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Abstract

A detailed theoretical study concerning the infra-red radiative properties of wa-
ter and ice clouds at wavelengths appropriate to the HIRS (High resolution Infra-red
Radiation Sounder) instrument channels is presented. This initial study employs
the two-stream approximation for radiative transfer using Mie scattering for a col-
lection of spherical particles to calculate the radiative properties. Future work will
calculate bidirectional reflectance. Realistic cloud particle size distributions and
concentrations have been used to represent marine stratocumulus, land stratocumu-
lus and cirrus clouds. The results are presented as graphs of the spectral reflection,
transmission and emissivity for each of the cloud types across the wavelength range
3.4-15.0 pm. The theoretical results are compared to existing infra-red observations
of water and ice clouds. Estimation of water cloud parameters such as optical depth

and droplet radius from measurements at 0.7 pm and 3.7 pm respectively is also

described.



1 Introduction

Radiative study of water and ice clouds has over the past twenty years become intense.
This is because there is a need to understand how a cloud interacts with a radiation field;
only with such an understanding can the accuracy of remotely sensed measurements and
retrieval of cloud parameters be improved (see for example Hunt (1973), Eyre (1989),
Arking and Childs (1985)). A further impetus has come from climate modelling; here it
is crucial to understand and quantify the interaction between clouds and radiation as this
affects the heating and cooling of the atmosphere (see for example Webster and Stephens

(1984) and IPCC report (1990)).

Theoretical study of the interaction of radiation with water clouds has largely been
influenced by the work of Yamamoto et al (1970) who calculated the spectral transmit-
tance, reflection and emission of water clouds for the wavelengths between 5-50 pm with
a spectral resolution of 50 cm™'. They chose a representative altostratus cloud using the
drop size distribution given by Deirmendjian (1969) with the following parameters: par-
ticle concentration number 450 cm =3, liquid water content 0.28 gm™~?, cloud temperature
—10°C, earth surface temperature 15°C, droplet modal radius 9 pm and total water con-
tent 1.44 gm~3. The cloud was assumed to be infinite in horizontal extent with a uniform
composition throughout. A modal radius of 9 pm is now known to be large for altostratus;
the figure 4.5 pm is often quoted for such a cloud (see for example Paltridge and Platt
(1976)). The effect of water vapour absorption in the cloud is taken ipto account and the
angular distribution of scattered radiation is calculated using the real and imaginary parts

of the refractive index of water. The full radiative transfer equation including scattering

and emission source terms was solved for different cloud thickness using the formulation




of Chandreskhar. The results of the radiative transfer calculations show that for a cloud
only 10 m thick the cloud transmittance is considerably less than 1. The emissivity in-
creases with cloud thickness but for an infinitely thick cloud is still less than unity. The
cloud spectral reflectance increases with thickness and is greatest at shorter wavelengths;
at about 5 pm it has a value of around 11 % . The spectral reflectance has minima at
6.3 um and 12 pm due to water vapour absorption and refractive index properties of
water respectively. The reflectance and emissivity reach their limiting values, to a good

approximation, at a cloud depth of 100 m.

Hunt (1973) calculated radiative characteristics of water and ice clouds at 2.3, 3.5, 3.8,
8.5 and 11 pm. Two cloud drop spectra of the type used by Deirmendjian (1969) were
employed having modal radii of 4 and 10 pm. For cirrus clouds three size distributions of
ice particles were used assuming spheres of modal radii 16, 32 and 50 pm. Water vapour
absorption was neglected in the scattering calculations. Hunt found that the infra-red
radiative properties of clouds are sensitive to the cloud droplet size. The emissivity of an
ice cloud was found to be less that of a water cloud of the same thickness, due to the

decreased water content. A 1 km thick cirrus cloud has an emissivity, according to Hunt’s

calculations, of about 50 %.

