single-layered cloud system. The constraints on emitted radiances imposed by a

single-layered cloud system allow a least-squares estimate to be made of the emission

associated with opaque cloud in the layer and an index of the regional scale hydrometeor

size. This approach is similar to one proposed by Platt (1983) to deduce fractional

cloud cover and optical depth from visible-infrared imagery data and another approach

proposed by Arking and Childs (1986) to retrieve fractional cloud cover, liquid/ice water

path and droplet size from visible, 3.7 and 1 l-m radiances.

The retrieval scheme together with the spatial coherence method is applied to the

analysis of NOAA-1 1 4-km AVHRR 3.7, 11 and 12-nm observations obtained during the
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First JSCCP Regional Experiment (FIRE) Intensive Field Observations (IFO), Kansas,

1991. Clear skies, single-layered and multi-layered cloud systems constitute equal

proportions of the 100km scale regions. For the upper-level, single-layered clouds,

the effective radius increases with the cloud height and the 100km scale emissivity

and fractional cloud cover are correlated. The average effective radius is found to be

about 10 jim.

Because of the relative effects of sensor spatial resolution, hydrometeor size, cloud

opacity and fractional cloud cover on emitted radiances, the retrieval is subject to

ambiguities. A numerical simulation is performed to determine the sensitivity of the

retrieved cloud properties to errors in observations and model assumptions. A sensor

spatial resolution study is performed to examine the sensitivity of the retrieved cloud

properties to the sensor spatial resolution.



2. THEORY

2.1 Radiative Transfer

Based on plane-parallel radiation transfer, the emitted radiance observed by a satellite

for a field of view (i.e., a pixel) that contains clouds from a single-layered cloud system

is given by

I = (1 A)I5 + A(EjI + tI5). (2.1)

The radiance is assumed to be a linear weighting of the radiances for cloud-free and

overcast portions of the pixel; i represents the instrument channel and is associated with

a particular wavelength interval; A is the fraction of the field of view covered by clouds

from the layer; 'Si is the mean emission associated with the cloud-free portion of the

field of view; j is the mean emissivity for the clouds within the field of view; t is the

mean transmissivity, and I is the mean emission that would be observed for cloudy

portions of the field of view were the cloud layer to radiate like a blackbody. In (2.1)

the channel i is taken to be associated with an atmospheric window so that radiation

emitted by the atmosphere above the cloud and then reflected by the cloud is taken to

be negligible. Radiation emitted by the surface and reflected downward by the cloud is

however allowed for through the inclusion of L. The surface is assumed to be black. Any

effects due to atmospheric attenuation are incorporated in the values of I and I2. Here

will be obtained along with A, and t as part of the retrieved products. It will be

assumed that is known on the basis of other observations or analysis methods. Also,

in the approximation used here, the temperature and humidity profiles which affect

and I are assumed to be the same in the cloud-free and overcast portions of the region.

The constraints imposed by a single-layered cloud system on emitted radiances are

best illustrated through examples. For these illustrative examples, the emission for cloud-

free regions, I and the emission for clouds behaving as if they were blackbodies at the



7

emitting temperature of the system, are taken to be known. While 'Si will be obtained

by some means, e.g. through spatial coherence analysis, I will be obtained as part

of the retrieval procedure. For the radiative transfer calculations, the optical properties

of ice are taken from Warren (1984) and those of water are taken from Downing et al

(1975). For simplicity, the clouds are assumed to be made of spherical ice particles or

water droplets, all of which have the same radius, which is the effective radius. Given

the effective radius, Rff, Mie theory is used to calculate the single particle extinction

and scattering cross sections and scattering asymmetry. Figure 2.1 shows the extinction

coefficient, single scattering albedo and asymmetry factor calculated at 3.7, 8, 11 and

12 m. The single scattering properties are used in the Eddington approximation to

obtain cloud emissivity and transmissivity for a particular liquidlice water path, Q. The

radiance in a pixel is therefore a function of the wavelength as indicated by i, the

emission associated with cloud-free regions, I, the emission associated with overcast

regions where the cloud is opaque, where is the emissivity associated with

opaque clouds for the spectral interval i, the fractional cloud cover, A, the effective

radius, Reff, and the liquid/ice water path, Q, i.e.,

Ii = hi(Isi,Ici,Ac,Reff,Q). (2.2)

Table 2.1 Refractive index of ice and water at 3.7, 8.0, 11 and 12 1am.

ICE WATER

Wavelength fli fli

3.7jm 1.4005 0.0072 1.372 0.0036

8.0 um 1.3 130 0.0045 1.291 0.035 1

11 ,am 1.0925 0.2480 1.153 0.0976

12 m 1.2798 0.4133 1.132 0.2010
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2.2 Multispectral Relationship

In order to retrieve cloud properties from emitted radiances, multi-spectral

observations must be employed since each radiance is a function of multiple variables

as given by (2.2). Here, two wavelength intervals are used to retrieve cloud properties.

The two spectral intervals are chosen so that the optical properties of the hydrometeors:

water and ice, differ appreciably. It is instructive to consider multispectral relationships

for three cases: single-layered, opaque, broken clouds; single-layered, semitransparent,

overcast clouds; multi-layered, opaque, overcast clouds. In the following, surface and

atmospheric temperatures are assumed to be horizontally uniform.

Case 1: The field of view (FOV) is partially filled by single-layered opaque clouds.

If clouds are opaque at the two wavelengths, then the transmissivities in (2.1) become

zero and the emissivities become constants. The emissivities, of course, may be less than

unity in which case the clouds have nonzero refiectivities. Under these conditions, the

radiances at the two wavelength intervals will be linearly proportional to the fractional

cloud cover. Therefore, radiances from a collection of pixels containing varying degrees

of cloudiness fall on a straight line as indicated in Fig. 2.2 (a).

Case 2: The FOV is overcast by semitransparent clouds from a single-layered system.

If clouds are semitransparent at one or both of the wavelength intervals and the fields

of view are overcast, then the radiances fall on a curved line as is indicated in Fig. 2.2

(b). The nonlinear curve is generated through pixel to pixel variations in the optical

path, which is related to the column density of hydrometeors. The curvature arises

because the emissivities and transmissivities at the different wavelengths are nonlinearly

related through their dependence on the different optical properties of the hydrometeors

at the two wavelengths. As will be discussed below, the nonlinear relationship is also

a function of hydrometeor size.

Case 3: The FOV is overcast by opaque clouds which are distributed in altitude. If

clouds are opaque at the two wavelength intervals and distributed in altitude, the radiances

from a collection of overcast pixels fall on the curved line shown in Fig. 2.2 (c). The
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curvature arises because the emitted radiances at different wavelengths are nonlinearly

related through their dependence on the Planck function (and also on the nonlinear

effects due to absorption and emission by the other radiatively active components of the

atmosphere). For the purpose of illustration, the atmosphere has been assumed to have

clean windows at 3.7 and 12 1um. Consequently, the radiances shown in Fig. 2.2 are

given by the Planck function calculated at the surface and cloud emitting temperatures.

Often meso-scale sized regions (' 50 100 km on a side) fail to contain pixels (4 or

8 km spatial resolution) that are either completely overcast or cloud-free or in which the

clouds are everywhere semitransparent. Usually, there is a mixture of cloud conditions.

Thus, the collection of pixel scale radiance pairs for a single-layered cloud system in

a meso-scale sized region falls between the straight line associated with pixels that

contain varying amounts of opaque clouds and the curved line associated with overcast

pixels that contain clouds with varying opacities as indicated in Fig. 2.3. As will be

seen in the section on the retrieval algorithm, pixels within the envelope are associated

with specific fractional cloud cover and I lm emissivity. The linear and curvilinear

relationships between radiances for which the optical properties of water and ice differ

has been used previously to argue for the validity of the equation (2.1) as a starting

point for the retrieval of cloud properties for layered cloud systems and for evidence

that many fields of view at the scale of imagery data do indeed contain broken cloud

(Coakley, 1983; Molnar and Coakley, 1985; Coakley and Davies, 1986). In fact, a linear

relationship between different radiances has been taken to imply that the clouds were

opaque. As is shown below, however, a linear relationship may simply imply that the

hydrometeors in the clouds have grown to a size for which the extinction and absorption

cross sections at the two wavelengths are similar despite the wavelength dependence of

optical properties for the bulk media.

If multilayered cloud systems exist on meso-scale sized regions, the analysis becomes

far more complex. Again, as with systems of single-layered semitransparent clouds, fields

of view within a region are not expected to be either overcast or opaque. Consequently,

were the clouds to be distributed in altitude, the radiances would be expected to fall
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within the envelopes given by the curve for the semitransparent cloud at the highest

altitude (coldest emission temperature) and that for opaque clouds distributed in altitude

as shown in Fig. 2.3. Of course, pixels within the envelope are no longer associated with

specific fractional cloud cover and 11pm emissivity. Because of the different cloud

emitting temperatures, different pixels with different fractional cloud covers and 1 1pm

emissivities can be located at the same position in the radiance pair domain.

The "CO2 slicing method" can in principle deal with multilayered cloud systems.

The method uses radiances in the CO2 15pm absorption band. Clouds have similar

optical properties in this band, whereas the CO2 gas absorption effects are nonhiearly

related to atmospheric height. Because the clouds have similar properties throughout

the 1 5-.-pm band, the curved line associated with overcast pixels that contain clouds

with varying opacities collapses to a straight line, i.e., the radiances at any two 15pm

wavelength intervals will be linearly related through the "effective cloud cover" (i.e.,

the product of cloud emissivity and fractional cloud cover). Therefore, pixels associated

with different levels of clouds will fall on different straight lines between the point

associated with clearsky radiances and the points in the curve associated with opaque

clouds distributed in altitude, as shown in Fig. 2.3. In the retrieval, the slope of the

straight line is calculated from observations and used to infer the cloud height. Once

the cloud height is determined, the "effective cloud cover" can be obtained. A major

limitation of this method is that cloud microphysical properties, i.e., particle size and

ice/liquid water path cannot be retrieved.

Finally, a brief description of brightness temperature differences is given here since

the differences are fundamental to the brightness temperature difference method (BTDM).

The brightness temperature difference is given by LT = B[1 (Ii) B11 (Ij). Here, I

and I, are the radiances for channels i and j, and B1 represents the inverse of the

Planck function. Fig. 2.4 shows the relationship between the brightness temperature

difference and the radiances. The dashed curve in the figure is obtained using the Planck

function at the two wavelength intervals. The curve is obtained by varying the
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temperature. Each point on the curve corresponds to a unique temperature. Suppose

there is a pixel, which has radiances I and I) at the two wavelength intervals, located

at the point *, The pixel will have brightness temperatures T and T3. The difference of

the brightness temperatures is proportional to the length of the Planck curve between the

two points corresponding to temperatures T2 and T3. Since the opacities of water and ice

clouds generally increase with increasing wavelength, and the sensitivity of blackbody

emission to temperature decreases with increasing wavelength, the curve associated with

semitransparent clouds usually falls on the side of the linear opaque-cloud relationship

opposite to that of the curve associated with clouds distributed in altitude as shown

in Figure 2.4. If opacities decrease with increasing wavelength, on the other hand,

the curve associated with semitransparent clouds will fall on the same side of the

curve associated with clouds distributed in altitude. Brightness temperature differences

for pixels on the latter envelope are usually less than those for pixels on the former

envelope. Besides, brightness temperature differences for pixels above and below the

Planck function curve have a different sign (i.e., positive and negative). In any case, the

brightness temperature difference depends on all cloud properties, i.e., fractional cloud

cover, cloud top temperature, particle size and ice/liquid water content.

2.3 Multispectral Retrieval Method

In the previous section, particular combinations of two wavelength intervals were

used to investigate the possibility of retrieving cloud properties. Here, a method is

described for single-layered cloud systems. From surveys performed using the spatial

coherence method, Coakley and Baldwin (1984) found that approximately 40% of ocean

scenes at the 60 km scale contained single-layered cloud systems. Approximately

30% of land scenes at the '-' 100 km scale contain single-layered cloud systems, as will

be shown in the data analysis section of this thesis.
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For single-layered cloud systems, it is assumed here that the clouds are all at the

same altitude and thus have the same emitting temperature. The clouds are also assumed

to have the same particle size throughout the 100km scale region. The surface and

atmospheric temperatures are assumed to be horizontally homogenous as in the previous

section. Under these conditions, pixel-scale radiance pairs for a 100km mesoscale

sized region are expected to fall within one of the envelopes shown in Figure 2.3.

The envelope is bounded by a straight line and a curved line. The linear spectral

relationship may indicate that the fields of view are partially covered by opaque cloud

or it may indicate that the fields at view are overcast by semitransparent cloud for

which the hydrometeors have similar extinction and absorption cross sections at the two

wavelengths. The nonlinear spectral relationship indicates that the fields of view are

overcast by semitransparent clouds. Given a collection of pixel-scale radiance pairs for
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Figure 2.4 Brightness temperature difference and emitted radiances. The envelope is
the same as the envelope shown in Fig. 2.3. The dashed curve is the Planck function
for two wavelength intervals. The curve is different from the curve associated with
multi-layered clouds because of effects due to absorption by atmospheric gases. It
is obtained by varying the temperature. The BTD of the pixel located at the point
* is proportional to the length of the curve between two points corresponding to
temperatures J'2 and Tj.
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a 100km mesoscale sized region, the cloud properties can be obtained from the

determination of the straight and curved lines associated with the envelope. The

procedures for obtaining these lines are discussed below and in the section on the

retrieval algorithm.

Multispectral relationships for semitransparent clouds are sensitive to hydrometeor

size. Figure 2.5 (a) shows the relationship calculated for 11 and 12jzm radiances for

clouds with effective radii 4 and 10 um and (b) shows the relationship calculated for 3.7

and l2pm radiances for clouds with effective radii 4 and 20 sum. These figures indicate

that the areas of the bispectral radiance domain enclosed by the envelopes decrease

as particle size increases. This sensitivity is portrayed by the dependence of the area

enclosed by the envelope to particle size, as is illustrated in Figure 2.6 (a) and (c) for

ice and (b) and (d) for water. The areas given in the figure are measured in terms of the

maximum area, i.e. the maximum area is given a value of unity. The normalized area is

insensitive to the values chosen for the cloud-free and opaque, overcast radiances. The
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Figure 2.5 The sensitivity of the bispectral curves to hydrometeor size. (a) is for
the combination of 11 and 12 m and (b) for 3.7 and 12 tm. In the calculations,

280K, T = 240K and the hydrometers are taken to be ice.
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results shown in Fig. 2.6 indicate that the normalized area formed by radiances at 11

and 12 m collapses to near zero, when the effective radius is larger than about 20 tm,

regardless of whether the droplet is water or ice. When the normalized area approaches

zero, the envelope of the radiance distribution collapses to a straight line. The small but

negative values for the normalized areas shown in Fig. 2.6 indicate that the envelope

for semitransparent, overcast clouds has switched to the other side of the straight line

associated with opaque, broken clouds. In a similar manner, the envelopes obtained using

3.7 m and 12itm radiances converge to a straight line when the effective radius is larger

than about 60 m. These results indicate that the identification of semitransparent clouds

at AVHRR infrared wavelengths becomes impossible when the particles are sufficiently

large. When the particles are large, the dependence of emissivity and transmissivity for

the various channels acquire similar dependencies to the hydrometeor pathlength despite

the different optical properties of the bulk media at the different wavelengths. Under such

conditions the emitted radiances observed in the various channels are linearly related.