Ridgway and Davies (1983) performed Mie scattering calculations for various cloud
types; stratus, stratocumulus and nimbostratus. Representative cloud droplet distribu-
tions and modal radii were used although they do not explicitly state the distribution
or the values used. Multiple scattering path lengths for reflection and transmission were
calculated through Monte Carlo simulations. They modelled water vapour absorption
at a resolution of 20 em~" using Lowtran 5 (Kneizys et al 1980) and the computed re-

flectance is averaged to 50 cm~" resolution. The spectral reflectance is calculated from



5 to 0.7 pm for stratus, stratocumulus and nimbostratus with optical depths of 54, 28,
100 respectively, and all 1 km thick. The asymmetry parameter is taken to be 0.86 in
each case - a reasonable approximation. They find their highest reflection of 10 % at
4.0 pm and all their peak reflectances are in water vapour absorption windows and have
magnitudes which are governed by the single scattering albedo and optical depth of the
clouds. The minima in their reflectance profile is largely due to water vapour absorption
above the cloud. At shorter wavelengths the spectral reflectance increases towards unity
with increasing optical thickness; this is because the single scattering albedo is close to

unity.

Coakley (1991) studied single layered marine stratocumulus and separated the regions
into broken and uniform cloud. This was done by using observations collected as part of
the First International Satellite Cloud Climatology Project Regional Experiment (FIRE).
The reflectivities from the cloud are compared at 0.63 pm and 3.7 pm. At 0.63 pm it
is found that broken layered cloud reflectivities are lower than that for unbroken layered
cloud. At 3.7 pm it is found to be the other way round. Coakley and Davies (1986)
observed the same effect. This effect is attributable to small particles existing at the edge

of the broken layered cloud.

The radiation properties of cirrus clouds have been studied by Kuhn and Weickmann
(1969) who obtained infra-red transmissivity measurements. For high thin cirrus the
transmissivity was found to be 95 % and for cirrus 5 km thick the transmissivity was
found to be 53 %. Platt (1973, 1975) found cirrus emissivity, based on observations in
the 10-12 wm region, to be on average 28 %; he also found that the emissivity is more
dependent on particle concentration number than cloud thickness. Liou (1974) calculated

the infra-red transmission, reflection and emission by means of the Discrete Ordinates



Method for radiative transfer. Cirrus particles were assumed to be long circular cylinders.
For a thickness of 1 km and an ice crystal concentration of 0.05 cm ™3, the transmittance
was found to be about 65 % and emission 35 %. Liou and Coleman (1980), Takano and
Liou (1989) have also studied scattering from non-spherical ice crystals. Liu et al (1991)
calculated the reflectivities of water and ice clouds for typical particle distributions found
in stratocumulus and cirrus cloud types. They found, assuming spherical ice crystals,
that thick ice clouds could reflect up to 50 % at a wavelength around 10 pym . However,
the model radius used in this case was about 6 gm which is very small for cirrus clouds.
Also, their ice crystal concentration number was 1000 em~2: far too high for cirrus clouds.
However, they may have been trying to determine the effects of ice crystals which are not

detected by existing microphysical probes.

In the present paper an extensive study of the radiative properties of water and ice
clouds is presented for wavelengths in the range 3.4-15 pm. This is the wavelength range
appropriate to the HIRS instrument channels. Recently obtained physically realistic ef-
fective radii and particle concentration numbers are used. Previous papers, as described
above, have concentrated on particular wavelengths or a range of wavelengths which has
not encompassed all the HIRS instrument channels. This has provided the motivation for
the present work. The theoretical results presented are qualitatively compared with the
results of previous authors. In addition it is also shown how the optical depth of water
clouds, following Arking and Childs (1985), can be estimated from measurements at 0.7
pm. A method of obtaining the water cloud drop radius from measgrements at 3.7 pm

is also presented; these wavelengths correspond to the HIRS instrument channels 20 and

19 respectively.




2 Mie Scattering

In this paper it is not intended to give a formal treatment of either Mie theory or the
two-stream approximation as these are standard and can be found in many text books
on electromagnetic theory or radiative transfer (see for example Van de Hulst (1957);
Deirmendjian (1969); Lenoble (1985); Liou (1974)). However, the following Mie definitions
will help the reader understand the following sections. The single scattering albedo, w,,
measures the effectiveness of scattering relative to extinction for radiation incident on a
single particle. Probably the most important characteristic of the scattering medium is
the phase function, p. This gives the ratio of radiation scattered into a direction to that
scattered into the same direction by an isotropic source. More simply the phase function
is the angular distribution of scattered radiation. Another important concept used in the
following sections is the asymmetry parameter, g, from which the ratio between forward
and backscattering can be determined. The scattering cross section is related to the
geometric cross section by the efficiency factor, Q. For further details on these concepts

the reader is refered to the above references.

3 Cloud Properties and Scattering Calculations

In this paper the radiative properties of marine stratocumulus, land stratocumulus and
cirrus clouds are calculated. The stratocumulus clouds are representative of low level water
clouds and the cirrus clouds are representative of high level ice clouds. Mie calculations
are made for a single spherical particle and we assume that we have a monodispersive

collection of particles (monodispersive means a collection of particles with equal radii).



Hunt (1973) assumed a polydispersive collection of particles (meaning a collection of

particles with different radii) with a modal radius. However, we use an effective particle
radii calculated from the particle droplet spectrum used by Deirmendjian (1969) based
on the observed characteristics of water droplet clouds. The distribution function is given

by the equation

n(r) = ar®exp(—br), (1)

where the parameters a and b are given by

and
6
b= ;: (3)

In equation (2) n is the particle concentration number in em ™ and 7, is the mode radius
of the distribution; n(r) is completely defined given equations (1), (2), (3) and a minimum

and maximum particle radius. The particle effective radius, 7.y, is defined by the equation

i P wn(r)ri’dr.
Teff % oy wn(r)ridr’ (4)

ross is related to the ratio of the total volume to the total surface area of the particles.
For the distributions that occur in clouds rofs will always be larger than the modal radius.
If in scattering calculations the modal radius is used instead of the effective radius then

the cloud reflectance would be overestimated.

The scattering, absorption, extinction coefficients and single scattering albedo for a

monodispersive collection of particles with equal effective radii are given respectively by

ﬂsc = n7r7‘2Qaca

:Bab = n7r1'2 Qab,



ﬁext o n"rerezh
W, = 1—5“"1. (5)

Table I shows the calculated values for the Mie parameters w, and g as calculated by
Hunt (1973) and the present author. The calculations in both cases assumed a modified
gamma distribution for the droplet spectrum and a particle concentration number 100

em ™2 for both water and ice clouds.

Table I. Hunt (1973) and Author Mie Calculations

Hunt Author
cloud | A pm | r. pm | w, g Teff pm | W, g

Ice 3.5 16.0 | 0.592 | 0.924 | 18.70 | 0.587 | 0.929

Ice 3.5 32.0 | 0.545 | 0.953 | 37.40 | 0.540 | 0.955

Ice 11.0 | 32.0 |0.496 | 0.963 | 37.40 | 0.495 | 0.966

Ice 11.0 16.0 | 0.524 | 0.931 | 18.70 | 0.508 | 0.931

Wat 2.3 4.0 | 0.988 | 0.801 5.80 0.987 | 0.800

Wat 2.3 10.0 | 0.973 | 0.859 | 13.45 | 0.971 | 0.848

Wat | 3.5 10.0 | 0.728 | 0.866 | 13.45 | 0.701 | 0.852

Wat | 11.0 4.0 | 0.364 | 0.849 5.80 0.357 | 0.841

It is clear from table I that the Mie calculations by Hunt (1973) and the author are

in very good agreement.

Mie scattering calculations applied to cirrus clouds are often criticized for assuming
spherical ice particles when it is known that cirrus particles are not spherical. They
can assume a variety of shapes ranging from hexagonal and needle to star shaped figures.
However, Van de Hulst (1957) found that infinite cylinders of circular cross section behave

similarly to spherical particles of the same radius. There are numerous data sets supplying
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the range of values for stratocumulus. Cirrus is less well documented. There is a belief
that many of the small ice crystals are not measured by the existing microphysical probes
and that the concentration of these small particles is sufficient to affect the extinction

coefficient.