Ackerman et al (1990) have proposed that a channel at 8 m would provide better

signals of cirrus properties than those now at 11 and 12 m. Figure 2.6 (c) shows

normalized areas associated with 8 and 12 sum. For this combination, the envelope

associated with these wavelengths would converge to a straight line when the effective

radius becomes larger than about 150 urn (for ice).

The multispectral relationships are also sensitive to cloud phase. For the combination

of 3.7 and 8 um, Fig. 2.7 shows that the curvilinear envelope is on one side for ice and

on the other side for water. The switch is caused by differences in the imaginary parts

of the refractive index (i.e., absorption index) at 3.7 urn and 8 urn. The index is much

larger at 3.7 urn than at 8 pm for ice; whereas, the index at 3.7 urn is much smaller than

that at 8 urn for water (Table 2.1). For combinations of 3.7 and 12 um, 8 and 12 urn and

11 and 12 urn, radiance pair envelopes calculated for ice and water clouds are always on

the same side because the absorption indices increase with wavelength for both ice and

water. Here radiances at 3.7 and 8 urn are proposed for determining cloud phase because

the 3.7 and 8 um bispectral relationships for ice and water phases behave in opposite
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directions regardless of hydrometeor size. The curved envelopes fall on either side of the

straight line envelope as shown in Figure 2.7. One problem with the determination of

cloud phase is, of course, the problem of mixed phases which exist in some clouds. Mixed

phases are expected to cause the radiances to exhibit a mixture of the characteristics

exhibited by both ice and water.
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Figure 2.7 The sensitivity of bispectral curves to cloud phase. (a) is for ice cloud
and (b) for water cloud. The envelopes show opposite curvatures for ice arid water.
In the calculations, T = 285K, T = 255K and Reff = lOILrfl.
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2.4 Satellite Observations

Before a retrieval algorithm based on the single-layered cloud scheme is discussed,

AVHRR observations will be presented in order to assess the validity of the single-

layered cloud system assumption.

Figure 2.8 shows the locations of Region A and Region B chosen to illustrate AVHRR

observations. The sizes of Region A and B are about (60 km)2 (64x64 1km pixels).

Figure 2.9 shows the bispectral radiance scatter plots for the Region A and Region B.

The observations are for a NOAA1 1 daytime overpass (1217 LT, 26 November 1991)

over the central U. S. The data were obtained from the 1991 FIRE II Cirrus Intensive

Field Observations. The radiances at 11 and 12 m for region A (Fig. 2.9a) clearly fall

on domains bounded by straight lines and curved lines. The straight lines are associated

with overcast, opaque clouds and the curved lines are associated with semitransparent

clouds for the single-layered cloud systems. The radiances at 11 and 12 zm for region A

45
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35 L

-102

I.]
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Figure 2.8 Locations of Region A and Region B chosen for the illustration of
AVHRR observations.
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(Fig. 2.9a) indicate that the particles are small (i.e., a wide envelope). Indeed, they

are sufficiently small that radiances at 3.7 ,um (Fig. 2.9b) exhibit an overwhelming

component due to the reflection of sunlight. Many of the 3.7pm observations shown

in the figure are too high to be explained by emission alone. Spatial coherence analysis

and 0.63 and 1 ltm radiance scatter plots for boxed region A fail to reveal the presence

of any cloud layer other than the upper-level semitransparent system. The reflection at

3.7 am is evidently from small particles in the upper-level clouds. The clouds nearby in

region B either contain large particles and are semitransparent or are opaque and broken

or both since the envelope for radiances at 11 and 12 m (Fig. 2.9c) has collapsed to

form straight lines. In addition, there is no evidence of reflection at 3.7 im (Fig. 2.9d),

which is indicative of absorption by large particles.

Figure 2.10 shows an image constructed from AVHRR 1 1--m observations for

another example. The observations are for a NOAA-9 nighttime overpass (0230 LT,

10 November, 1985) over the Atlantic ocean off the coast of Africa (Lat. 20°N, Long.

I 2°W). The data is 4km GAC data from Earth Radiation Budget Experiment (ERBE) V-5

observations. Figure 2.11 is the bispectral radiance scatter plots corresponding to Region

A and Region B as boxed in Figure 2.10. For region A, distinct nonlinear relationships

are obtained for both 11 and 12gm radiances and 3.7 and 12JLm radiances, which

indicates that the clouds in Region A are semitransparent and contain small particles

because for nighttime observations there is, of course, no reflected sunlight. For Region

B, the envelope formed from 11 and 12tim radiances converges to a straight line while

the envelope formed from 3.7 and 12rim radiances is still distinct, indicating that some

of the clouds are semitransparent and contain moderately sized particles.
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Region A and Region B shown in Fig. 2.8.



Figure 2.10 Image constructed from 1 lim nighttime 4km GAC data for NOAA-9
overpass of ERBE VS region 1219 off the African coast. Time: 0230 LT, November
ID, 1985; Location, 20°N, 12°W. Boxes A and B in the image are 32 x 32 pixel
arrays.
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2.5 Retrieval Algorithm

A retrieval algorithm is developed for single-layered cloud systems. The algorithm

adjusts the overcast radiances and the effective radius, given the cloud-free

radiances, so that the radiances observed with an imager for a small region (such as

in Figures 2.9 and 2.11) fit the envelopes given by the curves in Figure 2.12. As was

mentioned above, the cloud-free radiances are presumed to be known through some other

means. Through fitting the domain of the two-channel radiance pairs, we obtain the

regional-scale values for the radiances associated with overcast, opaque clouds and the

effective particle radius. We then determine the fractional cloud cover and emissivity (or

equivalently liquidlice water path) for each pixel based on the location of the radiance

pair associated with the pixel in the two-wavelength radiance domain as indicated by

the boxes in Figure 2.12. The regional-scale cloud cover and emissivity are obtained

by averaging the results for the individual pixels. Since one of the tasks in this thesis

is to obtain properties of upper-level clouds (cloud emitting temperature below 40°C),

the use of the ice refractive index in upper-level cloud retrievals is justified because

super-cooled water droplets rarely occur at such temperatures (Rogers and Yau, 1988).

An automated procedure for obtaining the overcast radiances for opaque clouds,

the effective radius, Reff, the pixel-scale fractional cloud cover, A and the pixelscale

emissivity, 11 when the cloud-free radiance at 11 1um, 'sli, is known has been developed

for retrievals based on 11 and 1 2jim radiances. At 11 and 12 jim, the emissivities for

opaque clouds are taken to be unity. The steps in the automated retrieval are as follows:

First, the domain of 1 1jim radiances between the and 99th percentiles is divided into

ten equal intervals. Within each of these ten intervals pixels having radiances nearest the

5th and 95th percentiles for emitted 12jim radiances within the interval are identified. A

linear least-squares fit to the pixels nearest the 95th percentile pixels is used to determine

the straight line. This line is taken to be associated with pixels containing broken, opaque

clouds. It should be noted that the relationship between radiances at 11 and 12 jim for
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Figure 2.12 Bispectral curves for II and 1 2[tm radiances (mWm2sC1cm). The
solid lines represent constant fractional cover and varying 1 1nm emissivity. The
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Figure 2.13 One example of 11 and 12um radiances as used for the retrieval. The
data is a 32 x 32 array of AVHRR pixels obtained from the FIRE II experiment.
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pixels that are taken to be cloud-free and overcast by opaque clouds are expected to

fall along this line. In other words, given either the cloud-free or the opaque cloud

radiance at 11 the corresponding radiance at 12 jIm is derived from the least-squares

straight line. Emission at 11 1am for overcast, opaque clouds and the effective particle

radius are then stepped incrementally until the pixels associated with the 5th percentiles

of the 12jtm radiances in each of the ten 1 ljim radiance intervals reach a minimum

rms distance measured in 11-1 2jim radiances from the curve associated with the

overcast, semitransparent clouds. The curve is computed using a radiative transfer model

employing Mie theory and the Eddington approximation. The increment for stepping the

1 1jim emission associated with overcast, opaque clouds is derived from stepping the

equivalent 1 1tim brightness temperature through the range T0 12°K < T1 < To +8°K

in increments of 0.5°K. Here, T0 is the brightness temperature associated with the 1St

percentile of the 11jim radiances for the region being examined. The effective radius

is stepped through the range 2 jim <Reff < 22 jim in increments of 0.5 jim. The range

of the effective radius is restricted on the basis of the results shown in Figure 2.6(a).

For ice clouds, the figure indicates that two separate effective radii could produce the

same normalized area in the 11 and 12jim radiance domain. Solutions for the smaller

effective radii are avoided by setting the value of the effective radius to 2 jim, at which

the normalized area reaches its maximum value.

Once the effective radius and the cloud top emission temperature are obtained,

the cloud cover and the 1 1jim emissivity are then assigned to each pixel based on

the radiative transfer model results for the radiance pair associated with the pixel.

Pixels which lie outside the envelope given by the straight line associated with opaque,

broken clouds and the curved line associated with semitransparent overcast are assigned

values through extrapolation of the lines for constant cloud cover and constant 1 1jim

emissivity. In order to obtain the regional-scale fractional cloud cover and the regional-

scale emissivity, the pixelscale fractional cloud cover and emissivity are averaged.

Figure 2.15 shows a typical fit obtained using these procedures. The optical properties

of ice are used in all of the examples. Figure 2.14 shows contours for the sum of the
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rms distances in the 1 1-12jim radiance domain between the pixels associated with the

5th percentiles of the 12jim radiances for each of the ten 1 1pm radiance intervals

and the curve obtained from the simple radiative transfer model. The distances are in

radiance units. The average distance for the case shown in Figure 2.14 is less than

0.4 mWm2srT1 cm.

The steps for retrieving the cloud properties are arbitrary. They include arbitrary

choices of various parameters such as 5th and 95th percentiles of the 12pm radiances

within each 1 1pm radiance interval and ten equally spaced 1 1pm radiance intervals,

etc. Nevertheless, as is shown in Figure 2.15, the procedures lead to an envelope

which tightly fits the observed radiances. The retrieved products, namely the effective

radius and the emission associated with opaque, overcast clouds are rather insensitive to

reasonable representations of the pixels near the boundaries of the radiance domain.
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3. DATA ANALYSIS

3.1 AVHRR Data During FIRE II

The retrieval method together with the Spatial Coherence method was applied to

NOAA- 11 AVHRR (Advanced Very High Resolution Radiometer) global area coverage

(GAC) satellite imagery data. The GAC data were obtained from the 1991 First ISCCP

Regional Experiment (FIRE II) Intensive Field Observations (IFO) which took place

from November 13 to December 7, 1991 in Coffeyville, Kansas. The AVHRR scans

perpendicularly to the direction of the orbit and its resolution is approximately (4km)2 at

nadir for GAC data. The NOAA- 11 AVHRR carries five channels, two visible channels at

0.63 and 0.89 m, and three infrared channels at 3.7, 11 and 12 jim. In this data analysis,

the lltm channel was selected for the spatial coherence analysis. The 11 and 12jim

channels were used in the automated retrieval algorithm to obtain cloud properties.

In order to automatically process a large volume of data, each orbital segment

over the U.S. is divided into three scenes. Each scene contains a 384 x 256 scan

spot x scan line array of pixels. Figure 3.1 shows three orbital segments of night-

time observations (descending overpasses) on November 16, 1991. These segments are

labeled F2028, F2029 and F2030 respectively. Each segment, which is also labeled

with starting and ending times, contains three scenes. The nine scenes cover the entire

U. S. continent. Similarly, Figure 3.2 shows six scenes for three orbital segments of

daytime observations (ascending overpass) on November 17, 1991. Only two scenes

are used for each segment of daytime observations. The third scene, which is to the

north, contains the terminator which complicates the extraction of cloud-free radiances.

Because of the added complexity, the third scenes were not analyzed. There are 56

nighttime overpass segments and 44 daytime overpass segments of NOAA- 11 GAC data

analyzed in this thesis work.
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Figure 3.3 shows the scan line and scan spot organization of a scene. The figure

shows the orientation of the AVHRR scan lines and scan spots with respect to the satellite

orbital track. Each scene is divided into 6x4 frames. Each frame is divided into 2x2

subframes. Each subframe contains a 32 x 32 scan spot x scan line array of pixels and

is approximately (130km)2 at nadir. The spatial coherence method is applied to each

frame using the local means and standard deviations of the radiances for each 2 x 2 pixel

4 35 Sy47-
END ENS: 874s

END

QE

Figure 3.1 Scenes for night-time overpasses (descending) on November 16, 1991.

Figure 3.2 Scenes for afternoon overpasses (ascending) on November 17, 1991.
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array. The spatial coherence method is used to identify pixels overcast by clouds from a

single-layer and pixels that are cloud-free. The overcast and cloud-free pixels are mapped

to 32 x 32 scan line x scan spot arrays of the 4km pixels. These 32 x 32 arrays of

4km pixels are then taken to be the 100km mesoscale-sized regions in this study.

3.2 Data Processing

Before the automated algorithm is applied to retrieve single-layered cloud properties,

the spatial coherence method is employed to identify scene types, i.e., clear sky,

single-layered and multi-layered cloud systems. The spatial coherence method has been

successfully applied primarily to ocean regions (Luo et al., 1994). Oceans provide a

nearly homogeneous surface for mesoscale-sized regions. Consequently, the cloudfree

radiances over oceans are nearly constant within a '-j (250km)2 area. Also, the weather
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Figure 3.3 The data structure of the scene, frame and subframe for the data analysis.
The subframe covers a geographical area of approximately (130km)2 at nadir.
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conditions over oceans do not produce as many complex cloud systems as they do over

land. Many of the marine cloud systems are in the form of welldefined layers.

The analysis of data obtained from the FIRE II experiment is the first time that

the spatial coherence method has been applied over land. Since complex terrain and a

variety of surface types cause land to be a spatially inhomogeneous emitter, and because

more complex cloud systems occur over land, special care has been taken in the data

analysis. After testing, the following criteria were used for scene type identification.

An appropriate cloud-free region is defined as that in which no overcast pixels are

found as deduced by the spatial coherence method (Coakley and Baldwin, 1984). In

addition, the mean of the 1 1im radiances associated with the clear-sky pixels I and

the standard deviation Al5 explain the 10th percentile 110 of the 11 urn radiances for

the frame. This condition is assumed to be met when '10 > I 2.5 A I. Intuitively,

the first condition guarantees no cloudy feet existed in the spatial coherence arches (as

shown in the appendix). The second condition requires the clear-sky foot to be so

narrow that contamination by clouds is small.

A single-layered cloud system is presumed to be present in a region if all of the

overcast pixels in the subfrarne are found to be part of only one layer. Furthermore, the

mean of the 1 1urn radiances associated with the overcast pixels, l, and the standard

deviation, AI, explain the 10th percentile, ho, of the 1 1urn radiances for the frame.

This condition is assumed to be satisfied when > I 2.5 A I. Identical procedures

were used in previous studies to identify single-layered cloud systems (Coakley, 1991;

Luo et al, 1994).