4 Analytic Approximations to the Radiative

Transfer Equation

There are a number of approximations to the equation of radiative transfer. Single scat-
tering and two-stream approximations are considered in this paper. The general equation
of radiative transfer for a plane-parallel atmosphere, for which the scattering geometry is

shown in figure 1, is

dI(7;p, ¢)
dr

=I(r;p,9) = J(7; s 9) (6)
where p = cosf, 7 is the optical depth and ¢ the azimuthal angle. I(7, s, ¢) is the radiance
at a depth 7 propagating in direction (x,¢) and J(7,u,¢) is the source function of the

radiation propagating in direction (u,#) at a depth 7. The source function may be written

as
(4758 27 1 ' ' 15) / '
J(Tip,¢) = Z;/u /_IP(#,¢,M @) (i ¢ )dp dp + Jo(7; 1, ¢) (7)
p(p, ¢yt y¢') is the phase function and (4',¢) is the scattering direction. Jo(7;pu,@) is

the external source term which can be written as

T3 12 @) = 2w Fob(ts 6 —hor o) 7 (8)

The general equation of radiative transfer can be straightforwardly solved for the inte-

grated upward I*(7;p,¢) and downward intensities I~ (7;pu,¢) for a finite atmosphere
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bounded on two sides at 7 = 0 and 7 = 7, as depicted in figure 2. The solutions for the

upward and downward intensities are found to be

I*(r5p,¢) = ;1;/: J(tpy@)e 7 dt (9)
I (T;p,9) = i/u Tt d)e 7 dt (10)

For the case of single particle scattering the source function is given by

=(t=n)

Jl(t;#,¢)=%;-e i Py By Bos Do )T F, (11)

Where the subscript 1 denotes single particle scattering. Substituting (11) into (9) one

obtains for the reflected intensity

{ir =0) = ([L,d),/.bo,d)o)ﬂ'F [1-— -Tl(#+uo)] (12)
I + 0
The reflection coefficient, R= [;’—;}%] is then:
w 1 K

L S 1— e litas) 13
e CRT ¢)#+#O[ ] (13)

If in equation (13) 7; — oo then R reduces to
R= "_‘)_o_p(#,(ﬁ,,u'o,(ﬁo) (14)

4 12 + Mo

After a similar analysis for the downward intensity the transmission, T= [%%] is then:
? Wy p(/“,d”#m(ﬁo)[e 7 _e:“%\-] (15)

dr  p—po

If in equation (15) 7, — oo then T=0. For clouds with high single scattering albedos
multiple scattering will be dominant. Only for clouds with small optical depths and low

scattering albedos is the single particle scattering approximation valid.

Normally however, neglecting the multiple scattering term is not justified: the two-
stream approximation is another analytic solution of the general equation which includes

13



the multiple scattering term. The two-stream approximation assumes some functional
form for the intensity allowing the radiation field to be split up into two opposing streams
I*(7) and I=(7). This allows the general equation to be simplified to two ordinary differ-

ential equations which can be solved analytically with appropriate boundary conditions

for I*(0) and I~ (7):

: :
fiid;("'_) = It(t)m — I ()7 — woysmFoe #o,
dl~ 2=
d—fr) = I*(r)y — I (T + wo(l — ya)wFoe #e. (16)

The functional form of 7;, 72, and 43 depends on the approximation used; see Meador and
Weaver (1980); King and Harshvardhan (1986). This paper follows the approximation of
Meador and Weaver (1980) called the *hybrid modified Eddington-Delta function’ which

takes into account highly anisotropic phase functions unlike the unmodified and Eddington

approximations. In this case

g 7 — 3g% — wo(4 + 39) + w,g*(48, + 39)
LR
4[1 — g*(1 — po)]

(17)

1= 92 - wo(4 3o 39) = wogz(4ﬂo 2 3g T 4)
2 e S 2
4[1 — g2(1 — po))

(18)

13 = Bo= '12‘(1 = \/gg#o)-

The solution for the reflection, R= [!l(ﬁl] and the transmission, T [£)) for a slab

WI‘()F() 77[-‘0"‘0

of optical thickness 7 (where 7 = no,z: n is the particle concentration number per em?,

o, is the scattering cross section for each particle, and z is the cloud depth) is then:




Wo

T L et

Z(1 + Rppo)(az — KYs)e™™" — 26(7s — Capho)e e ],

Wo

(1 — k2p2)[(5 + 71)e" + (k — 71)e™7]

x[(1+ £po)(an + K74)e™

J§ 0 e'HLo(l -

—(1 — kpo)(on — KY4)e™"™" — 26(v4 + o o )i ). (19)

If in equation (19) 7 — oo then R reduces to

wo(as + £73)

= : 20
(14 &po)(k + M) (20)
4, 01, @3, and & are given by the relations
Y4 = fs 73,
a; = MYt 7273
a; = M3+ Y2V
£ = /(1 — 1) (21)

The two-stream method can be extended to N streams for greater accuracy. For a
more complete treatment the reader is referred to Liou (1974). The two-stream method
has been compared by Liou (1974) to the Discrete Ordinate Method and was found to
have an accuracy of 10 % in most cases. For this work the two-stream approximation is

deemed accurate enough.
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5 Two-Stream Model Test

This section is concerned with testing the two-stream calculations against those of other
authors. In the calculations that follow the Mie coefficients are calculated from the re-
fractive indices of water and ice, values for which have been taken from Irvine and Pol-
lack (1968) and Warren (1984) respectively and are shown in figure 3 as a function of
wavelength. The real and imaginary parts of the refractive index are the fundamental
parafneters determining the scattering and absorption of the incident wavelength. Figure
4 show the coefficients of absorption and scattering in units of em~! for a typical small
cloud drop. For wavelengths less than 1.5 pm the imaginary part of the refractive index of
water is small and the drop is almost completely scattering. At 3 and 6 pm the absorption
coefficient exhibits large maxima and the gap between 7 and 9 pm corresponds to the
window of transparency in the liquid water spectrum. For wavelengths just greater than
11 pm the absorption coefficient is greater than the scattering coefficient. This means
that the amount of radiation being absorbed by a typical cloud droplet is greater than

that being scattered.

Figure 5 shows a comparison between a reflection pattern calculated by Dr. J.Foot
(private communication), using the formulation of Chandreskhar, and the author, using
both the two-stream and single scattering approximations, for a semi infinite cloud. As
can be seen from figure 5 the agreement between the Chandreskhar and two-stream calcu-
lations is very good and the two-stream approximation is just within the quoted accuracy
of 10 %. The reflection pattern is also in good agreement with other authors such as
Shifrin (1961), Yamomoto et al (1971), Ridgway and Davies (1986), and Liu et al (1991).

However, the single particle scattering calculations are in poor agreement showing that in

14



the case of an infinite water cloud multiple scattering predominates. The peak reflectance
in the single particle scattering case occurs at 5 pm which corresponds to the minima in
the extinction coefficient in figure 6. The absorption coefficient is shown in figure 7 and

becomes large after 5 um.

6 Results

In the graphs that follow. The radiative properties of water and ice clouds have been
calculated using equations (19) and (22) and complete results are given in figures (8-16)
for the readers reference. By conservation of energy, at any wavelength the sum of the
hemisphere-averaged reflection (r), transmission (t) and emission (€) as given by equation
(22) is unity.

t+e+r=1 (22)
The following cases have been chosen; marine and land stratocumulus and ice clouds.
The particle effective radius and cloud particle concentration number used in the present
calculations were obtained from the recent FIRE and ICE experiments (see for example
I.C.E/EUREX report 1991, Albrecht (1989), and Cooper (1989)). The microphysical

cloud parameters, 7.;7, n and cloud depth z adopted are as follows.