Multi-layered cloud systems are supposed to be present if a region is neither

cloudfree nor contains a single-layered cloud system.
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Table 3.1 Cloud Condition within One Subframe (100km scale) nearest to
Coffeeville (the deviation of the subframe center longitude and latitude from
Coffeeville is less than 2°) for Each NOAA-1 1 Overpass.

13 / SGL 14 / MLT 15 / SGL 16 / SGL
ST=200300 ST=195200 ST=212800 ST=211600

10 / 11 / 12 / (36.9,95.2) (37.1,95.0) (36.4,96.8 (36.3,97.2)
(3,14) (2,13) (12,11) (11,11)

Tc=233.1 Tc=253.7 Tc=243.8

17 / CLR 18 / CLR 19 / MLT 21 / CLR 22 / MLT
ST=210500 ST=205200 ST=203500 20 / ST=201000 ST=195800 23 /

(36.3,96.8) (36.6,96.0) (36.8, 9 3 NO-data (36.8,95.2) (36.7,96.3) No-data
(10,11) (9,12) (7,12) (4,13) (2,14)

24/SGL 25/SGL 26/SGL
ST=212400 ST=211200 ST=210000 27 / 28 / 29 / 30 /(36.9,96.0) (36.7,95.8) (36.5,95.5) No-data No-data No-data No-data(12,11) (11,11) (10,11)

Tc=255.2 Tc=258.4 Tc=214.3

2 / SGL 3 / MLT 4 / CLR 5 / tILT 6 / CLR 7 / CLR
1 / ST=213000 ST=211800

ST=210600 ST=205500 ST=203700 ST=202400

No-data (36.8,97.4) (36.9,94.4) (36.7,94.6) (36.8,96.0) (37.0, 96.1) (36.2,96.0)
(12,11) )12,11) (11,11) (9,12) (7,12) (5,12)

Tc=238.7

8/ 9/ 10/ 11/ 12/ 13/ 14/

ST: start time of overpass (seconds, GMT).
(X,Y): subframe center latitude, west longitude.
(I,J): subframe index.
Tc: cloud-emission temperature if single-layered semitransparent cloud observed.
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The spatial coherence analysis identifies clear-sky, single-layered cloud and multi-

layered cloud systems. The analysis also provides corresponding cloudfree radiances

for cloud property retrievals. Table 3.1 shows the cloud system information for the area

of Coffeeville, Kansas. The information was obtained for the NOAA-1 1 data obtained

during the period of the FIRE II experiment. Figure 3.4 shows the occurrence of cloud

system information for the NOAA-1 1 data obtained during the FIRE II. For the daytime

overpasses, over 2300 subframes (labeled as CLR) were identified as clear-sky. Over

2400 subframes (labeled as SGL and XXX) were identified as containing single-layered

clouds. The bispectral infrared retrieval is applied to these regions. Approximately 2500

subframes (labeled as MLT) were identified as containing multi-layered clouds. Because

there are no physically justifiable methods for retrieving properties of multilayered cloud

systems, no retrievals were attempted for these regions. In addition, 1150 subframes

(labeled as YYY) were not used because the spatial coherence analysis failed. These

regions contained bad or missing data, or in some cases, entire scenes were overcast so

that reliable cloud-free radiances could not be obtained. For the nighttime overpasses,

almost 6000 subframes (CLR) were identified as cloud-free. Nearly 5500 subframes

(SGL and XXX) were identified as containing single-layered cloud systems. Over

4500 subframes (MLT) were identified as containing multilayered cloud systems and no

retrievals were performed for these regions. Nearly 3000 subframes (YYY) were not

analyzed because of missing data or lack of reliable cloud-free radiances. The results

indicate that cloud-free, single-layered cloud and multi-layered cloud systems appear

with equal frequency on the 100km scale.

Using the cloud-free radiances obtained by the spatial coherence analysis, the

automated retrieval algorithm was applied to the single-layered cloud systems. The

bispectral retrievals produced cloud emitting temperature, cloud particle size, fractional

cloud cover and cloud emissivity. Of the 2400 subframes (labeled as SGL and XXX in

Fig. 3.4) containing single-layered clouds for the daytime overpasses, no retrieved results

were available for nearly 200 subframes (labeled as XXX) because of the ambiguity

between opaque clouds and clouds having very large particles (as discussed before). Of
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the 5500 subframes (labeled as SGL and XXX in Fig. 3.4) for the nighttime overpasses,

for the same reason, no retrieved results were available for 800 subframes (labeled as

XXX).

.1SS

4000
z

2000

CLR SCL XXX MLT YYY

Figure 3.4 Cloud system information. Filled columns are for 44 NOAA-1 1
daytime overpass segments and blank columns are for 56 NOAA-1 1 nighttime
overpass segments. CLR: Cloud-free subframe (100 km); SGL: Single-layered
cloud (properties retrieved) subframe; XXX: Single-layered cloud (opaque or large
particle) subframe; MLT: Multi-layered cloud subframe; YYY: overpasses with bad
data or unreliable cloud-free radiances (no retrievals).
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3.3 Upper-level Cloud Properties

Some statistics of cloud properties have been obtained from the retrieved products.

Figures 3.5 and 3.6 show the distributions of the retrieved cloud emitting temperatures

for the daytime and nighttime overpasses. More than one third of the retrieved cloud

temperatures for nighttime observations were below 233 K, whereas, only one tenth of

the retrieved cloud temperatures for daytime observations were below 233 K. Generally

speaking, the cloud emitting temperature is proportional to the cloud height. Hence,

there were more upper-level cloud systems at night than during the daytime. Figures

3.7 and 3.8 show the differences between surface and cloud emitting temperatures for

the daytime and nighttime data.

For the FIRE II experiment, the properties of upper-level clouds are of particular

interest. Clouds with emitting temperature less than 255°K for daytime observations and

245°K for nighttime observations are assumed to be upper-level clouds.

The distributions of retrieved effective radius are shown in Figure 3.9 for the daytime

overpasses and in Figure 3.10 for the nighttime overpasses. As discussed before, the

pixels containing opaque, broken clouds have radiances that are indistinguishable from

those containing semitransparent clouds having larger particles. When either condition

applies, the envelope illustrated in Figure 2.2 collapses to a straight line. Thus, for the

retrieval using the 11 and l2im channels, the cutoff for large effective radii has been

taken to be 15 tm and the cutoff for small effective radii has been taken to be 2 tm.

Figure 3.9 and Figure 3.10 show that the two distributions of retrieved effective radius

are similar for daytime and nighttime data.

Figure 3.11 shows the distributions of cloud particle sizes within different altitude

ranges. In the figure, (a) is for the cloud emitting temperatures between 255 and 235

K for daytime observations and between 245 and 230 K for nighttime observations; (b)

is for temperatures between 235 and 215 K for daytime observations and between 230

and 215 K for nighttime observations; and (c) is for cloud emitting temperatures below

215 K for both daytime and nighttime observations. The left column is for daytime
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observations; the right is for nighttime observations. For the nighttime observations,

the cloud particles shift to larger sizes when the cloud height increases. For daytime

observations, there are also fewer small particles in clouds with higher altitudes even

though there are few retrieved samples. Higher clouds exhibit less evidence of small

particles than do lower clouds.

Figure 3.12 shows the relationship between the retrieved effective radius and the

observed radiances at 3.7 ,um for daytime observations of overcast pixels. The mean

values and standard deviations of radiances at 3.7 /tm are calculated for the pixels with

retrieved effective radii within intervals of 2-3 m, 3-4 m ....... and 15-16 m. The

radiances at 3.7 tm were obtained for overcast pixels as identified by the spatial coherence

method. If the clouds are opaque, the radiances can be interpreted as reflected sunlight by

clouds because thermal emission by upper-level clouds at 3.7 am is relatively small (for

the temperature of 233 K, the black-body emission at 3.7 m is 0.013 mWm2sr 1cm.)

and surface emission is blocked by overcast opaque clouds. Therefore, the observed

radiances are the product of the solar constant and the cloud reflectivity. The reflectivity

depends, of course, on the effective radius. The relationship shown in Figure 3.12

indicates that the reflected radiance decreases when the effective radius increases. The

standard deviations for the observations are large. The large variability reflects the

variability of upper level clouds. Upper-level clouds exhibit a wide range of hydrometeor

size and opacity. Figure 3.13 shows the 3.7gm reflectivity calculated for opaque clouds

with different particle radius. The result is obtained using the Eddington approximation

and Mie theory. The result indicates that the reflectivities decrease rapidly with increasing

particle radius. When the radius is less than 5 Itm, the reflectivity is larger than 0.22.

When the radius is larger than 15 ,um, the reflectivity is less than 0.02. Therefore, the

relationship between the observed reflectivities at 3.7 im and the effective radii retrieved

using 11 and 12tim radiances is consistent with the theoretical relationship between

3.7gm reflectivities and effective radii.

Figures 3.14 and 3.15 show the relationship between fractional cloud cover and

I 1nm emissivity for upper-level, single-layered clouds for 100km scale regions. The
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relationships are similar for daytime and nighttime observations. The regional average

1 1gm emissivity increases with the regional average fractional cloud cover. When the

fractional cloud cover is small, the I lum emissivity exhibits large variability. The

correlation between the regional scale emissivity and fractional cloud cover suggests

that clouds are thin at their edges, thereby giving rise to a semitransparent component.

This inference is deduced in part from the observation that when the regional-scale

cloud cover is small, the cloud cover in pixels containing broken clouds is also small

[Chang and Coakley, 1993]. Pixels with small fractional cloud cover are expected to

have a high probability of containing a semitransparent cloud component. So, as the

regional-scale cloud cover decreases, the relative contribution from cloud material that

is semitransparent increases. This consideration is consistent with the model for layered

clouds proposed in earlier studies [Coakley and Davies, 1986; Coakley, 1991] and with

the analysis of LANDSAT imagery data {Wielicki and Parker, 1992].
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Figure 3.5 Retrieved cloud emitting temperatures for single-layered cloud systems
for NOAA-1 1 daytime observations.
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Figure 3.6 Same as Fig. 3.5 except for NOAA-1 1 nighttime observations.
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Figure 3.7 Difference of retrieved cloud and surface temperatures for single-layered
cloud systems for NOAA-1 1 daytime observations.
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Figure 3.8 Same as Fig. 3.7 except for NOAA-1 1 nighttime observations.
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Figure 3.9 Retrieved cloud particle sizes for upper-level, single-layered cloud
systems for NOAA- 11 daytime observations.
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Figure 3.10 Same as Fig. 3.9 except for NOAA-1 1 nighttime observations.
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Figure 3.11 The effective radius distributions for clouds located in different altitudes.
(a) cloud emitting temperatures between 255 and 235 K for daytime and between
245 and 230 K for nighttime; (b) cloud emitting temperatures between 235 and
215 K for daytime and between 230 and 215 K for nighttime; and (c) cloud emitting
temperatures below 215 K for both daytime and nighttime.
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Figure 3.12 Observed daytime radiances at 3.7 urn for pixels identified as overcast
by the spatial coherence method and effective radii retrieved from 11 and 12jim
radiances. The mean values of the radiances corresponding to different effective
radii are indicated as circles and the standard deviation of the reflectivities observed
for the indicated radius is represented by the error bars.
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Figure 3.13 Reflectivity at 3.7 jim and effective radius calculated for opaque clouds.
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Figure 3.14 Regional-scale fractional cloud cover and 1 1jim emissivity for
upper-level single-layered cloud systems for NOAA-1 1 daytime observations.

>-
F-

>
Cl)

w

E

1 .0

IiI
0.0 0.5 1 .0

FRACTIONAL CLOUD COVER

Figure 3.15 Same as Fig. 3.14 except for NOAA-1l nighttime observations.
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The retrieval scheme described here is subject to ambiguities. An example is

illustrated schematically in Figure 2.5. The figure shows two curved lines, one giving

overcast radiances with varying opacity for clouds having small particles (4 jim; solid

curve) and a second giving overcast radiances with varying opacity for clouds having

larger particles (10 jim; dash-dotted curve). Since in the automated retrieval method

the effective radius will be set equal to the smaller value, the curve associated with the

smaller particle radius would encompass the lower extreme occupied by the pixel-scale

radiance pairs in the 11 and 12jim radiance domain. Nevertheless, should some of the

clouds in the region contain larger particles, then they would be interpreted as being

associated with broken clouds having particles with the smaller radius. If some of the

pixels were overcast so that their 11 and I 2jim radiance pairs followed the dash-dotted

curve in figure 2.5, then for these pixels the retrieved cloud cover would underestimate

the actual cover and the retrieved emissivity would overestimate the actual emissivity.

Likewise, the pixels having radiance pairs that fall near the straight line would be

taken to contain opaque, broken clouds. If the clouds were indeed opaque, they would

populate this line regardless of particle size. It is conceivable that clouds having particles

smaller than that given by the lower boundary associated with semitransparent cloud

could produce radiances along the straight line. Consequently, the lower boundary need

not represent the smallest particles associated with the clouds. Finally, if particle sizes

throughout the entire region were sufficiently large (Reff > 20 jim for 11 and 12jim

radiances), as discussed before, there would be no way of knowing whether the linear

relationship between emitted radiances at the two wavelengths was due to changes in

the pixel-scale cloud cover or to pixel-scale variations in the optical path and thus the

I 1jim emissivity. Under such conditions, no retrieval can be obtained.



In addition to the ambiguity resulting from the particle size variations, the retrieval

scheme suffers from biases due to the variations in surface emissivity and cloud emitting

temperature. In the 8I 2tim atmospheric window, land surfaces, including most soils

and vegetation, exhibit surface emissivities which range from as low as 0.90 to as

high as 0.99 [Buettner and Kern, 1965; Fuchs and Tanner, 1968; Griggs, 1968; Taylor,

1979; Sutherland, 1986; Nerry et al., 1988]. A change in surface emissivity of 0.01

causes a change in temperature of about 2 K for the conditions that are typical of

the earth's surface (i.e., 260K < T < 320K; 0.9 < < 1.0). Thus, even for a

small pixel-scale variation of surface emissivity over 100km scale regions, pixel-scale

clear-sky radiances will show appreciable variability. In addition, the observations from

the FIRE experiments suggest that cold, high, and relatively low opacity clouds have

complicated vertical structures (Star and Wylie, 1990; Sassen and et al., 1990). This

complicated vertical structure may lead to noticeable variations in pixel-scale cloud

emitting temperatures within 100-km scale regions. Since it is assumed in the retrieval

scheme that surface and cloud emitting temperatures are horizontally uniform, biases in

the retrieved results are inevitable.

The retrieval scheme is also sensitive to noise. Random noise is associated with

the data collection system. The noise (not necessarily random) is also assumed to be

associated with the effect of the shape and orientation of ice particles on the radiances

and the variation of cloud properties within sub-pixel scales. The effect of such variations

are not yet clearly understood. The level of noise associated with the irregularity of ice

particles and sub-pixel variations of cloud properties is difficult to analyze, but the level

of random noise associated with the data collection system can be analyzed to some

extent. For example, I 1tim radiances change an order of magnitude for temperature

changes from 300 K to 190 K whereas the radiances at 3.7gm change three orders of

magnitude. In light of these changes, the measurements in the 3.7,um channel are not

reliable for very cold clouds in 10bit data-collection systems such as AVHRR. Bit noise

is also significant in the 1 1jim measurements for very cold clouds. Errors due to the

random noise are estimated using numerical simulations.
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Finally, it should be noted that the results of this retrieval scheme will be sensitive

to the instrument's spatial resolution. To determine the curve associated with overcast

radiances (A = 1.0) in the retrievals, some of the pixels in the region must be overcast

and these pixels must contain clouds of varying opacity. The retrieval scheme assumes

that some of the pixels are overcast by semitransparent cloud, when in fact the spatial

resolution of the sensor and the horizontal scale of the clouds may fail to achieve this

condition. Under such conditions, the effective radius is overestimated. In addition,

the dependance of the radiance on emissivity is nonlinear whereas the radiance is

linearly dependent on sensor resolution when radiances in adjacent pixels are averaged to

artificially degrade the sensor resolution. Therefore, the retrieved distributions of cloud

emissivity and fractional cloud cover depend on the sensor spatial resolution.

Numerical simulations are performed to determine the sensitivity of the retrieved

cloud properties to variations in surface emissivity, cloud emitting temperature, particle

size, and bit noise. In addition, the spatial resolution of the observations in two case

studies are degraded in order to examine the sensitivity of the retrieved cloud properties

to the sensor resolution.

4.2 Numerical Simulation

Pseudo-AVHRR images were created using calculated radiances. Cloud properties

were then retrieved from the pseudo images. Differences between the cloud properties

used to create the images and those retrieved were taken to represent the errors of the

retrieval method. Simulations were performed for the retrieval algorithm using the 11

and II 2gm wavelength intervals. Radiances at 11 and 12 m were used to retrieve cloud

properties from NOAA- 11 GAC data obtained during the FIRE II experiment.

In order to produce pseudo-AVHRR images, fractional cloud cover and cloud opacity

were specified for each pixel. Here, the pixel-scale fractional cloud cover was assumed

to have a uniform distribution between 0 and 1. Cloud cover and I 1hum emissivity were
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taken to be uncorrelated at the pixel scale. Figure 4.1 (a) shows the frequency distribution

of the pixelscale fractional cloud cover. The pixelscale 1 1gm emissivities were

also assumed to be uniformly distributed between 0 and 1. Figure 4.1 (b) shows the

distribution of fractional cloud cover and 1 1tm emissivity for a 32 x 32 array of

pixels. The mean fractional cloud cover is 0.50 and the mean 1 1jim emissivity is 0.49.

Uniform distributions for pixel-scale fractional cloud cover and I 1jim emissivity were

used because the exact distributions of pixel-scale fractional cloud cover ase not known

for optically thin, upper-level clouds. Ackerman et. al. (1990) found the distribution of

pixelscale 1 1jim emissivity to be nearly uniform based on radiances from the High-

spectral resolution Interferometer Sounder (HIS). The sounder has a spatial resolution

of 2km.

Once the pixel-scale fractional cloud cover and 1 1jim emissivity were generated,

pseudo-AVHRR images were obtained with radiances calculated for specific surface

temperatures and cloud emitting temperatures and cloud effective radii. The first
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Figure 4.1 Pixel scale fractional cloud cover and 1 1jim emissivity generated for
a 32 x 32 array of pixels. (a) is the distribution of pixel-scale fractional cloud
cover, assumed to be uniform, (b) is pixel-scale fractional cloud cover, and 1 1jim
emissivity.
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numerical simulation was for the ideal case in which the surface and cloud emitting

temperatures were assumed to be the same for all pixels in the 32 x 32 array. The

effective radius was also assumed to be the same for all of the pixels. One hundred

32 x 32 pixel arrays of pseudo-AVHRR radiances were generated for 11 and 12 sum.

For each array, the surface temperature was taken to be 285 K. The cloud emitting

temperature was taken to be 230 K. These values are typical of mid-latitude surfaces

and upper-level clouds. The value of the effective radius was randomly taken from a

range between 2 and 28 jim.

Figure 4.2 shows the results for the simulation. Except for the cloud emitting

temperature, the results are given as the differences between the retrieved and the

prescribed values of effective radius, fractional cloud cover and 1 1zm emissivity. Each

point in the figure represents the mean value averaged over 32 x 32 pixels. The effective

radii are overestimated by less than 1.5 ,am when the prescribed effective radii are smaller

than 15 m. The error in the retrieved effective radius increases with increasing effective

radius. The error in the retrieved cloud emitting temperature is less than 5 K. The

retrieved fractional cloud cover underestimates the prescribed cloud cover by about 0.05

to 0.1, and the retrieved I 1urn emissivity overestimates the prescribed emissivity by

about 0.10 to 0.15. The mean emissivity is obtained by averaging over pixels that have

fractional cloud cover larger than 0.15.

Figures 4.3 and 4.4 show the result for the simulation with random noise added to

the emitted radiances. For figure 4.3, the pixel-scale noise was obtained from a uniform

random distribution having mean zero and a range in the equivalent temperature of I

K. Figure 4.4 is the same as figure 4.3 except that the range is 2 K. The ranges of

the random noise are similar to those used in previous studies (Wu, 1987). The results

indicate that when random noise becomes larger and the prescribed effective radius

becomes larger, the difference between the prescribed and retrieved effective radius

increases. Fortunately, when the prescribed effective radius is less than 15 jim, the errors

of the retrieved effective radius, cloud emitting temperature, fractional cloud cover and

I lm emissivity are similar to those shown in figure 4.2.
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Figure 4.5 shows the results of simulations where variations of the surface emissivity

were considered. The pixel-scale surface emissivity was taken from a uniform random

distribution between 0.9 and 1.0. The reflection of downward radiances incident on the

surface is not considered because the downward radiances are much smaller than the

radiances emitted by the surface. The results indicate that the retrieved effective radius

is between I and 2 pm larger than the prescribed effective radius when the prescribed

radius is less than 15 pm. The difference is greatest when the prescribed radius is

18 1um. For larger prescribed effective radii, the difference diminishes. The difference

between the retrieved and the prescribed cloud emitting temperatures is less than 3 K

when the prescribed effective radius is less than 20 ,am. The retrieved fractional cloud

cover is less than the prescribed cloud cover by 0.05 and the retrieved 11pm emissivity

is larger than the prescribed emissivity by 0.15 when the prescribed effective radius is

smaller than 15 pm. When the prescribed effective radius is larger than 15 pm, the

difference between the retrieved and prescribed fractional cloud cover becomes larger.

The difference between the retrieved and prescribed 1 1pm emissivity becomes smaller.

Figure 4.6 shows the results of simulations in which the cloud emitting temperature

was varied. The pixel-scale cloud emitting temperatures were assumed to vary randomly

and uniformly between 235 K to 225 K. In midlatitudes, upper-level clouds, such as cirrus

cloud, are typically found at altitudes between 8 to 10 km. Radiosonde observations in

the FIRE experiments indicated that those cloud altitudes correspond to cloud emitting

temperatures between 240 and 220 K. In addition, the emission temperature of upper-

level clouds drawn from a single-layer has been given a range of 6 K by Baum et al.

(1994). The retrieved results of the effective radius, fractional cloud cover and 1 1pm

emissivity are close to the prescribed values when the prescribed effective radius is less

than 15 pm. The retrieved cloud emitting temperatures are between 230 K and 235 K

and slightly larger than the mean value of the prescribed pixelscale cloud emitting

temperature, i.e., 230 K.

Figure 4.7 shows the results of simulations in which the particle size was varied. The

pixel-scale effective radius was taken from a uniform random distribution that ranged
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between 75% and 125% of the mean value. If the mean value of the effective radius

for 32 x 32 pixels is 10 jim, the range is from 7.5 jim to 12.5 jim. The variability of

effective radius for upper-level clouds in 100km scale regions has not been reported

previously. For low-level clouds, the effective radius was shown to vary from 5 jim

to 15 jim over a distance of 150 km (Nakajima et al, 1990). In the simulation, the

retrieved cloud emitting temperatures are larger than the prescribed by up to 6 K. The

retrieved fractional cloud cover is less than the prescribed by between 0.05 and 0.15.

The retrieved 11jim emissivity is larger by about 0.20. The retrieved effective radii are

smaller than the mean values of the prescribed radii but within 2 jim when the mean

values of the prescribed radii are less than 15 jim. The discrepancy increases when the

prescribed radii increase.

Figure 4.8 shows the results of simulations in which random noise of 1 K, surface

emissivity, cloud emitting temperature and particle size variations are included. When the

prescribed effective radius is less than 15 jim, the retrieved results of the effective radius,

cloud emitting temperature and fractional cloud cover are still reasonable. The errors

in the effective radius are within 1.5 jim. The errors in the cloud emitting temperature

are within 5 K. The errors in the fractional cloud cover are within 0.10. The retrieved

11jim emissivities are poor. Errors can be 0.20.
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Figure 4.2 Cloud properties retrieved from pseudo AVHRR images (32 x 32 array
of pixels). Except for the cloud emitting temperature, the results are given as the
differences between the retrieved and prescribed values for the mean effective radius,
fractional cloud cover and 1 1gm emissivity. The units are K for the temperature
and pm for the effective radius. The distributions of pixel-scale fractional cloud
cover and 1 1jtm emissivity shown in Fig. 4.1 were used. The mean value of
fractional cloud cover for the 32 x 32 pixels was 0.50. The mean value of the
1 lm emissivity for the 32 x 32 pixels was 0.49. The surface and cloud emitting
temperatures were fixed at 285 K and 230 K for all of the pixels. 100 samples of
the effective radii, which were assumed to be the same for the 32 x 32 pixels, were
used. The sample effective radii were chosen randomly to lie between 2 and 28 tm.
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Figure 4.3 Same as Fig 4.2 except that random noise has been added to the
pseudo-images. The noise was given by a uniform random distribution having mean
zero and a range of 1 K.
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Figure 4.4 Same as Fig 4.2 except that random noise has been added to the
pseudo-images. The noise was given by a uniform random distribution having mean
zero and a range of 2 K.
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varies randomly and unformally between 235 K and 225 K.



4

4-
4-' 2

0
w00
z
w
w
L

L 2
0

4

0.4

0
4 0.2
9-
0
U
0zU
U

0.2

0.4

0 10 20 30
GENERATED Reff

0

250

240
C)

I-

0
230

220

58

210E
0 10 20 30

GENERATED Ref f

0.4

0.2
9-
0
Li
0
z
Li

LU

0.2

:

_________________ 0.41 I

10 20 30 0 10 20 30
GENERATED Reff GENERATED Reff

Figure 4.7 Same as Fig 4.2 except that variations in particle size have been added
to the pseudo-images. The pixel-scale effective radii vary randomly and unformally
between 75% and 125% of the indicated mean value.



4

'I-

' 2

4-
0

LU
<-) 0

LU

LU

0

4
0 10 20 30

GENERATED Reff

....y

0.4

C)

< 0.2

0

LU
0
z
LU

LU

0.2

0.4

%. . .

250

240
0
F-

0
LU

230

I-
LU

220

210

0.4

0.2
'I-

0
LU
0
z 0.0
LU

LU

0.2

0.4

59

0 10 20 30

GENERATED Reff

: :

0 10 20 30 0 10 20 30
GENERATED Reff GENERATED Reff

Figure 4.8 Same as Fig 4.2 except that random noise of 1 K, surface emissivity,
cloud emitting temperature and particle size variations have been included.



Chang and Coakley (1993) used the spatial coherence method to analyze AVHRR

data over oceans and obtained pixel-scale distributions of the fractional cloud cover on

60 km and 250 km scales. Their results indicate that when the fractional cloud cover for

60 km and 250 km scale regions is about 0.5, the distribution of the pixel-scale fractional

cloud cover has a 'U' shape. Figure 4.9 shows an example of such a 'U' shape. The

pixel-scale fractional cloud cover was randomly taken from this distribution. Numerical

simulations were the same as the numerical simulations discussed above except that

the 'U'-shaped distribution was now used for the pixel-scale fractional cloud cover. As

before there is no correlation between fractional cloud cover and emissivity on the pixel

scale. Jn general, the errors of the retrieved products are slightly larger than the errors

obtained in the previous simulations.
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Figure 4.9 Pixel-scale fractional cloud cover and 1 ljm emissivity generated for a
32 x 32 array of pixels. (a) is the frequency of the randomly distributed pixel-scale
fractional cloud cover. (b) is the pixel-scale fractional cloud cover and 1 1/2m
emissivity. The distribution of pixel-scale I 1jim emissivities is uniform.
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Figure 4.10 Same as Fig. 4.2 except that the distribution of pixel-scale fractional
cloud cover is shown in Fig. 4.9.
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Figure 4.11 Same as Fig. 4.3 except that the distribution of pixel-scale fractional
cloud cover is shown in Fig. 4.9.
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Figure 4.12 Same as Fig. 4.4 except for the distribution of pixel-scale fractional
cloud covers shown in Fig. 4.9. The retrieved cloud top temperature is the same
when the generated radius is larger than 18 um because the temperature for the best
fit lies outside of the range that the automated retrieval algorithm steps through.
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Figure 4.13 Same as Fig. 4.5 except for the distribution of pixel scale fractional
cloud covers shown in Fig. 4.9.
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Figure 4.14 Same as Fig. 4.6 except for the distribution of pixel scale fractional
cloud covers shown in Fig. 4.9.
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Figure 4.15 Same as Fig. 4.7 except that the distribution of pixel scale fractional
cloud cover is shown in Fig. 4.9.
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Figure 4.16 Same as Fig 4.8 except that the distribution of pixel scale fractional
cloud cover is shown in Fig. 4.9.
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4.3 Sensor Spatial Resolution Study

The retrieved properties are sensitive to instrument spatial resolution. The retrieval

requires that pixels populating the lower range of the 1 2-gm radiances as a function of

the 1 1-jim radiances be overcast by cloud. It seems unlikely that this condition will

always be met. Nevertheless, a necessary condition for the retrieved products is that

they be insensitive to degradation of the spatial resolution of the observations. The

distribution of radiances and the fits for the cases shown in Figure 2.8 with degraded

spatial resolutions are presented in Figures 4.17 and 4.18. The degraded resolution are

for full resolution observations (1 x I km2), observation with half the spatial resolution

(2 x 2 km2) and one quarter the resolution (4 x 4 km2). Table 4.1 and table 4.2 show

that the retrieved products in these cases are rather insensitive to the degradation of the

Table 4.1 Retrieved Parameters for Box A in Figure 2.8 for Various Sensor Spatial
Resolutions.

Resolution T11, K T11, K Rff, m A

1km x 1km 275.8 238.0 4.0 0.67 0.77

2km x 2km 275.8 239.2 4.0 0.68 0.79

4km x 4km 275.8 240.4 5.0 0.69 0.80

Table 4.2 Retrieved Parameters for Box B in Figure 2.8 for Various Sensor Spatial
Resolutions.