(i) Marine Stratocumulus

reps = 10— 15pm
n = 50— 200ecm™3

z = 100 — 500m

15



(ii) Land Stratocumulus

reff = 5—10pm
NS 400em >

z = 100 — 500m

(iii) Cirrus

refy = 18 —40pm

0.01 — 0.1em™?

3
I

z = 100 — 3000m

The number densities, effective radii, solar zenith value and cloud depths are given on
each of the graphs and the transmission, emission and reflection profiles are marked T, E

and R.

6.1 Water Clouds

In general the positions of the maxima and minima at 3.83 pm and 6.05 um and the broad
maxima between 6-10 pm in the reflection and transmission profiles (figures 8-13) do not
change position when varying the particle effective radii; they depend principally on the
the refractive index of water. For marine and land stratocumulus the radiative calculations
show that thin stratocumulus with small drop sizes are transmissive but the transmittance

decreases sharply for cloud thickness over 100 m in agreement with Yamamoto et al (1970).
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However, very thin stratocumulus does occur and these calculations show that for this
case the assumption of a zero transmittance should not be made. At a thickness of 300
m the transmittance is negligible. (Figures 9-10) show the values of the reflectivity vary
according to the effective radius and to a much lesser extent the particle concentration
number. For a small effective radius, in the case of land stratocumulus, reflectivities
can be very high: up to 42 % for a solar zenith value 0.5. Even at wavelengths of 4.0
and 5.0 pm the reflectivities can be 30 and 20 % . The reflection between 6-10 pm is
slowly varying, this is due to the slowly varying refractive index of water between these
wavelengths. Between 10-15 pm the reflectance slowly increases but only has values
ranging from 1-3 %. The conclusion to be drawn from this is that for land stratocumulus
with the smaller effective radii the reflectivities are significant and would appear to be so
for all the shortwave HIRS channels. For the same wavelength range (channels 13-17),
marine stratocumulus and an overhead sun, the reflectivities range from 10-5 %, which
is less significant. Larger particles are more efficient absorbers and the high sun means
less forward scattering. For a low level solar zenith value the higher reflectivity is due to
a component of the forward scattering contributing to the hemispheric reflectance - the

HIRS instrument geometry mean that such large reflectances may not be observed.

In summary, the reflection profiles for land stratocumulus are more significant than
for marine stratocumulus. This is a result of high particle concentrations and small radii.

However, the reflectivities of marine stratocumulus is not insubstantial.
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6.2 Ice Clouds

The radiative properties for cirrus clouds are shown in figures (14-16) for a solar zenith
value 0.5 and 1.0. The main differences between the cirrus and stratocumulus clouds is the
particle concentration number and particle effective radii. For cirrus clouds with depths
of 2 100 m and relatively large effective radii, 37 pm, the cloud is highly transmitting:
T=95 %. As the cirrus cloud thickens to 3 km, maxima of around 6 and 5 % appear in
the reflection profile at 3.8 and 5.2 pm. The transmittances also have maxima of about
32 and 26 % at these wavelengths and the emissivity corresponding minima. Between 6
and 11 pm the refractive index of ice is slowly varying. As the thickness of the cloud
increases from 100 m to 3 km the amplitudes of the maxima and minima increase but
remain at the same positions. This is the case even as the effective radii and particle
concentration number change; as in the water cloud case these positions are determined
by the refractive index. The reflection from cirrus clouds is in general small, this is due
to the large effective radii and small particle concentrations found in cirrus clouds. These
radiative characteristics are in broad agreement with Kuhn and Weickmann (1969) for

thin high cirrus clouds, Liou (1974) for 8-12 ym and Liu et al (1991).