Resolution T11, K T11, K Reff, tm A

1km x 1km 272.5 227.7 10.0 0.55 0.68

2km x 2km 272.5 230.1 10.0 0.54 0.72
4km x 4km 272.5 232.1 14.0 0.60 0.69
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sensor spatial resolution for up to a factor of four in degradation. Evidently, a sufficient

fraction of the cloud systems in Region A and Region B had spatial scales that were

sufficiently resolved by the 2 x 2 km2 resolution.
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5. SUMMARY and DISCUSSION

The theory, retrieval algorithm, application and sensitivity study have been presented

for obtaining the properties of semitransparent, single-layered clouds from infrared

window satellite imagery data. The theory indicates that there are nonlinear relationships

between emitted infrared radiances when single-layered clouds are semitransparent and

cloud particles are relatively small. The nonlinearity of the multispectral relationships

can be utilized to deduce the fractional cloud cover, 11 -tim emissivity (or equivalently,

liquid/ice water path) and the radiances associated with opaque overcast clouds (or

equivalently, effective cloud temperature) when the radiances for cloud-free regions are

known. A retrieval algorithm using 11 and l2-m radiances together with the spatial

coherence method was developed and used to analyze the NOAA- 11 AVHRR data

obtained during the FIRE II experiment. The results indicate that clear sky, single-

layered and multi-layered cloud systems occur with equal frequencies on the 100-km

scale. Furthermore, the 100-km scale emissivity and fractional cloud cover are correlated.

The sensitivity of retrieved results to variations in surface properties, cloud temperature

and particle sizes was studied using numerical simulations. The simulation results indicate

that when the effective radii are less than 15 urn, the errors in the retrieved effective

radius are less than 2 urn and the errors in the retrieved cloud emitting temperatures are

less than 10 K. The 100-km scale fractional cloud cover is underestimated by no more

than 0.15 and the 100-km scale I 1-/Am emissivity is overestimated by no more than 0.3.

The following sections discuss the relationship of the current work to other studies,

the implications of the findings for global scale systems, how such an algorithm might

be implemented on global scales, and problems that need further study. Specifically,

Section 5.1 summarizes the new results obtained in the preceding chapters; Section 5.2

summarizes related studies in which the method described here was used to study marine

stratocumulus, volcanic clouds and clouds over the South Pole; Section 5.3 compares

the current method with a threshold method like that used by the International Satellite

Cloud Climatology Project (ISCCP); Section 5.4 discusses cloud-climate interactions on
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global scales and the significance of the current work; Section 5.5 outlines the next steps

suggested by the current work and the implementation of the current algorithm on global

scales; Section 5.6 contains the concluding remarks.

5.1 Theoretical Study and Application

The multispectral properties of layered semitransparent clouds have been used as

a basis for a new retrieval method. For the theoretical investigation, the clouds were

assumed to be made of spherical ice particles/water droplets. Mie theory was used to

calculate the extinction and scattering cross sections and scattering asymmetry. The

Eddington approximation was used to obtain cloud emissivity and transmissivity for

specific liquid/ice water paths.

Multispectral relationships of semitransparent clouds were found to be sensitive to

hydrometeor size. It was previously argued that a linear relationship between radiances

at two wavelengths implied that the clouds were opaque (Coakley, 1983; Molnar and

Coakley, 1985; Coakley and Davies, 1986). In fact, such a relationship may simply imply

that the hydrometeors in the clouds have grown to a size for which the single scattering

properties of the particles at the two wavelengths are similar. The radiances emitted by

semitransparent clouds depend on cloud temperature, surface properties, fractional cloud

cover, liquid/ice water path and cloud particle size. It was found, however, that the

area of the bispectral domain occupied by the emitted radiances was sensitive only to

particle size. The area is enclosed by a straight line, which is associated with broken,

opaque clouds, and a curved line, which is associated with overcast semitransparent

clouds (Figures 2.5 and 2.6). The area is normalized and the maximum area is given

a value of unity. Areas with non-zero values indicate that the bispectral relationships

of semitransparent clouds are nonlinear for the corresponding particle sizes. Areas with

zero values indicate that the relationship collapses to a straight line when the effective

radius exceeds a critical value. The theoretical results indicate that for radiances at
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11 and 12 hum, the bispectral relationship remains nonlinear when the cloud effective

radii are less than 20 jm for both ice and water. For radiances at 3.7 and 12 m, the

nonlinearity remains for cloud effective radii less than 60 m for ice and less than 100

um for water. For 3.7 and 8 1um, the nonlinearity remains for effective radii less than

150 jim for both ice and water.

The nonlinear relationships among the emitted radiances at various wavelengths

are the basis of the method for retrieving the properties of semitransparent clouds

from satellite observations. If the relationships become linear, then no retrieval can be

performed. Opaque broken clouds and semitransparent clouds containing large particles,

both produce linear relationships. Clearly, if the relationship between the radiances at

two wavelengths is nonlinear for a small range of particle sizes, then such radiances

provide little signal from which the properties of the semitransparent cloud can be

obtained. The strategy is to select wavelengths for which the nonlinear relationships

remain for a large range of particle sizes. As was shown, emitted radiances at 3.7 and

8 jim remain nonlinear for effective radii up to 150 ,am, which is much larger than the

values for radiances at 11 and 12 jim, and 3.7 and 12 jim. Hence, the addition of an

8-jim channel to the Moderate-Resolution Imaging Spectrometer (MODIS) (King et al.,

1992) will provide new opportunities for the retrieval of properties for semitransparent

clouds. This conclusion is consistent with the High-resolution Interferometer Sounder

(HIS) observations obtained during FIRE I (Ackerman et al, 1990).

The theoretical study also indicates that the radiances emitted at 3.7 and 8 jim

could be used to identify cloud phase: ice or water. Figure 2.7 shows that for ice

clouds, the curved line associated with overcast, semitransparent clouds is above the

straight line associated with broken opaque clouds. For water clouds, the corresponding

curved line is below the straight line. This switch in the position of the curved line

provides a promising way to identify cloud phase using satellite observations. Because

the optical properties of ice and water differ, cloud phase is needed to improve estimates

of the cloud properties such as emissivity, fractional cloud cover, effective radius and

cloud temperatures. Minnis et al (1993), for example, examined the effects of cloud
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phase on the properties retrieved by ISCCP. They characterized the differences in the

retrieved properties obtained when using scattering phase functions for water droplets

and ice particles. They found that for high-level cirrus clouds, the use of a scattering

phase function for water droplets led to an underestimate of cloud altitude and to an

overestimate of cloud optical depth. Sun and Shine (1994) examined the effects of

mixed-phase clouds in the calculation of the radiation budget and in the sensitivity of

global temperatures to increases of carbon dioxide. They found that using a somewhat

speculative representation of the fraction of ice and water in a mixed-phase cloud, the

absorbed sun light at midlatitudes in summer could be altered by 10 to 30 Wm2. In a

radiative-convective model, the mixed-phase clouds were found to reduce by up to 25%

the temperature change expected due to a doubling of CO2.

The retrieval algorithm using 11 and 12zm radiances described in this thesis

neglects effects due to random noise and variations of surface properties, cloud

temperature and particle size within 100-km scale regions. In order to investigate such

effects, pseudo-AVHRR images were constructed. The effects of noise and variations in

the parameters, which in the retrieval scheme are assumed to be constant, were deduced

from the differences between the cloud properties retrieved from the images and those

used to produce the images. For the worst case in which all effects were included, the

error of the retrieved effective radius was up to 2 m and the error of the retrieved cloud

temperature was up to 9 K when the prescribed effective radii were less than 15 tm.

The error in fractional cloud cover was no more than 0.15 (underestimated) and the error

in 1 1-tm emissivity was no more than 0.3 (overestimated) as shown in Figure 4.16.

The retrieval algorithm was applied to analyze the NOAA-1 1 AVHRR observations

obtained during the FIRE II experiment which took place from November 13 to December

7, 1991, in Coffeeville, Kansas. The spatial coherence method was employed to identify

cloud-free, single-layered and multi-layered cloud systems within 1 30km scale regions

and to provide cloud-free radiances for the retrieval algorithm. The results from the spatial

coherence analysis indicated that cloud-free, single-layered cloud and multi-layered cloud

systems appeared with equal frequencies on the 100-km scale over the U. S. continent
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during the winter time. Similarly, Coakley and Baldwin (1984) found that approximately

40% of ocean regions at the 60km scale contained single-layered cloud systems over

the Pacific basin (ON-50N, 135W-i 70E) during September, 1981. It should be noted that

the same conclusion may not be applicable for some regions and/or some seasons since

some systems are more complex as in fronts and tropical disturbances. Clearly, more

observations should be carried out over different regions and during different seasons to

discover the organization of cloud systems on global scales (Tian and Curry, 1989).

The results from the 11- and 1 2-sum retrieval algorithm indicated that the majority

of the upper-level, single-layered clouds contained small particles. Some of the retrieved

cloud effective radii were as small as 3 ,um, and half of the retrieved effective radii

were less than 10 m. There are only a few in situ observations of particle sizes for

high-level clouds. Weickmann (1947) was the first cloud physicist to undertake the

measurement of the particle size of cirrus clouds. Using the technique of direct in-flight

sampling by means of oil-covered slides and, subsequently, microphotographs, he found

that cirrus clouds were predominately composed of columnar crystals, which had a length

of approximately 100 um and a width of about 40 1um. In the early '70s, optical-array

spectrometers were used to make continuous particle size distribution measurements in

cirrus on a routine basis (Heymsfield and Knollenberg, 1972). The predominant particles

were found to be columns, bullets and plates with mean particle length between 60 and

1000 m. Heymsfield and Knollenbeng noted that many particles with sizes smaller

than 100 pm might be missed by the measurement techniques. Recently, the FIRE II

experiment produced mixed results. From representative 2D probe measurements from

the National Center of Atmospheric Research (NCAR) King Air and Saberliner aircraft,

ice particles were found to be generally larger than 50 4am, and some were as large as

thousands of micrometers (Heymsfield and Miloshevich, 1993). They noted that few

particles smaller than 100 im were imaged with the 2D probe. On the other hand, large

numbers of ice particles smaller than 66 jim were found from an ice particle replicator

mounted on the University of North Dakota Citation research aircraft (Arnott et al.,

1993). Strom (1993) made in situ measurements with a counterfiow virtual impactor



77

(CVI) during ICE-89 campaign between September 15 and October 20, 1989, over the

southern part of the North Sea. The clouds appeared to consist primarily of small ice

particles with dimensions typically less than 30 hum.

The finding that the majority of upper-level clouds contain small ice particles,

as obtained from the satellite data analysis in this thesis, is of great significance for

the radiative properties of upper-level clouds. The radiative properties of small ice

particles differ from those of large ice particles, which were supposed to be the dominant

component in upper-level clouds according to the early in situ observations. Amott et al

(1993) examined the radiative effects of the small ice particles indicated by the replicator

data obtained from FIRE II. They found that particles with maximum dimensions less

than 50 um contribute significantly to the solar extinction and infrared absorption

coefficients at least in some clouds. Small ice particles can affect cloud radiative

properties if they occur in sufficient abundance. Sun and Shine (1994) examined the

role of small ice particles on the radiative properties of cirrus clouds and claimed "the

lack of observations of small crystals and the shape and morphology of ice crystals in

cirrus introduces substantial uncertainties."

It should be noted that there is no apparent discrepancy between the sizes of the ice

particles retrieved from the satellite data and those obtained from in-situ measurements.

The retrieved results presented in Figure 3.4 show that of the 8000 subframes containing

single-layered clouds, about 1000 subframes contained clouds with large particles (larger

than 20 tm) or opaque clouds, for which the retrieved particle sizes are not available

using the current method and the available radiances. These results indicate that the

majority of upper-level clouds contain particles that are smaller than 20 jim. At the same

time, these clouds may also contain large particles. Pixels associated with clouds having

large particles are located along the straight line in the bispectral radiance domain. Here,

these pixels are taken to be associated with broken opaque clouds having small particles,

but as was indicated in Chapter 2, these pixels may just as well contain clouds with large

particles. As will be discussed in the section on Further Study, the determination of large

particle sizes will be enhanced using 3.7 and 8.0gm radiances when these radiances
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become available in the Earth Observing System era. In addition, studies (Arnott et al,

1993) indicate that in-Situ measurements often overcounted the number of particles with

sizes larger than 20 jim and undercounted particles with sizes less than 20 jim. Clearly,

the satellite observations indicate frequent occurence of small particles not detected in

the in situ observations, while the in situ observations indicate the frequent occurence of

large particles not detected in the satellite observations. The results from both the satellite

retrievals and the in situ measurements are probably correct, but neither is complete.

The fractional cloud cover and I 1-jim emissivity retrieved from the AVHRR data

obtained during FIRE II indicates that 100-km scale fractional cloud cover and 1 1-jim

emissivity are correlated for upper-level clouds. This correlation is consistent with clouds

being thin at their edges as discussed in Chapter 3. While the physical principle indicates

that regional fractional cloud cover is correlated with cloud emissivity, future studies

are needed to obtain relationships for different regions and different seasons. Such

relationships will find application in the assessment of cloud properties generated in

general circulation model (GCM) climate simulations. Currently, the relationship between

the fractional cloud cover and optical properties is obtained using parameterizations

based on surface and aircraft measurements from several decades of cloud studies. Such

observations are generally limited to midlatitudes, low altitudes and to land areas or

near-coastal marine areas. For example, in the latest version of the NCAR Community

Climate Model (CCM2) (Kiehl, 1994), the fractional cloud cover is determined by large

scale variables, i.e., relative humidity, atmospheric stability, vertical velocity and the

convective precipitation rate. The cloud optical properties are accounted for by the

Slingo parameterization (Slingo and Slingo, 1991), which relates the extinction optical

depth, the single scattering albedo, and the asymmetry parameter to the cloud liquid

water path and the cloud drop effective radius.
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5.2 Other Investigations Using the Multispectral Infrared Retrieval Method

The multispectral Infrared retrieval method described in this thesis has found

applications in other satellite remote sensing problems. The following is a summary

of how the method led to new observations for marine stratocumulus, volcanic eruption

clouds and clouds over the South Pole.

Luo et al. (1994) applied the method to study the properties of marine stratocumulus.

It is well known that one of the most difficult cloud types to analyze using satellite

data is boundary layer clouds (Wielicki and Welch, 1986; Wielicki and Parker, 1992).

Wielicki and Parker (1992) applied the spatial coherence method to ultra-high-resolution

(114 m) Landsat observations and compared the retrieved fractional cloud cover with

that obtained with a threshold method for which the uncertainty in cloud cover could be

measured. The fractional cloud cover obtained with the spatial coherence method was

typically 0.18 below that obtained with the results of a control threshold retrieval for

which the typical uncertainty in the cloud cover was estimated to be less than 0.05. The

difference could not be explained either by the uncertainty estimated in the threshold

results or by that derived from the spatial coherence method. From the analysis of 24

Landsat images (each 58.4 km on a side), Wielicki and Parker concluded that the large

fractional cloud cover error was probably from optically thin clouds. Luo et al. (1994)

used two methods to study the bias in the spatial coherence results. The first method used

the spatial coherence method to obtain the fractional cloud cover and the second method

used the spatial coherence method only to identify regions that contained single-layered

cloud systems and then applied the current method to obtain the fractional cloud cover

and other cloud properties. Luo et al. obtained the 1 1-rim emissivities of single-layered

marine stratocumulus for an extensive ensemble of (250 km)2 regions off the coast

of South America; over a thousand such regions were examined. They concluded that,

owing to the semitransparency of the edges of marine stratocumulus, the spatial coherence

method underestimated fractional cloud cover on the (250 km)2 scale by about 0.15.
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Wen and Rose (1994) applied the multispectral retrieval scheme to distinguish

volcanic eruption clouds from water/ice clouds and to estimate particle sizes and masses

from volcanic eruptions. Measuring the size and burden of silicates and other components

in volcanic clouds is of interest to those studying volcano-atmosphere interactions. For

example, because of their small size, these aerosols are more effective at reflecting

shortwave solar radiation than they are at attenuating terrestrial radiation. Thus, the

aerosols alter the Earth's radiation balance by reflecting more of the sun's energy back

to space and permitting the Earth to cool radiatively at about the same rate as before the

eruption. The result is a net loss of energy for the Earth atmosphere system, or a cooling

of the atmosphere and surface. Wen and Rose developed a radiative transfer model for

volcanic plumes and compared the results of the model to AVHRR 11 and 12pm

radiances for the Crater PeaklSpurr eruption of August 19, 1992. Their model reveals

a nonlinear relationship between the brightness temperature difference (I'i T12) and

the brightness temperature T11 for volcanic eruption clouds containing silicate particles.

(T11 T12) remains negative until the particle size becomes larger than 5 pm. In the data

analysis, the brightness temperature difference of (T11 - T12) was used to distinguish

water/ice clouds and volcanic clouds. When a volcanic cloud exists, (I' T12) is

usually less than zero; otherwise it is larger than zero (Prata, 1989a). The analysis of

AVHRR data over a region of 165 km x 110 km on the Crater Peak/Spun eruption of

August 19, 1992 indicated that the average effective radii for the particles in the plume

was in the range of 2 to 2.5 pm.

Lubin and Harper (1995) relied on the nonlinear relationships and their sensitivity

to cloud particle sizes first pointed out in this thesis to study the radiative properties

of clouds over the South Pole. The Antarctic plateau presents unique challenges to

the understanding of cloud-climate interactions and the modeling of climate change. A

persistent error in general circulation model (GCM) simulation of Antarctic climate

involves cloud cover. Tzeng et al. (1994) reported that the NCAR Community

Climate Model (CCM2) significantly overestimated the summer-time cloud coverage

over the Antarctic continent, and this overestimate led to a cold bias in summer surface
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temperature because of the attenuation of shortwave radiation. While present GCMs

continue to exhibit such errors, cloud properties like cloud cover, temperature and

effective radius obtained from satellite observations over the South Pole are essential

to the improvement of GCM simulations, especially for the Antarctic climate. For the

analysis of cloud properties, Lubin and Harper selected overcast scenes (5 x 5 pixel

array) on the basis of surface observations at the South Pole. The cloud cover for the

selected scenes was assumed to be unity. The retrieved cloud temperature, effective

radius, and ice water path were those for which the cloud emissivities that minimized the
2 2

(TrnzT)quantity x = Ti where T was the satellite-measured brightness temperature
i=1

in AVHRR channel i (channels 4 and 5) and Tmj was the calculated top-of-atmosphere

brightness temperature obtained with a radiative transfer model. Their results indicated

that the mean cloud emissivity was 0.42 during summer and 0.38 during winter.

5.3 Comparison with Pseudo-ISCCP Method

The most extensive measurements of cloud properties are being made by the

International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer, 1991).

The dataset produced by ISCCP began with July 1983. More than seven years of

observations have been processed. The raw observational data consists of satellite

radiances taken from five geostationary satellites and at least one polar orbiter (Schiffer

and Rossow, 1985; Rossow et a!, 1987). The ISCCP products are reported every 3 hours

as averages over 280-km-wide areas (equivalent to 2.5 degree resolution at the equator)

and in seven pressure intervals. Because the ISCCP results are receiving widespread

attention in studies of cloud and climate, it would seem prudent to compare the results

obtained with the multispectral retrieval scheme in this thesis with those that would be

obtained by ISCCP. Here an ISCCP-like algorithm is constructed and applied to the

pseudo-AVHRR images described in Chapter 4 for the comparison.



82

The ISCCP algorithm has two components: cloudy pixel detection and cloud property

retrieval. ISCCP identifies cloudy and cloud-free image pixels by applying threshold

values to visible and infrared radiances. The threshold values are different for different

regions. Atmospheric temperature and humidity profiles for each 2.5 degree region

of the globe are obtained from the NOAA TIROS Operational Vertical Sounder data

(TOVS) on a daily basis. These profiles are used with an infrared radiation model to

precalculate top-of-atmospheric infrared radiances as a function of cloud-top temperature

and satellite viewing zenith angle assuming that the clouds are opaque. After thresholds

have been applied to identify cloud and clear pixels, the observed infrared radiances

for each cloudy pixel are compared to the model values to determine the corresponding

cloud-top temperature (and pressure). A precalculated database from a model for visible

radiation contains top-of-atmosphere visible radiances as a function of cloud optical

thickness, viewing geometry, surface reflectance, and cloud-top pressure. The observed

visible radiance for each cloudy image pixel is compared to this database, with cloud-top

pressure already obtained from the infrared observations and surface reflectance specified

from a prior analysis of cloud-free pixel visible radiances. The visible radiances are

used to obtain the visible optical depth of the cloud. Finally, if the visible optical depth

of the cloud is less than 9, then the cloud-top temperature is corrected for the effects

of partial transmission of infrared radiation from below the cloud, based on the surface

temperature specified from a prior analysis of clear pixel radiances.

The key assumption in the comparison of calculated and measured radiances for

cloudy pixels is that the instrument field-of-view (pixel) is covered by a uniform layer

of cloud. In addition, the effective cloud particle radius is assumed to be 10 m for all

clouds (Rossow et al, 1991). Such assumptions make the retrieved cloud amount, cloud

temperature and optical thickness uncertain by 15-25% (Rossow et al, 1989, Nakajima

and King, 1990) for water clouds and by 30-50% for thinner ice clouds (Minnis et at,

1992). Large uncertainties occur in areas where a significant portion of clouds are either

very low and broken (e.g., marine stratocumulus) or optically very thin (e.g., cirrus).

Under such conditions, differences in reflectivities between clear skies and the optically
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thin or broken clouds are small. Likewise, differences in infrared radiances between

clear skies and low, broken clouds are also small. All retrieval schemes encounter

difficulties for such cloud systems. The errors in the retrieval using thresholds can be

especially large.

Because low-level and cirrus clouds are likely to play crucial roles in the climate, new

methods, like that described in this thesis, are needed to improve upon the determination of

properties for broken clouds and clouds that are semitransparent at infrared wavelengths.

The method described in this thesis allows for variations in pixel-scale fractional cloud

cover and cloud emissivity. The assumption used is that for 100-km scale regions the

clouds form a single-layer in which the effective radius is constant but not fixed to be

10 um as in the ISCCP method.

Results obtained using the current method will differ considerably from those obtained

with the ISCCP method. These differences are illustrated by applying the current method

and an ISCCP-like threshold method to pseudo-AVHRR images. The pseudo images

are the same as those used in Chapter 4 except that pseudo-AVHRR images at 0.63 im

are added for the pseudo-ISCCP algorithm. Specifically, pseudo-AVHRR images were

obtained for upper-level cloud systems with reflectivities calculated with a surface

reflectivity of 0.15 (typical value for land) at 0.63 m, and radiances calculated with

surface temperatures of 285 K, and cloud temperatures of 230 K. The effective radii were

taken to a range between 3 and 28 rim. Pixel scale fractional cloud cover and 1 1-/2m

emissivities were assumed to be randomly distributed between 0 and 1. Random noise

and variations of surface emissivity, cloud temperature and particle size were added to

the images. Mie theory and the Eddington approximation were used to both generate

the pseudo images and retrieve the cloud properties at visible and infrared wavelengths.

Effects due to atmospheric gases were ignored for both the generated radiances and the

retrieved cloud properties. The pseudo-ISCCP method assumes that the fractional cloud

cover for cloudy pixels is unity and the cloud effective radius is 10 jm. The following

procedures define the ISCCPlike algorithm:
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Cloudy: T < (Tmax (5.1)

Clear : T (Tma AT). (5.2)

Here, Tmax would normally be the largest JR brightness temperature in a small region.

Here Tmax is taken to be 285 K in order to be consistent with the values used for

cloud-free radiances in the current algorithm. LT is the contrast threshold and has the

value of 6.5 K for land data at the 90 km x 90 km scale (Rossow and Garder, 1993).

The brightness temperatures are taken to be those at 11 jim. The regional-scale cloud

cover is taken to be the ratio of the number of cloudy pixels to the total number of

pixels. The cloud property retrievals are performed only for the cloudy pixels.

(2) Cloud property retrieval: For cloudy pixels, the observed radiances at 11 jim and

reflectivities at 0.63 jim are taken to be:

Ill = E1(Tf1)Bii(T) + (1 (5.3)

RS (1 R63(r63))2
R063 = R63(r63) + 0.63

(5.4)1_Rs RC
0.63 0.63fr&63)

where, (rf1) is the cloud emissivity; B11 (Ta) is the Planck function at the cloud

temperature; I is the clear sky radiance; R63 (r63) is the cloud reflectivity, and R63

is the surface reflectivity. A table precalculated using Mie theory and the Eddington

approximation contains the 0.63 and 11jim optical depths as functions of cloud ice

water path and 10jim effective radius. The cloud reflectivity at 0.63 jim is used to

retrieve the 0.63jim optical depth. This optical depth is converted into an 11jim

optical depth which is then used to calculate the cloud emissivity at 11 jim. Then

the lijim radiance and 11jim cloud emissivity for each pixel are used to obtain the
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cloud-top temperature. The 100-km scale cloud temperature and emissivity are obtained

by averaging the pixel scale values.

The comparison is based on the cloud properties retrieved from pseduo-AVHRR

images using the pseudo-ISCCP algorithm and the current algorithm. Figure 5.1 is the

same as figure 4.2 except the results are obtained using the pseudo-ISCCP algorithm.

For Figures 5.1 and 4.2, the random noise and variations of surface emissivities, cloud

temperatures and particle sizes have all been set to zero. Comparison of Figures 5.1

and 4.2 indicates:

(1) Since the effective radius is fixed at 10 im in the pseudo-ISCCP algorithm, the

effective radius overestimates the prescribed value by 7 m when the prescribed radius

is 3 tm and underestimates by 5 jim when the prescribed radius is 15 urn. As was

shown in Chapter 4, for the current algorithm, the retrieved radius overestimates the

prescribed value by less than 1 jim when the prescribed radius is less than 15 um. As

will be seen in the following, the fixed 10-jim effective radius in the pseudo-ISCCP

algorithm results in biases for the retrieved cloud temperatures and emissivities when

the prescribed radius is less than 10 jim.

(2) The 11 -,um emissivities obtained from the pseudo-ISCCP algorithm overestimate the

prescribed value by 0.20 when the radius is 3 jim. The error decreases with increasing

radius. When the prescribed radius is equal to or larger than 10 jim, the error is small.

When the prescribed radius is 3 jim, backscattering at 0.63 jim is much larger than

that for 10-jim particles, and therefore the 0.63 um reflectance for the 3-jim particles

is correspondingly larger than that for the 10-jim particles. As a result, the retrieved

0.63jim optical depth obtained assuming 10-jim particles will be significantly larger

than the actual value when the particles have 3-jim radii. When these optical depths are

converted into 11-jim optical depths, the retrieved emissivities greatly overestimate the

actual values. When the prescribed radius is equal to or larger than 10 jim, the error in

the retrieved 11-jim emissivity is small mainly due to the small differences in the single

scattering properties between particles with 10-jim radii and larger particles as
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Figure 5.1 Cloud properties retrieved from pseudo 0.63 and 1 lam AVHRR images
(32 x 32 array of pixels) using the pseudoISCCP algorithm. Except for the cloud
emitting temperature, the results are given as the differences between the retrieved
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emissivity. The units are K for the temperature and jim for the effective radius. The
distributions of pixel-scale fractional cloud cover and 1 1jim emissivity shown in
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of the pixels. The surface reflectivity at 0.63 jim is fixed to be 0.15. 100 samples of
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was discussed in Chapter 4. The 11-hum emissivity obtained with the current algorithm

overestimates the prescribed emissivity by less than 0.15.

(3) The cloud temperature retrieved with the pseudo-ISCCP algorithm overestimates the

prescribed value by 31 K (i.e., Tc=261 K as opposed to 230 K) when the prescribed

radius is 3 um and overestimates the cloud temperature by about 16 K when the radius

is 10 Such large errors are mainly due to the assumption that all cloudy pixels are

overcast. Pixels that are partially cloud-covered have infrared radiances that are larger

than those that are overcast and therefore the retrieved cloud temperatures for the partially

covered pixels will be larger than the actual temperatures under the assumption that the

pixels are overcast. In addition, the fixed 10gm effective radius also results in errors

of the retrieved cloud temperatures. When the prescribed radius is less than 10 urn, the

errors in the temperatures increase sharply with decreasing prescribed radius. The reason

is that the retrieved 11-urn emissivity overestimates the prescribed value, as discussed

above. The cloud temperature obtained using the larger value of the 1 1-urn emissivity

will therefore be larger than the actual temperature. From the equation for the observed

1 1-urn radiances assumed in the pseudo-ISCCP algorithm, cloud top emission is given by:

rS 'i9i Ill
(5.5)B1i(T) = .iii

When r (rf) is large, the second term on the right side of the equation is small, and

thus B11 (Ta) is large and consequently the retrieved T is large. When the prescribed

radius is larger than 10 jzm, the error in the retrieved cloud temperature remains almost

unchanged due to the small differences in the extinction coefficient, single scattering

albedo and asymmetry factor between particles with a lO-um radius and larger particles.

For the current algorithm, the error is less than 5 K.

(4) The error in fractional cloud cover obtained with the pseudo-ISCCP algorithm is

less than 0.05. This small error results because 1) the prescribed surface and cloud

temperatures are 285 K and 230 K. The corresponding temperature difference is 55

K, a large value. 2) The pixel-scale fractional cloud cover and 11 -urn emissivity are



uniformly distributed between 0 and 1. The product of the two uniform distributions

results in a non-uniform distribution of pixel-scale brightness temperatures for which the

distribution density for temperatures close to 285 K is larger than that for temperatures

close to 230 K. Therefore, about half of the pixels are associated with 1 l-1um brightness

temperatures less than 279 K. Consequently, the retrieved 100-km scale fractional cloud

cover is about 0.5 when the threshold value of the I 1-[lm brightness temperature is

taken to be 6 K. In addition, the retrieved 100-km scale fractional cloud cover does not

change with the prescribed effective radius because pixel-scale fractional cloud cover

and 11 -m emissivity are independent of the effective radius in the pseudo-AVHRR

images. Obviously, the retrieved fractional cloud cover will be sensitive to threshold

values and the pixel-scale distributions of fractional cloud cover and 11 -tm emissivity.

As was discussed in Chapter 4, the error in the retrieved fractional cloud cover for the

current algorithm is small and less than 0.1.