Comparing the water and ice cloud spectral profiles reveals that the peaks in the cirrus
reflections are slightly shifted compared to the reflection peaks in the water cloud case.
Also, the cirrus emission profile between 8-10 pm is a sinc function which is pronounced for
deep cirrus; such a feature is not present in the water cloud case. These salient differences
could be used as a means of identifying cirrus. Cirrus have much low.er reflectivities and
are greyer, however the cloud is higher, because of lower atmospheric transmittance, can

still reflect significantly
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7 Water Cloud Parameter Estimation

Arking and Childs (1985) showed how it was possible to retrieve several cloud parameters
from satellite radiance measurements. In particular they demonstrated a method for
estimating the cloud optical depth from measurements at 0.7 pm and droplet radius from
measurements at 3.7 pm. This paper gives a somewhat different method of estimating
the droplet radius to the method of Arking and Childs (1985). Figure 17 shows that at
a wavelength of 0.7 um the reflectivity depends weakly on the effective radius for a fixed
optical depth. Conversely Figure 18 shows a very strong dependence of 0.7 pm reflectance
on optical depth for a fixed effective radius. The reflectance at first rises quickly with
increasing optical depth until a monotonic value is reached by an optical depth of about
30. This is in agreement with Arking and Childs (1985), Twomey and Sefton (1980)
and Rawlins and Foot (1990) who suggested that at visible wavelengths the reflectivity
is independent of effective radius but dependent on optical depth. Therefore, it should
be possible to estimate the optical depth from measurements at a wavelength of 0.7 um.

This is the wavelength of the HIRS instrument channel 20.

Figure 19 shows the reflectance at 3.75 pm for increasing drop radius and particle
concentration number 250 cm~3. Reflectances calculated using the two- stream approxi-
mation are indicated by the asterisk signs; the crosses are cloud drop radii estimated from

the reflectance measured at 3.7 um using the fitted equation

InR
r= |l7—| —0.0002, . (23)

where v = 16.9. It can be seen from figure 19 that the fit is very good. Equation (23)
could be used to estimate the cloud drop radius for a water cloud although the accuracy at
higher radii would be lower than for low drop radius. However, its direct application may

19



be limited as it does not take into account any bidirectional properties of the reflectance.

Figure 20 shows for three particle sizes the logarithm of the scattered intensity of an
incident wave at 3.75 on a particle um from 0 to 360 degrees. The figure clearly shows
the changing intensity pattern for different sized particles and suggests that for estimating

a droplet radius the bidirectional reflectance and drop size dependence both need to be

taken into account.
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Conclusion

The radiative properties of water and ice clouds in the infra-red region 3.4-15 pm
have been calculated for typical marine stratocumulus, land stratocumulus and cirrus.
This wavelength range is appropriate to the HIRS instrument channels. The calculations
show that thin marine and land stratocumulus are highly transmitting and have resulting
low reflectivities. Increasing the cloud thickness dramatically reduces the transmission to
almost zero. The amount of radiation reflected is chiefly dependent upon the cloud particle
effective radius. There is also a dependence on the solar zenith angle. The peaks and
troughs in the radiative profiles do not depend upon effective radii but on the refractive
index. Clearly, the reflectances from stratocumulus clouds are not insignificant this may

have important implications in the interpretation of HIRS channel data.

The calculations have shown that for cirrus clouds the reflectivity is not zero, even for
the thinnest clouds. For thick cirrus the reflectivity at 3.8 um can reach 6 — 8 %, for a
solar zenith value 0.5. In general the transmittances for cirrus cloud are dominant but
for the thickest cirrus clouds (depths about 3 km) these are substantially reduced for the

clouds with the larger effective radii.

It has been shown that it should be possible, using measurements at 0.7 pm and 3.7
pm, respectively, to estimate the water cloud parameters optical depth and cloud drop
radius. However, the bidirectional properties of reflectance will almost certainly need to

be taken into account and is the subject of current research.
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Figure 5. Comparison of reflectance as calculated by Foot and Author
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Figure 6. Comparison of single scattering albedo, extinction and

scattering efficiencies for a water droplet of modal radius
9 microns.
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Figure

7. Comparison of absorption, extinction and scattering efficiencies
for a water droplet of modal radius 9 microns.
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