Figure 5.2 is the same as Figure 4.8 except that the results are obtained using the

pseudo-ISCCP algorithm. In Figures 5.2 and 4.8, both simulations include random noise,

variations of surface infrared emissivities, cloud temperatures and effective radii. The

surface visible refiectivities are taken to be constant for the results shown in Figure 5.2.

Figure 5.2 indicates that the retrieved fractional cloud cover overestimates the prescribed

value by 0.15, which is much larger than that for the results in Figure 5.1. The large

error results from the variation of surface emissivities. A change of surface emissivity,

say, from 1.00 to 0.90, causes a change of 1 1nm surface brightness temperature from

285 K to 280 K. Therefore, more pixels are associated with low brightness temperatures

and will be identified as cloudy when the same Tmax and LT as used in Figure 5.1 are

applied. Clearly, different threshold values are required for backgrounds with different

surface emissivities. The behavior of the errors in the effective radius, cloud temperature

and 1 l-pm emissivity are similar to those in figure 5.1 except that the error curve for

the I 1-tim emissivity shifts about 0.05 downward since the fractional cloud cover is

overestimated. Figure 4.8 indicates that the error in the I 1-urn emissivity is up to 0.2,
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and errors in the other cloud properties remain similar to those in figure 4.2 when the

prescribed effective radius is less than 15 m.

Figure 5.3 is the same as Figure 4.10 and Figure 5.4 is the same as Figure 4.16

except that the results are obtained using the pseudo-ISCCP algorithm. In all of these

simulations, the 'U'-shaped distribution was used for the pixel-scale fractional cloud

cover, which means that more pixels are associated with large and small fractional cloud

cover and fewer pixels are associated with fractional cloud cover between 0.2 and 0.8.

The simulations for Figures 5.3 and 4.10 do not include random noise, variations of

surface emissivities, cloud temperatures and effective radii, whereas those for Figures 5.4

and 4.16 include both the noise and the variations (but the surface visible reflectivities are

constant for Figure 5.4). As expected, the pseuso-ISCCP algorithm produces better results

for the 'U'-shaped distribution of pixel scale fractional cloud cover than were obtained

using the uniform distribution. For the 'U'-shaped distribution, the pseudo-ISCCP

algorithm has a higher percentage of correct cloudy and clear-sky pixel identifications.

The simulation results presented in Figures 4.2, 4.8, 4.10 and 4.16 indicate that the

current algorithm produces slightly worse retrieved results for the case of the 'U'-shaped

distribution of pixel scale fractional cloud cover than the case of the uniform distribution.

Figure 5.5 shows the retrieved pixel-scale cloud temperature for the simulations used

to produce the results in Figure 5.1. The top panel is for a prescribed effective radius

of 5 bum, the middle for 10 am and the bottom for 15 tm. The results indicate that

the retrieved cloud temperatures have a wide range from 272 K to 232 K. This range

is due to broken clouds and the assumption that the particle size is 10 rim. When the

prescribed radius is 5 jim, many pixels are associated with high cloud temperatures,

larger than 253 K, a typical value for the maximum temperature of upper-level clouds

(Liou, 1985). When the radius is 10 and 15 jim, fewer pixels are associated with such

high temperatures. The retrieved pixel-scale cloud temperatures suggest that the clouds

are distributed in altitude from 2 km to 10 km over the 100-km scale region. Such

vertical structure for upper-level, optically thin clouds is physically unreasonable. For
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the current algorithm, the pixel-scale cloud temperatures are constant over 100-km scale

regions, which is clearly more reasonable.
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Figure 5.5 The retrieved pixel-scale cloud temperature for the simulations used to
produce the results in Figure 5.1.



94

The above comparison indicates that for upper-level semitransparent/broken clouds,

the current algorithm is superior to a threshold algorithm like that used by ISCCP in

that the current algorithm allows for variations in pixel-scale fractional cloud cover and

100km scale effective radius and utilizes the layering of cloud systems. Therefore,

the current algorithm should provide better representations of cloud temperature and

effective radius. In the simulations for the cases considered above, the two algorithms

produce similar results for the fractional cloud cover. It should be noted, however,

that the fractional cloud cover obtained using the threshold algorithm depends strongly

on the threshold value, variations in surface emissivity and the distribution of pixel-

scale fractional cloud cover. The comparison also indicates that the pseudo-ISCCP

algorithm is slightly better than the current algorithm in estimating the 1 lizm emissivity

(i.e., the optical depth). The reason is that for the current algorithm clouds which

are semitransparent and contain large particles are interpreted as being opaque and

having a retrieved droplet radius which is smaller. The ISCCP algorithm separates

such clouds through its reliance on reflected sunlight. On the other hand, the surface

visible reflectivities are taken to be constant in the simulations. The same value is used

to produce the pseudo-AVHRR images and to retrieve the cloud properties using the

threshold algorithm. In practice, extracting cloud optical depth from visible reflectivities,

as is done in ISCCP, is difficult for optically thin clouds. Differences in visible

reflectivities between clear skies and optically thin clouds are small. Small variations

in surface visible reflectivities will result in relatively large errors in the retrieved

cloud visible reflectivities. These errors will bring about large errors in cloud 1 ltm

emissivities if they are derived from the visible reflectivities.

The above conclusions should be validated through comparison with in situ

observations. One form of validation could be obtained through comparison of cloud

heights obtained from satellite data using the retrieval algorithms and those obtained from

air-borne or ground-based lidar observations (Smith et al., 1990). Lidar systems use the

scattered signal of a laser beam from the atmosphere to identify atmospheric properties by

various scattering and absorption processes. Such systems are ideal tools for monitoring



95

the precise position of cirrus clouds with respect to their base and top heights. Because

different assumptions underlie the current algorithm and threshold algorithms like that

used by ISCCP, in situ validation would demonstrate which assumptions were more

suitable. Chief among the differences is the 100-km scale cloud top temperature and the

pixel-scale variation in cloud top altitude. Threshold algorithms will always produce a

distribution of cloud top altitudes for upper level, semitransparent/broken clouds even if

the clouds reside in a single layer as was the case in these simulations.

Finally, it should be noted that there would be little difference in the infrared radiative

fluxes and small differences in the shortwave reflectivities at the top of atmosphere, as

calculated using the cloud properties produced by the current algorithm and by an

ISCCP-like threshold algorithm. Even though the cloud properties produced by the

two algorithms differ substantially, both algorithms use the same "observed" 11-jm

radiances at the top of atmosphere for the cloud property retrieval, and consequently,

the 1 l-m radiances calculated using the retrieved cloud properties should reproduce

the "observed" radiances. Because variations in infrared radiative flux are, to a first

approximation, proportional to that in the window region (Minnis and Harrison, 1984),

the Iongwave flux calculated using cloud properties produced by the current algorithm

would be close to that obtained with the threshold algorithm. On the other hand, there are

some differences in the shortwave reflectivities calculated using cloud properties obtained

from the two methods. In the current algorithm, the "observed" 0.63-urn reflectance is

not used whereas in the threshold algorithm it is used. Figure 5.6 shows the results of

0.63urn refiectivities averaged over 100km scale regions for the simulations used to

produce the results in Fig. 4.3 and Fig. 5.1. Panel A is for the simulations using the

current algorithm and Panel B is for those using the threshold algorithm. The differences

are between 0.02 and 0.04.

Although the differences in the radiative fluxes at the top of atmosphere based on the

different cloud properties obtained using the two algorithms may be small, the different

cloud properties have significant impact on cloud-climate interactions, as discussed in

the next section.
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Figure 5.6 The results of O.63m reflectivities averaged over 100km scale regions
for the simulations used to produce the results in Fig. 4.3 and Fig. 5.1.
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5.4 Cloud-Climate Interactions

Currently, the earth faces the potential of rapid environmental change. One of the

most challenging current-day problems is the prediction of future climate change caused

by anthropogenic alterations of the atmospheric composition. Arrhenius (1896) long ago

predicted that the burning of fossil fuels would increase the concentration of CO2 within

the earth's atmosphere, and thus lead to global warming. If the CO2 concentration is

instantaneously doubled, the long-wave emission at the tropopause is reduced by roughly

4 Wm (Houghton et al., 1990). This reduction would induce a time-dependent climate

change until a new equilibrium climate is achieved. If the climate change is assumed to

involve only temperature change, then the earth would warm until the longwave emission

was equal to the sunlight absorbed by the earth and atmosphere below the tropopause.

That is, the longwave emission must increase 4 Wm2. Climate models indicate an

increase in the global mean surface temperature of 2-3 K is required. However, the

earth radiation balance is strongly modulated by clouds, and changes in climate will

undoubtedly bring about changes in clouds and their properties.

As revealed by the Earth Radiation Budget Experiment (ERBE) (Ramanathan et al.,

1989; Harrison et al., 1990), clouds cause the earth to reflect 50 Wm2 more sunlight

and to emit 30 Wm2 less longwave radiation than it would for a hypothetical state in

which there are no clouds but all other things remain unchanged. From modeling studies,

Wetherald and Manabe (1988) found that in response to the increase of atmospheric CU2,

cloudiness increases near the tropopause and is reduced in the upper troposphere. The

increase in cloud amount near the tropopause implies a reduction in the average cloud

top temperature and accordingly, of the outgoing longwave emission. In addition, at

most latitudes the effect of reduced cloud amount in the upper troposphere overshadows

that of increased cloudiness near the tropopause, thereby lowering the global mean

planetary albedo. Therefore, the CO2 induced warming is enhanced. On the other

hand, the global circulation model simulations by Mitchell et al. (1989) include changes

in cloud optical properties, and suggest that changes in cloud optical properties may



result in a negative feedback comparable in size to the positive feedback associated

with changes in cloud cover. A comparison of results for 19 GCMs (Cess et al, 1990)

showed that these models exhibited rather different cloud-climate interactions while they

showed remarkable agreement when the effects of clouds were suppressed. Furthermore,

results from 17 current GCMs (Wielicki et al., 1995) indicate that current global climate

models could not accurately model even the gross zonal mean seasonal changes in cloud

radiative forcing, much less the desired regional effects when they were compared with

ERBE observations.

How should climate models be modified to improve the agreement with observed

radiative fluxes and to do a better job in the prediction of climate change? Obviously,

one of the solutions is to improve the treatment of clouds in a global climate model.

As discussed by Wielicke et al. (1995), the cloud variables required to parameterize the

effects of clouds in a GCM are cloud liquid/ice water path, visible optical depth, particle

size, particle phase/shape, fractional cover, temperature (or height) and infrared emittance.

It should be noted that at least five of these cloud properties can vary independently

(liquid/ice water path, particle size, phase, cloud coverage and height). Since observed

shortwave and longwave fluxes at the top of atmosphere represent only two constraints,

GCM agreement with the observed fluxes is a necessary but not sufficient condition

to guarantee correct cloud-climate interactions. All of the above cloud properties are

needed on global scales for developing, improving and validating GCMs.

Satellite observations provide a possible way to obtain such cloud properties on

global scales. The following discusses satellite observations of upper-level optically thin

clouds and the role of upper-level optically thin clouds in climate.

Cirrus clouds have been identified as one of the major unsolved components in

climate research (Bretherton and Suomi, 1983). They are global in nature and relatively

stable, residing as they are in the upper troposphere and lower stratosphere. They are

in all latitudes and without respect to land or ocean or season of the year. Hartmann et

al. (1992) investigated the effect of cloud type on the Earth's energy balance based on

ISCCP Cl cloud data and ERBE broadband energy flux data for a one-year period from
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March 1985 through February 1986. They found that based on ISCCP data almost 30%

of the global cloud cover is contributed by upper-level clouds and half of all upper level

clouds are optically thin. As discussed in the preceding section, a threshold algorithm,

like that used in ISCCP, underestimates the altitudes of upper-level optically thin clouds.

Thus, the occurrence of upper-level optically thin clouds may be underestimated by the

analysis of Hartmann et al. A retrieval algorithm like the current algorithm is necessary

to obtain the properties of upper-level optically thin clouds.

To a first approximation, clouds affect the climate because of their influence on the

radiation budget. But as Ramanathan et al (1983) and Randall et al (1988) showed, the

radiation budget at the top of the atmosphere is only one aspect. Atmospheric heating

is another. Placing the clouds throughout the atmosphere, as does ISCCP, as opposed

to placing them in well defined layers as does the current algorithm, clearly affects the

vertical distribution of radiative heating.

Manabe and S trickier (1964) investigated the role of upper-level clouds in a radiative

convective mode]. They showed that if cirrus clouds had a shortwave reflectivity of 0.2

and infrared emissivity of 0.5 and if they were located above about 9 km, they would

exert a heating effect on the earth's surface. The height of cirrus clouds was found

to be the primary cause for this heating. After ten years, Manabe (1975) showed the

importance of cirrus emissivity to the sensitivity of the surface equilibrium temperature.

He also pointed out the need for reliable observations of the properties of upper-level

clouds for use in climate studies.

Later, Ramanathan et al. (1983) showed that the properties of cirrus clouds might

have a direct impact on the general circulation of the earth atmosphere. Using the

NCAR community climate model, they performed two experiments. In the first the

amounts and emissivities of cirrus were allowed to vary. In the second the amounts

were allowed to vary but the clouds were taken to be black. With the nonblack clouds

the simulated summer hemisphere jet was in much closer agreement with the observed

value. With the black clouds both the winter and summer time jets increased in strength

unrealistically. Although realistic parameterizations of upper-level cloud microphysics



and infrared emissivity were not employed in the model, the two experiments revealed

the importance of the properties of cirrus clouds in GCMs.

More recently, Ramaswamy and Ramanathan (1989), based on GCM simulations,

found that for the overcast portions the tropics, if "anvil" type cirrus clouds were the

only clouds of significance in the upper troposphere, the longwave heating would be

the dominant radiative component and this heating would become more pronounced

with increasing cloud altitude. Although the net radiative effect of these clouds on

the earth radiation budget is near zero because solar cooling and longwave warming

nearly cancel (Ramanathan et al., 1989), the solar cooling acts mainly at the Earth's

surface, while the longwave warming acts mainly on the atmosphere (Harshvardhan et

al., 1989). Ramanathan and Collins (1991) have suggested that upper-level clouds act as

a "thermostat" that limits the warming of the tropical ocean.

5.5 Further Research and Global Implementation

As discussed in the preceding section, the role of clouds in modifying the Earth's

radiation balance is a key uncertainty in predicting any potential future climate change,

and upper-level optically thin clouds are one of the major unsolved components of

clouds in this climate research. While microphysical and radiative properties of upper-

level optically thin clouds have recently been obtained through field experiments like

FIRE I and II, and new satellite measurements provided by the Earth Observing System

(EOS) will be available in the near future, improvements and further development of

the multispectral retrieval method described in this thesis will be possible and should be

undertaken for climate research. The following are some suggestions for the further work.

They include studies of radiative transfer for non-spherical particles, determination of

cloud vertical depth and a retrieval algorithm using 3.7- and 8.5-,am radiances. Methods

for obtaining the properties of multiple cloud layers using satellite data needs a great

deal of additional work and is not considered here.
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(1) The current algorithm assumes particles within upper-level clouds to be spherical

and uses Mie theory to obtain the particle's optical properties. However, aircraft

measurements (Heymsified and Knollenberg, 1972; Heymsfield et al., 1993; Arrnott et

al., 1993) indicate that the predominant particles within such clouds are columns, bullets

and plates. Unlike the scattering of light by spherical particles, which is predicted by Mie

theory, the light scattering characteristics of these nonspherical ice particles are much

more poorly understood. It is noted that exact scattering solutions for prolate and oblate

spheroids from the electromagnetic wave equation were derived and numerically tested

(Asano and Sato, 1980) for size parameters less than 20. Here, the size parameter is

defined as x r is the particle radius and ). is the wavelength. The geometrical ray

tracing method has been utilized to evaluate the scattering characteristics of atmospheric

hexagonal ice crystals much larger than or at least comparable to the wavelengths in the

solar (0.2-4 m) and thermal infrared (4-50 m) (Sassen and Liou, 1979a, b). Further

studies will analyze results from theoretical calculations and field experiments to obtain

proper scattering phase functions, extinction cross sections and absorption cross sections

for nonspherical ice particles found within upperlevel clouds.

Another limitation of the current algorithm is that it uses the Eddington approximation

in radiative transfer calculations. Although the Eddington approximation greatly

simplifies radiative transfer calculations, it is doubtful that the Bddington approximation

yields accurate estimates of the emissivity and transmissivity even if the single particle

optical properties were known. Further studies should be undertaken to simulate radiances

within clouds containing nonspherical ice particles using more sophisticated models. A

model using the doubling and adding method and 6M method (Wiscombe, 1977)

has been developed for such work. The model should be modified to allow for

effects due to realistic scattering by nonspherical ice particles. Based on this model,

cloud microphysical and radiative transfer properties should be parameterized and the

parameterization should be employed in an improved retrieval algorithm which uses

radiances at infrared wavelengths. Minnis et al (1993) have already developed such a

parameterization for visible wavelengths.
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Finally, future work should tie the effective radii retrieved from satellite observations

to the geometrical sizes obtained from in situ aircraft measurements. For cirrus clouds, as

is noted in this thesis and by Wielicki et al. (1995), the thermal emission characteristics

suggest that the effective radius of ice particles is much smaller than previously

believed from in situ observations. Future work is clearly needed to improve the in

situ measurements.

(2) Profiles of atmospheric radiative fluxes are necessary to estimate radiative heating

rates within the atmosphere for climate research. When clouds are present, the heating

rates are strong functions of the vertical structure of clouds, such as their base and top

height. One way to estimate cloud vertical structure from satellite observations is to relate

retrieved cloud temperature, infrared emissivity (maybe effective radius) from satellite

observations to cloud geometrical thickness. This study would require atmospheric

sounding and aircraft measurements for atmospheric temperature profiles, cloud vertical

structures and cloud microphysical properties. Fortunately, field experiments like FIRE

I and II provide the necessary data for this research. Using data from FIRE I and II,

correlations would be sought between ice water path and cloud thickness, and between

cloud emitting temperature and cloud top height.

(3) As demonstrated in this thesis, radiances at 3.7 and 8.0 jim could be used to

improve the retrieval of cloud properties. AVHRR, however, does not have an 8.0-jim

channel. EOS provides an opportunity for the application of a retrieval algorithm using

3.7- and 8.5-jim channels. MODIS has several channels (1.6, 2.1, 3.7, 8.5, 11, and

12 jim) specifically designed for retrieving cloud particle size, as opposed to those for

the AVHRR which were designed to obtain sea surface temperatures. MODIS will be

launched on the EOS Morning Platform (1030 LT sun-synchronous orbit) in 1998 and

the Afternoon Platform (1330 LT sun-synchronous orbit) in 2000. These measurements

are planned to provide a 15-yr time series to allow studies of climate processes.

It is noted that the primary uncertainties in the method using 3.7- and 8.5-jim channels

would appear to be inaccuracies in handling water vapor absorption in the window

channels. Because the emissivity of opaque clouds at 3.7- and 8.5-jim wavelengths



103

may be less than unity, atmospheric effects at 3.7, 8.5 tm must be known in order to

make the correction. The effects are not required for retrievals based on 11- and I 2-/Am

radiances because emissivities at 11 and 12 m for opaque clouds are essentially unity.

Atmospheric effects remain to be incorporated into the retrieval algorithm. Validation

of the retrieval algorithm using 3.7- and 8.5-/Am channels against field experiment data

will be necessary.

While the additional studies discussed above need to be undertaken, the current

retrieval algorithm could be implemented on global scales. Climate studies require

processing of long time series using unchanging data analysis algorithms. The latest

developments in remote sensing algorithms can be incorporated in climate research by

reprocessing the entire climate data record. As demonstrated by Wielicki et al (1995),

no single observing system can span the range of space and time scales important

for cloud dynamical and radiative processes, and no single cloud algorithm or portion

of the spectrum (i.e., visible, infrared, microwave) can handle the diversity of cloud

physical properties needed for the cloud/radiation problem. The current algorithm was

specifically developed to retrieve the properties of upper-level optically thin clouds. The

strategy to implement the current algorithm on global scales, therefore, is to incorporate

the algorithm in some global-scale cloud and climate analysis systems, such as Clouds

and the Earth's Radiant Energy System (CERES) and ISCCP. The following discussion

describes how the current algorithm could be incorporated in the CERES system to

retrieve the properties of upper-level optically thin clouds.

The CERES system is a key component of EOS. In order to reduce the uncertainty in

data interpretation and to improve the consistency between the cloud parameters and the

radiation fields, the CERES system will include cloud properties and other atmospheric

parameters. The CERES hardware includes instruments, which are improved versions

of the ERBE scanning radiometers, for broadband radiative flux measurements. The

first CERES instrument is scheduled to be launched on the Tropical Rainfall Measuring

Mission (TRMM) spacecraft in 1997. Additional CERES instruments will fly on the EOS

Morning platform and on the EOS Afternoon platform. The CERES software includes



cloud analysis algorithms for Cloud Detection, Cloud Layer Identification, and Cloud

Optical Property Retrieval. The data streams from AVHRR on NOAA, the Visible and

Infrared Scanner (VIRS) on TRMM, and MODIS on the AM and PM platforms will

be used in the cloud analysis algorithms.

Cloud analysis can often be separated into cloud detection and cloud property

determination. Currently, the CERES cloud analysis is being designed as follows: (1)

Determine whether a pixel contains cloud or not. (2) Identify well-defined cloud layers,

(3) Derive cloud properties for cloudy pixels. Similar procedures have been used in

this thesis to analyze AVHRR data obtained during the FIRE II experiment. Here the

spatial coherence method was used to identify cloud systems and then the multispectral

infrared algorithm was used to retrieve the properties of single-layered clouds. Inherent

in the current algorithm is the identification of single-layered systems that are optically

thin and thus allow the retrievals of emissivity and effective radius. The algorithm

distinguishes these thin clouds from those that are opaque for which ambiguities hamper

the determination of the cloud properties. Therefore, the implementation of the current

algorithm on global scales is feasible and could be undertaken in the CERES cloud

analysis.

The cloud detection method used in the CERES cloud analysis incorporates the

approaches used by ISCCP and by Clouds from AVHRR algorithms (CLAVR) (Stowe et

al., 1991). Visible and infrared threshold values are applied to determine cloudy pixels.

The spatial coherence is also used to improve the cloud masking tests. Ancillary data

sets, like the EPA Global Ecosystems Database which contains 59 different ecosystem

classes, such as desert, city, farm land, are employed to provide surface information.

The cloud mask algorithm is automated to process satellite data on global scales. The

cloud layer identification method uses the spatial coherence method and other techniques

to identify layered cloud systems for all (250 km2 regions across the scan of satellite

sensors. Some techniques are under development for multilayered cloud detection. After

Step 1: Cloudy Pixel Detection, and Step 2: Cloud Layer Identification, the Cloud Optical

Property Retrieval in the CERES cloud analysis scheme will derive cloud properties using
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various techniques. The current algorithm could be employed to retrieve the properties

of single-layered, upper-level, optically thin clouds because all information about clear-

sky radiances, surface properties, and layered cloud systems would be available at this

step. For this application, some practical considerations should be mentioned. The

current algorithm assumes that the surface properties over 100km scale regions are

homogenous. Thus, as a quality control measure, the retrieved properties of clouds in

regions which have strong variations of surface properties, like coastline regions and

mountain areas, should be discarded.

5.6 Concluding Remarks

In the preceding chapters, the multispectral method was developed for the retrieval

of properties for upper-level, optically thin clouds. The numerical simulations indicated

that the method was superior to a threshold method like that used by ISCCP in the

determination of properties for upper-level, optically thin clouds using AVHRR data.

The method was used to analyze the AVHRR data obtained from the FIRE II experiment.

New results such as small ice particles being a common feature of upper-level clouds

and cloud emissivity being correlated with fractional cloud cover on 100km scales were

obtained. Further work to improve the multispectral method and the implementation of

the method on global scales was described.

It is believed that the research presented and the future work suggested in this thesis

would lead to improved observations of upper-level clouds on global scales. During the

EQS era, new observations will greatly advance our ability to observe cloud physical

and radiative properties using new algorithms similar in design to that described here.
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A. Thermal Emission
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Under thermodynamic equilibrium, black-body emission is given by the Planck

function:

2hc2
B(T)

exp(!) 1
(7.1)

Here, B (T) is the emission of a black-body with temperature T at wavenumber

ii; c is the speed of light, h is Planck's constant and k is Boltzmann's constant.

c1 = 2hc2 and C2 are known as the first and second radiation constants.

ci = 1.195 x lO3mWm_2(cml) 43r_1 and c2 = 1.44K(crn_1)'. If 71 is in

units of cm and T is in K, B(T) has units of mWm2sr1cm.

The brightness temperature is given by

T = B1T1(I) (7.2)

Here, T is the brightness temperature corresponding to Ii,, the upwelling radiance

observed by a radiometer. The brightness temperature includes effects due to absorption

and scattering by atmospheric gases and clouds. With no absorption and scattering in the

atmosphere, the brightness temperature would be the same as the surface temperature.

B. Cloud Optical Properties

In order to investigate cloud optical properties, clouds are assumed to be made up

of spherical particles, and therefore Mie theory is introduced here. Mie theory predicts
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the interaction of a plane wave with a dielectric sphere. The derivation of the solution

is a straightforward application of classical electrodynamics. Given the Mie parameter

x (here, r is the particle radius and ) the wavelength) and the complex refractive

index of the particle relative to the surrounding medium Tn = n, iri, the extinction

and scattering efficiencies, as well as the asymmetry factor are given by

= (2n + 1)(a + b)
(7.3)n=1

Qsca = (2n + 1) (Ian 12 + bI2) (7.4)

4 n(n + 1)(ana+i + bb1) + 2n + 1
(7.5)n+1 n(n+1)

Here, R means the real part of a complex number. a and b are given by

[Dn(mx)/m + n/x]b(x) 1'n_i(x)
(7.6)=

[D(rnx)/rrz + n/x}(x)

[mD(mx) + n/x](x) n1(X)
(7.7)[mD(mx) + n/x](x)

The D71 and have recurrence relations, i.e. D711(mx) = 71 1 ,and
;i571i(x) = 71_1(x) which applies for both and . = cosx,

= sin x, = sin x, o = cos x, and = + i71. The series is truncated

at n = J\/ by setting D71(mx) = 0 for n > N. The scheme for calculating )L' and
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is upward recurrence (higher orders are generated from lower orders). The scheme for

calculating D(rnx) is downward recurrence (lower orders are generated from higher

orders).

Clouds have distributions of particle sizes. The scattering quantities are determined

from the appropriate integrals over the particle size distribution. The scattering and

extinction cross sections, as well as the asymmetry factor for a unit volume of cloud

are given by

00

Usca
f r2Q50(r)n(r)dr (7.8)

0

00

Jr2Qexj(r)n(r)dr (7.9)
0

00

'ir
g _fg(r)r2Qsca(r)n(r)dr (7.10)

0sca
0

where n(r)dr is the number of particles per unit volume with radius between r and

r + dr. The single scattering albedo and optical depth are given by

Usca
(7.11)

Uez

dr = aextdz (7.12)
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where dz is the cloud thickness. The optical depth is defined to be zero at the top

of the cloud.

C. Eddington Approximation

For plane-parallel geometry, the transfer of radiation in a cloud is given by

= I(r,
, ) fdci' f d'P(, , ', ')I(r,', ci')

0 -1 (7.13)(1

where, ji is the cosine of the view zenith angle, the relative azimuthal angle between

the incident radiation and the direction of propagation, r the optical depth which is taken

to be zero at the top of the cloud, and the single scattering albedo. P(, ci, it', ci') is

the phase function, Iv(,it, ci) the radiance for monochromatic radiation at wavenumber

ii with units of watts per unit wave number per unit surface area per unit solid angle

(Wm2sr'cm), and B(r) is the Planck function.

For azimuthally averaged radiances, the equation becomes:

+1
dI(r,

)
= Iv(r,it) dit'P(it,it')I(r,it') (1 )B(r)

-1 (7.14)
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In the Eddington approximation, the radiance is approximated by

1(r, ) 10(T) + itli(r) (7.15)

and the phase function is approximated by

= 1+3gj? (7.16)

where g is the asymmetry factor. Once the appropriate boundary conditions are applied,

i.e. the radiative fluxes at the top and the bottom of the cloud are given by F(0) = 0

and FL,(T) = F0, it is straightforward to derive the reflectivity r, the transrnissivity t

and emissivity for an isothermal cloud.

(U + 1)(U 1)
(eaT - e_&T) (7.17)T =

N

4U
t = (7.18)

e=1rt (7.19)

where N = (U + 1)2 ear (U - 1)2e_aT, U
3(1g)

and a2 = 3(1 g)(1

D. Spatial Coherence Method

The Spatial Coherence Method (Coakley and Bretherton, 1982) utilizes the local

spatial structure of emitted radiances to determine the radiances associated with cloud-
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free and completely cloud-covered fields of view. The Spatial Coherence Method is

applicable to layered cloud systems that extend over regions of about (250km)2 and that

include both completely cloud-free and completely cloud-covered portions which span

several fields of view somewhere within the region. The Spatial Coherence Method is

employed in this thesis to obtain cloud-free radiances and the number of cloud layers.

The following figure shows a spatial coherence arch which is typical of single-

layered cloud system. The data is for an area of approximately (250km)2 centered at

19°N and lO°W off the African coast during the nighttime orbital pass of NOAA-9 on

November 30, 1985. In the arch, the foot with the high radiances is associated with

the cloud-free fields of view. The other foot with low radiances is associated with

completely cloud-covered fields of view.
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Figure 7.1 Local mean 1 1nm radiances (mWm2sC'cm) and local standard
deviations (mWm2sr'cm) for a (250 km)2 region off the African coast. The data
is taken from 4km GAC data for the NOAA-9 overpass of ERBE V 5 region 1219.
Time, 0230 LT, November 30, 1985; location: 19°N, lO°W. Each point in the figure
gives the mean radiance and standard deviation for the 4 pixels in 2x 2 (scan spot x
scan line) array. Each point represents an (8 km)2 portion of the (250 km)2 region.




